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Abstract Volcanic unrest at calderas involves complex interaction between magma, hydrothermal fluids,
and crustal stress and strain. Campi Flegrei caldera (CFc), located in the Naples (Italy) area and characterized
by the highest volcanic risk on Earth for the extreme urbanization, undergoes unrest phenomena involving
several meters of uplift and intense shallow microseismicity since several decades. Despite unrest episodes
display in the last decade only moderate ground deformation and seismicity, current interpretations of
geochemical data point to a highly pressurized hydrothermal system. We show that at CFc, the usual
assumption of vapor-liquid coexistence in the fumarole plumes leads to largely overestimated hydrothermal
pressures and, accordingly, interpretations of elevated unrest. By relaxing unconstrained geochemical
assumptions, we infer an alternative model yielding better agreement between geophysical and
geochemical observations. The model reconciles discrepancies between what observed (1) for two decades
since the 1982–1984 large unrest, when shallow magma was supplying heat and fluids to the hydrothermal
system, and (2) in the last decade. Compared to the 1980’s unrest, the post-2005 phenomena are
characterized by much lower aquifers overpressure and magmatic involvement, as indicated by geophysical
data and despite large changes in geochemical indicators. Our interpretation points out a model in which
shallow sills, intruded during 1969–1984, have completely cooled, so that fumarole emissions are affected
now by deeper, CO2-richer, magmatic gases producing the modest heating and overpressure of the
hydrothermal system. Our results have important implications on the short-term eruption hazard
assessment and on the best strategies for monitoring and interpreting geochemical data.

Plain Language Summary Campi Flegrei is one of the most dangerous volcanoes on Earth. Last
eruption occurred in 1538 but since decades it undergoes unrest phenomena involving ground uplift and
seismicity. Geochemical evidences show that current unrest (about 40 cm of uplift since 2005) has different
causes to that of 1982–1984, when ground uplift totaled 1.8 m. For many geochemists, the 1982–1984
movement was caused by hydrothermal activity, the degassing magma being deep, and the current activity
is caused by shallow magma, but we show that it goes on the contrary. We have checked more than 30
years of geochemical records, and our ongoing interpretation of released gases and physical signals is con-
sistent with current activity being hydrothermal, with the support of very deep magmatic gases, rather than
due to the activity of a shallow (3–4 km deep) magma chamber, which instead characterized the 1982–1984
episode. This is only apparently better news, at least for now: activity in which magma is shallow tends to
be associated with an increased chance of an eruption, but the change from hydrothermal to magmatic
activity can take place at any time. Therefore, a conservative and precautionary attitude and a high level of
attention are absolutely necessary.

1. Introduction

Explosive volcanic eruptions associated with large caldera collapses have the potential to generate global
catastrophes [Hill, 2006, related to Long Valley caldera (USA); Lowenstern et al., 2006, mainly concerning
Yellowstone (USA) compared to other calderas]. It is generally accepted that volcanic calderas result from
the rapid magma withdrawal associated with the collapse of magma chamber roof [e.g., Geyer et al., 2006;
Acocella et al., 2015; both of them based on experimental approaches]. After the caldera formation, episodes
of resurgence involve periods of unrest, which sometimes lead to new eruptions [Newhall and Dzurisin,
1988, presenting almost all the known historical unrest calderas in the World; Kennedy et al., 2012, related to
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Valles and Lake City (USA) calderas; Acocella et al., 2015, discussing several recent episodes of caldera unrest,
from Rabaul (Papua, New Guinea) to Campi Flegrei (Italy); de Silva et al., 2015, concerning Toba caldera
(Indonesia)]. Intense episodes of ground uplift, generally accompanied by seismic swarms and geochemical
anomalies, characterize caldera unrest [e.g., Hill et al., 1985, reviewing the Long Valley (USA) unrest; Newhall
and Dzurisin, 1988; De Natale et al., 1991, 2001, 2006, concerning the Campi Flegrei caldera]. It is generally
difficult to discriminate in detail the mechanisms of caldera unrest, which only rarely give rise to eruptions;
in particular, it is very challenging to separate the effects of direct magma intrusions from hydrothermal
perturbations caused by injection into shallow aquifers of the deep fluids coming from the top of a crystal-
lizing magma chamber [see Fournier, 1989 for the Yellowstone case and Gaeta et al., 1998, Bodnar et al.,
2007, Lima et al., 2009, Troiano et al., 2011 for Campi Flegrei]. This problem, which is crucial to assess the
likelihood of an unrest episode to rapidly evolve into an eruption, can in principle be afforded only by a
detailed joint analysis of geophysical and geochemical data.

Campi Flegrei caldera is a volcanic area containing part of the city of Naples, which gave rise to the large,
caldera forming, Yellow Tuff eruption (�15,000 years BP) [Rosi and Sbrana, 1987; De Vivo et al., 2001; Deino
et al., 2004; De Natale et al., 2016] and, as a still debated question, could have been formerly generated by
the larger Campanian Ignimbrite eruption (39,000 years BP) [Rosi and Sbrana, 1987; Orsi et al., 1996; De Vivo
et al., 2001; Rolandi et al., 2003; De Natale et al., 2016]. The last eruption in the area occurred in 1538, preced-
ed by a large uplift episode, totaling more than 10 m of uplift started 50–100 years before the eruption
[Parascandola, 1947; Dvorak and Mastrolorenzo, 1991; Morhange et al., 2006]. The area has undergone, in the
last 2000 years, large up and down movements, with subsidence dominating at a secular scale and, in par-
ticular, after the 1538 eruption [De Natale et al., 2001, 2006; Del Gaudio et al., 2010]. However, starting since
the 1950’s, average ground movements in the area reversed to uplift, which, since 1969 to 1984 totaled
about 3.5 m with peak rates, in 1983–1984, up to 1 m/yr. After about 20 years of dominating subsidence,
started after the peak uplift of 1984, the trend of uplift started again, at much lower average rates, with
peaks in 2006 and 2012–2013 [Troise et al., 2007; D’Auria et al., 2015]. Several papers have been devoted, till
now, to study the last decade uplift as compared to the 1969–1984 unrest [e.g., Troise et al., 2007, 2008;
Trasatti et al., 2008; Chiodini et al., 2010, 2012, 2015; D’Auria et al., 2011, 2015, Troiano et al., 2011]; however,
geochemical and geophysical interpretations appear, often, rather contrasting and respective data sets
appear hardly compatible on the basis of standard methods of analysis. In fact, while geophysical data
show only moderate uplift and very low seismicity, very far from the peak episodes recorded in 1969–1984,
geochemical interpretations point to very high aquifer overpressures and increasing magmatic contribu-
tions, at levels comparable to or higher than during the 1982–1984 crisis [Chiodini et al., 2012]. Last geo-
chemical interpretations point to an hydrothermal unrest in 1982–1984, with an about 8 km deep magma
supplying fluids to the shallow hydrothermal system, evolving to a magmatic unrest, with direct magma
migration at shallow levels, after 2005 [Caliro et al., 2014; Chiodini et al., 2015]. However, Moretti et al.
[2013a], using a joint geochemical-petrologic approach, reached opposite conclusions: unrest would be
driven by magmatic intrusions in 1982–1984 and by hydrothermal perturbations in the last decade. A clear
evidence coming from largely different geochemical data in the two periods is, however, that the nature of
the two unrest episodes must be different.

Geophysical evidence, on the other hands, shows very intense unrest phenomena in 1969–1984 and mod-
est ones in the last decade, then indicating very likely magmatic unrest in 1969–1984. Such a remarkable
question calls for a careful and joint reanalysis of all the main data sets and, in particular, of geochemical
data. Actually, very few attempts to jointly consider geophysical and geochemical data have been made at
Campi Flegrei [e.g., De Natale et al., 1991], despite the key role it can play for the understanding of unrest
mechanisms in this high risk area. At large calderas, such as Campi Flegrei, hydrothermal systems can play
an important role in unrest phenomena, making difficult the discrimination of purely magmatic effects
[Gaeta et al., 1998; Todesco et al., 2003; Troiano et al., 2011]. The physical and chemical variations in both
magmatic and hydrothermal reservoirs control caldera resurgence [De Natale et al., 2001; Todesco et al.,
2003; Troiano et al., 2011, 2014]. In the last decades, basically three kinds of models have been proposed to
explain the unrest phenomena at this caldera:

1. ‘‘Mechanical models’’ relying on the sole mechanical response of the crust to the intrusion of magma in
shallow reservoirs [e.g., Corrado et al., 1977; Bianchi et al., 1987; Dvorak and Berrino, 1991; Bellucci et al.,
2006; Amoruso and Crescentini, 2011, D’Auria et al., 2015].
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2. ‘‘Hydrothermal Models’’ not relying on new emplacement of magma at shallow depth but on hot fluid
(gas and/or liquid) injection in the shallow aquifers [e.g., De Natale et al., 1991; Bonafede and Mazzanti,
1997; Gaeta et al., 1998; Todesco et al., 2003; Bodnar et al. 2007; Lima et al., 2009; Troiano et al., 2011].

3. ‘‘Magmatic-hydrothermal models’’ which consider the effect of both the emplacement of new magma
and of the injection of magmatic fluids into the shallow hydrothermal system [e.g., De Natale et al. 2001,
2006; Gottsmann et al., 2006, Troise et al., 2007a].

In order to discriminate among the possible models, even the smallest deformation must be detected in
shape and size, followed in time, and understood in origin. A detailed understanding of the hydrothermal
system behavior is anyway a priority both for a better understanding of magma movements and to track
the development of conditions for phreatic explosions, whose consequent depressurization may also trans-
mit to the underneath magmatic system leading to a truly magmatic eruption. Improving our capability to
discriminate the nature (magmatic versus hydrothermal) of unrest episodes will lead to a major step for-
ward in our understanding of how large calderas work.

Moving from the consideration that fluid geochemistry plays a pivotal role in determining the hazard lev-
el at Campi Flegrei volcano, this paper aims to demonstrate that geochemical data, when rigorously inter-
preted without somewhat unnecessary a priori assumptions, give a picture of the unrest phenomena
which is consistent with geophysical observations, unlike many of the present geochemical models. Our
geochemical interpretation implies only modest hydrothermal pressurization in the last decade, which is
much more compatible with the only modest uplift and seismicity recorded in such a last period. Actually,
our joint geochemical and geophysical approach indicates shallow magma intrusion as the main cause
for the unrest in 1982–1984 and, on the contrary, hydrothermal perturbations as the origin of the ongoing
one. It also puts in evidence what are the hydrothermal indicators that should be carefully monitored and
evaluated to forecast the future evolution of the CFc unrest and to assess the short-term volcanic hazard
of the area.

2. CFc Geological Setting and Current Degassing: Overview and State of the Art

CFc is generally thought as the result of two major collapses occurred after the large magnitude eruptions
of Campanian Ignimbrite (CI; 300 km3, 39 ka) [Rosi and Sbrana, 1987] and Neapolitan Yellow Tuff (NYT;
50 km3; 15 ka) [Deino et al., 2004], although many works questioned that Campanian Ignimbrite produced
a collapse here [e.g., Lirer et al., 1987; De Vivo et al., 2001; De Natale et al, 2016]. Geological and geophysi-
cal data, collected both at surface and in boreholes [Capuano et al., 2013; Piochi et al., 2014, and referen-
ces therein], show that CFc is filled of pyroclastic deposits interlayered with marine and onshore
sediments down to a depth of 2 km. Denser rocks, thermometamorphic and fluid-saturated, lie between
2 and 4 km depth (Figure 1). A low velocity zone, about 1–2 km-thick, occurs at around 8 km depth [Zollo
et al., 2008] and has been interpreted as a zone of partial melting. Its location agrees with petrologic data,
and particularly with the volatile content of melt inclusions (MIs) sampled in the CFc products erupted
during the last 15 ka [Mangiacapra et al., 2008; Arienzo et al., 2010]. MIs provide in fact information about
H2O-CO2 saturation in melts and allow computing entrapment pressures up to 200 MPa, corresponding
to the deepest reservoir. However, this estimate would represent a minimum value in case CO2 and H2O
originally trapped in melt droplets were lost to bubbles [e.g., Esposito et al., 2011, 2016; Moore et al.,
2015].

Magmas erupted at CFc have a variable chemical and mineralogical composition, with SiO2 content ranging
from 52 to 62 wt.%. Petrologic studies, mainly on MIs and radiogenic isotopes, and 3-D reconstruction of
the thermal regime [Di Renzo et al., 2016], reveal that the CFc magmatic system in the last 15 ka is recurrent-
ly characterized by two reservoirs (Figure 1): the deeper one (8–10 km), where less evolved magmas stag-
nate, crystallize, and degas [Mangiacapra et al., 2008; Arienzo et al., 2010; Mormone et al., 2011; Esposito
et al., 2011; Moretti et al. 2013b], then upraising through regional faults including the NE-SW ones bordering
the inner NYT caldera; and a shallower one (3–4 km deep), likely very patchy and laterally discontinuous, in
which small magma batches (up to 1.2 km3) [Orsi et al., 2004] stagnate and further differentiate and/or mix
prior to eruptions. At CFc, deep and intermediate-depth magma reservoirs and shallow hydrothermal sys-
tems are interconnected; they appear to interact through fracture networks acting as fluid/gas migration
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paths [Rosi and Sbrana, 1987; Bruno et al., 2007; Bodnar et al., 2007; Lima et al., 2009; Mormone et al., 2015].
The widespread degassing detected at surface tracks the highly permeable fracture network tapping the
CO2 oversaturated hydrothermal system [Bruno et al., 2007; Byrdina et al., 2014]. Not surprisingly, through-
out CFc, the hydrothermal system is discontinuous, as testified by the wellbores drilled during the last deca-
des for geothermal exploitation, with the deepest geothermal reservoir characterized by saline fluids and
high temperatures (3508C–4008C) [Di Renzo et al., 2016, and references therein]. Several papers have argued
that a magma intrusion at depth of 3–5 km occurred during the large unrest episodes of 1969–1984
[Corrado et al., 1977; Dvorak and Berrino, 1991; Bellucci et al., 2006; Troise et al., 2007; De Siena et al., 2010;
Woo and Kilburn, 2010]. Such an intrusion can be invoked to explain the high temperature measured in geo-
thermal wells and the composition of fluids emitted in 1982–1984 at Solfatara and Pisciarelli areas [Moretti
et al., 2013a and references therein]. The size of such a magma body was also estimated, by some papers,
within 2�107 m3 [De Siena et al., 2010] and 1�108 m3 [Moretti et al., 2013a], on the basis of seismic and
ground deformation data. This magma would have degassed actively, releasing H2O, CO2, and acidic gases
into the hydrothermal system, which below Solfatara and Pisciarelli sites is moderately saline and whose
bottom, at ca 2.5 km depth, is close to the critical point of pure water [Caliro et al., 2007; Bodnar et al., 2007].

Figure 1. Location and structural sketch of Campi Flegrei caldera, along with a simplified geovolcanological profile of its plumbing system. Also reported are locations of (1) the Rione
Terra benchmark (RITE) for ground measurements, (2) Solfatara main fumaroles, Bocca Grande (BG), and Bocca Nuova (BN), and (3) the Pisciarelli fumarole.
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The large variety of nonlinear thermomechanical and chemical processes that precede and accompany
unrest episodes reveal an intimate link, not completely disclosed hitherto, that relates resurgence patterns
and variations in the intense hydrothermal fluid circulation within the very heterogeneous caldera filling, in
light of the huge upward migration of fluids and magmas. The isotopic signature of discharged fluids show
that magmatic gases mix with the pure hydrothermal liquid end member (CO2-saturated meteoric water at
T> 3508C) [Caliro et al., 2007] and generate a plume of hot gases ascending toward surface, in proximity of
which they condense steam [Chiodini et al., 2001]. Numerical simulations based on TOUGH2 [Pruess, 1991]
suggest that the whole rising plume is biphasic, because of steam condensation. However, these simula-
tions do not attribute to the fumarole ascent path (possibly due to a shallow fault) [Chiodini et al., 2001;
Bruno et al., 2007] a different permeability with respect to the surrounding medium, which could likely pre-
vent the buildup of high pore pressure throughout the fumarolic channel, which cause steam condensation
in the porous matrix. On the other hand, CO-H2-CO2-H2O-CH4 based geochemical indicators point to a
vapor-only phase reequilibration from 3708C down to 1208C [Caliro et al., 2007, Chiodini et al., 2011], i.e.,
from the bottom of the hydrothermal system up to the surface discharge. The lack of condensation
throughout the ascent path of the fumaroles, which is not representative of the whole fluid plume making
up the hydrothermal system, is also supported by TOUGH2-based simulations when a permeability disconti-
nuity is introduced for the fumarolic system [Todesco et al. 2010].

The large amounts of CO2 fluxes measured in the area since 2005 (1500 tons per day from the soil at Solfa-
tara: Chiodini et al. [2001, 2010]; �500 tons per day from fumaroles: Aiuppa et al. [2013]) can be justified by
either (i) a large (0.6–4.6 km3), deeply stored (>7 km) magmatic source with low CO2 contents (0.05–0.1
wt.%) or (ii) by a small to medium-sized (0.01–0.1 km3) but CO2-rich (2 wt.%) magma, possibly stored at
pressures of 100 to 120 MPa [Aiuppa et al., 2013]. The conclusions reported by Aiuppa et al. [2013] are partly
consistent with those reported by Moretti et al. [2013a], who show that chemical variations are hardly com-
patible with a small, actively degassing, shallow magmatic reservoir, which nowadays should have solidified
and exhausted its volatile content, despite the high total volatile content (dissolved 1 exsolved) at the time
of its emplacement, i.e., H2OT8T 5 3.5 wt.% and COT

28T 5 2 wt.% [Moretti et al., 2013a]. Moretti et al. [2013a]
have shown that the shallow magma must release, since its emplacement, gases which become progres-
sively enriched in H2O, H2S, and SO2 (the latter scrubbed in the hydrothermal system) and depleted in CO2.
This evolution must characterize the injection of gases into the hydrothermal system, until the complete
crystallization of the shallow magma, which should occur 20–30 years after intrusion [Woo and Kilburn,
2010]. However, geochemical ratios (e.g., H2O/CO2, H2S/CO2) do not match such a monotonous behavior:
rather they display fluctuations which, until year 2000, can be interpreted as resulting by the superposition
of two magmatic degassing sources which differ in depth (8 and 4 km), size (the deeper has a regional
extension) [Zollo et al., 2008] and cooling histories. In agreement with high CO2 fluxes at surface, Moretti
et al. [2013a] argued that the shallow body was periodically infiltrated by CO2-rich gas released from the
deeper body. Such a ‘‘refreshement’’ of the shallow magma gas composition occurred until year 2000, after
which a major change in the fumarole pattern is observed. Indeed, Chiodini et al. [2010] detected, especially
on the basis of inert gas species, the arrival of a ‘‘new’’ magmatic component in fumarole emissions, pro-
gressively increasing since year 2000. Based on the modelling of so-called inert gases (N2, He, Ar), Caliro
et al. [2014] substantiated the involvement of two reservoirs located at different depths.

A double magmatic reservoir, likely characterized by two stratigraphically distinctive magma bodies,
appears as the most likely scenario to explain the very high CO2 fluxes observed at surface (> 2000 tons/d)
[Aiuppa et al.,2013; Chiodini et al., 2015], and the variations observed in fumarole chemistry.

However, the use of gas composition as an indicator for changes in magmatic and hydrothermal sources
has intrinsic ambiguities that demand a full appraisal of geochemical and geophysical data [Aiuppa et al.,
2013]. In particular, multiple solutions can be given about involved volumes and the pressurization state of
magmatic and hydrothermal reservoirs, depending on different interpretations of gas compositions
changed throughout unrest episodes.

These multiple interpretations, however, cannot be simply resolved by jointly analyzing geochemical and
geophysical data because there is no direct causal link established among (i) the seismic and strain condi-
tions from geophysical data, (ii) the pressurization state of the hydrothermal system, (iii) the magmatic gas
input, and (iv) the mechanical behavior displayed in time by rocks experiencing up and down episodes.
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3. Geochemical, Ground Uplift, and Other Geophysical Data

All the data presented here have been collected by INGV Osservatorio Vesuviano (OV) in the framework of
its monitoring activity for the Civil Protection. Available data are published in the Monthly Bulletins released
to the Civil Protection authorities and/or they were published in previous papers, to which we will refer
throughout the text. In all cases, all the data constitute the INGV-OV monitoring data repository, which can
be accessed upon request.

3.1. Geochemical Data
The geochemical data record of Bocca Grande (BG) and Bocca Nuova (BN) fumaroles (Figure 1; see also Elec-
tronic Annex) starts since 1983. Part of these data, until March 2014, have been already published in several
papers [Caliro et al., 2007; Chiodini et al., 2010, 2011, 2015]. In the same papers, a description of sampling
and analytical techniques (gas chromatography, acid-base titration, and ion chromatography), with referen-
ces to previous methodological studies, can be found. Analyses are given in lmol; accuracy and precision is
63% for all gas species.

The major differences between patterns of gas released at fumaroles after year 2000 and from 1982 to 2000
involve a general decrease of the H2O(f)/CO2(f), H2O(f)/H2(f), H2S(f)/CO2(f), N2(f)/CO2(f), N2(f)/He(f), ratios together
with an increase of the He(f)/CO2(f) and CO2(f)/CH4(f) ones, after year 2000, stabilizing since 2006 (Figures 2a–2g).
Their behavior contrasts with the marked variations observed in precedence, particularly during the 1982–1984
bradyseism and the subsequent years, characterized by alternance of maxima and minima for each indicator.
An important observation is that, after the 1984 peak value, a general decrease characterizes the N2(f)/CO2(f)

ratio (Figure 2e), which attains minima (e.g., late 1994) in correspondence with maxima in the CO2(f)/CH4(f) ratio
(Figure 2d). Also, the N2(f)/He(f) ratio shows a decreasing trend, (Figure 2f), although He measurements have
been available only since 1989 [Caliro et al., 2014].

In general, after year 2005, all the geochemical variations seem to have lost the periodic nature previously
recorded, becoming less sharp and more linear than ever. A similar behavior characterizes the ground uplift,
which shows, since 2005, a slow but continuous increase (Figure 3).

Injection of deep, hot, and oxidized CO2-rich fluids [e.g., Chiodini et al., 2012] has been postulated to explain
the episodic increase of the outlet temperature of the Pisciarelli pool, sometimes suddenly increasing from
95 to 1158C, and then again dropping to the background value of 958C (INGV-OV internal reports) [Chiodini
et al., 2015]. Such a behavior has led to the conclusion that the hydrothermal system is thermally and
mechanically stimulated by such injections of gas exsolving from a deep magma reservoir [Chiodini et al.,
2015]. Measurements of CO2 fluxes at several grid points covering the Solfatara area reveal a progressive
enlargement of the degassing anomaly, however not associated to an appreciable increase of fluxes per sur-
face unit [Chiodini et al., 2012].

Summarizing, geochemistry is very sensitive to any change of the hydrothermal system in response to
inputs of deep magmatic gas and opens questions about the location and conditions of the magma which
supplies gases upward.

3.2. Ground Uplift and Other Geophysical Data
Campi Flegrei caldera unrest episodes have been characterized by huge ground deformation, with peaks in
1970–1972 and 1982–1984 [De Natale et al., 2001, 2006]. Recently, Del Gaudio et al. [2010] put in evidence
another uplift episode occurring during 1950’s. Figure 3 reports the ground uplift measured at Pozzuoli har-
bor since 1905 to present. Before 2000, data are from precision levelling measurements [Del Gaudio et al.,
2010], after 2000 data are from continuous GPS located at benchmark RITE (Rione Terra, see Figure 1), very
close to the levelling benchmark at Pozzuoli harbor (see Figure 1). As it is clear, after the high vertical defor-
mations occurred since 1969 to 1984 (3.5 m of cumulative uplift in 15 years, with peak rates up to 1 m/yr),
ground started to subside, such a subsidence lasting with decreasing rates till about 2005. Superimposed to
such a subsidence, isolated uplift episodes (miniuplift) occurred in 1989, 1994, 2000 [Gaeta et al., 2003].
Starting from about 2004–2005, a new uplift period started, with much smaller rates (about 2–3 cm/yr, on
average) with respect to peak values of the past (see Figure 3). During ground uplift episodes, seismicity
normally occurs, and it appears correlated with the rate of ground uplift [Berrino and Gasparini, 1995]. Dur-
ing the peak ground uplift rate (1983–1984) seismicity has been intense (about 15,000 earthquakes in 2
years), shallow (less than 4 km of depth) and with maximum magnitude around 4. Seismic swarms of
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limited time duration and small magnitude (ML<2.5) also accompanied miniuplift episodes occurred since
1989–2006 [Gaeta et al., 2003; Saccorotti et al., 2007]. A more diffused seismicity, but with low occurrence
rate and magnitude (ML<2), characterizes the period 2005–today. Figure 4 shows the monthly number of
earthquakes and the event magnitude since 1982; Figure 5 shows the strain release in the same period
[D’Auria et al., 2012].

4. Geochemical Reappraisal of the Time-Dependent State of the Hydrothermal
System and its Magmatic Supply

Geochemical differences and similarities among the 1982–1984 bradyseismic phase, the subsequent short
episodes of uplift (e.g., 1994) and the geochemically distinct post-2000 behavior must be established to
understand the state, present, and past of the hydrothermal system with respect to deep versus shallow
magmatic gas supply. Then, temperatures and pressures of the CFc hydrothermal system can be computed

Figure 2. Chronograms of geochemical indicators discussed in the text. In each plot, data sets from the three main fumaroles at Campi Flegrei show a remarkable consistency. The Bocca
Grande (BG, outlet temperature � 1608C) and Bocca Nuova (BN, outlet temperature � 1458C) data sets are reported. Vertical grey-dashed lines (all plots) mark the apex of uplift in 1984
and the onset of the miniuplift (2005). Vertical magenta dashed lines (Figures 2e–2g) mark minor uplift episodes in 1989 and 1994. Note how H2O(f)/CO2(f), H2O(f)/H2(f), H2S(f)/CO2(f), N2(f)/
CO2(f), and N2(f)/He(f) indicators show discrepant behaviors between the 1982–1984 bradyseism and the still ongoing post-2005 uplift phase: they rise up to peak values in 1984, whereas
they point to the lowest values after 2005. CO2(f)/CH4(f) and He(f)/CO2(f), on the other hand, shows increasing trends in both periods. Emerald green circles (Figures 2e–2g) identify the ini-
tial poles arbitrarily fixed by Caliro et al. [2014] for the respective indicators. See figure description and discussion in text.
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from geochemical ratios and appear to be the key factors for interpreting unrest evolution, since they can
be related to magma and/or to exsolved magmatic fluids and heat injected at shallow levels.

4.1. Discerning Shallow and Deep Magmatic Gases in Time
The measured geochemical variations can be rescaled in terms of variations recorded in the recomputed
magmatic gas input [see Caliro et al., 2007; Moretti et al., 2013a for details]. It comes out that the magmatic

Figure 3. Ground displacement at Pozzuoli Porto since 1905, measured by precision leveling (until year 2000, in red) and at the close GPS benchmark of Rione Terra (since 2000, blue
dots).

Figure 4. (a) Monthly number of earthquakes at Campi Flegrei since 1982; in red the number of those exceeding Ml 5 1; (b) monthly number of earthquakes since July 2004; colors as in
Figure 4a; (c) earthquakes magnitudes at Campi Flegrei since 1982; and (d) earthquakes magnitudes at Campi Flegrei since July 2004.
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gas fraction, which sums up to the meteoric one in hydrothermal fluids, is continuously increasing after
year 2000 [see e.g., Caliro et al., 2007; Moretti et al., 2013a], thus encompassing the time window character-
ized by the miniuplift occurred in 2005–2006 [see Troise et al., 2007, 2008].

Chiodini et al. [2012] suggested the occurrence of high-frequency episodes of magmatic fluid injection,
roughly once per year, to explain the post-2000 geochemical record. Basically, such a frequency implies a
continuous supply of gas from an underlying magmatic body into the hydrothermal system. However, this
brings no direct information on the depth of magma storage, from which gas is supplied into the hydro-
thermal system.

In the view of Moretti et al. [2013a], such a continuous gas inflow is associated with the continuous percola-
tion of the magmatic gas through a crystallized, permeable, igneous body that resulted from the solidifica-
tion of the magma emplaced at �4 km depth in 1982–1984. Following such hypothesis, this shallow
magma resulted to be highly crystallized (�75%) around year 2000, and consequently its gas contribution
resulted, since then, negligible or even exhausted. Therefore, after year 2000 only the contribution from the
deeper body should be available to the hydrothermal system.

The depth of the magma body from which gases separate and feed the hydrothermal system is of course
crucial in terms of hazard implications. In particular, it is expected that, like in 1982–1984, a shallow and
intensely degassing magma body determines a strong pressurization of the hydrothermal system, as com-
puted from the composition of the separated gas emitted at the fumarole. In fact, recent estimates based
on the use of geochemical indicators give hydrothermal pressures around 30 bars, i.e., close to the values
estimated in 1982–1984 [e.g., Chiodini et al., 2011]. Thus, it is believed that a shallow magma is warming up
and degassing into the hydrothermal body, at bottom of which it is located. If this scenario were correct,
major concerns would be due to the possible occurrence of a phreatic burst or even to an eruption of such
a shallow stored magma. Indeed, Civil Protection has increased the alert level to the Yellow (Attention) step
since December 2012 [http://www.protezionecivile.gov.it/jcms/it/stato_attivita_campi_flegrei.wp].

However, consideration of the ratio involving the two most abundant gas species in fumaroles, i.e., H2O(f)/
CO2(f) (Figure 2a), shows that the hydrothermal system points toward very different conditions. Basically, if
the high H2O(f)/CO2(f) ratios in1982–1984, peaking at around 6, were related to shallow magma (3–4 km
deep), present-day low values, oppositely trending and tending to a fairly constant value around 3, exclude
this scenario.

According to this simple argument, it is worth noting that in the last 10 years we lacked of definitive geo-
physical evidences of shallow magma emplacement at the basis of the hydrothermal system, which was on
the contrary likely responsible for the bradyseismic crisis in 1982–1984. In contrast with the apparently high
pressure estimated from discharged gases, we do not observe, in fact, sharp uplift and seismic energy
release like in 1982–1984. The contrast is even stronger on the geochemical side itself, considering the too
low concentration of water, which indeed should increase because of the enhanced boiling due to the
expected high supply of heat.

Particularly worth of attention is also the post-2000 evolution of the H2O(f)/H2(f) and CO2(f)/CH4(f) ratios, each
one involving couples of oxidized and reduced gas species. In fact, despite the nearly continuous increase
of CO2-rich oxidizing gases and the parallel increase of the CO2(f)/CH4(f) ratio [Chiodini et al., 2012, Figure 2],

Figure 5. Strain release computed from earthquakes of Campi Flegrei: (a) since 1982 and (b) since July 2004.
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the hydrothermal system is characterized by a progressive decrease of H2, i.e., by chemical reduction. This
trend contradicts that observed in years 1982–1984, when both ratios sharply increased. Again, if 1982–
1984 conditions were related to a shallow magma supplying heat and oxidized fluids to the hydrothermal
system, the discrepant behavior shown by the two redox indicators exclude such a scenario for the present-
day unrest evolution.

The H2S(f)/CO2(f) ratio too (Figure 2c) is presently trending to the lowest values ever observed. This suggests
no input of S-bearing gases perturbing the hydrothermal gas-solid equilibrium that involves solid phase
components (a generic pyrite-like metal-sulfide, MS2, and a generic metal-oxide, MO) in the pyroclastic
rocks of the reservoir:

2H2SðgÞ1MOðoxÞ () MS2ðsulÞ1H2OðgÞ1H2ðgÞ (1)

Assuming the activity ratio of MS2 and MO components constant (at a given temperature), we can compute
the equilibrium constant of reaction (1) as [Moretti et al., 2013a]

log K15log
H2½ � � H2O½ �

H2S½ �2:
1const (2)

by considering fugacities of gaseous species equal to their partial pressures, and assuming the activity of
MS2 equal to 1 (pure component in a pure phase), and that of the MO component in the pyroclastic rock
at some constant value fixed by the average rock composition. Due to the complexity of sulfur reactions
in sublimate formation at fumarolic systems, equation (2) represents a semitheoretical assessment to eval-
uate equilibrium conditions of H2S in such systems. Figure 6 extends until December 2014 data presented
in Moretti et al. [2013a]. Clearly, sudden injection of hot, oxidized magmatic gases, necessarily S-rich
because supplied by a shallow depressurizing magma which releases the most soluble S-components,
perturbs the hydrothermal equilibrium causing major negative variations, like the huge one of 1982–1984
and the minor ones observed in 1989, 1994, and also year 2000. This injection of magmatic sulfur is highly
consistent with the findings of Chiodini et al. [1996] who demonstrated that even multistep boiling
increase of the hydrothermal system could not explain the H2S excess, thus requiring an additional source.
The nearly constant value of equation (3) since year 2000 testifies for a stable hydrothermal system able
to buffer entering deep gases, which are much less S-rich because released from the deep magma.
According to Moretti et al. [2013a], S-rich gases are compatible with a shallow magma. Therefore, 1982–
1984 conditions, in which a shallow magma supplied S-rich gases [Chiodini et al., 1996], seem now not
applicable.

Since N2 is considered a conservative component, nearly inert [Giggenbach, 1980] and less soluble in mag-
mas than other gas-species such as CO2, high N2 values in fumarolic emissions may be considered

Figure 6. Chronogram of the equilibrium constant of reaction 1 (i.e., equation (2) minus the constant) along the hydrothermal sulfide
(pyrite-like) buffer for the Bocca Grande and Bocca Nuova fumaroles. The dotted grey lines indicate the peak of bradyseism in 1984 and
the onset of the miniuplift in 2005.
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associated to inputs of deep magmatic, even mantle derived [Giggenbach, 1996], gases injected into the
hydrothermal system. Therefore, the sharp peak of N2(f)/CO2(f) (Figure 2e) in late 1984-early 1985 might rep-
resent the magmatic input determined by the emplacement of the (supersaturated) magma batch trigger-
ing the 1982–1984 unrest episode [Chiodini et al., 2010; Caliro et al., 2014]. It has been argued that the
general trends of decrease of N2(f)/CO2(f) and also N2(f)/He(f) ratios (Figures 2e and 2f) are due to the injection
of deep gases which are N2-depleted with respect to those emitted in 1982–1985. In particular, a ‘‘new’’
magmatic component has been invoked after year 2000 which is particularly N2-poor compared with the
‘‘old’’ N2-rich magmatic end-member featuring the 1982–1984 unrest [Chiodini et al., 2010, 2015]. Based on
this contrast, and assuming as initial pole the 1984 peak value of N2(f)/CO2(f) (emerald green circles in Fig-
ures 2e–2g), Caliro et al. [2014] simulated the geochemical evolution of N2-related signals, as well as noble
gases, as due to the continuous depressurization, hence uprise, of a trachybasaltic melt. However, their
model cannot explain the low-N2 values before the 1984 peak [not treated by Caliro et al. [2014]), compara-
ble to those of present-day emissions (Figures 2e and 2f). It comes out that the ‘‘new’’ magmatic component
of Chiodini et al. [2010] is similar to that preceding the ‘‘old’’ one and that the deep gas is marked by low-N2

contents, in line with pre-1982 emissions. This is well shown by N2(f)/CO2(f) minima corresponding to CO2(f)/
CH4(f) peaks in 1989 and 1994 (vertical magenta lines in Figures 2e–2g). With this proviso, to explain the N2

‘‘excess’’ observed during 1982–1984, different processes than pure magmatic degassing must be postulat-
ed. The N2(f)/CO2(f) peak in 1982 could be explained by the exsolution of crustal gases after rock cracking
and fluid decompression. In alternative, we suggest that magma emplacement and consequent heat release
in 1982 strongly drove the N2-NH3 interconversion through the reaction:

N213H2 () 2NH3 (3)

Reaction 3, widely exploited for industrial purposes related to ammonia production, suggests that N2 forma-
tion from NH3 is favored by high temperature (at constant P and H2 concentration), oxidized conditions (at
constant P and T), and low pressure (at constant T and H2 concentration). The kinetics of reaction 3 is notori-
ously slow, but becomes fast at high temperatures of hydrothermal systems and in presence of iron cata-
lysts such as magnetite, widely available in volcanic-hydrothermal fields. For example, at 4508C and 300 bar,
conditions quite representative of the bottom of the hydrothermal system [Caliro et al., 2007; Fiebig et al.,
2013], 70% of reaction species is made of reagents, N2 and H2 [Chiorboli, 1987]. Such a value would even
increase at lower pressure, because of the Le Chatelier principle. We suggest that the fast heating up of the
hydrothermal systems due to the magmatic source emplaced at its bottom vaporized a relevant fraction of
the NH3-rich hydrothermal system. The presence of relevant quantities of NH1

4 (700 mmol in average) in
the Pisciarelli pool [Valentino and Stanzione, 2004] indicates the feasibility of such a flashing process, leading
to the rapid production of N2.

Among inert species, the noble and fully unreactive He gas is a much more reliable indicator of mag-
matic evolution. A look at the He(f)/CO2(f) (Figure 2g) ratio suggests that solidification of the 1982-
magma was completed in 2003, when values stopped increasing and reached a plateau at around
0.0001. The increase of such a ratio in time with advancing crystallization reflects the lower He solubility
with respect to CO2 [Giggenbach, 1996; Caliro et al., 2014]. The increasing pattern is marked by maxima,
which occurred in 1995 and likely in 1989 (despite few points are available) testifying that deep gas was
entering the crystallizing magma, rejuvenating its volatile content and triggering the 1989 and 1994–
1995 small uplifts [Moretti et al., 2013a]. Thus, such a deep gas component is N2-poor and rich in He,
other than CO2.

4.2. The Pressure-Temperature State of the Hydrothermal System and the Condensation Issue
Together with the variations of redox conditions (e.g., H2O(f)/H2(f) or CO2(f)/CH4(f) ratios), which may indicate
the arrival of magmatic and more oxidized gases, the estimate of hydrothermal temperature and pressure
is fundamental to assess the unrest mechanism and its potential escalation toward phreatic bursts. Basically,
since 2005, computed increases of pressure and temperature, together with spikes in oxidation state (peaks
of CO2(f)/CH4(f)) have been interpreted in terms of increasing hazard conditions because supposed to track a
renewed magma activity [Chiodini et al., 2011, 2012, 2015] justified by inert gas modeling [Caliro et al.,
2014]. Such an interpretation, however, contrasts with the observation that H2O(f)/CO2(f), H2O(f)/H2(f), H2S(f)/
CO2(f) ratios, together with those based on inert gases, suggest no shallow magma involvement (Figure 2
and section 4.1).
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The chemical equilibria taking place within the H2O-H2-CH4-CO2-CO system can be used to evaluate P
and T of the hydrothermal reservoir [Chiodini and Marini, 1998]. However, interpretative ambiguities arise
by questioning the attainment of full equilibrium within the multicomponent system [e.g., Caliro et al.,
2007; Chiodini et al., 2011, 2015], resulting in unconstrained variables, such as redox state, temperature,
and pressure. In particular, pressure estimates from fumarole fluids depend critically on whether the ris-
ing plume condenses or not steam water throughout its ascent path, i.e., after the initial gas separation
from the hot and bottom part of the hydrothermal system [Caliro et al., 2007]. The possible interpreta-
tions and the estimate of reservoir conditions depend on the initial assumption about the liquid-vapor
equilibrium throughout the fumarole system, which is strictly related to including or not CH4 among the
species attaining chemical equilibrium. Assuming or not steam condensation throughout the fumarole
path of fluid ascent to surface can lead to very different pressurization states of the hydrothermal
system.

Chiodini and Marini [1998] considered the combined dissociation reactions of H2O and CO2 in CO and H2 (so
called water-gas shift reaction), and the formation reaction of CH4 by reduction of CO2 or CO, combined to
obtain the following reactions which are independent on the redox conditions:

CO21H2 () CO1H2O (4)

3CO21CH4 () 4CO12H2O (5)

These two reactions involve the five components making up the H2O-H2-CH4-CO2-CO system. Other possi-
ble reactions are [Chiodini and Marini, 1998]:

CO214H2 () CH412H2O (6)

CH41H2O() 3H21CO (7)

CH41CO2 () 2H212CO (8)

By considering the equilibrium constants of reactions 4 and 5 (written for partial pressures), the following
expressions can be obtained:

log
CO½ �

CO2½ �1log
H2O½ �
H2½ �

522248=T12:485 (9)

3log
CO½ �

CO2½ �1log
CO½ �

CH4½ �5217813=T119:60522log fH2O (10)

Corresponding, respectively, to equations (27) and (28) in Chiodini and Marini [1998]. Equations (9) and (10)
can be used to compare analytical data with theoretical compositions of both equilibrium vapor and equi-
librium liquid phases, and compositions of the vapor phases separated from the liquids at various tempera-
tures. Solfatara data were found to fall in the field of the ‘‘superheated vapor’’: the main vents of Solfatara
(BG and BN) yielded temperatures generally from 200 to 2408C and PH2O from 1 to 20 bar [Chiodini and Mari-
ni, 1998;Chiodini et al., 2011].

Caliro et al. [2007] dismount these findings based on the full reequilibration of the fluid plume rising and
cooling as a single gas phase by assuming that CH4 does not attain equilibrium with the other components
because preserving a relatively high-T isotopic signature (up to 4368C) [Caliro et al., 2007]. This way, equilib-
ria 5–8 above can be dropped, and only temperature is constrained via reaction 4, whereas pressure
becomes a degree of freedom. This choice does not allow a direct estimation of water fugacity from H2O
concentration, despite water is by far the most abundant component in the fumarole gas. The fugacity of
water is then assumed to be controlled by the coexistence of vapor and liquid, assumed as pure water, on
the basis of the common sense, which links the fumarole emissions to a shallow boiling aquifer. Under this
assumption, a T-H2O relation can then be established, depending on the liquid salinity [Giggenbach, 1980].
In the case of Solfatara, pure water can be considered [Caliro et al., 2007], i.e., log fH2 O55:5122048=T
[Giggenbach, 1980]. Chiodini et al. [2011] justify this assumption in the light of the results obtained by
numerical simulations (based on TOUGH2) [Pruess, 1991] of the injection at 3508C of H2O-CO2 mixtures at
the bottom of the hydrothermal system, which yield PH2O values close to the vapor-liquid coexistence with-
in all of the rising fluid plume [Todesco et al., 2003].
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In their approach, the CO2 partial pressure, PCO2 is computed as [Chiodini and Cioni, 1989; Chiodini et al.,
2011].

log PCO2 53:5732log
H2½ �
CO½ �246=T (11)

Therefore, CO2 partial pressure differs from P/XCO2 thus deviating from the Raoultian behavior of compo-
nents in the vapor phase, a fact which has relevance in quantifying the fractions of water added or removed
on fluid plume ascent [Chiodini et al., 2015].

Figure 7a shows the computed evolution of Ptot � PH2O1PCO2 , which shows since 2005 a strong increase of
pressure. Following this approach, the present-day hydrothermal pressure would have almost reached the
same values of the 1982–1984 unrest episode.

Equations (9) and (10) are valid under the assumption that the individual ratios [CO]/[CO2], [H2O]/, and
[CO2]/[CH4] equilibrate at the same temperature, pressure, and redox potential. The disagreement between
the closure temperatures of fumarole compositions returned by the two reactions 4 and 5 (Figure 7b) can
be ascribed to either (1) reequilibration of CO-CO2-H2-H2O in a single vapor phase from which CH4 is chemi-
cally decoupled [Caliro et al., 2007; Chiodini et al., 2011] or (2) attainment of the full equilibrium within the
vapor phase (CH4 included). In such a second case, fH2O is not fixed along the vapor-liquid equilibrium
line of water, i.e., condensation may occur or not along the fumarole pathway. The latter possibility was
already discussed by Moretti et al. [2013a], corroborated by updated numerical simulations of the Solfatara
hydrothermal system in presence of heterogeneous permeability [Todesco et al., 2010], and considering that
injection occurs at temperature larger than 3508C, up to �4408C. These features would prevent the develop-
ment of important pore pressures and thus water condensation during the successive (isenthalpic) expan-
sion. In this scenario, let us then consider more in detail reaction 6, whose equilibrium constant can be
rewritten as:

Figure 7. Partial pressure of CO2 (filled red circles), total pressure (filled blue circles), and temperature (empty blue circles and red asterisks) within the hydrothermal system as computed
from gas composition (see text). (a) Temporal evolution of pressures assuming steam condensation, i.e., PH2 O fixed by vapor-liquid equilibrium, throughout the fumarolic ascent path. (b)
Temporal evolution of hydrothermal temperature from equation (9) (empty blue circles) and equation (10) (red asterisks) under the assumption of steam condensation. (c) Temporal evo-
lution of pressures considering PH2 O as from sampled data, i.e., without any assumption about occurrence of steam condensation along the fumarole ascent path. (d) Same as Figure 7b,
but without the assumption of steam condensation. Note that (1) the two pressure computations converge toward same values in 1982–1984, when steam condensation was evidently
achieved, (2) temperatures returned from equations (9) and (10) are discrepant if liquid-vapor coexistence is imposed, and (3) temperatures converge at same values when this assump-
tion is removed. For the sake of clarity, and because of their overlap testifying the very same origin, computations for the Bocca Grande and Bocca Nuova chemical data sets (see fig. 2)
have not been distinguished. The dashed grey line marks the onset of the miniuplift phase occurring since 2005.
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log K65log
PCH4 P2

H2O

PCO2 P4
H2

(12a)

Rearranging pressure terms:

log K65log
CH4½ �
CO2½ � �

H2O½ �2

H2½ �4
� 1

P2
5210:7619323=T (12b)

with 1/T dependence [Giggenbach, 1980]. For an isothermal system, from equation ((12a)b) follows that the
[H2O(f)]/[H2(f)]

2 ratio represents, at equilibrium, pressure changes of the hydrothermal system, with the oxi-
dation state being determined by the CO2(f)/CH4(f) ratio [Chiodini, 2009]. The same argument can be scaled
to the H2O(f)/H2(f) ratio, whose high sensitivity to the pressure of the hydrothermal system is testified by the
temporal correspondence of the H2O(f)/H2(f) peak value with the maximum uplift, both achieved in October
1984 (Figures 2b and 3).

Therefore, injection of oxidized magmatic gases, and consequent increase of the CO2(f)/CH4(f) ratio
(which can span over orders of magnitude), is associated with an increase of water and decrease of
hydrogen (and consequently oxidation) if pressure is kept constant or increases. This behavior was clear-
ly observed during the 1982–1984 unrest (Figures 2a, 2b, and 2d) and also during the subsequent small
uplift phases (1989 and 1994). Basically, this behavior was determined by deep gas injections superim-
posing over a general trend of water decrease and hydrogen increase which occurred (at nearly constant
CO2(f)/CH4(f)) because of the general pressure loss of the hydrothermal system, which was accompanied
by an ongoing subsidence. The different evolution observed after year 2000 implies on the contrary
that, despite the increase of CO2(f)/CH4(f), water is decreasing and hydrogen increasing because pressure
still diminishes. This argument contradicts results in Figure 7a, but agrees with pressures returned by
equation ((12a)b). Figure 7c shows pressure evolution under this scenario, generally decreasing and sta-
bilizing at very low values (around 1 bar) or however very gently rebounding in the last period. Such a
soft rebound suggests some causal correspondence with the post-2005 small uplift and consequent
slight seismicity.

In this scenario, equations (9) and (10) return the same temperature, within 6 38C of difference at most (Fig-
ure 7d). Computed temperatures show that a modest heating up of the hydrothermal system (� 108C) has
occurred after 2005. It is not necessary to go through equations (7) and (8), which automatically satisfy equi-
librium because all the five constituents have been already considered in equations (4–6). However, it must
be noted that there may be a large number of P-CH4(f) pairs satisfying the full equilibrium condition within
the H2O-H2-CH4-CO2-CO system (see section 5.1 below).

Considering or discarding water condensation (i.e., considering or dismissing CH4) leads to two extremely
different scenarios, such that the present-day pressure is as high as in 1982–1984 when assuming steam
condensation (Figure 7a), but much lower when do not (Figure 7c). These two scenarios reconcile only in
case of the 1982–1984 unrest, in which similarly high PH2O values are returned by both approaches, thus
confirming that the fumarole system was so pressurized to reach condensation at depth. Such a consistency
supports CH4 as a reactive species: since temperatures are similar, there is no explanation for methane
reacting only in 1982–1984 and not later.

Following results plotted in Figure 7c, it is very likely that gases separated from the hot and methano-
genic bottom of the hydrothermal system, rise as a single vapor, reequilibrating down to pressures close
to atmospheric conditions (i.e., close to the fumarole outlet). Therefore, this can be suggested only if
steam condensation is not assumed and shows the lack of any strong ongoing pressurization during the
last 10–15 years.

An alternative, direct and independent estimate of pressure comes also from the equilibrium constant of
reaction 3:

log K35log
NH3½ �2

N2½ � � H2½ �3
2log P25211:8115400=T (13)

with 1/T dependence as in Giggenbach [1980]. By reworking the terms in equation, one can write:
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log
Ptot

NH3½ �52
1
2

log N2½ �2
3
2

log H2½ �15:9122700=T (14)

Because no NH3(f) data are available from surveillance reports produced by INGV-Osservatorio Vesuviano,
Ptot cannot be determined. By using temperatures from equation (9), equation (14) is used to draw the dia-
gram in Figure 8, in which the Ptot/[NH3(f)] ratio shows the same shape in time and relative variations of total
pressure computed without imposing water condensation (Figure 7c). The similitude of chronograms
reported in Figures 7c and 8, further strengthens our arguments about the inapplicability of N2-based indi-
cators to infer the step-wise P-T evolution of a magmatic batch below the hydrothermal system [Caliro
et al., 2014].

5. Discussion

5.1. Reconsidering the Role of Methane Reactivity, Liquid-Vapor Coexistence, and Redox State
In our approach, methane participates to chemical equilibrium with the other components. For CH4, rates of
chemical and isotopic exchanges are different: isotopic equilibration occurs well after chemical reequilibra-
tion. For few reactions, we are justified to assume the same activated complexes and rate determining steps
for both chemical and isotopic exchanges. Exchange mechanisms are likely different, but this is highly
unknown so far. Despite the assumption of equal exchange mechanism, isotopic equilibration is �400 times
slower than the chemical one [Giggenbach, 1997; Fiebig et al., 2004]. Therefore, we should not a priori deny
the possibility that CH4 is at chemical equilibrium with CO2, CO, H2O, and H2 simply because its isotopic
exchange quenches at a temperature> 4008C (the one of deep vaporization of the hydrothermal liquid
upon mixing with magmatic gases) [Caliro et al., 2007].

Furthermore, we must consider that chemical equilibrium takes place in a reservoir open to a continuous
bottom-up stream-flow: the rate of CO2 injection from deeper levels into the hot bottom of the hydrother-
mal system (where CH4 forms under isenthalpic mixing) [Caliro et al., 2007] is too fast for the shallow hydro-
thermal system to be a significant reservoir such that also isotopic exchanges can reach the final stage.
Because of the rapid transfer of the hydrothermal plume, equilibrium is achieved at CO2(f)/CH4(f) ratios
reflecting the deep magmatic input, which in turn is variable in time.

For this reason, if for the same P and T we could close the system, without any output at surface (degassing)
and input at the bottom (gas injection), we would obviously observe the reaching of a new equilibrium con-
dition in which reagent interconversion would determine a different proportion of gas species with respect
to that observed under a continuous upstream.

Figure 8. Chronogram of the Ptot to [NH3] ratio (equation (14)). Note the strong correspondence, including the magnitude of relative varia-
tions, with the temporal evolution of pressure computed without any assumption of steam condensation along the fumarole pathway in
Figure 7c.
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Therefore, pressure must not be imposed along the liquid-vapor coexistence curve: the assumption of
steam condensation is not necessary and should be avoided. If in the vapor phase PH2O coincides with that
of saturation with a liquid (pure water or brine), we then observe condensation.

Note that the steam saturation assumption would be not justified, even if CH4 was slowly reacting, because
there are infinite possibilities satisfying reactions 4–8. Briefly, discarding CH4 makes the problem uncon-
strained, unless making further assumptions on fO2 as commonly done in some literature to show that also
CO(f)/CO2(f) and H2(f)/H2O(f) evolve along the liquid-vapor equilibrium line such that imposition of PH2O might
be justified [e.g., Chiodini et al., 2011, 2015], disregarding the reaction (4), which considers analytical values
of H2O.

Nevertheless, redox conditions at the varying P-T conditions are determined by the composition. The most
relevant compositional variations, hence redox fluctuations, appear to be anchored to the CO2(f)/CH4(f) ratio,
which is a redox pair and whose value is determined by injection of CO2-rich and oxidized gases [Chiodini,
2009].

Let us however consider the CO/CO2, H2/H2O and T values returned in the condensation scenario, thus
assuming that CH4 has not reacted yet. All the possible CO2(f)/CH4(f) values are thus intermediate between
(a) that returned by our ‘‘no-condensation’’ computation considering CH4 at equilibrium and (b) that
returned by imposed Ptot 5 PH2O 1 PCO2 at steam saturation. Figure 9 plots CO2(f)/CH4(f) values for the no-
condensation scenario (analytical values, red symbols) and for the condensation scenario (recomputed val-
ues, blue symbols).

Note that between these two scenarios, there would be many other possibilities. However, assuming that
CH4 does not react, pressure is an unconstrained degree of freedom, and the easiest choice is setting PH2O

at steam-water condensation. By this choice, we see that for high P values (at steam saturation) the recom-
puted CO2(f)/CH4(f) ratio has a trend coherent with the (analytical) H2O(f)/H2(f) one, both increasing until the
1984 uplift peak and then decreasing afterward. The ‘‘inhibited,’’ but recomputed, CO2(f)/CH4(f) values
obtained by adopting P at steam saturation overlap with the analytical ones during the 1982–1984 unrest,
then they decrease continuously up to nowadays, when values as low as 12 are reached.

First, this would imply that gases entering the hydrothermal system are progressively less oxidized after
1984, in contrast with analytical data and observations by Chiodini [2009]. Second, and more important,
since equilibration temperatures are always within 2008C and 2408C from 1982 to now, it is not clear why
the analytical and recomputed (equilibrium) CO2(f)/CH4(f) values should converge only in 1982–1984 and
then be different otherwise. If kinetics would not allow CH4 to attain equilibrium, this should always hold

Figure 9. Chronograms of analytical CO2(f)/CH4(f) and recomputed CO2/CH4 for a gas system completely open to H and O atom exchanges.
Recomputed values assume that CH4 has reacted to make reaction (5) at equilibrium for PH2 O imposed under the assumption of steam
condensation throughout the fumarolic ascent path (Figure 7a). The fact that analytical and computed CO2/CH4 values match for the
1982–1984 period, when steam saturation is reached during gas cooling independently of the assumptions made (Figures 7a and 7d),
testifies that CH4 attains chemical equilibrium at temperatures well below those preserved for the d13CCO2-CH4 exchange. Therefore, there
is no reason to assume that CH4 does not react and discard its analytical values also for the subsequent periods, when steam condensation
is not achieved.
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true for temperatures lower that those preserved by the CO2-CH4 isotopic exchange, i.e., <4008C. So, this
means CH4 actually reacts, and the post-1984 period is clearly characterized by the lack of steam
condensation.

Note that the presented recomputation of CO2(f)/CH4(f) underlies the assumption that the fluid system is
completely open to H and O, such that any calculation of the CO2(f)/CH4(f) ratio would not affect the CO(f)/
CO2(f) and H2(f)/H2O(f) ratios characterizing equilibrium 4, and hence T via equation (9). This may be not the
case, because CO2 and H2 recombination into CH4 and H2O via equation (6) should in principle obey the
conservation of H and O atoms. Therefore:

nCH4;fin5a � CH4;an ða � 0Þ (15)

nH2Ofin5nH2Oan (16)

nH2;fin5nH2Oan22nCH4;fin12nCH4;an (17)

nCO2;fin5nCO2;an2nCH4;fin1nCH4;an (18)

nCOfin5nCOan (19)

where n refers to the number of moles, the superscripts ‘‘fin’’ and ‘‘an’’ refers to final (i.e., recomputed, or
equilibrium) and analytical (i.e., initial) values, respectively; the CO concentration is considered unaffected. If
we then balance H and O atoms, we cannot use the CO2(f)/CH4(f) values computed before, as these would
return negative H2 contents (equation (16)). Moreover, species recalculation necessarily leads to an increase
of the CO(f)/CO2(f) and H2(f)O/H2(f) ratios and thus to a T increase in equation (9). We can solve, for each point,
all equations by setting P at steam saturation in equation ((12a)b). This can be done iteratively, until for a
given P there is full convergence of temperatures returned by both equations (9) and (10). This exercise
returns analytical values of CH4 increasing by a factor (a in equation (15)) varying in time from 1 (1982–
1984) to 9 (nowadays). Recomputed and analytical CO2/CH4 values are shown in Figure 10. Both hydrother-
mal temperatures and pressures (along the liquid-vapor equilibrium) show the same time evolution but are
slightly shifted to higher values.

Again, these results confirm that the extent of CH4 reequilibration would vary in time: analytical values
match the recomputed values only until 1984, then CO2 and H2 should recombine to produce progressively
more CH4. This yields a recomputed CO2(f)/CH4(f) pattern initially decreasing and then constant since year
2000 (Figure 10). Again, and in the light of the involved T range, it is not clear why CH4 would ‘‘react’’ only
until 1984 and not later: if CH4 would not react, differences between analytical and recomputed (i.e., equilib-
rium) CO2(f)/CH4(f) values should always be large; on the contrary, the two data sets agree for the 1982–1984
period.

Figure 10. Chronograms of analytical CO2(f)/CH4(f) and recomputed CO2/CH4 for a gas system which is closed to H and O atom exchanges.
Same as for Figure 9, recomputed values assume that CH4 has reacted to make reaction (5) at equilibrium for PH2 O imposed under the
assumption of steam condensation throughout the fumarolic ascent path (Figure 7c). Conclusions are the same as for Figure 9.
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In conclusion: we treat CH4 as a chemically reactive species, as there is no need to discard this possibility,
which is the most likely scenario. Equilibrium conditions are satisfied for temperatures given by equation
(9), and not appreciable steam condensation occurs throughout the fluid-plume after 1984. Consequently,
the evidences given by Caliro et al. [2007] and Chiodini et al. [2011] that CH4 equilibrated only at about
4008C for typical hydrothermal redox buffers, of the type log fO2 5 a 1 b/T, require reconsideration. Accord-
ingly, the presented conclusion that the CO2(f)/CH4(f) ratio at Solfatara does not follow classical empirical T-
based redox (as opposed to true thermochemical buffers), especially at T< 4008C, are an artifact due to the
adoption of the D’Amore and Panichi [1980] oxygen buffer [Chiodini et al., 2011, 2015], which is used even
though there is the possibility of employing an ad hoc oxygen buffer for Campanian volcanoes [CV in Caliro
et al., 2007] less sensitive on temperature and then less proving the claimed nonreactivity of CH4. As already
outlined by Chiodini and Marini [1998] in their reappraisal of geothermal systems worldwide, the adoption
of semiempirical oxygen buffers to constrain the redox state is a source of interpretative biases. Proposed
oxygen buffers are based on sparse data sets, and not derived by rigorous thermodynamics of chemical
equilibria involving solid-solid assemblages, like NNO or QFM in petrology. The arbitrary selection of one of
such semiempirical oxygen buffers [e.g., D’Amore and Panichi, 1980; Giggenbach, 1987] is a common prac-
tice in the study of any hydrothermal system, even if O2 is virtually absent, because they are used to com-
pute ‘‘theoretical’’ ratios of gaseous species to be compared to analytical data [e.g., Chiodini and Marini,
1998]. For example, such a practice has been followed to evaluate the chemical state of CH4 with respect to
CO2 at many hydrothermal systems, resulting in a ‘‘theoretical’’ CH4/CO2 ratio spanning orders of magnitude
depending on the selected oxygen buffer [e.g., Taran, 1986; Chiodini and Marini, 1998; Fiebig et al., 2004].
Thus, especially in case of highly mobile vapor phases, rather than externally fixing fO2 it is much more
appropriate to recognize that CH4 is reactive, and that the redox control is a consequence of the multiple
chemical equilibria occurring inside the system. Therefore, the redox state is determined by the whole com-
position and shows variations which are related to chemical changes occurring inside the H2O-H2-CH4-CO2-
CO system and which are due, for example, to the well-recognized varying magmatic gas supply at the bot-
tom of the hydrothermal system [Chiodini, 2009]. In order to identify the chemical variables responsible for
the redox state, we can now rewrite equation ((12a)b) as follows

log
½H2O�
½H2�2

5log
½H2O�
½H2�

2log ½H2�5
1
2

log
½CO2�
½CH4�

1log Ptot2
1
2

log K65

5
1
2

log
½CO2�
½CH4�

1log Ptot25:381
4661:5

T

(20a)

hence

log
½H2O�
½H2�

5
1
2

log
½CO2�
½CH4�

1log PH2 25:381
4661:5

T
(20b)

and focus again our attention on the CO2(f)/CH4(f) ratio, which was very well identified by Chiodini [2009] as
a highly reliable indicator of the injection of magmatic CO2-rich and oxidized gases into the hydrothermal
reservoir. The CO2(f)/CH4(f) is then a redox indicator (but not a buffer) of compositional changes occurring at
the bottom of the hydrothermal system, due to the continuous upstream of a CO2-rich gas and affecting
chemical equilibrium upward. The parameter actually controlling the redox state is the fCO2 of the uprising
deep gas. The CH4 formed at high temperature in the methanogenic zone then reacts (reactions 5–8 above)
in the rising gas. Its proportion depends primarily on the rate of CO2 entering the hydrothermal system and
injected by magmatic gases. CO2 does not change appreciably its concentration, because very abundant,
by conversion to CH4, and CO, or by dissolution in liquid water (i.e., condensed steam, if any). Therefore,
CO2 and CH4, coupled in a ratio, can be seen as a constraint to the variations of redox state based on the
composition (relative amount of CO2) determined in the deep mixing zone. This is a fully internal redox con-
trol, simply due to composition. In the Solfatara case, it turns necessarily out that the [H2O]/[H2]2 ratio
depends, at a fixed temperature (i.e., isothermal condition), on pressure and CO2/CH4 ratio (equation
((20a)a)). Figure 11a summarizes the theoretical behavior expressed by equation ((20a)a) and encompasses
the range of conditions encountered at Solfatara fumaroles. Since T variations are quite narrow (around an
average value of 2108C), CO2(f)/CH4(f) being a redox constraint, the [H2O]/[H2]2 is a good pressure indicator,
as testified by the similar shape of computed pressure in the no-condensation scenario (Figures 11b and
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7a). The same feature, for the Solfatara system, may be extended to the 1:1 ratio, i.e., H2O(f)/H2(f) ratio (Figure
11b). This in fact depends, for fixed T and CO2(f)/CH4(f), on PH2 (equation ((19)b)).

Summarizing, the study of the Solfatara case shows that the actual role of internal compositional variables
in fixing the redox state of hydrothermal systems has been generally overlooked so far, especially because
the choice of disregarding CH4 leads to an unconstrained system of equations which can be solved only by
assuming PH2O at saturation and imposing fO2 . Therefore, the redox state greatly determines the sensitivity
of equilibrium thermodynamic models applied to an hydrothermal open-systems like Solfatara, character-
ized by a rapid transfer of the fluids formed on mixing of magmatic and hydrothermal components. In fact,
considering the short time-delay between deep CO2 injection and the occurrence of the CO2 peak at fumar-
oles (2 years at most) [Caliro et al., 2007], the redox state, hence fO2 , cannot be imposed by the rock matrix
of the reservoir, but fluctuates depending on the supply of magmatic gases at the bottom of the hydrother-
mal system [Chiodini, 2009].

5.2. Unrest: Magmatic Versus Hydrothermal
The main geophysical data sensitive to the volcanic state, and in particular to the hydrothermal system
pressure state, are ground deformations and seismicity. Figures 4a and 4b report the change in time of
these two observables. Ground deformation can be well represented by the vertical displacement diagrams
at the most deformed point, mainly because the observations at any time since 1970’s point out that the
shape of the vertical ground deformation in the area is markedly constant, both during uplift and subsi-
dence [De Natale et al., 2001, 2006; Folch and Gottsmann, 2006]. Regarding the seismic data, several parame-
ters could be shown, representing the seismic sequences: number of earthquakes per time unit, magnitude

Figure 11. (a) Theoretical behavior of [CO2]/[CH4] and [H2O]/2 indicators as a function of P and T (equation (20a)). Arrows indicate the rela-
tive effects of T, P, and of the internal redox control due to CO2 injection (see text). Data from both BG and BN fumaroles are plotted. (b)
Chronograms of [H2O]/[H2]2 and [H2O]/[H2] indicators, which show the same temporal evolution because both controlled by pressure var-
iations of the hydrothermal system (compare with Figure 7c).
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versus time, strain or energy release, etc. We choose to show the monthly number of earthquakes and the
strain release diagram, because they give an almost complete picture of the ongoing seismicity.

When comparing the two geochemical scenarios with such geophysical data, it is evident that the diagram
computing hydrothermal pressures, without assuming steam condensation (Figure 7c), parallels well the
measured ground deformation versus time and also the seismicity diagrams, in which present day uplift,
uplift rate and seismicity are much lower than in 1982–1984. On the contrary, the diagram assuming con-
densation implies hydrothermal pressures in the last years close to the ones occurring in the peak uplift cri-
sis, during 1982–1984, whereas both ground deformation and seismicity are much lower.

In 1982–1984, high H2O(f)/H2(f) and high CO2(f)/CH4(f) values coexist, due to the presence of shallow magma
providing heat and oxidized fluids into the hydrothermal system, led to the boiling phase.

Since variations observed in 1982–1984 were related to the presence of shallow magma, as recognized by
almost all the recent literature, it is likely this has to be excluded for the last 10–15 years, independently
from any further and deeper interpretation of geochemical data about hydrothermal activity.

In particular, the pressure of the hydrothermal system, as computed by using geochemical data fumarole
discharges is expected to parallel geophysical measurements. Strong and increasing pressurization, point-
ing to values similar to those of 1982–1984, should be accompanied by larger ground deformation and, like-
ly, larger seismic energy release than those currently recorded.

Our reevaluation of geochemical indicators from fumarole data shows that monophasic (vapor-only) condi-
tions throughout the fluid ascent path is the most realistic assumption at the fumarole sampling sites. Obvi-
ously, we must keep in mind that fumarole data are very punctual ones, although typically extrapolated to
the whole hydrothermal system. However, the fumarole path is a discontinuous element, with physical
properties different with respect to the surrounding medium. It is from such discontinuities that geochemi-
cal measurements are taken at surface, yielding temperature and pressure conditions that not necessarily
can be extrapolated to the entire hydrothermal system. When the target is the evaluation of unrest condi-
tions, neglecting this discontinuous character of the fumarole ascent paths, which are sites of strongly
increased permeability, potentially undermines many conclusions derived from simulations of the geother-
mal system.

Moreover, the geochemical data suggest themselves that reequilibration of gas species occurs in a single
vapor phase from 3708C down to 1708C [Chiodini et al., 2011 and Figure 7d], and thus imply the lack of con-
densation along the ascent path of the fumarole plume. By using the multigas techniques, equipped with a
specific electrochemical detector, Aiuppa et al. [2013] measured SO2 in plumes that were very close to the
degassing vents (e.g., immediately above them) at three Solfatara sites and at Pisciarelli, where it was clearly
detected at> 0.1 ppm (maximum value of �0.6 ppm at fumarole BG on the October 2012 survey). The
Authors state that their resolved SO2 peaks are not due to analytical artifact, or to H2S oxidation. SO2 detec-
tion at Campi Flegrei fixes the present-day H2S(f)/SO2(f) ratio at 850–2000 (on a molar basis). Therefore, the
absence of condensation can also be confirmed on this basis, further strengthening our computation of
hydrothermal pressure based on the direct use of the measured water concentration in discharged fluids. If
condensation would be present, like in 1982–1984, computed values would match those obtained from the
computation constrained by steam condensation (Figures 7a and 7c). In principle, we believe that the whole
data set, including the amount of sampled water, must be fully used to evaluate partial pressures, and not
taken only for computing mass balances required to give proportions of the other gas species.

As a consequence, our analysis points out that in recent times (after year 2005, i.e., since the onset of the
gentle uplift phase) the hydrothermal fluids sampled at fumaroles have separated at the bottom of the
hydrothermal system and equilibrated in a single phase up to surface, as testified by the very low pressures
close to 1 bar returned by our computation (Figure 3). Such a behavior is then drastically different with
respect to that observed in 1982–1984, when the fluid rising to surface lastly equilibrated at around 30 bar,
i.e., under conditions of vapor-liquid coexistence.

Furthermore, our analysis promotes the use of H2O(f)/H2(f) as the real heartbeat of the hydrothermal system
evolution. Pressurized conditions determine increasing H2O(f)/H2(f) values, whereas decreasing pressures
lead to decreasing H2O(f)/H2(f) ratios even in presence of injection of oxidized magmatic gases, i.e., high
CO2(f)/CH4(f) values. Since 2005, the assumption made by other workers of (high) PH2O determined by vapor-
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liquid coexistence is in contradiction with the generally decreasing H2O(f)/H2(f) ratio, and would require
single-gas phase reequilibration within the CO2-H2-H2O-CO-CH4 system which is in contradiction with the
persistently assumed steam condensation throughout the whole rising fluid plume.

Under this approach, there is an evident coherence, at least qualitative, between geochemical and geophys-
ical observations. In this scenario, the presence of a shallow magma seems to be excluded, because not
compatible with the reference frame given by the 1982–1984 geophysical and geochemical data recorded.
Moreover, the modest thermal heating (�108C) observed after year 2005 (Figure 7d) does not need a hot
shallow magma source [Chiodini et al., 2015], and can be simply justified by the continuous upstream of
deep gas. This is CO2-richer than the one supplied after emplacement of the shallow 1982–1984 magma
[Moretti et al., 2013a], thus its irreversible adiabatic rise preserves larger temperatures at shallow depths
[e.g., Ganguly, 2008].

Compared to geochemical models available in literature, our one differs substantially to that of Caliro et al.
[2014] and Chiodini et al. [2015], which instead hypothesize an hydrothermal unrest in 1982–1984 and a
magmatic one for the post-2005 phenomena. In order to understand the origin of magmatic degassing,
Caliro et al. [2014] inspected N2(f)-based ratios as indicators to estimate variations of the degassing pressure
of magma. N2 was assumed to be fully representative of a magma degassing at equilibrium under different
P conditions. In order to find consistency with He data, only the solubility properties of a trachybasaltic
magma (i.e., the primitive mafic end-member of the CFc magmatic suite) satisfied the ensemble of data
about equilibrium degassing within the N2-He-Ar-H2O-CO2-melt system. The choice of trachybasalt, which
compositionally does not evolve in time due to crystallization, is quite in contrast with geological observ-
ables, which rather indicate a trachytic magma, commonly erupted during the last 15 kyrs [e.g., Arienzo
et al., 2010]. In our opinion, however, this is simply an artefact due to some unjustified geochemical assump-
tions in models like Caliro et al. [2014] and Chiodini et al. [2015]; in fact, trachybasalt is the only magma char-
acterized by the needed positive correlation between N2(f)/CO2(f) and N2(f)/He ratios, such that both
decrease in the gas phase released upon depressurization, associated with magma rising at shallow depth.
In order to support their model, Caliro et al. [2014] also assume H2O and CO2 contents in magma such that
the exsolved fraction has CO2� 50% but do not state the relative fraction of gas in the system (hence
the total, exsolved 1 dissolved, mass of volatiles). This plays an extremely important role in determining the
effect on inert gas solubility, and should also satisfy the requirement of a volatile-rich (COT

28T� 2 wt.%) mag-
ma, in agreement with melt inclusion data [Arienzo et al., 2010; Aiuppa et al., 2013; Moretti et al., 2013a]. Fur-
thermore, as discussed in section 4, pre-1984 values of N2 were not considered by Caliro et al. [2014]
because too low, apparently without a justification. An implication of inert gas modelling is that the
depressurizing magma would be the same involved in 1982–1984. However, in 1982–1984 it would have
been located at larger depths. Following this interpretation, and despite the macroscopic geophysical
anomalies, the 1982–1984 crisis would actually represent an hydrothermal unrest in those hypotheses. The
large deformation and the high level of seismicity of 1982–1984 would have then been due to a huge vol-
ume of gas released from large depths, corresponding to P 5 200 MPa or more [Caliro et al., 2014], that is, in
correspondence of the regional magma reservoir. They suggest that a post-2000 trachybasaltic magma pro-
gressively depressurized from 200 MPa down to 70–100 MPa, thus ascending at depths of �3 km. This mod-
el was somehow revised by Chiodini et al. [2015], who claimed a key role of thermal heating by the unrest
of 1982–1984 and subsequent shallow magma processes. Thermal heating would imply a more viscous/
plastic behavior of rocks (anelastic and less rigid), so that the seismic energy released during a new pressuri-
zation could have been lower. However, for the same reason, and in presence of a comparable pressure
regime (Figure 7a), static deformation in such a degraded medium should be much higher. An equivalent
amount of shear stress, with a lower rigidity module (G), would in fact produce a larger deformation. This is
not observed at all, and further supports our interpretation that the present hydrothermal system overpres-
sure is by far lower than it was in 1982–1984, and no magma is presently accumulating at shallow depth.
Let us point out that our model does not want to minimize the complexities and feedbacks associated with
pressurization of volumes that are modulated by temperature-dependent rheologies, as discussed for
example in Newman et al. [2001] for Long Valley (USA) unrest, and Gregg et al. [2013], modeling Santorini
(Greece) unrest. We simply aim at clarifying that macroscopic differences in the geophysical anomaly pat-
terns between the 1982–1984 unrest and the present one are hardly reconcilable with a similar pressuriza-
tion state of the hydrothermal system in both periods, which is obtained under the condensation scenario.
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In this study, we did not discuss Pisciarelli discharges (Figure 1). Pisciarelli is in fact very different compared
to Solfatara vents (Bocca Grande and Bocca Nuova). P and T calculated by any indicator are highly scattered,
revealing the transient and unsteady nature of this system (not shown). Moreover, the system is likely
affected by hydrological and hydraulic issues related to water filtration in the unsaturated medium.

Finally, it is worth mentioning the recent discovery of ‘‘volcanic’’ doming in the Pozzuoli harbor [Passaro
et al., 2016], linked to gas arrival and accumulation during the last 12,000 years, but without shallow magma
involvement. The findings from these authors confirm that regional degassing from a deep-seated magma
reservoir may produce, over long times (thousands of years), effects at surface such as uplift of the seafloor
in the Pozzuoli harbor. Therefore, it is not surprising at all that the same kind of phenomenon occurs also
onshore, further suggesting that the present unrest affecting the area surrounding the Solfatara is not
determined by shallow magma emplacement. We also argue that the episodes of very high deformation
rates, such as the 1982–1984 one, have been driven by the upward migration of small magma batches (e.g.,
Figure 3).

6. Conclusions

The main cause of present concern (and probably also the main cause of the Yellow Alert level issued at the
end of 2012) for unrest at Campi Flegrei relies on the interpretation of geochemical data collected at fumar-
oles, particularly within the crater of the La Solfatara volcano, for which a long record exists since 1979
[Chiodini et al., 2010, 2011, 2012]. Although a conservative and precautionary attitude is absolutely correct
in this crucial matter, it is also very important to significantly advance in the full understanding of observed
geophysical and geochemical phenomena to better calibrate future measures and techniques for hazard
assessment and risk mitigation, besides the purely volcanological interest.

In this paper, we have shown that two diverging interpretations are possible for the 2000–2015 data, based
on the presence or not of condensation along the fumarole path, leading to completely different estima-
tions for the pressurization state of the hydrothermal system. We have also shown several scientific argu-
ments supporting one of the two interpretations, namely that no direct magma intrusion is involved in
present unrest, while it was during 1969–1984 period. Our results indicate that the strong dependence of
computed hydrothermal system pressurization from the condensation assumption does not hold for the
1982–1984 unrest phase, simply because in that period steam condensation along the fumarole ascending
path naturally comes out from the model. We also showed that, releasing the constraint of liquid-vapor
equilibrium in the fumarole ascending paths and accounting for CH4(f) achieving thermodynamic equilibri-
um, geochemical data themselves indicate that, after 1984, the fumarole fluid is monophasic vapor. As a
result, the computation of the pressurization state of the hydrothermal system gives much smaller pressure
levels now with respect to 1982–1984, in contrast with several recent interpretations and in agreement with
observed levels of ground deformation and seismicity.

It then appears that, after 1984, the hydrothermal system has progressively depressurized, thus driving the
general trend of subsidence. Since year 2005, a slow ground uplift has characterized the area (around
33 cm in about 10 years), accompanied by a modest thermal heating (�108C) of the hydrothermal system
likely due to the continuous adiabatic rise of deep and CO2-rich magmatic gases. A very simple interpreta-
tion based on the time evolution of the amount of gas stored in the system may explain the subsidence
accompanying system depressurization, and is also highly compatible with the observed gentle ground
uplift of the last decade. In this hypothesis, observations depend on the balance between gas injected from
below (magma chamber) and gas discharged at surface (diffuse from soil degassing or emitted from fumar-
oles). For these reasons, we could classify the present ongoing unrest as ‘‘hydrothermal’’ to distinguish from
the periods 1982–1984 (and probably also 1969–1972) in which it can be classified as ‘‘magmatic,’’ because
likely associated to magma injection at shallow depth (3–4 km).

Such a coherent picture can be completed to include the observation of progressive decrease of the H2O(f)/
CO2(f) ratio, observed since 2000. We have already noted it seems to rule out the injection of new magma.
Such a decrease can be explained if a shallow magma sill, emplaced during the 1969–1984 large unrest,
was almost completely crystallized around 2000. In such hypothesis, the present observed decrease in the
H2O(f)/CO2(f) ratio would represent the transient signal tending to restore the signature of the CO2-rich gas
released from the deeper magma chamber. This also implies that a good geochemical indicator of a future
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significant shallow magma intrusion (yielding a magmatic unrest) would be the sudden increase of the
H2O(f)/CO2(f) ratio. These conclusions corroborate the model of Moretti et al. [2013a], but are rather opposite
to those presented by Chiodini et al. [2015] and need independent validation. The detailed study, in per-
spective, of the total oxygen isotope content of the discharged fluid (i.e., d18OH2O1CO2 ) can provide indepen-
dent estimates of relative fractions of water added ore removed in secondary processes, thus shedding
light on the occurrence of condensation and its relevance.

We point out this is the first paper presenting an integrated and consistent interpretation of both geophysi-
cal and geochemical observations of the recent unrest at Campi Flegrei caldera, simply because it is based
on equilibrium thermodynamics of the Solfatara emissions, with fewer assumptions taken in a multicompo-
nent system. Relinquishment of some assumptions affords a more consistent picture, also by reducing the
amount of processes and variables to be considered within the hydrothermal reservoir. For these reasons,
this paper also provides a general guideline for the interpretation of geochemical anomalies at all the volca-
nic fields in which a good catalogue of hydrothermal compositions, based on direct sampling of the source
with undervacuum flasks, exist [Giggenbach and Goguel, 1989]. Our results, in fact, point out that neglecting
CH4 and imposing empirical fO2 -buffers in conjunction with the common assumption of vapor-liquid equi-
librium can led to highly distinctive results. Furthermore, they highlight the key role played by H2(f). In
recent literature, its adoption has been promoted for high-T volcanic gases [e.g., Aiuppa et al., 2011], but in
the case of low-T geothermal systems it has generally neglected because it reequilibrates quickly in the
shallow portion of the hydrothermal system, so it cannot be taken as representative of the deep and hot
portion of it, where magmatic gases mix with the pure (i.e., meteoric) hydrothermal end-member. In particu-
lar, the H2O(f)/H2(f) ratio is very sensitive to redox variations, but also to all the slight changes of pressuriza-
tion in the shallow part of the hydrothermal system. H2O(f)/H2(f) is particularly high when the system is
pressurized, like in 1982–1984, because approaching the conditions of steam condensation.

The presence of shallow magma implies a parallel increase of CO2(f)/CH4(f) and H2O(f)/H2(f) ratios (like in
1982–1984), due to injection of oxidized gases, rather than a discrepant behavior (like after year 2000).
Therefore, the joint, precise, and frequent measurement of H2O(f)/H2(f) and CO2(f)/CH4(f) turns out to be a
strategic issue for volcanic monitoring of this area, and likely of similar volcanic areas around the World.
Such ratios appear to be the most powerful trackers of the ‘‘heartbeat’’ of the hydrothermal system in rela-
tion to magmatic inputs, and should be carefully monitored for any hazard assessment purpose.
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