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Persistent degassing of closed-conduit explosive volcanoes may be used to inspect and monitor
magmatic processes. After interaction with shallow hydrothermal fluids, volcanic gases collected at
surface can differ substantially from those exsolved from magma. We report here on an innovative
approach to identify and separate the contribution of variable magmatic components from fumarolic
gases, by processing the 30-year-long geochemical dataset from the Campi Flegrei caldera, Southern
Italy. The geochemical record shows periodic variations, which are well correlated with geophysical
signals. Such variations are interpreted as due to the time-varying interplay of two magma degassing
sources, each differing in size, depth, composition, and cooling/crystallization histories. Similar
multiple degassing sources are common at explosive volcanoes, with frequent ascent and intrusion
of small magma batches. Our innovative method permits the identification of those magma batches,
which contributes to the interpretation of unrest signals, forecasting and assessment of volcanic
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1. Introduction

Magmas contain variable amounts of volatile components,
which can exsolve in a separate gas phase upon their decompres-
sion during ascent and/or crystallization. Both processes depend on
bulk magma chemistry, temperature, and rheology (e.g., Parfitt and
Wilson, 2008); therefore, volcanic gas compositions can, in princi-
ple, be inverted to quantify physical and chemical parameters of
the degassing magma. Gas plumes at open conduit volcanoes are
directly related to magma degassing within the volcanic system,
allowing therefore a straightforward use of the gas composition to
track evolution of the magmatic system (Aiuppa et al., 2010, 2007).
On the contrary, gases released at closed conduit volcanoes, usually
associated with explosive eruptions, have to rise through cold,
permeable and fractured rocks that usually host hydrothermal
fluids (Giggenbach, 1996, 1987). In such cases, volcanic gases that
reach the surface result from chemical reactions, heat transfer and
mixing between magmatic and hydrothermal components. Under
such circumstances, retrieving information on the deep magmatic
components can be extremely complex, and generates ambiguities
when interpreting variations in the degassing patterns recorded at
the surface (e.g., Chiodini et al., 2006).
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We have developed a general method for exploring the
relationships between magmatic and hydrothermal components
and assessing their relative contributions to the gases discharged
at closed-conduit explosive volcanoes. Our method combines long
geochemical records with highly accurate oxygen isotopic data
and multi-component gas-melt equilibrium modelling. The data-
base is represented by the 30-year-long record of accurate
chemical and isotopic data on fumarolic effluents (Chiodini
et al,, 2011, 2010a) of the Solfatara crater from the restless Campi
Flegrei caldera (CFc) (Orsi et al., 1999, 1996). The CFc system has
been deeply investigated and monitored for decades because of
its very high volcanic risk (Orsi et al., 2009, 2004; Selva et al.,
2012), providing a detailed reconstruction of the volcanic and
deformation history over the last tens of thousands of years (Orsi
et al., 2009, 1996), as well as petrologically- and geophysically-
consistent pictures of both architecture and evolution of the
magmatic feeding system (Arienzo et al., 2010; Di Renzo et al,,
2011; Mangiacapra et al., 2008).

Application of the method shows that the recorded chemical
variations reflect changes occurring in the magmatic gas compo-
nent, and result from the interplay of two degassing sources that
differ in depth, size, and crystallization time-scale. This conclusion
provides a consistent and robust scenario that can be generalized to
other closed-conduit volcanoes. According to this scenario, rise,
emplacement at shallow depth, and cooling of a small magma batch
is a short-term tuning effect over a long-term degassing trend
imposed by a large, deep, and long-lived reservoir from which the
small magma batch separated.
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2. Data analysis

Fumarolic gases (below with subscript “f’) from the Solfatara
crater at CFc are about 99% H,0, CO, and H,S, plus minor amounts
of H,, CO, CH4. Previous investigation demonstrated that the
fumarolic emissions at CFc are fed by a nearly monophasic and
uncondensing gas plume that separates from the deepest
(2-2.5 km) and hottest portion of the hydrothermal system, the
latter interacting with ascending magmatic gases at conditions
close to the H,O critical point (Caliro et al., 2007). Such interac-
tion is so profound that acid species in the magmatic gases, like
HCI, HF and SO,, are completely scrubbed (Symonds et al., 1991).

Gas species concentrations at Solfatara crater display oscilla-
tions that have been related to discrete pulses of deep magmatic
gas mixing with hydrothermal fluids (Chiodini et al., 2010a;
D’Auria et al.,, 2011; Gottsmann et al., 2006; Todesco and Berrino,
2005). H,0p/CO4ry ratios display minima (Fig. 1a) reflecting
periods of an increased contribution of a CO,-rich magmatic gas
(Caliro et al., 2007; Chiodini et al., 2010a; D’Auria et al., 2011).

The corresponding variation of CHy/COx) ratios (Fig. 1b), which
are unaffected by H,O condensation, testifies that large amounts of
oxidized magmatic fluids episodically enter, dilute and pressurize the
hydrothermal system, inhibiting CH, formation (Chiodini et al.,
2010a). Ingression of magmatic fluids in the hydrothermal system
can also be tracked from the H,S(r/COy ratio (Fig. 1c). Because HaS)
is generally fixed by equilibrium with hydrothermal pyrite, fluctua-
tions of such a ratio depend on (1) variations in CO, partial pressure
(Pco,) imposed, still at equilibrium with pyrite, by the proportion of
magmatic and hydrothermal components in the fumarolic gases
(Chiodini et al., 2010b), and (2) perturbations of the equilibrium with
hydrothermal pyrite. When CO,-rich, hot and oxidized magmatic
fluids enter the hydrothermal system, CHyp/COyry and HaSin/COxo)
ratios are expected to reach minimum values (Fig. 1). All these
minima are usually not synchronous, reflecting different mobility and
interaction mechanisms of the variable gas species in the hydro-
thermal system (Chiodini et al.,, 2010a; Todesco and Berrino, 2005).

Despite temporal gaps prior to 1998, oxygen isotopes
(5180H20(f)) of fumarolic steam condensates have been almost
stable except the period around 1985 when a short-term dipping
was observed and around June 2000, when they peaked at around
—0.5%o (BG and BN), before declining to — 2%, in 2007 (Fig. 1d), and
do not show appreciable similarity with the other geochemical
indicators, despite a peak in 8180,_,20“) value being observed in year
2000 in correspondence with minimum COyf, contents. It is worth
noting that Pisciarelli datapoints plot at 6]80H20(f) values lower
than Bocca Grande and Bocca Nuova ones, compatibly with the
different outlet temperature of fumaroles (Fig. 1d).

A time correspondence exists between maxima and minima in
H,0(5/COx%r, CHy(p)/COx(ry, HaSp/COory gas ratios and ground defor-
mation residuals (Fig. 1a-e). Moreover, after year 2000 both ground
deformation residual and geochemical indicators show nearly mono-
tonic trends. Seismicity occurs (i) during the 1982-84 uplift, with
activity lasting till 1985, (ii) in correspondence with the maxima in
ground deformation residuals (1989, 1994, 2000) and (iii) after 2005,
with a long-lasting activity which follows the aforementioned nearly
monotonic behaviour (Fig. 1f). These elements suggest a causal
relationship between deep degassing and geophysical observables
(Chiodini et al., 2011, 2010a; D’Auria et al., 2011, 2012; Gottsmann
et al., 2006; Todesco and Berrino, 2005; Todesco et al., 2010).

Since year 2000 the geochemical trends at fumaroles show
remarkable differences from the preceding two decades (Chiodini
et al., 2010a,b). While the period 1982-2000 was characterized by
oscillations, post-2000 trends correspond to a substantially con-
tinuous increase in CO, relative to H,0 and S contents. From 2010,
H,0(p/CO4r) ratio appears to have attained a stable value around
3.3 (Fig. 1a).
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Fig. 1. Chronograms of relevant geochemical and geophysical observables. Molar
H,0(5)/CO5ry (panel a), CHy(n/COory (panel b), HaS(n/COory (panel c) ratios and
SISOHZOI values (panel d) have been determined on Solfatara fumarolic discharges
(Caliro et al., 2007; Chiodini et al., 2011, 2010a) (FC: Fumarola Centrale; BG: Bocca
Grande; BN: Bocca Nuova; P: Pisciarelli). Panels (e) and (f) show chronograms of
ground elevation residuals (computed after addition of the secular subsidence and
subtraction of a first-order exponential decay in time; Chiodini et al., 2010a), and
seismicity (D’Auria et al., 2011), respectively. Note that ground elevation residuals
are shown on a reversed axis to remark the strong correlation with CHy)/COxf),
the minima of which are anticipated by seismicity.

3. Methods and calculation

Based on the guidelines of Caliro et al. (2007), 6]80H20(f) data
(Fig. 1d) are used in the frame of a refined inversion that yields
the magmatic gas fraction mixing with the hydrothermal fluid,
and the concentration of magmatic H,O and CO,. These will be
used to track the patterns of magma degassing and constrain the
degree of magma differentiation, by using thermodynamic tools
for gas-melt equilibria.

3.1. Isotopic inversion

180 fractionation between H,0 and CO- heavily affects isotopic
gas composition, also in relatively low temperature discharges,
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such as Solfatara fumaroles (95-162 °C) (Chiodini et al., 2000;
Richet et al., 1977). However, the 8'80 bulk composition of
discharged fluids, 5180mt(f), is constant, unless oxygen addition or
loss occurs. Because the totality of oxygen in the magmatic gas
component(s) feeding the hydrothermal system is sourced by H,O
and CO, (making up >95% of magmatic gases at depths of
interest), 3'®0oy(r) values are computed as

18 18 18 . 18
8 " Oror(f) = 6" Om,04+ coy(fy = X0, O Ocoyd) +(1—1co,)0 " On,o(f

=8"%0m,0(r) + co, 1000In o(T¢) 1)

where o, is the atomic fraction of oxygen in CO; 5180H20(f) is the
value measured in the fumarolic fluids; o(Tf) is the CO,-H,O
oxygen fractionation factor (Richet et al., 1977) at fumarolic
temperatures, Ty, and

Lco, = 2Xco,/(1+Xco,) ()

where X¢o, is the molar fraction of CO, in the discharged gas.

Because the gas phase ascends as a superheated vapour, liquid
water is absent for T > T; (Caliro et al., 2007), 6180H20(f)+coz(f) is
not affected by condensation and can be considered representa-
tive of the isotopic composition at the bottom of the hydrother-
mal system, where magmatic gases enter.

8" 0u,0(r)+ coyr) iS then used to quantify mixing between the
hydrothermal and magmatic components. In the
8"®On,0() 1 Ox(f) VS- Zco, diagram (Fig. 2) the Solfatara data array
can be interpreted as resulting from the combination of various
mixing patterns, each involving a “heavy” oxygen (magmatic)
end-member and a CO,-poor component, characterized by a
lower §'80 value (hydrothermal). The following isotopic balance
allows estimating the fraction of magmatic fluids in the fumar-
oles, Y:

18 18 18
8" 0,007 +cos(1) = O~ On,y0(hyd) + COy(hydy X (1=Y) 408" On,0(m)+copm) X Y
3

with hyd and m subscripts referring to the hydrothermal and
magmatic fluids, respectively. For the magmatic component
equilibrated with trachyte at 1173 K, we have that

18 18 18
8" On,0(m)+ o, = (1=Xco,@m)d O, 0m) + Xco,m®  Ocoymy (4

By assuming isotopic equilibrium between the magmatic
fluids and local volcanic trachytes (3'®0¢achyte=8.20%0; Turi
et al, 1991), and considering isotopic fractionation between
rocks, water and CO, (Zhao and Zheng, 2003; Zheng, 1993),
average values of 5'%0y o, (8.69%0) and 8'®0¢q, (i, (11.88%)
can be derived (Caliro et al., 2007). The Magmatic Line of Fig. 2
shows how &' 0y, 0(m) + co,m) varies with composition.

The ensemble of datapoints obtained via Eq. (1) depict a fan
converging to a unique 5180H20(hyd)+coz(hyd) value, of 4.12%., at the
CO; content (o, =0.2, or Xco,=0.11) of the hydrothermal end-
member (Caliro et al., 2007) (Fig. 2). In light of the very small
analytical errors on oxygen isotopes (within the size of data
symbols in Fig. 2), each 8]80H20(f)+c02(f) value falls on a specific
mixing line between such a constant hydrothermal end-member
and a variable magmatic component along the theoretical
magmatic line. %cq,m) hence Xco,m), can be estimated point by
point at the intersection of each mixing line connecting
the hydrothermal end-member with the magmatic line
(8180H20(m)+c02(m> =3.19)o, +8.69) through the point of interest
(Fig. 2). Re-working the expressions for a straight line from two
points and for the intersection between two straight lines, we
obtain

4.69+ 02((6]8OHZO(fH—COz(f)_4)/(XC02(f)_0'2))

((3 " On,0() + o, (1 =4/ (Ao, —0-2))—3.19

Xco,m =

318046t (H,O0+COy)

Xco,= 0.11

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
XCOQ

Fig. 2. Plot of the isotopic values of total (i.e., H,O+ CO,) oxygen vs. atom fraction of
CO, oxygen (yco, on bottom X-axis) and CO, molar fraction (o, on upper X-axis)
in fumarolic discharges. The reference hydrothermal end-member turns out to be
characterized by Xco,nya)=0.11 and 6180H20+502(hyd) =4.12%0. Oxygen isotope
composition of the magmatic end-member varies along the Magmatic Line
(T=1173 K), depending on the H,0-CO, composition of the magmatic gas compo-
nent (Caliro et al., 2007). 8'%0 data are from the literature (Caliro et al., 2007;
Chiodini et al., 2010a). The dashed line is the linear regression on all data and
intersects the hydrothermal end-member composition for 6’80H10+C0bhyd =4.65%o.
Coloured line pairs originating from Xco, nya =0.11 and §'80 values of 3.78 (red)
and 4.34%. (green) are drawn to show variations in Xco, m at the intersection with
the Magmatic Line. For this purpose, we considered errors on 518OH20+c02_m values
(£ 0.3%, Caliro et al., 2007), in order to explore maximum uncertainties on Xco, m.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

3.2. Magmatic degassing

The numerical simulations of magmatic degassing were per-
formed by means of an integrated thermodynamic technique for
gas—melt saturation (Moretti et al., 2003) that includes (1) mass
balances for volatile components in the liquid and gas phases,
(2) equation of state for non-ideal behaviour of the gas phase in
the system H,0-CO,-H,S-SO, (Belonoshko et al., 1992), (3) mod-
elling of the mixed H,0, CO, and sulphur dissolution in melts
(Baker and Moretti, 2011; Moretti and Ottonello, 2005; Papale
et al.,, 2006), (4) modelling of the redox state of both liquid (Fe and
S species) and gas phase (S-bearing species) (Moretti, 2005;
Moretti and Papale, 2004), (5) closed-system and open-system
degassing options, (6) crystallization, by subtraction of mass
of solid at each computational step (e.g., Aiuppa et al., 2007),
and (6) gas infiltration (fluxing), i.e., addition of gas at each
computational step.

Parameters used in simulations are independent of isotopic
inversion of fumarolic data and are based on melt inclusion (MI)
studies and experimental petrology (Roach, 2005; Fabbrizio et al.,
2009). Adopted total H,O and CO, contents (Table 1) are from MI
studies of the shallow magmatic system feeding recent trachytic
eruptions at CFc (Arienzo et al., 2010). Total sulphur content is from
authors’ unpublished data on least evolved trachytic Mls in samples
from recent ( < 5000 ka) eruptions (see Appendix). All computations
refer to redox conditions corresponding to 1.2 log units above the
Nickel-Nickel Oxide (NNO) buffer (Table 1), in agreement with
observations on CFc magmatic systems (Arienzo et al., 2010;
Mangiacapra et al., 2008; Roach, 2005; Fabbrizio et al., 2009).
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Table 1

Gas-melt saturation conditions for a trachytic melt at 4 km depth (100 MPa pressure) beneath CFc. Pressure/depth agree with MI studies and geophysical data and their
interpretations. Total volatiles, temperature and oxygen fugacity comply with MIs investigations and experimental petrology.

Melt composition® (wt.%, volatile-free)

Sio, TiO, Al,04 FeOyoc MgOo Ca0 Na,O K,0

59.04 0.46 17.14 3.83 0.68 2.42 4.22 7.64

Constrained features of the magma body after rise and emplacement at 4 km-depth
log f0,=NNO+1.2?
ST0T-0.15 + 0.21 we®

T=1173 K¢
COI°T=2 +0.46 wtxd

P=100 MPa ®
H,0™T=35 +0.35 wt%¢

Computed conditions
H,0%*=31.61 wt%
CO5**=68.01 wt%
S05*°=0.16 wt%
H,S8*=0.22 wt%

H,0/CO, (mol)=1.14
H,S/CO; (mol) =0.004
SO,/H,S (mol)=0.4

Pmeit 1 gas=2008 kg/m?
Pmer=2511 kg/m>
m5*°=3 wt%

Ve[Vt 0,21

Composition of the deep gas separating from the trachytic body 8 km deep
P=200 MPa® T=1223 K

H,0%5%5=21.21 wt%
CO5* =78.59 wt%
S0$*5=0.17 wt%
H,S%%5=0.04 wt%

H,0/CO; (mol)=0.66
H,S/CO, (mol)=0.00058
SO,/H,S (mol)=2.26

log f0,=NNO+1.2%

2 From MI studies (Arienzo et al., 2010) and experimental petrology (Roach, 2005; Fabbrizio et al., 2009).
b From MI studies (Arienzo et al., 2010; Mangiacapra et al., 2008) and geophysical observations (Berrino, 1994; De Siena et al., 2010; Woo and Kilburn, 2010).

€ From experimental petrology (Roach, 2005; Fabbrizio et al., 2009).
4 From MI studies (Arienzo et al., 2010; see also Appendix).

€ From MI studies (Arienzo et al., 2010; Mangiacapra et al., 2008) and seismic tomography (Zollo et al., 2008).

The model returns gas fractions and compositions, and magma
densities before and after gas separation along degassing patterns
at the specified pressure of 100 MPa (4 km depth) and a tem-
perature of 1173 K (Table 1). The case of gas fluxing is considered
by infiltrating this shallow magma with the gas separated from a
deep (8 km depth, or 200 MPa) reservoir of the same trachytic
composition, but at a temperature of 1223 K (Roach, 2005).

4. Results and discussion
4.1. Magmatic component in fumarolic gases

The nature of the magmatic gas entering the hydrothermal
system has remained ambiguous hitherto, because the measured
trends can be reproduced by using variable magmatic compositions
(in terms of gas species concentrations) interacting with hydro-
thermal fluids in variable proportions and under variable conditions.
A hypothesis which has been put forward implies a compositionally
constant magmatic gas component, and ascribes the observed
variations in surface manifestations to variable proportions of
mixing with hydrothermal fluids (Caliro et al, 2007; Chiodini
et al., 2010a,b, 2011). We show here that this approach can only
partially explain time series in terms of origin of magmatic gases,
magma storage depths, with consequences for volcanic hazards
assessment and short-term volcano behaviour forecast.

The isotopic inversion is carried out considering that fumarolic
emissions can result from mixing between fluid end-members
represented by a substantially constant hydrothermal component
and one or more magmatic gas components. In fact, intersection
of each mixing line with the theoretical magmatic line identifies
H20(m)/CO2(m) values between 1 (Xco,m)=~0.5) and 5 (Xco,m)
~0.2). In such an interpretation, isotopic features of surface
fluids (Figs. 1d and 2) would clearly be dependent on the H,O-
CO, composition of the entering magmatic gas and would show

the existence of a minimum of three distinct isotopic sources
involved in the generation of the fumarolic discharges and limit-
ing the field of isotopic variation: the hydrothermal source (we
use a reference value of 5'80=4.12%., determined as in the
Appendix) and two magmatic gas sources corresponding to a
more primitive (CO,-rich) and a more residual (H,O-rich) gas
phase involved in the generation of the magmatic gas component.
Data in Fig. 2 permit a point-by-point quantification of the
hydrothermal and magmatic components in fumarolic gases via Eq.
(3). Fig. 3A and B shows the retrieved magmatic gas fraction in the
fumarolic output, and H;0(m)/CO2(m) ratio in the magmatic com-
ponent. Magmatic gas fraction (Fig. 3A) and H20(m)/CO5(m) ratio
(Fig. 3B) are anticorrelated and show specular trends, confirming
that COr) high concentrations are caused by an increased propor-
tion of deep magmatic gases. However, the composition of the
magmatic gas component is not constant, rather shows oscillations
that are due to the variable proportions of gases exsolved by
different magmatic sources. It is straightforward to conclude that
the detected variations of both CHy(n/COxry and HaS(r/COxr ratios,
although controlled to a certain extent by reactions occurring in
the hydrothermal system, should also reveal the compositional
variability of the magmatic gases rising at shallow depths.

4.2. Unzipping multiple magma sources

At least two magmatic sources have been identified at CFc:
(1) a deep, stable source, corresponding to the large magma
reservoir identified at 8 km depth by seismic tomography (Zollo
et al., 2008), considered part of the complex system that has fed
the volcanism over the past several thousand years (Arienzo et al.,
2010; Mangiacapra et al., 2008) and which developed on top of a
CO,-rich magma source supplying the entire Phlegraean district
(Mormone et al., 2011; Moretti et al., in press); and (2) a shallow
magma batch that intruded at about 4 km depth during the 1982-
84 unrest episode (Berrino, 1994; De Siena et al., 2010; Trasatti
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Fig. 3. Chronograms of isotope-derived quantities. Panel (A) reports the magmatic
molar gas fraction (Y) and panel (B) the molar H>0(1;)/CO2(m) ratio, both retrieved
by means of isotopic analysis (Fig. 2) on Solfatara fumarolic discharges. Vertical
bars are plotted for selected points in both panels and represent maximum
uncertainties computed for 5180H20+c02'hyd spanning from 3.78%o to 4.34%. (see
Fig. 2).

et al.,, 2011; Woo and Kilburn, 2010). This picture allows inter-
pretation of the compositional variations of the magmatic com-
ponent of the fumarolic gases through time (Fig. 2). Such
variations are in fact consistent with mixing of gases exsolved
from the two identified magmatic sources.

Independent constraints based on seismic attenuation tomogra-
phy (De Siena et al.,, 2010) suggest that this small sill-like intrusion
was already partly solid at the time of the 1982-84 unrest crisis.
Furthermore, residual ground deformation (Woo and Kilburn, 2010)
and sulphur isotope (834SHZS(f)) values (around 0%, vs. Canyon Diablo
Troilite, CDT in 1982-1987 and averaging at +1.7%. in 1998-2001;
Allard et al, 1991; Marini et al, 2011) require that this magma
intrusion was largely crystallized about 20 yr after emplacement. The
crystallizing shallow magma batch must have been one of the sources
of volatiles injected into the geothermal system. Total volatile
contents have been constrained for past CFc eruptions, such as the
4.1 ka B.P. Agnano-Monte Spina eruption for which a similar mechan-
ism of pre-eruptive, small-size shallow intrusion has been is hypothe-
sized (Arienzo et al., 2010). If completely exsolved by a crystallizing
magma body similar in size to that intruded during the 1982-84
unrest episode (Berrino, 1994; Trasatti et al., 2011), such total volatile

contents would account for about one-third of the 1500 t/day of CO,
estimated as an average flux at Solfatara over the past 25 yr (Chiodini
et al, 2010b) Therefore, degassing from the shallow, crystallizing
magma body has significantly contributed to the fumarolic outputs
for a long time after emplacement in 1982-84.

Numerical simulations (see section 3.2, Table 1 and Appendix)
of the thermodynamic relationships between a typical Phlegraean
trachyte and a volatile phase with composition in the C-O-S-H
system (Moretti et al., 2003) show that progressive crystallization
of the shallow magma body results in a gas phase progressively
enriched in H,O and H,S with respect to CO,; only about 40% of
crystallization would practically exhaust the CO, flux (Fig. 4).
However, the CO, flux shows no signs of waning (Caliro et al.,
2007; Chiodini et al.,, 2011, 2010a) (cf. Fig. 1). Additionally, a
single crystallizing gas source would produce a volatile phase
progressively depleted in 'C (e.g., Holloway and Blank, 1994),
whereas the §'3C values measured at Solfatara fumaroles do not
highlight such a trend, with values fluctuating around a substan-
tially constant average (Allard et al., 1991; Caliro et al., 2007).

The above facts suggest that although the shallow magma batch
must have been effective in feeding the overlying geothermal
system and ultimately the fumarolic discharges, its degassing alone
cannot explain the characteristics of the Solfatara gas output. Those
characteristics, and particularly the substantial variations in com-
position of the magmatic gas fraction displayed in Fig. 3, are
instead consistent with superposition of shallow and deep degas-
sing sources contemporaneously effective at least for 20 yr after
the shallow magma emplacement, until exhaustion of its original
volatile content.
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Fig. 4. Model computations of the degassing of a magma body emplaced at 4 km
depth as a function of crystallization. An initial mass of the magma body of
~2 x 10" kg was used (Berrino, 1994). Panel (a): variation of gaseous magmatic
(molar) H,0/CO, and H,S/CO, ratios with crystallization. Panel (b): variation of
discharged gas amounts with crystallization. The gas discharge would decay
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C-0-S-H-trachyte equilibrium thermodynamics at 100 MPa
(4km depth) and 1123 K is made by allowing the shallow
trachytic magma to crystallize and degas while being periodically
infiltrated by a CO,-rich gas of deeper provenance (see Table 1).
Volatile components are partitioned between melt and gas only.
In particular, FeS precipitation was not considered, because
sulphur contents are much less than the sulphur content at
sulphide saturation, or SCSS, consistent with the relatively high
fO, (Moretti and Baker, 2008; Baker and Moretti, 2011). Calcula-
tion of gas-melt saturation properties show that the retrieved
compositional trends of the magmatic gas component in the
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fumaroles can be reproduced (Fig. 5). Despite uncertainties in
deep gas composition that could be easily accommodated by
adjusting the proportion of deep vs. shallow gas components, we
prefer to keep the model running under fixed mass amounts of
released and injected gas at any computational step (see
Appendix for details). This choice sacrifices a perfect fit to data,
but still allows constraints to be put on the crystallization process
affecting the shallow magma body, showing the model perfor-
mances under imposed constraints on deep gas composition,
degassing and fluxing rates. Note that a significant improvement
to the fitting quality of compositional data in Fig. 5 would have
been also possible by introducing a solidification rate slightly
variable in time. Again, we wanted to reduce as much as possible
the degrees of freedom, and used a constant crystallization value
of 1% of the total magma every 143 days. Constant crystallization
rate for close-to-eutectic trachyte is a reasonable approximation
of the Avrami equation (Lasaga, 1998), resulting in about 75-80%
solidification of the shallow magmatic intrusion in year 2000,
perfectly consistent with independent geophysical estimates (De
Siena et al., 2010; Woo and Kilburn, 2010) and with the increase
of 834SH25(f) (Marini et al.,, 2011). The implication is that the
contribution from the solidifying shallow source to the magmatic
component in fumaroles must have been waning progressively
until it becomes negligible, leaving the sole deep source during
the last few years. Such behaviour is reflected in the different
compositional trend acquired after year 2000 by fumarolic gases
that do not show the oscillations of the preceding 20 yr: they have
progressively and continuously evolved until year 2010, when
they reached a substantially stable H,On/COys ratio (Fig. 1).
Although lack of published isotopic data prevents computation of
the magmatic component after year 2010, similiarities in the
general trends of fumarolic (Fig. 1) and magmatic (Fig. 3) H,0/CO,
ratios suggests that the present-day mole fraction of magmatic
volatiles in the fumaroles is in the range 0.7-0.8, and that the
H30(m)/COy(m) ratio in the magmatic gas phase entering the
hydrothermal system is decreasing to a value below 2.

We also computed the amount of gas discharged, in order to
verify whether our results are compatible or not with measured soil
CO, fluxes (1500 t/day; Chiodini et al, 2010a). Computation of
fluxes holds under a lumped approximation at the depth of melt/
gas equilibria, thus without accounting for transport issues govern-
ing gas propagation through a porous medium after separation
from the magma. Our simulation returns a variable CO, flux, with
peaks at around 2000 t/day after the 1982-84 unrest. Therefore,
one should not expect to measure the same variations at surface,
where mean discharge rates show smoothed fluctuations and the
degassing phenomenon may survive long after deep feeding has
ceased (Todesco et al., 2010). However, our 18-yr average CO, flux

Fig. 5. Chronograms comparing estimated/measured vs. computed gas ratios and
fluxes. Panel (A): isotope-derived (datapoints) and model-computed (heavy blue
and thin black lines) molar H>0(1n)/CO2(m). Panel (B): measured molar H,S(r/COx )
ratios (datapoints) and model-computed molar H,S(mm)/CO2(m) ones (heavy blue and
thin black lines). Only BG datapoints have been reported. In both panels, the heavy
blue line is the solution for initial H,O0™T, COX°T and S™T values of 3.5, 2 and
0.15 wt%, respectively, whereas thin black lines represent model results accounting
for uncertainties on total volatiles. With reference to the first peak (year 1984), in
both panels the uppermost line is computed for H,0"°T, CO°T and S™T values of
3.85%, 1.54% and 0.176%, respectively, whereas the lowermost one for 3.15, 2.46 and
0.125 wt%. Panel (c): solid lines: model-computed total gas and CO, fluxes from the
shallow magma intrusion (scaled on 2 x 10'! kg of initial magma); dashed lines:
average CO, flux measured at the Solfatara crater (1500 t/day; Chiodini et al.,
2010a), here extended over the 1982-2000 time window (6600 days), and model-
computed CO; flux (1350 t/day, equal to the computed bulk CO, discharge divided
by 6600 days). Peaks of gas ratios in the year 2000 (panels A and B), and the
associated waning of gas discharge rates (panel C), mark a transition due to
exhaustion of shallow magma degassing, and its replacement by the deep-reservoir
gas (not shown). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)



R. Moretti et al. / Earth and Planetary Science Letters 367 (2013) 95-104 101

(from 1982 to 2000) yields 1350 t/day, (Fig. 5¢), which is in good
agreement with measured soil fluxes at surface. This is highly
reasonable, because average fluxes, after a long time, should have
similar values as those measured at surface independently of how
gas propagation from depth occurs. Moreover, we take this con-
sistency as a good indication that the whole degassing process can
be sustained by more than one shallow magma body.

4.3. On model accuracy and alternative approaches

The accuracy of our model depends on parameters and assump-
tions adopted (i) to invert 8'®Oy, o) + co, ) data (Fig. 2) and (i) model
the magmatic system (size, P, T, fO,, composition, total volatiles). The
major source of uncertainties is related to the choice of
8180H20(hyd)+C02(hyd). Our criteria to fix such a value are reported in
the Appendix. Here, it is worth noting that we avoided extrapolation
of simple linear regressions to the hydrothermal end-member
composition. The bulk regression line (dashed in Fig. 2) crosses the
Yco, = 0.2 axis at a 3! 01.120%02 value of 4.65%.. This value is signif-
icantly higher than &' On,0+co, Of datapoints falling close to such
an axis, particularly the one at y, =0.2008 (Xco, =0.11) and
518 On,0+co, =4.32%0, to which all values converge and that we

consider chemically and isotopically highly representative of the
hydrothermal component. Simple regression lines cannot in fact
provide good and reliable values at regression extremes, in light of
the so-called central limit theorem. On the other hand, our procedure
(see Appendix) allows estimating maximum dispersions in HyOm)/
COym) and magmatic gas fraction (Y) (error bars in Fig. 3ab,
respectlvely) by constraining between 3.78%. and 4.34%. the values
for '8 OHzo(hdecoz(hyd), and assigning an error of +0.3%. (Caliro
etal., 2007) to &' 0H20(m)+602(m) (Fig. 2). Uncertainties on the oxygen
isotopic composition of the hydrothermal and magmatic components
are coupled in order to maximize the range of variation for HyO(m,/
COym) and Y. This is shown by line pairs of different colours in Fig. 2,
which bracket ranges of magmatic gas composition returned by
taking 6180H20(hyd)+coz(hyd) values of 3.78%o, 4.12%. and 4.34%.. The
magmatic gas component shifts to higher Xco,qm with increasing
8"®On,0(hyd) + 0, (hya)- Therefore, variations in 8" O, omyd) + co,mya) dO
not affect appreciably the time evolution of values plotted in Fig. 3A
and B—and thus our conclusions—because all datapoints would shift
in the same direction, unless 8"y, o(nyd)+ co,hya) Varies in time.

Other major points of discussion involve the physical pro-
cesses used to describe variations in H,O and CO, and, to some
extent, S, at the fumaroles. In our model, these are governed by
the different time evolution of the magma sources. Alternative
models, based on the simulation of homogeneous geothermal
reservoirs, show that H,O and CO, variations are related to the
variable condensation of the rising plume, depending on basal gas
injection rate and duration, gas enthalpy, as well as rock proper-
ties of the reservoir and its heterogeneity (Todesco et al., 2010). If
condensation is not steady and varies in time, datapoints in Fig. 2
record a shift to higher CO, fraction and a concomitant decrease
of 5180, (due to oxygen loss to a liquid phase) with respect to
uncondensed datapoints. One could thus infer that condensation
is larger (up to 40 mol%, considering vapour-liquid open-system
fractionation; Hoefs, 2004) the greater the pressure increase
following injections of CO,-rich magmatic fluids at the bottom
of the hydrothermal system (e.g., Todesco et al., 2010; Chiodini
et al.,, 2010b). This process applies well to the entire Solfatara
hydrothermal system considered as a homogeneous system, but
studied fumaroles are the manifestation at surface of vapours
extracted from deep reservoirs along localized ascent paths
characterized by much higher permeability with respect to the
surrounding medium. This generates a high permeability contrast
which dramatically changes fluid transport properties, affects the
rock-fluid coupling and controls the thermodynamic ascent path

and consequently heat exchange between fluids and the sur-
rounding rocks. In fact, the condensation seen in a porous rocky
medium with a uniform permeability of 10~ 4 m? (e.g., Todesco
et al,, 2010) is not seen along structures showing higher perme-
ability (10~'®> m?, Todesco et al., 2010). Moreover, Peluso and
Arienzo (2007) have shown that 10~ '* m? can be a conservative
permeability value for Campi Flegrei rocks. Thus, values from
10713 to 10~ 2 m? would be more appropriate. Such a high perme-
ability favours the quasi-isenthalpic ascent of the H,0-CO, vapour,
preventing condensation in a way conceptually similar to the
expansion of gases by throttling in refrigeration processes.

Furthermore, and independently of rock-fluid coupling, the ther-
modynamics of gas expansion along the fumarolic conduit is highly
controlled by the enthalpy (hence temperature) of the fluid produced
after mixing of magmatic gases with the hydrothermal end-member.
Therefore, the choice of initial P-T conditions is highly strategic in any
simulation. For this purpose, we used the VLEFlash software package
((http://www.flowphase.com/products/vleflash.html) Heidemann
and Khalil, 1980; Michelsen and Heidemann, 1981; Maddox and
Lilly, 1990), in order to evaluate the saturation properties of H,0-CO,
fluids. Computations show that, with respect to pure steam, the
critical point of H,0-CO, mixtures shifts to lower temperatures and
higher pressures with increasing CO, proportion in the fluid system:
for example, critical temperature and pressure are ~355°C and
~ 285 bar for H,0:C0,=89:11 (the composition of the hydrothermal
component) and ~340 °C and ~315 bar for H0:CO,=85:15 respec-
tively. Isenthalpic decompression of a H,0:CO,=85:15 gas shows
that condensation does not occur if this is injected at conditions
inferred by Caliro et al. (2007), i.e., 360 °C and 200 bar. Because the
deep reservoir may be at temperatures up to 436 °C, based on the >C
exchange between CO, and CH4 (Caliro et al., 2007), condensation
throughout the fumarolic channels appears to be a subordinate
process and corroborates the results of Caliro et al. (2007) about the
re-equilibrations of geochemical indicators in a super-heated vapour
regime. It is worth noting that lower injection temperatures (350 °C)
are used in geothermal simulations (Chiodini et al., 2010a,b; Todesco
and Berrino, 2005; Todesco et al., 2010), making condensation easier
to occur.

As long as we assume a unique 8'®0 value for the hydro-
thermal component (' OHzo(hyd)+COZ(hyd)) the dispersion of
3! OHzO(f)+C02<f) values (Fig. 2) is thus the reflection of composi-
tional changes of the gas exsolved from the magma sources, rather
than the effect of variable condensation. Here, it is worth stressing
again on the representativeness and robustness of the datapoint at
Xco,=0.2008 and 3'®0;=4.32%0: even by assuming that it is
affected by condensation at 105°C (the outlet T for such a
datapoint), this would impact less than 2 mol%, producing an
isotopic shift less than 1%. (by using 1000Ino; _, ~ 5%.; Hoefs,
2004), that is within the analytical error.

The significance of H,S/COy fluctuations, H,S(r not being a
conservative component, can be understood by looking at the
pyrite chemical buffer:

H25+FeOp_r.©FeSz'py+H20+H2 (6)

where subscripts p.r. and py stand for pyroclastic rock and pyrite,
respectively. We can write the equilibrium constant by considering
fugacities of gaseous species equal to their partial pressures, and by
taking the activity of FeS, at 1 (pure component in a pure phase),
whereas that of the FeO component in the pyroclastic rock can be
set at some constant value:

P-X,0-P-X Xit,0- X
P2 “2]:104 e ]—a+b/T @
H,S HaS

log K™ = log[

The above equation depends on temperature only (a and b are
constant values) and must lead to a constant characteristic value
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Fig. 6. Chronogram of the equilibrium constant of reaction 6 along the hydro-
thermal pyrite buffer for the fumaroles of interest in this study. The arrows
indicate events of perturbation of the hydrothermal pyrite buffer, due to the
entrance of S-rich magmatic gases generated by the advancement of crystal-
lization in the shallow magma body. Such perturbations occur in correspondence
with peaks of chemical gas ratios reported in Fig. 1. On the other hand, no
chemical perturbations are observed in correspondence of CHy(p/COory minima,
that is, when CO,-rich gases from the 8-km deep magma infiltrate the shallow
magma batch.

for each fumarolic system. Fig. 6 shows that this chemical equilibrium
displays perturbations that have the same shape as other geochemical
indicators (Fig. 1). These perturbations, leading to values lower than
log Ks for that temperature, imply partial FeS, dissolution, They
correspond to peaks in CHyp/COor and H,0(n/COy (Fig. 1), thus
cannot be ascribed to an increase in oxidation or H,O-loss due to
condensation. When injection of hot oxidized gases occur, and CHyp/
COyy values reach their minima, the pyrite buffer is not perturbed
(Fig. 6), because of the fast re-equilibration of the Hyp/H2O(f ratio.
Rather, pyrite buffer perturbations record an input of extra sulphur, in
line with our model of S-release related to the advancement of
magma crystallization. The strongest perturbation occurs in 1982-84,
when the most important release of magmatic sulphur occurs after
the magma emplacement triggering the 1982-84 unrest (Fig. 5b).
A similar conclusion was reached by Chiodini et al. (1996), who
reported that no liquid-vapour changes could explain the anomalous
S input in 1982-84. Therefore, we can reasonably argue that varia-
tions in the H,Sp/COy) ratio are related to sulphur degassing from
the crystallizing magmatic body at 4 km depth. The fact that the
computed magmatic degassing matches the H,S/CO4r, ratios of BG
(Fig. 5b) may suggest that the H,S(m) input equals the H,S output
along the pyrite buffer.

Finally, the sensitivity of the degassing model was tested by
changing the total volatile contents of the shallow magma
(Table 1) on the basis of (i) the Papale et al. (2006) model errors
on dissolved volatiles, i.e., 23% for CO,, 10% for H,0, and (ii) the
analytical error (17%) for sulphur (see Appendix). These errors
have been combined in order to maximize uncertainties in gas
ratios. Fig. 5a,b shows that uncertainties in total volatiles contents
decrease right after the first episode of infiltration by the gas
released from the 8 km-deep magma, and tend to be smaller for
H»0(1/COxyry than H,S(r/COor). This suggests that the multiplicity
of solutions that can be obtained by changing compositional
parameters cannot yield variations in gas ratios comparable to
those produced by changing S]SOHZO(hyd) €O, (hyd)-

5. Conclusions

Distinct contributions to magmatic gases from different por-
tions of vertically-extended plumbing systems are described at
open-conduit and dome-forming volcanoes (Aiuppa et al., 2010,
2007; Edmonds et al., 2012; Shinohara, 2008; Oppenheimer et al.,
2011). At closed-conduit volcanoes, characterized by the presence
of hydrothermal systems, variable patterns in H,Os, COyr) and
H,S(ry have been usefully described by various degrees of steam
condensation and hydrothermal buffering with pyrite. However,
this approach is unsatisfactory for those cases in which conden-
sation is not a primary control on fumarole chemistry and its
oxygen isotopic composition. This study shows the role played by
the magma source and its physico-chemical state must be
approached to constrain variations in chemistry and discharge
rates that are anchored to the changing composition of the gas
phase exsolving at depth. Despite the fact that there must be
multiple solutions for such a magma control (depending on total
volatile contents, pressure, redox state and rate of crystallization),
we show that a magma batch solidifying and degassing at shallow
depth is not enough to explain all the data. This work demon-
strates in fact that CFc fumarolic discharges are sourced by
compositionally distinct magmatic gas reservoirs. This situation
may eventually be common to a number of closed-conduit
explosive volcanoes, where relatively small magma batches often
ascend from large deep reservoirs without reaching the surface
(e.g., Newhall and Dzurisin, 1988).

These contributions reflect degassing from magmatic sources
that differ in depth, size, composition, and cooling/crystallization
history. While such small, shallow magma batches, which are
embedded in relatively cold rocks progressively solidify, their
contribution to degassing declines until they disappear. The deep
source(s) then becomes dominant or unique, restoring magmatic
gas compositions similar to those likely existing before the
intrusion. However, the deep and volatile-rich magma reservoir,
in light of its complex convection dynamics (Longo et al., 2006),
may release variable amounts of hot gases through time. The fate
of shallow magma batches, which rapidly evolve around near-
solidus conditions, is likely to be highly controlled by such a
variable ingression of deep hot gases and may include rejuvena-
tion phases (Bachmann and Bergantz, 2006).

The CFc may typify conditions that are common at many
closed-conduit explosive volcanoes characterized by chemically
evolved viscous magmas and well-developed hydrothermal
circulation. What makes CFc unique, instead, is the availability
of decades-long time series of high-quality chemical and iso-
topic data on fumarolic gases and geophysical parameters, as
well as a deep knowledge on volcanic structure, eruptive and
deformation history, and magmatic feeding system. Such an
extensive knowledge permits inspection and understanding at
levels hardly achievable at most other explosive volcanoes, thus
offering a unique chance for unravelling the complexities of the
volcanic system and interpreting the signals generated by deep
magmatic and hydrothermal processes. Natural laboratory vol-
canoes like CFc provide a guide useful for comparisons as well
as for expanding the range of possible interpretations of obser-
vations at other closed-conduit volcanoes in the world, to
include likely mechanisms demonstrated elsewhere and
improve the quality of volcanic hazards assessment and volcano
behaviour forecasting.

Long data series collected at closed-conduit explosive volca-
noes through sophisticated measurement techniques are neces-
sary to understand the unrest dynamics, which is not only
affected by the physico-chemical state of differentiated magmas
intruded at shallow depths, but also by their interplay with gases
released by deep magma sources.
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