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[1] The fumarolic gas output has not been quantified for any of the currently deforming calderas
worldwide, due to the lack of suitable gas flux sensing techniques. In view of resumption of ground uplift
(since 2005) and the associated variations in gas chemistry, Campi Flegrei, in southern Italy, is one of the
restless calderas where gas flux observations are especially necessary. Here we report the first ever
obtained estimate of the Campi Flegrei fumarolic gas output, based on a set of MultiGAS surveys
(performed in 2012 and 2013) with an ad-hoc-designed measurement setup. We estimate that the current
Campi Flegrei fumarolic sulphur (S) flux is low, on the order of 1.5-2.2 tons/day, suggesting substantial
scrubbing of magmatic S by the hydrothermal system. However, the fumarolic carbon dioxide (CO5)
output is ~460£160 tons/day (mean=SD), which is surprisingly high for a dormant volcano in the
hydrothermal stage of activity, and results in a combined (fumaroles + soil) CO, output of ~1560 tons/
day. Assuming magma to be the predominant source, we propose that the current CO, output can be
supplied by either (i) a large (0.6-4.6 km?), deeply stored (>7 km) magmatic source with low CO,
contents (0.05-0.1 wt%) or (ii) by a small to medium-sized (~0.01-0.1 km?) but CO,-rich (2 wt%)
magma, possibly stored at pressures of ~100 to 120 MPa. Independent geophysical evidence (e.g.,
inferred from geodetic and gravity data) is needed to distinguish between these two possibilities.
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1. Introduction

[2] Understanding what causes unrest at active
calderas is one of the fundamental but also most
problematic issues of modern volcanology [New-
hall and Dzurisin, 1988 ; Lowenstern et al., 2006;
Troise et al., 2006; Gottsmann and Marti, 2008].
For example, the recent (1980-2000) deformation-
eruptive history of Rabaul Caldera, Papua New
Guinea [McKee et al., 1984, 1985; Roggensack et
al., 1996] prompted attempts to distinguish
between magma emplacement and hydrothermal
dynamics as underlying causes of periods of
unrest, and resolve signals that are preludes to
impending eruptions over longer-term patterns and
trends, and these have highlighted some of the
challenges faced by volcanologists.

[3] Among the several restless calderas world-
wide, including Iwo Jima [Ukawa et al., 2003],
Yellowstone [Wicks et al., 2006], Long Valley
[Hill, 2006], and Santorini [Parks et al., 2012],
Campi Flegrei, in the Neapolitan Volcanic Prov-
ince (southern Italy, Figure 1), has recently shown
some of the most unambiguous signs of potential
reawakening. The entire deformation history of
Campi Flegrei has alternated between phases of
uplift followed by subsidence over various time-
scales [Rosi et al., 1983 ; Di Vito et al., 1999 ; Orsi
et al., 1996, 2004; Morhange et al., 2006], and
there is documented evidence from historical
chronicles of decades-long ~7 m inflation prior to
the last magmatic eruption (the Monte Nuovo
eruption in AD 1538 [Dvorak and Gasparini,
1991]). That eruption was followed by general
subsidence, but deformation that resumed in the
early 1950s culminated into two major uplift and
seismic episodes (referred to as “bradyseisms;”
Barberi et al., [1984]) during 1969—-1972 and
1982-1984, which together led to a permanent
uplift of 3.820.2 m (mean*SD) [Del Gaudio
et al., 2010, and references cited therein]. The
largest of these unrest episodes was the 1982-1984

bradyseism (with a maximum uplift of 1.8 m cen-
tered on the densely populated town of Pozzuoli,
and ~16,000 shallow earthquakes), which exposed
local risk managers and authorities to complex
decisions and civil protection actions [Barberi
et al., 1984 ; Barberi and Carapezza, 1997].

[4] The source processes causing bradyseisms
remain a matter of controversy, and while the
intrusion of magma was mainly invoked during
the 1982—-1984 unrest [Berrino et al., 1984], later
studies questioned on magma involvement at shal-
low level, and rather focused more on the role of
fluids as triggers of uplift [Bonafede, 1991; De
Natale et al., 1991, 2001; Gaeta et al., 1998].
Ambiguities on the respective roles of magma and
fluids, as causal factors in producing overpressure
at depth, also remained in recent inversion models
of geodetic (e.g., leveling and GPS) and gravimet-
ric data [Battaglia et al., 2006; Gottsmann et al.,
2006; Troise et al., 2007 ; Amoruso et al., 2008 ;
Trasatti et al., 2011]. However, the role of fluids
as drivers of periods of unrest at Campi Flegrei is
strongly supported by the temporal coherence
between changes in gas composition and uplift
[Chiodini et al., 2003, 2010], physical simulations
of episodic gas injection into the hydrothermal
system [Chiodini et al., 2003, 2012; Todesco
et al., 2003], quantitative analyses of shallow seis-
micity [Bianco et al., 2004; D’ Auria et al., 2011],
and seismic tomography data [Vanorio et al.,
2005; Zollo et al., 2008 ; De Siena et al., 2010].
While the origin of emitted fluids is undisputedly
magmatic (given their isotope signature [Allard
et al., 1991; Caliro et al., 2007]), the volume,
storage depth, history—stationary or migrating
magma, or freshly emplaced or old cooling
magma—and composition (e.g., gas content) of
the source magma remain disputed from both seis-
mic [Zollo et al., 2008] and petrologic [Bodnar
et al.,2006; Arienzo et al., 2010] viewpoints.

[s] It is now commonly accepted that fluids play a
fundamental role at Campi Flegrei, but
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Figure 1. Simplified structural map of Campi Flegrei. The Diffuse Degassing Structure (DDS) of Chiodini

et al. [2010] and the approximate extension of the area under deformation (grid area) are also shown. Top left
inset shows a magnified view of the Solfatara and Pisciarelli areas and the location of the main degassing
vents studied here: Bocca Grande (BG); Bocca Nuova (BN); BC, a vigorously degassing vent opened in
2008; PiS, a vigorous jet-like degassing vent representing the main active location of gas emissions at Pisciar-
elli; PiL, a mud pool with vigorous gas bubbling; PiF, a small active fumarolic field just south of PiS.

understanding their future evolution requires
assessment of their rate of transfer in and out of
the volcanic field. The flux of carbon dioxide
(CO,) dissipated in diffuse form via the soil has
been characterized since Chiodini et al. [2001a].
The authors first identified a large diffuse degass-
ing structure (DDS) with an anomalously high
CO, flux release (locally up to 50,000 g/m?-day)
that included the Solfatara crater, a tuff cone near
Pozzuoli that formed ~3.9 ka BP [Di Vito et al.,
1999], and the Pisciarelli area, a fault-related
degassing area located a few hundred meters east
of Solfatara (Figure 1). The surface area of this
DDS has increased remarkably over the last 10
years, roughly doubling its extension since
mid-2003 [Chiodini et al., 2010]. However, the
daily CO, output has remained relatively stable
during 1998-2011, averaging at approximately
1100200 tons [Chiodini et al., 2010].

[¢] In contrast, the gas output sustained by fumar-
olic activity is still unconstrained, which reflects
our current technical inability to make gas flux
estimates at low-temperature fumarolic fields,
where sulphur dioxide (SO,) is typically absent,
and conventional ultraviolet sensing techniques
[e.g., Oppenheimer, 2010] are therefore useless.
Filling this information gap is now more important
than ever, considering (i) the visible (though not
quantified) increase in flow rates at the fumaroles,
including small events of dark mud expulsion at
Pisciarelli [Chiodini et al., 2010, 2011a]; (ii) a
resumption of ground uplift since 2005 [Troise
et al., 2007], with a cumulative maximum uplift of
0.2 m at the center of the caldera’s floor by early
2013 [Osservatorio Vesuviano, internal reports];
and (iii) a progressing increase in the CO,-rich
magmatic contribution to fumarolic fluids since
2000 [Chiodini et al., 2012].
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Figure 2.

Sketch illustrating the measurement setup. A MultiGAS detector (see inset), held in an operator’s

backpack, was used to measure (at 0.5 Hz) the composition of the near-vent fumarolic atmospheric plumes.
During operations, the inlet of the MultiGAS detector was kept (for ~30-45s) at each node of an (x, y) hori-
zontal grid, roughly perpendicular to the vertically ascending gas jet. The grid nodes, separated by 0.5-1 m,
were scanned in a step-by-step manner (typically within 1 h) by manually scrolling the inlet up and down a
rope tied to the operators (the operators moved stepwise along the x direction of the grid in order to cover the
entire grid). A video camera (GoPro Hero 2) pointing toward the vent acquired image sequences of the atmos-
pheric plume at 25-100 frames/s, which were later processed to calculate the time-averaged plume transport

speed for each vent (see Table 1).

[7] Here we report on the first observations of the
gas output from fumaroles at Campi Flegrei,
which we measured in two surveys performed in
2012 and 2013 using an ad-hoc-designed instru-
mental setup (Figure 2) based on the Multicompo-
nent Gas Analyser System (MultiGAS) technique
[Shinohara, 2005; Aiuppa et al., 2005a]. To our
knowledge the reported observations are the first
of their kind in an active caldera and for low-
temperature (hydrogen sulfide (H,S)-dominated)
fumarolic systems, and provide crucial new
knowledge about the transfer and origin of gas
during periods of caldera unrest.

2. Technique
[s] We evaluated the fluxes of CO,, SO,, H,S,

and hydrogen (H,) from the most active gas vents
of Solfatara and Pisciarelli (see Figure 1), which

are two long-lived hydrothermal manifestations at
Campi Flegrei where the ongoing degassing unrest
is concentrated [Caliro et al., 2007; Chiodini
et al., 2010, 2012]. Solfatara and Pisciarelli repre-
sent the bulk of the Campi Flegrei DDS [Chiodini
et al., 2001a, 2012], and are the sectors where
recent seismicity has been clustered [Bianco et al.,
2000; D’Auria et al., 2011]. The area where the
measured ground uplift is currently maximal is
only a few kilometers southwest of our investi-
gated sector. At Solfatara (Figures 1 and 3), obser-
vations were concentrated on Bocca Grande (BG)
and Bocca Nuova (BN), which are the two persis-
tent fumaroles (at temperatures of ~160°C) in the
area with compositional records longer than 30
years [Chiodini et al., 2012, and references cited
therein]. We also extended our observation to a
new degassing vent (opened in 2008)—which we
refer to here as the BC site (Figures 1 and 3)—
which was degassing vigorously at the time of our

4156



> - Geochemistr
Geophysics Y 3
= _ Geosystems

-

AIUPPA ET AL.. FUMAROLIC GAS OUTPUT FROM CAMPI FLEGREI

10.1002/ggge.20261

CO, (ppm)

0 3000 6000 9000 12000 15000 18000 21000 24000

H.S (ppm) ——

10 20 30 40 50 €0 70 80 90 100 110

Figure 3. View of the Solfatara fumarolic field. Superimposed are the contour maps of CO, and H,S con-
centrations in the atmospheric plumes of fumaroles BG, BN, and BC, generated from the simulated (C, x, y)s
grid data (1 February 2013 survey). During postprocessing, the ICA for each gas was derived by integrating
the grid data.

surveys. Three main degassing areas were also
studied at Pisciarelli: (i) PiS, a vigorous jet-like
degassing vent (temperatures of ~90-111°C),
which is currently (since December 2009 [Chio-
dini et al., 2011a]) the main active location of gas
emissions at Pisciarelli; (ii) PiL, a mud pool with
vigorous gas bubbling; and (iii) PiF, a small active
fumarolic field just south of PiS (Figures 1 and 4).

[s] The flux of a given gas from a fumarole was
determined by multiplying the integrated column
amount (ICA, in ppm-m?) over a cross section of
that fumarole’s atmospheric plume (perpendicular
to the plume transport direction) by the plume
transport speed. Our procedure is schematically
illustrated in Figure 2. The basic step involved
using an INGV-type MultiGAS (recent descrip-
tions of the setup and performance of the instru-
ment can be found in Aiuppa et al. [2011a, 2012])
to measure at each gas manifestation, the concen-
trations of CO, (by NDIR spectroscopy) and SO,,
H,S, and H, (all three by specific electrochemical
sensors) in a cross section of the plume, orthogo-
nal to the plume transport direction. The following
sensors were mounted onboard the MultiGAS: a

Licor LI-840A NDIR closed-path spectrometer
(0-60,000 ppm range), a 0—10 ppm 3ST/F SO,
electrochemical sensor, a 0-200 ppm EZ3H H,S
electrochemical sensor, and a 0-200 ppm
EZT3HYT H, “Easy Cal” electrochemical sensor
(all from City Technology). With these calibration
ranges, none of the sensors achieved saturation
during the measurements. Water was also meas-
ured (using the same NDIR spectrometer), but the
plumes could not be retrieved during our observa-
tions since they were condensing (liquid-water sat-
urated). Since gas is released under pressure at
Campi Flegrei fumaroles [Chiodini et al., 2011a],
the plumes ascended nearly vertically during the
first few seconds of atmospheric dispersion. We
therefore considered a horizontal cross section
located ~0.5 to 1 m above each vent, which corre-
sponded to a plume less than 1 s old being sampled
by the MultiGAS detector. Concentrations were
typically measured along this cross section over
the nodes of a ~10 m x 10 m grid (the grid dimen-
sion varied among the measurement locations
depending on the local geometries of the degass-
ing vent and atmospheric plume; Figures 3 and 4).
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Figure 4. View of the Pisciarelli fumarolic field. Superimposed are the contour maps of CO, and H,S con-
centrations in the atmospheric plumes of fumaroles PiS, PiL, and PiF, generated from the simulated (C;, x, y)s

grid data (31 January 2013 survey).

The grid nodes were separated by 0.5—-1 m, with a
1 m spacing used far from emissions to capture the
atmospheric background for the different species,
and a 0.5 m spacing used above the vent to obtain
concentration values at a finer spatial resolution.
During measurements the instrument inlet was
manually and sequentially moved over the grid
nodes by scrolling it up and down along a rail
(using a rope that was tied to the operators; Figure
2). The MultiGAS was stopped at each measure-
ment node to acquire data for ~30 to 45 s at 0.5
Hz, resulting in ~15 to 22 concentration data val-
ues being obtained for each gas at each node. The
entire grid was scanned by the operators moving
along the x axis of the grid (Figure 2), with the
entire procedure completed in <1 hour.

[10] During postprocessing, background concen-
trations of H, and CO, in “normal” air (0.5 ppm
and 390 ppm, respectively) were first subtracted.
Measurements taken at each node were then aver-
aged to obtain (C;, x, y), triplets, where C; is the
concentration of a given gas i at the x and y coordi-
nates of the grid, and the subscript m identifies a
triplet of “truly measured” values. These (C,, x,
V)m matrixes (one for each gas type and source)

were then processed using the sequential Gaussian
simulation geostatistical algorithm in the sgsim
software [Deutsch and Journel, 1998] to simulate
new matrices of simulated values (C;, x, y)s (one
for each gas) over a 0.1 m x0.1 m grid. Two hun-
dred simulations were performed for each data
set; each of these was consistent with the data
measured at their corresponding locations and
reproduced the statistics and the variogram of the
measured data. For each gas, the (C;, x, y), triplets
at each grid node were assumed to be the average
values obtained at that node in the 200 simula-
tions, and the associated uncertainties in the simu-
lated (C;, x, y)s values were taken as the standard
derivations of these averages. As a final step, the
simulated (C;, x, y)s values were integrated over
the entire grid area to obtain the ICA values (and
their uncertainties). Table 1 provides these values
for each measurement location and measurement
day.

[11] At the same time as MultiGAS measurements,
a video camera (GoPro Hero 2) pointing toward
the vent acquired image sequences of the atmos-
pheric plume at 25-100 frames/s. These image
sequences were processed to calculate the
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transport speeds of individual gas puffs (a grad-
uated pole was used to convert camera pixels into
distances, and the vertical component of the trans-
port speed was calculated in all cases), which were
then averaged over the entire MultiGAS acquisi-
tion window to obtain the time-averaged plume
transport speeds listed in Table 1. This table also
gives the gas fluxes, calculated as the product of
ICA and the plume transport speed.

[12] The uncertainty in our estimated fluxes repre-
sented the cumulated errors in the measured gas
concentrations and gas/gas ratios (+10%) in the
algorithm used for ICA calculations (which was 3—
8%; Table 1) and in the plume transport speed
(which was 6-34%; Table 1). This resulted in esti-
mated errors in the calculated flux in the range 33—
41% (Table 1). During the October 2012 survey,
we replicated (at two test fumaroles; PiF and BN)
our gas flux observations during two consecutive
hours, these measurements demonstrating an hourly
variability/uncertainty in the order of ~25%.

3. Results

[13] Figures 3 and 4 are contour maps of the gas
concentrations in the atmospheric plumes of Solfa-
tara and Pisciarelli, generated from our simulated
(C;, x, y)s grid data. The maps highlight the pres-
ence of coherent concentration peaks for the main
gas species (CO, and H,S) corresponding to the
main gas vents, and prove that the chemical struc-
tures of the near-vent atmospheric plumes were
well resolved in both time and space in our meas-
urements. The concentration pattern for H, was
very similar (data not shown). The H,, H,S, and
CO, concentrations typically exceeded 50, 150,
and 30,000 ppm, respectively, in the core of the
plumes (our peak concentrations were 89, 175,
and 34,000 ppm, respectively), and then typically
decreased toward the margins of the measurement
grids. The lowest concentrations (~1 ppm for H,
and H,S, and ~700 ppm for CO,) were detected
by the MultiGAS at the grid nodes farthest (and
upwind) from the vents; however, even at these
sites we obtained gas concentrations far above the
typical levels in “normal” air (e.g., ~0.5 ppm for
H,, 10 to 10! ppm for H,S, and ~390 ppm for
CO,), supporting the presence of a relatively wide
local anomaly (on a scale of tens of meters) in air
concentrations nearby Solfatara and Pisciarelli.
We used these data to construct gas/gas scatter
plots, examples of which are given in Figure 5,
and then to derive—from the gradients of the best-

fit regression lines—the characteristic CO,/H,S
and H,/H,S ratios of each gas source, as listed in
Table 1. Our inferred ratios are consistent with
results obtained from direct sampling of fumaroles
[e.g., Caliro et al., 2007; Chiodini et al., 2012,
and references cited therein] and, for example, are
highly consistent with the compositional dissimi-
larity of fumaroles between Pisciarelli (mean CO,/
H,S, ~300; range, 210-410) and Solfatara (mean
CO»/H,S, ~130; range, 121-152) (Table 1).

[14] SO, was typically virtually absent (<0.03
ppm) at most of the measurement nodes, except
for plumes that were very close to the degassing
vents (e.g., immediately above them) of the three
Solfatara sites and PiS, where it was clearly
detected at >0.1 ppm (Figure 5) (maximum value
of ~0.6 ppm at fumarole BG on the October 2012
survey). The SO, sensor cross sensitivity to other
potentially interfering gases (e.g., H,S) was
checked in the lab prior to and after each survey,
so we consider unlikely that our resolved SO,
peaks are due to analytical artefact, or to H,S oxi-
dation (SO, was not detected in more distal, aged,
plumes). To our knowledge this is the first time
that SO, has been detected at Campi Flegrei, and
fixes the present-day H,S/SO, ratio at 850-2000
(on a molar basis) (Table 1). These low SO, con-
centrations at the source, and the dilution associ-
ated with further atmospheric transport, explain
why earlier attempts to remotely detect SO, at
Campi Flegrei were unsuccessful (from earlier
DOAS and UV-camera tests by the same authors).

[15] The concentration values shown in Figures 3
and 4 were integrated over the entire grid areas to
obtain the ICA values (H,S ICAs for each measure-
ment location and day are given in Table 1) and gas
fluxes (after multiplying by the plume transport
direction; also in Table 1). We infer that between
350 tons (25 and 26 October 2012) and 560 tons (30
January to 1 February 2013) of CO, are emitted
daily by fumarole degassing, with nearly equal con-
tributions from Pisciarelli and Solfatara. The differ-
ence in CO, fluxes between the two campaigns is
somewhat larger than the inferred error of our tech-
nique (see Table 1), so the increase observed from
October to January/February may be real. It should
be noted that our campaign of 30 January to 1 Feb-
ruary occurred during a period of weak seismic ac-
tivity in the area—that is, five low-magnitude
seismic events (Md < 0.2) were recorded in this sec-
tor of the caldera during 26-31 January [Osserva-
torio  Vesuviano, monitoring data]—and that
unusually strong >3 m high jets of gas and hot
water were occurring at PiS during the survey.
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Figure 5. Scatter plots of gas concentrations (in ppm) in the near-vent plume of fumarole PiF, Pisciarelli,
on January 31, 2013 (a-d) and fumarole BG, Solfatara, on 1 February (e-h). Solid lines represent gas/H2S
ratios inferred by direct sampling [Osservatorio Vesuviano, internal reports]; (a and e) CO, versus H,S, (b, f)
H, versus H,S, (c and g) SO, versus H,S, and (d and h) time series of H,S and SO, concentrations (measured
at 0.5 Hz) in the PiF (same data as Figure Sc) and BG (same data as Figure 5h) plumes. Clear (>0.1 ppm)
SO, peaks were resolved by the MultiGAS detector at the center of the measurement grid (i.e., in the grid
nodes immediately above the main degassing vent), while small random variations (*=0.02 ppm, typical of the
sensor noise) were detected at the grid margins (e.g., far from the vents).

[16] The daily H,S emissions from Campi Flegrei
fumaroles are estimated to vary from 1.5 tons (25
and 26 October 2012) to 2.2 tons (30 January to 1
February 2013), while the daily H, and SO, emis-
sions were barely detectable (0.036-0.045 and
0.003 tons, respectively) (Table 1).

4. Discussion

[17] Quantifying gas budgets at calderas during
periods of unrest is key to understanding their state
of activity, their evolution, and the likelihood of a
future eruption [Lowenstern et al., 2006]. Given

4161



(gt~ Geochemistry :j
_ " Geophysics | .
Ly AIUPPA ET AL.: FUMAROLIC GAS OUTPUT FROM CAMPI FLEGREI

_ Geosystems

10.1002/ggge.20261

their peculiar structural and morphological setting,
calderas are sites of pervasive hydrothermal circu-
lation, both shallow (e.g., volcanic lakes) and deep,
and so fluids can play an active role in triggering
episodic unrest events [Chiodini et al., 2003]. This
is particularly true at places where gas accumula-
tion can occur at some discontinuity (e.g., an
impermeable sealed cap), leading to cycles of pres-
sure buildup, fracturing, and finally gas release
[Bodnar et al., 2007] or, in the most extreme cir-
cumstances, to eruption [Arienzo et al., 2010].
Since hydrothermal circulation can be both diffuse
and powerful, and as such a potential active source
of deformation and seismicity [D’Auria et al.,
2011], it is difficult to distinguish magmatic peri-
ods of wunrest (e.g., those involving magma
emplacement) from fluid-related periods of unrest.
After more than 30 years of continued research, the
trigger mechanisms of the 1982—1984 unrest period
of Campi Flegrei remain debated (see Barberi and
Carapezza [1997] for a review), and the same
questions return when deformation resumes (since
2005 [Troise et al., 2007; Chiodini et al., 2012]):
what is causing the unrest, is there any involve-
ment of new ascending magma?

[18] Knowledge of the gas output could valuably
assist interpretation by allowing estimation of the
volume and degassing rate of the potential volatile
source(s). Unfortunately however, large hydrother-
mal systems act to remove any ascending mag-
matic SO, (converting it to dissolved SO, and
H,S [Symonds et al., 2001]), which hampers deri-
vation of degassing budgets via conventional UV-
based spectroscopic techniques. We have shown
here that a ground-based technique, which
involves profiling and contouring gas concentra-
tions in the cross sections of near-vent plumes
using a MultiGAS detector, represents a conven-
ient method for estimating the fumarolic gas out-
put with tolerable errors (30-40%), similar to
those associated with UV-based remote sensing
techniques [Oppenheimer, 2010]. While the tech-
nique was specifically designed to target the
fumaroles of Campi Flegrei, we expect that it
could also be used at other volcanoes under the
following conditions:

[19] 1. The gas output must be concentrated in a
relatively small number of strongly emitting gas
manifestations, such as at Campi Flegrei, where
Solfatara and Pisciarelli by far produce most of the
mass and energy output [Chiodini et al., 2001a]),
since using our technique would be challenging
(or even impossible) at fumarolic systems made
up of numerous, small, and sparse gas sources.

[20] 2. A potential source of uncertainty in our
technique is rapid and random variations of the
plume transport direction. In the most extreme
conditions, if the direction of plume transport was
highly variable over timescales comparable to the
duration of the survey, this would act as to dis-
perse the plume heterogeneously over the mea-
surement grid, leading to substantial errors. This
uncertainty is not easily quantifiable. However, in
the specific case of Campi Flegrei, during our
campaigns the gas was vented at pressures well
above atmospheric, so that jet-like gas transport
prevailed over gas buoyancy, at least in the first
few meters of gas transport. This resulted in rela-
tively stable, nearly vertical gas transport direc-
tions, whereas our technique would not be ideal
for measurement at low-flux gas emissions, partic-
ularly at sites with strong and erratic wind fields.

4.1. Implications for Campi Flegrei

[21] With the above limitations in mind, the meas-
urements reported here provide novel insight into
our understanding of present-day Campi Flegrei,
as discussed below.

4.1.1. Sulphur

[22] Our inferred H,S and SO, fluxes (Table 1),
which represent the first estimates at this volcano,
indicate that Campi Flegrei fumaroles are weak,
but yet not negligible, emitters of S. The H,S flux
of 1.5-2.2 tons/day at Campi Flegrei is only three
to sixfold lower than typical emissions from Vul-
cano Island (6-9 tons/day [Tamburello et al.,
2011]), whose fumarolic field hosts hot (>400°C)
magmatic fumaroles; and only 25 to 75-fold lower
than the H,S flux sustained by Etna (50 to 113
tons/day [diuppa et al., 2005b]), which is the larg-
est source of volcanic gases worldwide (note how-
ever that Etna additionally emits thousands of tons
of SO, every day [Caltabiano et al., 2004]).

[23] In principle, the derived volcanic S output can
be converted into the volumes of degassing
magma sourcing surface emissions; an operation
which, at both quiescent and erupting volcanoes,
is performed routinely [e.g., Allard et al., 1994]
using knowledge of pre-eruptive S contents in
magmas (from melt inclusions (MIs) [Métrich and
Wallace, 2008 ; Metrich and Mandeville, 2010]).
However, this procedure cannot straightforwardly
be applied at Campi Flegrei, since the manifest
hydrothermal control on S outgassing—the H,S/
H,O fugacity ratio of Campi Flegrei steam sam-
ples has been found to be buffered by the coexis-
tence of pyrite and iron-bearing aluminum
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Figure 6. Scatter plot of (molar) CO,/St ratios in Italian volcanic gas samples versus measured or inferred
(Etna and Stromboli) temperatures. For Etna and Stromboli, where open-vent degassing occurs at the (inac-
cessible) crater floors, we used best-guess estimates for the magmatic temperatures. Sources: Etna, Stromboli,
time-averaged compositions of the summit crater plumes during 2005-2013, from the permanent MultiGAS
network [INGV Palermo, activity reports]; Vesuvius [Chiodini et al., 2001b]; Ischia [Chiodini et al., 2004b];
Vulcano Island [Badalamenti et al., 1991 ; Chiodini et al., 1995 ; Nuccio et al., 1999]. The diagram shows that
the CO,/St ratios are 10 to 100-fold lower for low-temperature (<200°C) gas sources (including those of
Campi Flegrei) than for high-temperature magmatic gases, pointing to substantial S scrubbing by hydrother-

mal reactions for the former.

silicates [Caliro et al., 2007; Chiodini et al.,
2012], and deposition of sulfides has been shown
to be pervasive and ubiquitous both at reservoir
and discharge conditions [Rosi and Shrana, 1987].
In cases of substantial scrubbing of magmatic S by
hydrothermal reactions [Symonds et al., 2001], the
S flux of surface discharges cannot be considered
representative of the (inexorably much higher)
magmatic S flux at depth. This applies to the
fumaroles at Campi Flegrei, as suggested by the
diagram in Figure 6 comparing the characteristic
CO,/Stor ratios of Campi Flegrei fumaroles [this
study; Caliro et al., 2007] with the characteristic
CO,/Stor signature of volcanic fluids in other Ital-
ian volcanic districts, spanning temperatures from
<100°C to >1000°C. Figure 6 further shows that,
in contrast with the high-temperature (>200°C)
magmatic gas discharges of Etna, Stromboli, and
La Fossa (Vulcano Island), all clustering around a
mean CO,/Stot of ~8, the S levels in the lower-
temperature (<160°C) fluids of Campi Flegrei are
10 to 50-fold lower (similarly to those observed at
other hydrothermal sources such as Vulcano Porto,
Vesuvius, and Ischia). Therefore, if there is some
similarity in the volatile signatures of the Campa-
nian and Sicilian sublithospheric mantles, it could
be concluded that >95% of the original magmatic
S flux is scrubbed by hydrothermal interactions. In

view of Figure 6, it can also be concluded that the
lower sulphur (S) level of Pisciarelli relative to
Solfatara, in tandem with lower emission tempera-
tures, is probably an effect of near-surface S scrub-
bing rather than reflecting gas sources.

[24] While gas scrubbing is therefore the dominant
cause of the current low S flux at Campi Flegrei, it
remains possible that magmatic processes can also
play a (minor) role. Results of numerical simula-
tions with volatile saturation models [Mangia-
capra et al., 2008 ; Moretti et al., 2013a] and MI
studies [Cannatelli et al., 2007; Mangiacapra
et al., 2008; Mormone et al., 2011] all indicate
that S is highly soluble in alkaline, oxidized,
Campi-Flegrei-like melts. The S content in Campi
Flegrei Mls has been found to be relatively stable
at ~0.12*+0.25 wt% for entrapment pressures of
50-350 MPa; while some clearer evidence of S
outgassing (0.04—0.09 wt%) only exists for pres-
sures of <50 MPa [Mormone et al., 2011]. Based
on these observations it is arguable that the cur-
rently low (<2.2 tons/day) S flux at Campi Flegrei
may in part also reflect the absence of large shal-
low degassing magma bodies (at pressures of <50
MPa, corresponding to depths of <2 km), which is
in agreement with seismic tomography data [Zollo
et al., 2008].
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4.1.2. Carbon Dioxide

[25] Our measurements here support a significant
contribution of fumaroles to the total Campi Fle-
grei CO, budget. Our overall fumarolic CO, flux
of ~460+160 tons/day is substantial, given that it
is comparable to the lower bound of CO, flux
emissions from Stromboli [Aiuppa et al., 2010,
2011b], which is a persistently erupting open-vent
volcano. We stress that our estimate of the fumar-
olic CO, flux is possibly conservative, since there
are several fumaroles inside Solfatara crater
(although characterized by much lower flux and
temperature values) for which comparable flux
data are still missing. However, our data do indi-
cate that the fumarolic output adds an extra ~40%
(previously unconsidered in physical simulations
[Chiodini et al., 2003]) to the total soil CO, output
of ~1100*+200 tons/day [Chiodini et al., 2010],
leading to a combined (fumaroles + soil) CO, out-
put from Campi Flegrei of ~1560 tons/day (or
~18 kg/s). This is comparable to the typical emis-
sions from a moderately active arc volcano [Bur-
ton et al., 2013]. We also infer that, at this rate, a
cumulative CO, mass of 4.5 megatons would have
been released by Campi Flegrei since 2005 (during
which ground uplift has resumed and degassing
has intensified), which is on the same order as that
(~3 megatons of CO,, plus ~7 megatons H,O)
required by Chiodini et al. [2012] in their
TOUGH2 model simulations of gas injection in
the hydrothermal system to reproduce the compo-
sitional patterns of fumaroles that evolved during
2005-2012.

[26] Such substantial CO, emissions require a
CO,-rich feeding source of appropriate volume.
Chiodini et al. [2004a] and Caliro et al. [2007]
argued that the isotope signature of CO, at Campi
Flegrei (6'°C of ~ —1.420.4%o) is substantially
more negative than that expected for thermo-
metamorphic CO, (e.g., from decarbonation of
marine limestones; 8'°C of > 1%o). It is notewor-
thy that while seismic tomography data [Zollo
et al., 2008] are consistent with the presence of
carbonates underneath Campi Flegrei, the lack of
clear petrologic supporting evidence (e.g., carbon-
ate ejecta are typically missing at Campi Flegrei)
has lead to this presence recently being questioned
[D Antonio, 2011]. Also using results on the he-
lium isotope signature of gas and rock samples
(2.6 to 3.4 R/Ra; see Martelli et al., [2004] for an
updated list of references), Caliro et al. [2007]
finally concluded that if any crustal-derived carbon
is involved (i.e., the 6"*C of primary mantle car-
bon is —6+2%o [Kyser, 1986]), this contribution is

more likely to enter the magma deep in the source
mantle: magmas erupted in the Campanian Vol-
canic Province originate from a subduction-
modified mantle [Tonarini et al., 2004], from
which they are believed to inherit their characteris-
tic carbon-rich signature [Mormone et al., 2011;
Chiodini et al., 2011b; Moretti et al., 2013b].

[27] Based on a magmatic derivation of carbon,
the Campi Flegrei CO, output could allow calcula-
tion of the magma degassing budget, such as the
volume of magma required to sustain the surface
gas output. Unfortunately however, the pre-
eruptive CO, content of Campi Flegrei magmas is
not well constrained. Fourmentraux et al. [2012]
found no CO, (e.g., <40 ppm) in the alkali-
trachytic Mls from the recent (3.8 ka BP) Averno-
2 eruption (0.07 km®) of Campi Flegrei and, also
given the absence of primitive (e.g., shoshonitic)
MlIs, concluded that the involvement of deeply
derived (CO,-rich) magmas/gases was insignifi-
cant in that eruption. This conclusion was also
extended by the same authors to other recent low-
magnitude eruptions of Campi Flegrei, such as the
La Solfatara eruption (3.9 ka BP) and the Monte
Nuovo eruption in AD 1538 (0.02 km?) [D’Oriano
et al., 2005; Piochi et al., 2005; Cipriani et al.,
2008]. On the other hand, the ~10 ka old mafic
(shoshonitic) eruptions of Minopoli 2 and Fondo
Riccio [Mangiacapra et al., 2008], and the 4.1-ka-
old Agnano Monte Spina plinian eruption (the
highest-magnitude event of the past 5 ka at Campi
Flegrei, in which ~1 km® of magma was erupted
[Arienzo et al., 2010]) are all suggestive of source
magmas with a CO,-rich signature, with up to
0.05-0.1 wt% CO, detected in MIs [Roach, 2005]
and a possible total (exsolved + dissolved) CO,
content of ~2% [Arienzo et al., 2010; Moretti
et al., 2013a). These contrasting and time-varying
CO, signatures of erupted magmas are not surpris-
ing, given existing petrologic evidence (see Di
Renzo et al. [2011] for a review) for the magmatic
feeding system having a complex structure, with
magmas of different compositions and volumes
being stored at different levels of a vertically elon-
gated plumbing system (from depths of 2 to >8
km [Arienzo et al., 2010]) before eventually min-
gling/mixing with each other only immediately
prior to an eruption [Rutherford, 2004].

[28] In light of the above observations, we present
two independent sets of calculations (Table 2) for
estimating the volume of the degassing magma
required to sustain the total CO, output of ~1560
tons/day (~18 kg/s) in two different end-member
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Table 2. Magma Degassing Budgets for Campi Flegrei, Derived From CO, (and S) Gas Outputs (See Text for Discussion)

Cumulative Degassed

Magma Degassing Magma Volume

Gas Fluxes Magma Properties Rate (From 2005 to 2012)
Mean fumarolic CO, Total CO, output ACO,*  Crystal fraction®
Scenario  output (tons/day) (tons/day) (Wt%) (vol/vol) Density® kg/m3 m’/s kms/year km?®
Case 1 455 1560° 0.05(0.1) 2100 18.3(9.1) 0.58(0.29) 4.6 (2.3)
Case 2 455 15609 2 2100 0.46 0.014 0.12
Mean fumarolic H,S  Total H,S output AS°® Crystal fraction®
Scenario  output (tons/day) (tons/day) (Wt%) (vol/vol) Density® kg/m®>  m?/s km?/year km?
1.8 5.9 0.15 2100 0.023 0.0007 0.0058

“Degassed CO, mass fraction (in %), assuming complete degassing of a magma source with original CO, contents of 0.05, 0.1, and 2 wt%

[Arienzo et al., 2010].
From Piochi et al. [2005, 2008].
“From Moretti et al. [2013a].
9YIncludes fumarolic output and diffuse soil CO, flux.

“Degassed S mass fraction (in %), assuming complete degassing of a magma source with an original S content of 0.15 wt% [Cannatelli et al.,

2007; Mangiacapra et al., 2008].

‘Includes fumarolic output and diffuse H,S flux (the latter was calculated from the soil CO, flux and mean H,S/CO, ratio in Campi Flegrei gas’

from this study).

scenarios. In case I we consider the hypothesis
that the current surface gas emissions are sourced
by degassing of a hydrous (~3.5 wt% [Arienzo
et al., 2010]) magma that is trachytic in composi-
tion (and therefore has a density of ~2100 kg/m®
[Moretti et al., 2013a]) and having a maximum
crystal content of 5 vol% [Piochi et al., 2005,
2008] and a maximum total CO, content (CO,,1)
of ~0.05-0.1 wt%. This scenario would be repre-
sentative of an unrest event triggered by degassing
of an Averno-2-type or Monte-Nuovo-type shal-
low (depth of 2—4 km) CO,-poor magma [Four-
mentraux et al., 2012]. The calculation results in
Table 2 indicate that a magma source, degassing at
a rate of 18 m>/s € m’/s, for a CO,,1=0.1 wt%),
would be required to supply the average CO, flux
of ~18 kg/s. At this rate, we infer that ~0.6 km?
of magma (0.3 km®, for a CO,r=0.1 wt%)
should have undergone complete CO, exhaustion
to justify the degassing/deformation unrest in
2012; this volume would increase to 4.6 km® of
magma (2.3 km®, for a CO,,+ =0.1 wt%) if the
entire period from 2005 to 2012 was to be taken
(this is the 8 year long interval over which (i)
degassing has intensified and (ii) ground uplift has
resumed [Chiodini et al., 2012] (Table 2)). This
volume (i.e., 2.3-4.6 km?) is much larger than the
magnitude of any of the epoch-3 eruptions of
Campi Flegrei [Orsi et al., 2009]. In addition, this
greatly exceeds the spatial resolution of seismic
tomography, and hence the presence of such a
large magma source underneath Campi Flegrei
would have been easily detected by seismic reflec-
tion/attenuation tomography, whereas Zollo et al.
[2008] has demonstrated that no such magmatic

volumes are currently present at depths <7 km.
Therefore, either one of the two possibilities are
left: (i) the CO, content of the CO,-sourcing
degassing magma is far greater than 0.1 wt% (see
below) or (ii) this magma volume is currently
stored deep in the magmatic sill spanning depths
from 7 to 9 km, as described by Zollo et al.
[2008]. This latter hypothesis would be reminis-
cent of the recent model of Moretti et al. [2013a],
who argued that the deep magmatic system of
Campi Flegrei has been heavily implicated—as a
persistent source of gas—as a causal factor in the
degassing unrest period from the 1980s to the pres-
ent day, and has even played a dominant role since
the 1990s. Whatever the case, we conclude that
the current degassing unrest of Campi Flegrei can-
not be caused by a shallow, evolved (i.e., CO,-
depleted) magmatic source, such as a remnant
magma of the Neapolitan Yellow Tuff (14.9 ka
BP) eruption (an invoked magmatic component
for some of the recent Campi Flegrei eruption [Di
Renzo et al., 2011]). Degassing of an old-
emplaced (sometime after 3.7 ka BP) crystallizing
magma, with a volume of 0.83 km® and a CO,,t
value of 0.036 wt%, as indicated by Bodnar et al.
[2007] as the potential trigger of the 1982—-1984
unrest, would also be an inadequate CO, source.

[29] We therefore consider a second scenario (case
2 in Table 2), in which a magma source of similar
density and crystal content but far higher CO, con-
tent (CO,,1 =2 wWt% [Arienzo et al., 2010; Moretti
et al., 2013a]) feeds the current degassing unrest
of Campi Flegrei. It is implicit in this situation
that in order to accumulate such an unusually high
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CO, content the magma must have been supplied
with gas bubbles ascending from a deeper mag-
matic reservoir, leading to the development of a
volatile-saturated gas cap; at any shallow to mid-
crustal depth, CO, would be >95% in the
exsolved (gas) phase if CO,,r =2 wt%. The calcu-
lations for a condition such as case 2 show (Table
2) that a magma degassing rate of ~0.46 m>/s
would be required to sustain the present surface
CO, output, implying a possible cumulative
degassed magma volume of 0.014 km® during
2012 (the period during which uplift has intensi-
fied), or ~0.1 km® in the most extreme scenario
(cumulative degassing during 2005-2012). This
inferred 0.014-0.1 km® degassing volume is
within the range of inferred volumes for small
(0.01-0.1 km®) to medium (0.1-0.3 km?)-scale
epoch-3 eruptions (<5 ka BP) of Campi Flegrei,
with the former type being considered as the most
likely event for a future eruption (with a probabil-
ity of ~0.6 [Orsi et al., 2009]). Also note that a
similar volume of magma is believed to have
intruded (at a depth of ~5.5 km) during the 1982—
1984 bradyseism (0.06-0.07 km® [Trasatti et al.,
2011)).

[30] One final note should be made about calculat-
ing magma degassing budgets from the measured
S flux. Table 2 indicates that even if the limit case
of complete degassing of 0.15 wt% S in magma is
accepted (from primitive Mls [Cannatelli et al.,
2007]), which is an unrealistic hypothesis given
the high S solubility at depth, a cumulative
degassed magma volume of only 0.005 km® would
have been required to justify the surface S flux
between 2005 and the present day. This, compared
with the CO,-derived magma volumes above, con-
firms the removal of a large (>95%) proportion of
magmatic S from the hydrothermal envelope.

5. Concluding Remarks

[31] An ad-hoc-designed measurement setup based
on the MultiGAS technique has been used here to
provide the first quantification of the gas output
from Campi Flegrei fumaroles. Our measurements
are the first of their kind in a caldera-hosted, low-
temperature fumarolic field, and demonstrate low
(but detectable) S fluxes (1.5-2.2 tons/day) com-
bined with unusually high CO, fluxes (~460*160
tons/day) for a dormant hydrothermal volcano.

[32] The elevated combined (fumaroles -+ soil)
CO, output (~1560 tons/day) argues against the
hypothesis that the current degassing unrest of

Campi Flegrei is triggered by gas released from an
old-emplaced, evolved (CO,-poor), and crystalliz-
ing/crystallized magma volume, which has been
suggested by some authors [Bodnar et al., 2007]
for the 1982-1984 unrest. Also in light of the
CO,-richer signature of fumarolic gases today, rel-
ative to 1982—-1984, we propose instead that the
degassing unrest period from 2005 to the present
day has been sourced by a more fertile (CO,-rich)
magma source. We envisage two possibilities: (i)
a large (0.6-4.6 km?>), deeply stored (>7 km) mag-
matic source with CO,,t of 0.05-0.1 wt%, or (ii) a
small to medium-sized (~0.01 to 0.1 km®) magma
coexisting with large (2 wt%) CO,-rich exsolved
gas cap. The depth at which the CO,-rich magma
would be stored/emplaced for possibility (ii) is
unknown, but we speculate that, in order to coexist
with a gas phase with a CO,/H,0 mass ratio of 1.5
(i.e., the composition of the magmatic component
in present-day Campi Flegrei fumaroles [Caliro
et al., 2007]), this magma could be stored at pres-
sures of ~100 to 120 MPa, corresponding to
depths of only ~4 to 5 km [A4rienzo et al., 2010;
Moretti et al., 2013a]. Such a magmatic volume
would certainly remain unresolved by seismic to-
mography [Zollo et al., 2008]; geodetic and gravi-
metric data would therefore be needed to verify if
the presence of a ~0.014 to 0.1 km® magma at
such relatively shallow depths is consistent with
the observed deformation pattern. While we can-
not conclude which of case I or case 2 is more re-
alistic, we argue that in both scenarios a CO,-rich
gas is exsolved whose injection into the hydrother-
mal system may well produce the observed defor-
mation and seismic patterns [D Auria et al., 2011].
While our focus here is on the possible magmatic
gas source for the current unrest at Campi Flegrei,
we still consider the hydrothermal system as the
environment within which migration, temporary
storage and ultimately pressurization of magmatic
fluids act as the bradyseism trigger [Chiodini
et al., 2003, 2013].

[33] We stress that we have no definitive proof
that 0.6-4.6 km® (case 1) or 0.014-0.1 km® (case
2) of magma has actually been emplaced under-
neath Campi Flegrei; however, we do conclude
that the current CO, output is compatible with (or
even suggestive of) this hypothesis. Clearly, if the
actual production of crustal CO, was more signifi-
cant than is currently thought [Allard et al., 1991;
Caliro et al., 2007], our calculations would well
overestimate (albeit by an unknown amount) the
intruded magma volumes. Future observations of
the gas output will obviously be key to interpreting
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the future evolution of this restless volcanic sys-
tem, and to better confining the degassing models
presented here.
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