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pensive and powerful tool for in situ simultaneous sens-
ing of other major and trace volcanogenic components in
volcanic gas plumes such as H2O (Aiuppa et al., 2008;
Shinohara et al., 2008) and H2 and H2S (Aiuppa et al.,
2011), respectively. This, combined with the refinement
of thermodynamic saturation codes (Moretti and Papale,
2004), has enabled more detailed inspection of the
degassing processes and a better interpretation of the tran-
sition from quiescence to eruption (Aiuppa et al., 2007,
2010a, b).

The network of permanent Multi-GAS instruments,
run by the Istituto Nazionale de Geofisica e Vulcanologia
(INGV), currently includes three fully automated instru-
ments located on the rims of the Voragine (VOR), Bocca
Nuova (BNC), and Northeast (NEC) summit craters (Fig.
1). These three craters, which had erupted recurrently
during the 1995–2002 eruptive cycle (Allard et al., 2006),
have remained quiescent since 2006, when the permanent
Multi-GAS instruments began operation. Although an
abundance of Multi-GAS information is available on the
passive signature of magmatic gases, the present study is
the first to present data associated with the explosive epi-
sodes of these craters.

After several years of dormancy, mild Strombolian
activity resumed within Etna’s BNC in July 2012 (Pering
et al., 2015). This Strombolian activity, which persisted
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By using a permanent network of multi-component gas analyzer systems (Multi-GAS), we report for the first time the
H2O-CO2-SO2 composition of the volcanic gases emitted prior to, during, and after terminal Strombolian activity at Mount
Etna’s central craters (CCs). We show that the summer 2012 Strombolian episodes of the Bocca Nuova crater (BNC), the
largest of Etna’s CCs, are associated with the emission of the most CO2-rich gas measured at the volcano thus far. The
BNC plume was particularly CO2-rich with CO2/SO2 up to 100, H2O/CO2 < 1 in the quiescent periods between Strombolian
episodes. However, more CO2-poor gas with CO2/SO2 < 27, H2O/CO2 > 1 prevailed at the BNC and at other degassing
vents such as Voragine and Northeast craters during Strombolian eruptions. Based on the results of numerical simulations
of volcanic degassing, conclude that the shallow Etna plumbing system was invaded in summer 2012 by a CO2-rich gas
front likely supplied by the deep (>100 MPa pressure) volcano’s magmatic storage zone. This deep gas-bubble supply
eventually caused a general rejuvenation of the resident magma in the upper conduits/shallow reservoirs, thereby trigger-
ing the first Strombolian episodes on the volcano’s summit after years of quiescence.
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INTRODUCTION

Mount Etna (Italy), one of the most studied and closely
monitored volcanoes in the world (Bonaccorso et al.,
2004), has long been regarded as a prodigious source of
magmatic gas via persistent degassing through its active
summit craters and upper flanks (Allard et al., 1991, 2006;
Gerlach, 1991; Caltabiano et al., 2004; Aiuppa et al.,
2006, 2008). Etna’s gas emissions have been studied by
using a variety of techniques including airborne plume
profiling (Allard et al., 1991), Fourier transform infrared
spectroscopy (FTIR) during passive degassing (Francis
et al., 1998) and lava fountains (Allard et al., 2005; La
Spina et al., 2015), direct sampling (e.g., Aiuppa et al.,
2004; Martelli et al., 2008; Paonita et al., 2012), and, more
recently, the multi-component gas analyzer system (Multi-
GAS) technique. Since its advent in the middle of the
last decade, Multi-GAS has enabled improved, direct in
situ observations of Etna’s volcanic gas plumes, allow-
ing the acquisition of unprecedented long time-series of
plume CO2/SO2 ratio compositions (Aiuppa et al., 2006,
2007). Multi-GAS has also been established as an inex-
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intermittently during July–August and October 2012, of-
fered the first opportunity to investigate the compositional
features of gases emitted during the pre-, syn- and post-
eruptive phases of the BNC. Herein, we describe the re-
sults of such Multi-GAS observations to determine the
H2O, CO2, and SO2 compositions of July–December 2012
activity. These results are then used to derive new con-
straints on the mechanisms of the magmatic supply and
ascent beneath the shallow conduit region of the Etna
volcano. Further, we compare our volcanic gas data with
the results obtained by the Moretti and Papale (2004)
equilibrium saturation model, which we use to numeri-
cally reproduce the degassing trends of Etna’s magma
upon its ascent and decompression. Overall, the results
presented in this study enable an improved understand-
ing of Etna’s plumbing system.

BRIEF SUMMARY OF VOLCANIC ACTIVITY

Etna’s BNC resumed its explosive activity during sum-
mer–fall 2012 (Fig. 2). Since its formation in the 1960s,
the BNC has frequently undergone intense periods of pro-
longed Strombolian activity often accompanied by emis-
sion of small lava flows on the crater floor. The most re-
cent of these periods occurred between July 1995 and

early 2001, when the crater gradually filled through the
growth of pyroclastic cones and intra-crateric lava out-
pouring to overflow several times between October and
November 1999 (Allard et al., 2006, and references cited
therein). No magmatic activity has been observed at the
BNC since 2001, with the exception of a moderate lava
flow episode from the base of the crater in 2006 (Bonforte
et al., 2008; Behncke et al., 2009).

On the evening of July 2, 2012, modest intra-crateric
Strombolian activity began at the BNC, as reported on
the INGV-Osservatorio Etneo (INGV-OE) (website at
http://www.ct.ingv.it/it/). This activity continued, albeit
irregularly, until October 2012 and occurred in the fol-
lowing three distinct phases.

Phase 1: Continuous activity, July 2–24, 2012
According to INGV-OE reports, Strombolian activity

was nearly continuous inside the BNC during July 2–24,
2014. On July 8, a small lava flow field was observed on
the flanks of the pyroclastic cone that formed on the bot-
tom of the BNC. This activity continued with similar char-
acteristics until July 24, when a dramatic drop in volcanic
tremor amplitude coincided with a sudden decrease in
eruption intensity. During the subsequent days, frequent
small-ash emissions were observed, likely owing to small

Fig. 1.  Digital elevation map of the Etna summit, courtesy of the Istituto Nazionale de Geofisica e Vulcanologia-Osservatorio Etneo (INGV-OE).
Locations of the permanent multi-component gas analyzer system (Multi-GAS) instruments are represented by yellow dots.
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collapses inside the feeding conduit at the summit of the
new cone. Unfortunately, this part of the eruption occurred
during a non-functional term of Multi-GAS during the
winter period and was hence not monitored. Recording
resumed on July 27.

Phase 2: Episodic activity, July 26–August 25, 2012
Episode 1: July 26–27, 2012  On the morning of July 26,
Strombolian activity resumed inside the BNC, with char-
acteristics similar to those in the July 2–24 episodes.
These eruptions were accompanied by the emission of a
lava flow from an effusive vent located on the western
portion of the crater’s bottom. Eruption dynamics and SO2
budgets for individual eruptions were characterized on
July 27 by Pering et al. (2015). On the same day, the de-
pression in the central well at the bottom of the BNC was
almost completely filled with lava. The eruptive activity
progressively declined and ceased during the evening.
Episode 2: July 29–August 1, 2012  After a single day of
inactivity on July 28, during which time several ash emis-
sions were observed, eruptive activity resumed on July
29 including small Strombolian eruptions and lava emis-
sions from a vent located on the southern flank of the
pyroclastic cone on the BNC’s bottom. This new episode
ended on August 1.
Episode 3: August 3–4, 2012   A new episode of
Strombolian activity began on August 3 and was accom-
panied by lava emissions on the crater floor. Activity
reached peak intensity around midnight, decreased on the
morning of August 4, and ceased later that evening. This

episode was followed by small ash puffs, which signified
weak explosive activity remaining in the BNC.
Episode 4: August 6–7, 2012  The fourth episode began
on the afternoon of August 6 and showed the same char-
acteristics as those of previous episodes. The activity
peaked just before midnight and ceased during the after-
noon of August 7. Sporadic ash emissions, clearly asso-
ciated with eruptions, characterized the subsequent pe-
riod of relative quiescence. A survey conducted August 9
by INGV-OE staff members demonstrated that the sum-
mit of new intra-pyroclastic cone crater experienced a
partial collapse, likely caused by a drop in the magma
column inside the conduit.
Episode 5: August 10–11, 2012  Similar to that shown in
previous episodes, the beginning of the fifth episode was
marked by a sudden increase in amplitude of the volcanic
tremor. A strong glow inside the crater was visible on the
evening of August 10 from tens of kilometers away. In-
candescent pyroclastic materials were launched well
above the crater rim. Activity ceased during the morning
of August 11. Ash emissions were particularly frequent
on August 13 and continued until August 25.

Phase 3: Continuous activity, October 2–7, 2012
On the evening of October 2, Strombolian activity was

observed again at the BNC. Beginning on October 3, this
activity was accompanied by emissions of small intra-
crateric lava flows directed southward. On the evening
of October 6, a sudden increase occurred in the ampli-
tude of the volcanic tremor, and the eruptive activity in-

Fig. 2.  Strombolian activity inside the Bocca Nuova crater (BNC) during summer 2012 (photo courtesy of F. Ciancitto).
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tensified. Emission of a well-fed lava flow was directed
toward the center of the crater depression, and vigorous
Strombolian activity at times assumed the characteristics
of a lava fountain. Both the intensity of the eruption and
the amplitude of the volcanic tremor peaked shortly after
midnight on October 7 and began to decline about 3 h
later.

METHODOLOGY

The CO2/SO2 and H2O/CO2 ratios in the volcanic gas
plume were measured by using three permanent INGV-
Pa Multi-GAS instruments (Aiuppa et al., 2007) located
on the outer rims of the active vents at the following Glo-
bal Positioning System (GPS) coordinates: BNC,
14.99113∞E, 37.74796∞N; VOR, 14.99493∞E,
37.75153∞N; and NEC, 14.99708∞E, 37.75283∞N; Fig. 1).

Multi-GAS is a combination of various gas analyzers
that simultaneously measure the concentrations of gase-
ous species in a volcanic plume. This instrument typi-
cally records the CO2 and SO2 concentrations in a vol-
canic plume in real-time through the integration of an
infrared spectrometer and a specific electrochemical sen-
sor for CO2 and SO2 measurement. For CO2 measurement,
the Gascard II model, Edinburgh Sensors, was used with
a 0–3000 ppmv calibration range, ±2% accuracy, 0.8 ppmv
resolution, 0–45∞C operating temperature, 800–1150 mbar
operating pressure, and 24 V DC, 7–30 V power require-
ments. For SO2 measurement, a specific electrochemical
sensor (3ST/F, Cod TD2D-1A model, City Technology,
Ltd) was used with a 0–200 ppmv calibration range, 2%
accuracy, –20∞C to +50∞C operating temperature, and atm
±10% operating pressure. According to the manufactur-
er’s datasheet, the 3ST/F sensor resolution is 0.5 ppmv,
and the true detection limit with the 16-bit digitizer
onboard the Multi-GAS is 10 ppbv. The H2O concentra-
tions in the plume were obtained from measured relative
humidity (Rh), air temperature (∞C) and pressure (mbar)
based on the Arden Buck equation:

H2O [ppm] = {6.1121 ¥ (1.0007 + 3.46 ¥ p–6)
¥ exp[(17.502 ¥ T)/(240.97 + T)] ¥ Rh/100 ¥ 106}/P.

(1)

Because the plume is a mixture of volcanic and atmos-
pheric gases, the original magmatic gas composition prior
to atmospheric dilution can be estimated from correla-
tions of co-acquired gas species (Aiuppa et al., 2006). In
our specific case, post-processing involved the follow-
ing steps: (Aiuppa et al., 2014): (i) subtraction of CO2
and H2O concentrations in the background air, which was
achieved by fitting the polynomial curves to the minima
in the original CO2 and H2O time series (e.g., to the CO2
and H2O datapoints that correspond to an SO2 level of ~0

ppmv); (ii) calculation of 30-min averages of volcanic
CO2/SO2 and H2O/CO2 ratios, which were obtained from
the slopes of linear regression lines in CO2corr versus SO2
and H2Ocorr versus CO2corr scatter diagrams, where H2Ocorr
and CO2corr are background air-corrected CO2 and H2O
concentrations, respectively. Examples of scatter plots for
both CO2-rich and CO2-poor plumes are given in Figs. 3a
and b. This calculation routine was automated by using
Ratiocalc software (Tamburello, 2015). A measurement
cycle was considered null (i.e., no ratio was calculated)
when SO2 concentrations were below a specific thresh-
old value of <5 ppm; this condition occurred in case of
unfavorable wind transport directions. In such dilute
plume conditions, the procedure of subtracting the back-
ground air CO2 concentrations becomes more complex
and often leads to the overestimation of actual volcanic
gas CO2/SO2 ratios. Laboratory tests with standard gas
mixtures demonstrated a maximum uncertainty in the
derived CO2/SO2 ratios of 15% (Pering et al., 2014),
whereas the error, expressed as one standard deviation,
in individually derived H2O/CO2 ratios was £25%.

Fig. 3.  Examples of scatter plots of a) CO2corr versus SO2 and b) H2Ocorr

versus CO2corr for high-CO2 (gray symbols) and low-CO2 (open sym-
bols) volcanic gas plumes, respectively. H2Ocorr and CO2corr are back-
ground air-corrected CO2 and H2O concentrations in the plume, re-
spectively.
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RESULTS

The derived CO2/SO2 and H2O/CO2 molar ratios for
each measurement interval and crater are listed in Table
1. Both ratios exhibited large variations during the inves-
tigatory period and ranged from 0.1 to 102 and from 0.51
to 117, respectively. Similar to previous studies (Aiuppa
et al., 2006, 2011; Shinohara et al., 2008; La Spina et al.,
2010), distinct compositions were observed at the three
craters, with plume gases becoming more CO2-depleted
in the sequence of BNC, VOR, NEC (Fig. 4). The mean
(±1 standard deviation) CO2/SO2 ratios for individual cra-
ters were BNC, 15.5 ± 15 (range: 1–102); VOR. 4.5 ± 3.1

(range: 0.1–35); and NEC, 2.1 ± 2.6 (range: 0.15–21).
The H2O/CO2 averages were BNC, 3.6 ± 2.5 (range: 0.5–
17.4); VOR, 14.3 ± 14.6 (range: 0.8–117); and NEC, 13
± 10 (range: 1.3–52; Table 1).

Figure 3 shows a time series of the CO2/SO2 ratios for
the three individual craters. The diagram demonstrates
that temporal fluctuations in gas compositions generally
responded to variations in volcanic activity. CO2/SO2 ra-
tios at BNC were generally lower during eruptive inter-
vals than during periods of quiescent degassing. In par-
ticular, the periods of intra-crateric Strombolian activity
were associated with plume CO2/SO2 ratios of 1.7–26.5,
with an average value of 8.5 ± 6. This value is lower than

Fig. 4.  a) Time series of molar CO2/SO2 ratios in the plumes of Etna’s summit craters during summer 2012. The chronology of the main volcanic
events is indicated by colored bars, as obtained by the Istituto Nazionale de Geofisica e Vulcanologia-Osservatorio Etneo (INGV-OE) monitor-
ing reports available at http://www.ct.ingv.it/it/ A zoom of the July–August period is given in b).
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Table 1.  Molar CO2/SO2 and H2O/CO2 in the near-vent plumes of Bocca Nuova (BNC) Voragine (VOR), and Northeast (NEC) craters of Mount
Etna. Each value represents the time-averaged ratio for a measurement interval of 30 min during which time measurements were taken by the
multi-component gas analyzer system (Multi-GAS) every 9 s. The date is the starting time of each acquisition interval; the time is local time.

Date CO2/SO2 H2O/CO2 Date CO2/SO2 H2O/CO2

VOR BN NEC VOR BN NEC VOR BN NEC VOR BN NEC

27/07/2012 1.00 0.8 22/08/2012 13.00 3.9 8.6
27/07/2012 7.00 1.1 17.8 22/08/2012 19.00 2.5 31.0 19.3
27/07/2012 13.00 2.8 0.7 9.6 23/08/2012 7.00 4.1 29.2
27/07/2012 19.00 0.7 1.7 1.2 5.9 9.8 23/08/2012 13.00 5.9 40.3 17.1 1.3
28/07/2012 1.00 0.5 1.8 1.0 22.6 3.7 9.2 24/08/2012 1.00 4.8
28/07/2012 7.00 1.0 1.0 0.8 23.5 7.3 24/08/2012 7.00 5.6 53.2 8.4 2.5
28/07/2012 13.00 0.7 2.4 1.3 17.1 16.3 24/08/2012 13.00 4.6 21.7 3.4 3.2
28/07/2012 19.00 0.5 2.3 1.2 5.5 21.7 24/08/2012 19.00 8.2 3.3
29/07/2012 1.00 2.6 1.3 1.9 25/08/2012 7.00 5.2 6.8 5.7 6.9
29/07/2012 7.00 1.5 3.6 1.2 10.1 25/08/2012 13.00 4.3 10.2 18.8 2.1
29/07/2012 13.00 7.0 4.9 1.1 12.5 10.6 10.2 25/08/2012 19.00 3.5 24.5 10.7 2.1
29/07/2012 19.00 6.1 1.4 26/08/2012 1.00 7.1 32.1 1.3
30/07/2012 1.00 5.5 0.6 2.6 26/08/2012 7.00 7.5 5.4
30/07/2012 7.00 5.4 1.8 4.3 26/08/2012 13.00 5.6
30/07/2012 13.00 6.4 2.1 0.4 5.7 8.8 1.7 26/08/2012 19.00 5.2 7.0 2.2
30/07/2012 19.00 2.5 1.0 4.8 27/08/2012 1.00 4.9 9.6 2.3
31/07/2012 1.00 2.5 2.4 4.0 27/08/2012 7.00 4.0
31/07/2012 7.00 1.3 3.3 0.8 17.2 4.1 27/08/2012 13.00 4.5 7.9 1.9 20.9 35.5
31/07/2012 13.00 2.8 4.6 1.1 10.7 17.4 5.6 27/08/2012 19.00 0.7 6.8
31/07/2012 19.00 5.7 0.5 4.8 7.1 28/08/2012 7.00 3.1 10.8 6.5
01/08/2012 1.00 3.5 12.3 0.4 1.7 3.5 28/08/2012 13.00 6.9 2.5 47.9 4.8 14.2
01/08/2012 7.00 5.4 0.4 3.8 3.8 29/08/2012 1.00 10.5 1.4
01/08/2012 13.00 10.0 5.0 0.7 7.6 6.4 18.2 29/08/2012 7.00 3.9
01/08/2012 19.00 1.9 8.1 14.8 2.8 29/08/2012 13.00 11.9 4.9 5.2
02/08/2012 1.00 7.1 0.6 3.9 29/08/2012 19.00 5.5 18.0 3.0 3.3 3.6 2.3
02/08/2012 7.00 3.8 0.4 2.0 30/08/2012 1.00 20.5 1.9
02/08/2012 13.00 6.3 0.7 3.7 52.5 30/08/2012 7.00 7.3 3.3 7.7
02/08/2012 19.00 2.2 4.5 0.8 31.9 3.2 4.3 30/08/2012 13.00 5.0 20.4 16.3 1.4
03/08/2012 1.00 1.2 6.2 0.9 4.2 3.5 30/08/2012 19.00 7.5
03/08/2012 7.00 8.0 4.6 0.7 6.6 6.9 31/08/2012 1.00 11.7 10.5
03/08/2012 13.00 17.6 0.9 5.8 31/08/2012 7.00 18.0 1.3
03/08/2012 19.00 9.7 0.6 3.5 31/08/2012 13.00 6.9 38.1 15.1
04/08/2012 1.00 9.6 0.4 2.6 4.8 31/08/2012 19.00 10.9 7.2
04/08/2012 7.00 8.4 0.6 4.2 01/09/2012 1.00 11.8 5.9
04/08/2012 13.00 5.9 8.0 26.2 5.6 01/09/2012 7.00 11.1 6.7 11.7
04/08/2012 19.00 8.8 3.0 01/09/2012 13.00 12.4 18.0 6.3 6.0
05/08/2012 1.00 5.1 10.9 3.0 01/09/2012 19.00 13.0 4.3 14.3
05/08/2012 7.00 7.0 9.5 11.7 3.1 02/09/2012 1.00 15.2 6.5 20.4
05/08/2012 13.00 6.8 7.4 02/09/2012 7.00 18.0 6.1 3.4 17.3
05/08/2012 19.00 4.7 2.2 02/09/2012 13.00 7.7 12.6 15.5 1.9
06/08/2012 1.00 17.2 3.7 02/09/2012 19.00 11.4
06/08/2012 7.00 18.5 3.2 03/09/2012 7.00 5.4
06/08/2012 13.00 4.6 17.6 11.4 2.2 03/09/2012 13.00 26.0 21.0 3.9
06/08/2012 19.00 1.8 23.1 4.0 03/09/2012 19.00 3.5 20.7
07/08/2012 1.00 3.5 21.8 17.0 3.4 04/09/2012 1.00 2.5
07/08/2012 7.00 18.1 5.5 04/09/2012 7.00 10.3 18.5
07/08/2012 13.00 6.3 26.5 9.9 1.9 04/09/2012 13.00 9.7 8.5
08/08/2012 1.00 61.0 1.2 2.7 05/09/2012 7.00 8.5 30.0 3.3 7.5 1.0 17.6
08/08/2012 7.00 8.3 3.4 7.3 2.4 05/09/2012 13.00 11.6 1.6
08/08/2012 13.00 4.5 1.3 05/09/2012 19.00 7.1 1.1 1.7
08/08/2012 19.00 8.5 1.8 2.4 24.6 06/09/2012 1.00 8.9 1.3
09/08/2012 1.00 8.6 1.3 21.0 06/09/2012 7.00 7.5 10.1
09/08/2012 7.00 5.8 1.3 11.2 29.8 06/09/2012 13.00 6.1 9.3
09/08/2012 13.00 5.0 5.1 06/09/2012 19.00 8.0 0.5
09/08/2012 19.00 11.1 56.0 1.6 3.1 0.7 07/09/2012 1.00 8.7 45.0 10.0
10/08/2012 1.00 39.0 0.9 1.5 07/09/2012 7.00 12.8 28.0 1.6 2.4
10/08/2012 7.00 1.8 14.7 0.6 8.5 6.1 07/09/2012 13.00 7.4 2.8 16.3
10/08/2012 13.00 6.9 44.0 1.9 2.0 37.2 07/09/2012 19.00 20.0 2.0
10/08/2012 19.00 9.4 102.0 2.4 08/09/2012 1.00 18.0 0.7
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Table 1.  (continued)

Date CO2/SO2 H2O/CO2 Date CO2/SO2 H2O/CO2

VOR BN NEC VOR BN NEC VOR BN NEC VOR BN NEC

11/08/2012 1.00 35.0 08/09/2012 7.00 15.0 0.7 0.9
11/08/2012 7.00 33.0 2.1 1.1 4.3 08/09/2012 13.00 4.5 10.3 4.2
11/08/2012 13.00 6.1 1.4 0.9 08/09/2012 19.00 14.0
11/08/2012 19.00 19.0 7.0 1.8 09/09/2012 1.00 9.7 4.3 7.3
12/08/2012 1.00 77.0 2.8 0.5 09/09/2012 7.00 1.4
12/08/2012 7.00 8.2 2.0 2.4 09/09/2012 13.00 8.0 2.3 25.3
12/08/2012 13.00 19.0 1.6 4.2 09/09/2012 19.00 9.3 3.8
12/08/2012 19.00 4.4 36.0 1.0 12.8 3.7 10/09/2012 1.00 8.3 21.0 3.8 16.1
13/08/2012 1.00 4.1 17.0 2.4 2.5 14.0 10/09/2012 7.00 8.2 9.3 6.3 4.5 3.8
13/08/2012 7.00 7.1 12.0 2.6 13.4 6.3 10/09/2012 13.00 9.2 32.0 1.7 9.2
13/08/2012 13.00 6.9 5.0 8.7 18.1 10/09/2012 19.00 8.9 35.0 1.5 1.6
13/08/2012 19.00 8.9 2.6 11/09/2012 1.00 7.0 43.0 2.3 0.8
14/08/2012 1.00 7.3 2.4 11/09/2012 7.00 12.9 23.0 2.2 1.1 7.0
14/08/2012 7.00 12.5 1.1 11/09/2012 13.00 9.0 1.1 13.0 12.7
15/08/2012 1.00 4.6 19.3 5.1 11/09/2012 19.00 4.7 21.0 2.3 3.8
15/08/2012 7.00 8.9 61.7 4.9 1.3 12/09/2012 1.00 13.3 1.0
15/08/2012 13.00 40.1 5.1 12/09/2012 7.00 8.0 9.0 0.4 1.9
15/08/2012 19.00 5.3 49.9 10.9 2.5 12/09/2012 13.00 5.9 35.0 1.0 22.3
16/08/2012 1.00 50.3 3.2 12/09/2012 19.00 5.7 1.3
16/08/2012 7.00 28.7 3.4 13/09/2012 1.00 5.3 3.6
16/08/2012 13.00 6.6 21.2 14.4 8.0 13/09/2012 7.00 5.4
16/08/2012 19.00 5.1 4.5 13/09/2012 13.00 5.4 11.7 2.1 14.3
17/08/2012 1.00 4.4 78.8 12.0 3.5 13/09/2012 19.00 6.4
17/08/2012 7.00 30.4 2.3 15/09/2012 13.00 9.6 9.9
17/08/2012 13.00 4.6 12.3 16/09/2012 1.00 2.9 1.6
18/08/2012 7.00 3.0 34.9 2.2 16/09/2012 7.00 9.9
18/08/2012 13.00 35.7 3.6 16/09/2012 19.00 19.0
18/08/2012 19.00 2.7 49.5 9.1 1.6 17/09/2012 1.00 22.9
19/08/2012 1.00 3.0 62.8 1.1 17/09/2012 7.00 13.8 4.1
19/08/2012 7.00 3.8 37.6 19.1 17/09/2012 13.00 21.2
19/08/2012 13.00 10.4 64.0 10.6 2.4 17/09/2012 19.00 10.2 5.1
19/08/2012 19.00 18.5 1.6 18/09/2012 1.00 3.2 14.4 1.9 1.4 3.6
20/08/2012 1.00 40.5 0.5 18/09/2012 7.00 2.8 16.1 1.8 2.4
20/08/2012 7.00 6.9 37.0 1.3 18/09/2012 13.00 3.0 21.3 1.1
20/08/2012 13.00 5.8 13.3 27.4 3.5 18/09/2012 19.00 1.2 16.3 1.1 2.9
20/08/2012 19.00 1.1 2.8 19/09/2012 1.00 1.7 14.7 2.5 0.8
21/08/2012 1.00 41.9 1.9 19/09/2012 7.00 2.5 23.0 3.4
21/08/2012 7.00 4.7 26.7 25.2 3.0 19/09/2012 13.00 2.2 11.9 2.2
21/08/2012 13.00 9.1 19.2 11.6 2.1 19/09/2012 19.00 2.4 21.9 2.3 2.8
21/08/2012 19.00 2.6 32.0 20/09/2012 1.00 2.7 5.2
22/08/2012 1.00 21.6 20/09/2012 7.00 4.4 14.2 3.5 3.0
21/09/2012 7.00 0.8 20/10/2012 1.00 7.9 2.4
21/09/2012 13.00 1.1 17.8 20/10/2012 7.00 1.7 3.1
21/09/2012 19.00 2.8 0.7 9.6 20/10/2012 13.00 2.0 31.9
22/09/2012 1.00 0.7 1.7 1.2 5.9 9.8 20/10/2012 19.00 1.1 9.2 2.3
22/09/2012 7.00 0.5 1.8 1.0 22.6 3.7 9.2 21/10/2012 1.00 7.0 2.2
22/09/2012 13.00 1.0 1.0 0.8 23.5 7.3 21/10/2012 7.00 0.1 2.7
22/09/2012 19.00 0.7 2.4 1.3 17.1 16.3 21/10/2012 13.00 0.3 3.8
23/09/2012 1.00 0.5 2.3 1.2 5.5 21.8 21/10/2012 19.00 2.1 6.3
23/09/2012 7.00 2.6 1.3 1.9 22/10/2012 1.00 5.5
23/09/2012 13.00 1.5 3.6 1.2 10.1 22/10/2012 7.00 0.3 3.6
23/09/2012 19.00 7.0 4.9 1.1 12.5 10.6 10.2 22/10/2012 13.00 3.0
24/09/2012 1.00 6.1 1.4 22/10/2012 19.00 2.8
24/09/2012 7.00 5.5 0.6 2.6 23/10/2012 1.00 3.9
24/09/2012 13.00 5.4 1.8 4.3 23/10/2012 7.00 3.8 3.4
24/09/2012 19.00 6.4 2.1 0.4 5.7 8.8 1.7 23/10/2012 13.00 4.0 4.7 18.3
25/09/2012 1.00 2.5 1.0 4.8 23/10/2012 19.00 2.3
25/09/2012 7.00 2.5 2.4 4.0 24/10/2012 1.00 2.7
25/09/2012 13.00 1.3 3.3 0.8 17.2 4.1 24/10/2012 7.00 5.2
25/09/2012 19.00 2.8 4.6 1.1 10.7 17.4 5.6 24/10/2012 13.00 6.8 1.5 6.9
26/09/2012 1.00 5.7 0.5 4.8 7.1 24/10/2012 19.00 7.6
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Table 1.  (continued)

Date CO2/SO2 H2O/CO2 Date CO2/SO2 H2O/CO2

VOR BN NEC VOR BN NEC VOR BN NEC VOR BN NEC

26/09/2012 7.00 3.5 12.3 0.4 1.7 3.5 25/10/2012 1.00 2.7 7.2
26/09/2012 13.00 5.4 0.4 3.8 3.8 25/10/2012 7.00 2.3
27/09/2012 1.00 10.0 5.0 0.7 7.6 6.4 18.2 25/10/2012 13.00 5.0 9.7
27/09/2012 7.00 1.9 8.1 14.8 2.8 26/10/2012 1.00 4.6
27/09/2012 13.00 7.1 0.6 3.9 26/10/2012 7.00 5.5
27/09/2012 19.00 3.8 0.4 2.0 26/10/2012 13.00 1.8
28/09/2012 1.00 6.3 0.7 3.7 52.5 26/10/2012 19.00 2.4 3.1
28/09/2012 7.00 2.2 4.5 0.8 31.9 3.2 4.3 27/10/2012 1.00 1.0 56.3
28/09/2012 13.00 1.2 6.2 0.9 4.2 3.5 27/10/2012 13.00 13.0 3.5
28/09/2012 19.00 8.0 4.6 0.7 6.6 6.9 27/10/2012 19.00 1.7 51.8
29/09/2012 1.00 17.6 0.9 5.8 28/10/2012 7.00 20.0
29/09/2012 7.00 9.7 0.6 3.5 28/10/2012 19.00 1.4
29/09/2012 13.00 9.6 0.4 2.6 4.8 29/10/2012 7.00 1.5
29/09/2012 19.00 8.4 0.6 4.2 29/10/2012 13.00 3.2 4.9
30/09/2012 1.00 5.9 8.0 26.2 5.6 29/10/2012 19.00 3.1 2.6
30/09/2012 7.00 8.8 3.0 30/10/2012 1.00 2.5 2.4
30/09/2012 13.00 5.1 10.9 3.0 30/10/2012 7.00 1.5 1.5
30/09/2012 19.00 7.0 9.5 11.7 3.1 30/10/2012 13.00 4.5
01/10/2012 1.00 6.8 7.4 30/10/2012 19.00 1.3 8.5 10.1
01/10/2012 7.00 4.7 2.2 31/10/2012 1.00 1.5 7.4 5.4
01/10/2012 13.00 17.2 3.7 31/10/2012 7.00 3.8 55.4
01/10/2012 19.00 18.5 3.2 31/10/2012 13.00 11.7
02/10/2012 1.00 4.6 17.6 11.4 2.2 31/10/2012 19.00 3.2
02/10/2012 7.00 1.8 23.1 4.0 01/11/2012 13.00 3.5 7.8 34.7
02/10/2012 13.00 3.5 21.8 17.0 3.4 01/11/2012 19.00 2.4 5.5
02/10/2012 19.00 18.1 5.5 02/11/2012 1.00 2.7
03/10/2012 1.00 6.3 26.5 9.9 1.9 02/11/2012 7.00 3.6 2.2 1.4
03/10/2012 7.00 61.0 1.2 2.7 02/11/2012 13.00 1.2
03/10/2012 13.00 8.3 3.4 7.3 2.4 02/11/2012 19.00 3.3 1.3
03/10/2012 19.00 4.5 1.3 03/11/2012 1.00 1.5 1.3
04/10/2012 1.00 8.5 1.8 2.4 24.6 03/11/2012 7.00 1.0 7.2
04/10/2012 7.00 8.6 1.3 21.0 03/11/2012 13.00 1.9 5.5
04/10/2012 13.00 5.8 1.3 11.2 29.8 03/11/2012 19.00 9.9
04/10/2012 19.00 5.0 5.1 04/11/2012 1.00 2.1 4.1 13.2
05/10/2012 1.00 11.1 56.0 1.6 3.1 0.7 04/11/2012 7.00 2.4 7.1 16.5
05/10/2012 7.00 39.0 0.9 1.5 04/11/2012 13.00 2.7 10.8
05/10/2012 13.00 1.8 14.7 0.6 8.5 6.1 04/11/2012 19.00 2.3 11.4
05/10/2012 19.00 6.9 44.0 1.9 2.0 37.2 05/11/2012 1.00 2.7 9.0
06/10/2012 1.00 9.4 102.0 2.4 05/11/2012 7.00 2.6
06/10/2012 7.00 35.0 05/11/2012 13.00 4.2
06/10/2012 13.00 33.0 2.1 1.1 4.3 05/11/2012 19.00 6.6 12.6
06/10/2012 19.00 6.1 1.4 0.9 06/11/2012 1.00 2.6
07/10/2012 1.00 19.0 7.0 1.8 06/11/2012 7.00 4.1
07/10/2012 7.00 77.0 2.8 0.5 06/11/2012 13.00 5.4 32.4
07/10/2012 13.00 8.2 2.0 2.4 06/11/2012 19.00 5.8
07/10/2012 19.00 19.0 1.6 4.2 07/11/2012 1.00 3.2 56.2
08/10/2012 1.00 4.4 36.0 1.0 12.8 3.7 07/11/2012 7.00 4.3 43.3
08/10/2012 7.00 4.1 17.0 2.4 2.5 14.0 07/11/2012 19.00 2.4
08/10/2012 13.00 7.1 12.0 2.6 13.4 6.3 08/11/2012 1.00 6.4
08/10/2012 19.00 6.9 5.0 8.7 18.1 08/11/2012 7.00 5.6
09/10/2012 1.00 8.9 2.6 08/11/2012 13.00 3.1 17.5 15.8
09/10/2012 7.00 7.3 2.4 08/11/2012 19.00 2.9 9.7
09/10/2012 13.00 12.5 1.1 09/11/2012 1.00 4.2 7.0
09/10/2012 19.00 4.6 19.3 5.1 09/11/2012 7.00 4.9
10/10/2012 1.00 8.9 61.7 4.9 1.3 09/11/2012 13.00 1.0 5.2
10/10/2012 7.00 40.1 5.1 09/11/2012 19.00 2.1 6.3
10/10/2012 13.00 5.3 49.9 10.9 2.5 10/11/2012 1.00 2.5 5.4 2.0
11/10/2012 1.00 50.3 3.2 10/11/2012 7.00 2.9 9.0 2.3
11/10/2012 7.00 28.7 3.4 10/11/2012 13.00 3.4 9.2
11/10/2012 19.00 6.6 21.2 14.4 8.0 10/11/2012 19.00 1.3
12/10/2012 1.00 5.1 4.5 11/11/2012 1.00 4.2
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Table 1.  (continued)

Date CO2/SO2 H2O/CO2 Date CO2/SO2 H2O/CO2

VOR BN NEC VOR BN NEC VOR BN NEC VOR BN NEC

12/10/2012 7.00 4.4 78.8 12.0 3.5 11/11/2012 7.00 2.2
12/10/2012 13.00 30.4 2.3 11/11/2012 13.00 2.6
12/10/2012 19.00 4.6 12.3 11/11/2012 19.00 1.5
13/10/2012 1.00 3.0 34.9 2.2 12/11/2012 1.00 4.3
13/10/2012 7.00 35.7 3.6 12/11/2012 7.00 2.2
13/10/2012 19.00 2.7 49.5 9.1 1.6 12/11/2012 13.00 3.3 9.4 22.4
14/10/2012 1.00 3.0 62.8 1.1 12/11/2012 19.00 5.2 20.0 13.0 4.8
14/10/2012 7.00 3.8 37.6 19.1 13/11/2012 1.00 2.3
14/10/2012 13.00 10.4 64.0 10.6 2.4 13/11/2012 7.00 1.7
14/10/2012 19.00 18.5 1.6 13/11/2012 13.00 5.3 7.5 8.2
15/10/2012 1.00 40.5 0.5 13/11/2012 19.00 8.0
15/10/2012 7.00 6.9 37.0 1.3 14/11/2012 1.00 13.0 7.1
15/10/2012 19.00 5.8 13.3 27.4 3.5 14/11/2012 13.00 1.8 15.0
16/10/2012 1.00 1.1 2.8 14/11/2012 19.00 2.4 15.0
16/10/2012 7.00 41.9 1.9 15/11/2012 1.00 8.5 6.6
19/10/2012 1.00 4.7 26.7 25.2 3.0 15/11/2012 7.00 48.0
19/10/2012 7.00 9.1 19.2 11.6 2.1 15/11/2012 19.00 63.0 0.5
19/10/2012 13.00 2.6 32.0 16/11/2012 7.00 7.2 80.0
18/11/2012 7.00 6.5 26.0 7.2
18/11/2012 13.00 4.6 13.8 19.3
18/11/2012 19.00 5.0 33.6
19/11/2012 1.00 4.9
19/11/2012 7.00 3.6 41.7
19/11/2012 13.00 19.0
19/11/2012 19.00 15.0
20/11/2012 1.00 1.6 14.5
20/11/2012 7.00 3.2 31.9
20/11/2012 13.00 26.0
20/11/2012 19.00 44.0 0.9
21/11/2012 1.00 22.0
21/11/2012 7.00 11.0
21/11/2012 13.00 12.5
21/11/2012 19.00 11.0
22/11/2012 1.00 31.0
22/11/2012 7.00 11.8 3.2
22/11/2012 13.00 16.0 13.7
23/11/2012 1.00 9.1 3.2
23/11/2012 7.00 1.3 11.8 5.2 5.9
23/11/2012 13.00 1.2 10.8 14.7
23/11/2012 19.00 1.6 11.3
24/11/2012 1.00 2.0 7.9 1.6
24/11/2012 7.00 8.6 3.5
24/11/2012 13.00 11.0 1.8
24/11/2012 19.00 12.0 5.2
25/11/2012 1.00 5.0
25/11/2012 7.00 8.0 4.7
25/11/2012 13.00 3.1
26/11/2012 1.00 2.5 11.3
26/11/2012 7.00 1.9 17.8 2.0
26/11/2012 13.00 1.4 11.2
26/11/2012 19.00 1.7 16.9 0.8 0.5
27/11/2012 1.00 2.1 11.2 4.7
27/11/2012 7.00 2.7 10.6 1.3
27/11/2012 13.00 4.2 8.8
27/11/2012 19.00 1.9
29/11/2012 1.00 3.9
29/11/2012 19.00 2.9
30/11/2012 1.00 2.8 17.8
13/12/2012 13.00 25.0 4.6
13/12/2012 19.00 17.0 1.4
14/12/2012 1.00 10.0 2.7
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that observed during quiescence by a factor of ~2, in
which the average value was 17 ± 16 at a range of 17–
102. For example, a phase of sustained low CO2/SO2 ra-
tios was observed during the Strombolian-to-lava-
fountaining activity of phase 3 in October 2012, which
were the most vigorous explosive events in our observa-
tional period. Conversely, the highest CO2/SO2 ratios in
our dataset were detected in the quiescent periods between
episodes 2 and 3 from August 25 to early October 2012;
CFR 2). During that time, the BNC was intensely
degassing, and only episodic events of ash emissions rich
in lithic fragments were observed (INGV-OE; internal

reports). It should be noted, however, that the transition
from CO2-poor (eruptive) to CO2-rich (quiescent) com-
positions at the BNC were gradual as opposed to sharp
and that the CO2/SO2 ratios began to increase gradually
between episodes III and V of the eruptive phase 2 (Fig.
3).

Similar differences between eruptive and non-erup-
tive periods were observed at the NEC, with CO2/SO2
ratios of 0.8 ± 1 versus 2.7 ± 3, but not at the VOR, in
which nearly identical CO2/SO2 ratios of 4.6 ± 3.6 versus
4.5 ± 3 were observed in the two distinct phases.

Fig. 5.  Scatter plot of (molar) H2O/CO2 versus CO2/SO2 ratios in the crater plumes of Mount Etna. The summer 2012 data obtained in this study
are compared with previously reported H2O-CO2-SO2 gas compositions obtained from various sources. Also shown in the diagram are the results
of model runs of volcanic degassing as obtained by using the saturation code Moretti and Papale (2004). The four closed-system curves demon-
strate the model evolution of gas composition upon decompression from 200 MPa to 0.1 MPa. The four runs differ for total CO2 content, from 0.4
wt.% to 2 wt.%, and redox conditions, from NNO to 0.5 log units below NNO. The two open-system curves (indicated as Rayleigh in the legend)
describe the evolution of gas separated under isobaric conditions at 0.1 MPa and 20 MPa, respectively, from a melt undergoing crystallization-
induced degassing (second boiling). The dashed curves describe the mixing between a 140 MPa-deep reservoir gas and residual conduit gases A
and B, which correspond to gases in equilibrium with the cooling of residual magmas in the shallow conduits at 0.1 MPa (Aiuppa et al., 2011).
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 DISCUSSION

Eruptive activity resumed in Mount Etna’s BNC CC
region in summer 2012 after several years of dormancy.
Etna’s CCs exhibited frequent, intense terminal eruptive
activity during the 1995–2002 eruptive cycle (Allard et
al., 2006) and became quiescent excluding vigorously
degassing from 2003 to early 2012 when eruptive activ-
ity was mainly concentrated in the Southeast (SEC) and
New Southeast (NSEC) summit craters (Behncke et al.,
2006, 2008, 2009, 2014; Andronico et al., 2008a, b;
Liuzzo et al., 2013; Bonaccorso et al., 2011, 2013, 2014;
Patanè et al., 2013).

Since it became operative in 2006, the permanent
INGV network of Multi-GAS instruments has contributed
to interpreting the dynamics of magma movement and

degassing beneath the summit region of Etna. By grant-
ing more continuous observations with improved tempo-
ral resolution over that in periodic surveys (e.g., Aiuppa
et al., 2006), the permanent network has allowed for the
systematic detection of pulses of CO2-rich gas discharge
weeks or months prior to sub-terminal effusive eruptions,
such as the 2006 eruption on the upper southeast flank
(Aiuppa et al., 2007), or prior to lava-fountaining activ-
ity at the SEC (Aiuppa et al., 2010a) and NSEC (Liuzzo
et al., 2013; Patanè et al., 2013). No plume chemistry
information relative to Etna’s CC activities has been avail-
able until the present study.

The results determined in the present study are the
first reports for the H2O-CO2-SO2 chemical signature of
gas emitted by an Etna CC prior to, during, and after a
phase of terminal Strombolian activity. In addition to re-

Fig. 6.  Triangular plot of H2O-CO2-SO2 relative proportions in the crater plumes of Mount Etna including summer 2012 data derived in this
study in addition to that previously reported. H2O abundances were divided by a factor of 10 and that of SO2 was multiplied by a factor of 5 for
better data representation. The model curves are the same as those described in Fig. 4. The three Etna craters show distinct compositions. Bocca
Nuova crater (BNC) gases plot close to the closed-system model lines and can therefore be interpreted as quenched, deep-equilibrium gases
extracted from the melt in a pressure range of 200–0.1 MPa. Northeast crater (NEC) and Voragine crater (VOR) gases are more CO2-poor and
SO2-rich, and are therefore more similar to model gases output by low-pressure (0.1–20 MPa) open-system model runs. A number of VOR gases
show a trend of H2O enrichment that may indicate the involvement of external or meteoric H2O.
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vealing new information, these new data share a number
of similarities with those previously reported (Aiuppa et
al., 2007, 2010a; Patanè et al., 2013).

Similarities with previous work
The 2012 plume results confirm that Etna’s various

craters are compositionally distinct. As previously docu-
mented (Aiuppa et al., 2006; Shinohara et al., 2008; La
Spina et al., 2010; Rizzo et al., 2015), Etna’s CCs, par-
ticularly the BNC, emit gas that is typically more CO2-
rich and H2O-poor than that of the NEC (Figs. 3–5). In
view of the deep derivation of CO2 gas in basaltic sys-
tems (Allard, 2010, and references therein), these results
imply that the feeding conduits beneath the CCs are the
most efficient pathways for gas-bubble transfer from the
deep volcano plumbing systems toward the surface
(Shinohara et al., 2008; La Spina et al., 2010). Such pref-
erential gas transport through the BNC feeding conduits
is also consistent with seismic recordings of long-period
and very-long-period seismicity and seismic tremors,
which typically show a cluster of source locations be-
neath the CCs particularly during quiescent periods
(Cannata et al., 2009a, b; Patanè et al., 2013; Zuccarello
et al., 2013). The more CO2-depleted (Fig. 3) and halo-
gen-rich (Aiuppa et al., 2005) compositions typically
measured at the NEC reflect, in turn, degassing of a more
volatile-depleted (bubble-poor) magma. In view of the
existing infrasonic (Marchetti et al., 2009) and seismo-
logical (Di Grazia et al., 2009; Patanè et al., 2013) evi-
dence of hydraulic connectivity between the craters, mod-
els in which the NEC branches from the CC feeding con-
duit (La Spina et al., 2010) so that gas bubbles preferen-
tially flow into the latter may effectively explain the
compositional dissimilarities observed at Etna in 2012 and
in other periods. Unfortunately, the depth of this branch-
ing is poorly constrained; according to model calculations,
the range is between 50 MPa and 120 MPa pressure (La
Spina et al., 2010). The results of the analog models (e.g.,
Menand and Phillips, 2007) suggest that the extent of gas-
bubble segregation in a branch is dependent on several
factors including branch geometry, magmatic vesicularity,
viscosity, and supply rate. It is highly possible that pref-
erential gas-bubble flow beneath the CCs simply reflects
the more vertical geometry of their conduits relative to
the more inclined NEC conduit (Menand and Phillips,
2007). Temporal fluctuations in the relative amount of
gas bubbles entering the two conduits may effectively
reflect changes in the gas-flow rate below the branching
(Manga, 1996; Marchetti et al., 2009). The VOR, which
is located between the BNC and NEC, shows intermedi-
ate compositions between the two extremes (Figs. 3–5).

Moreover, the BNC Multi-GAS dataset confirms the
extremely mutable nature of plume-gas compositions at
Etna that were observed previously (Aiuppa et al., 2007,

2010; Patanè et al., 2013). CO2/SO2 ratios in particular
varied at the BNC by approximately two orders of mag-
nitude during only approximately six months of observa-
tions (Fig. 3). This large temporal variability contrasts
with that reported at less dynamic, mafic volcanic sys-
tems such as Miyake-jima and Asama in Japan (Shinohara
et al., 2003, 2015) and Masaya in Nicaragua (Martin et
al., 2010) and confirms that variations in the modes and
rates of gas-magma ascent and separation are unusually
rapid within Etna’s shallow plumbing system. We return
to quantitative models to explain this temporal variabil-
ity below. Here, we simply observe that the timing of the
CO2/SO2 ratio variations examined in this study (Fig. 3)
agrees well with the results of Aiuppa et al. (2007, 2010a)
and Patanè et al. (2013). In those previous studies, the
cyclic variations of the CC CO2/SO2 ratios were identi-
fied in which low ratios of <5 were typically observed
during eruptive activity at either SEC or NSEC, whereas
high ratios of >10 were recurrently detected in the pas-
sive plumes released weeks or months prior to the resump-
tion of volcanic activity. Our new results are qualitatively
similar such that low-to-intermediate plume CO2/SO2 ra-
tios (8.5 ± 6) were associated with periods of Strombolian
activity at the BNC during episodes I–V of phase 2 in
July–August 2012 and in phase 3 in October 2012 in ad-
dition to that during the NSEC activity of November 2012.
Conversely, very high ratios of >>10 and occasionally
>100 were observed between the eruptive phases, par-
ticularly between phases 2 and 3 or during BNC activity,
and prior to the November 2012 NSEC eruptive activity
(Fig. 3). Unfortunately, no Multi-GAS information is
available for the period preceding phase 1 of BNC activ-
ity in early July 2012.

Novel implications
A novel and significant outcome of this study is that

it allows for the extension of the measured volcanic gas
composition ranges at Etna to more CO2-rich composi-
tions than previously reported. Our results show that a
CO2-rich gas front with exceptionally high CO2/SO2 ra-
tios occasionally up to 100 was vented in the BNC by
quiescent degassing between phases 2 and 3 of
Strombolian activity and before the November 2012 ac-
tivity of the NSEC. These CO2/SO2 compositions are
unprecedentedly high in CO2 for this volcano. For exam-
ple, the highest CO2/SO2 ratio reported by Aiuppa et al.
(2007) for the CCs prior to and during the summer 2006
SEC Strombolian activity was 45. Similarly, Patanè et al.
(2013) observed the gas of the CC plumes emitted be-
tween 2009 and 2011 and reported that peak values prior
to NSEC eruptive episodes never exceeded 30. This com-
parison shows that compared with the 2006–2011 period,
in which Etna’s eruptive activity was confined to the up-
per southeast region, the resumption of eruptive activity
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at the CCs is associated with the emission of an unusu-
ally CO2-rich gas from the BNC.

The BNC gas compositions measured in summer 2012
at Etna are also characterized by particularly H2O-poor
compositions. These volcanic gas compositions are com-
pared with previous reports of Etna’s gas content in Figs.
4 and 5. Figure 4 confirms the negative relationship be-
tween H2O/CO2 and CO2/SO2 ratios in Etna’s gases
(Aiuppa et al., 2007) and highlights that all of the 2012
CO2/SO2 > 20 gases have low H2O/CO2 ratios <5. The
2012 data plotted along the same compositional array
described by previously available H2O-CO2-SO2 gas data
from Etna (Aiuppa et al., 2007, 2008), although they do
extend the previous compositional range to more CO2-
and H2O-rich compositions. The exceptionally CO2-rich
(and H2O-poor) composition of the 2012 BNC gas is also
supported by the triangular diagram in Fig. 5. Again, our
2012 results only partially overlap with the compositional
fields of previous gas data from Etna (Allard et al., 2005;
Aiuppa et al., 2007, 2008; La Spina et al., 2010, 2015).

Insights from quantitative modeling
Since the work of Aiuppa et al. (2007), the applica-

tion of multi-component saturation models (Moretti et al.,
2003; Moretti and Papale, 2004) to volcanic gas datasets
has contributed to quantitative interpretation of the
degassing processes of Etna. Analogous with the previ-
ous work (Aiuppa et al., 2007, 2011), we herein use the
model of Moretti et al. (2003) and Moretti and Papale
(2004) to calculate the composition of the magmatic gas
in equilibrium with Etnean magmas in a range of pres-
sures (depths) and redox conditions. We then compare
the obtained model results with the measured gas com-
positions shown in Figs. 4 and 5.

As in Aiuppa et al. (2007, 2011), all model runs were
initialized by setting the temperature at 1100∞C. The an-
hydrous melt composition was set as the average compo-
sition of post-1974 trachybasalts, and the total water and
sulfur contents were 3.4 wt.% and 0.32 wt.%, respectively
(Métrich et al., 2004). We conducted several different
model runs with distinct initialization parameters. Four
runs were operated in closed-system conditions (Figs. 4
and 5) in which the pressure was in all cases varied from
200 MPa down to 0.1 MPa. These runs therefore simu-
lated the evolving composition of gas exsolved by de-
compressing magmas upon ascent from Etna’s deep
magma reservoir reported by Spilliaert et al. (2006). The
closed-system runs had distinct total CO2 contents of 0.4,
1.5, and 2 wt.%, respectively, and redox conditions from
the NNO buffer to 0.5 log units below NNO (Aiuppa et
al., 2011), to explore the manner in which these less-con-
strained parameters affect the simulation results. Our
model results (Figs. 4 and 5) indicate that at least in the
explored range of melt-oxidation states, the CO2 contents

play a larger role in model degassing trends than redox
trends. The two Rayleigh-type open-system runs (Figs. 4
and 5) are the same as those in Aiuppa et al. (2007) and
were calculated at constant pressures of 0.1 MPa and 20
MPa, respectively. These model trends therefore repre-
sent the gas exsolved in isobaric conditions by increas-
ing the degassing extents of a crystallizing magma. Fi-
nally, also shown in Figs. 4 and 5 are the modeled gas
mixtures from Aiuppa et al. (2011) between (i) a deep
reservoir gas in equilibrium with Etna’s basalt at 1100∞C
and 140 MPa pressure and (ii) two distinct conduit gases
(A and B of Aiuppa et al., 2011) in equilibrium with the
Etna’s shallow conduit magma at 0.1 MPa pressure.

The comparison of model results and natural data
(Figs. 4 and 5) demonstrates that BNC gas compositions
are in overall agreement with the model predictions of
closed-system runs. In particular, the exceptionally CO2-
rich compositions of quiescent BNC emissions, such as
those measured between phases 2 and 3 of BNC
Strombolian activity, qualitatively match the modeled
magmatic gas compositions returned by closed-system
model runs in the 150–15 MPa pressure range. This match
between the model results and observations supports the
conclusion that a major surge of deeply sourced gas per-
vaded the shallow plumbing system of the CCs in sum-
mer 2012 and was passively vented at the surface through
the plume between episodes of Strombolian activity.
Based on our model simulations, we contend that gases
originating from the deep magma storage, reported by
Spilliaert et al. (2006) as 220–170 MPa 6–4 km below
sea level, may have sourced Etna’s pre-eruptive plume
degassing in summer 2012. In contrast, the BNC gases
vented during active Strombolian degassing were gener-
ally more CO2-poor and H2O-SO2-rich, with some over-
lap between active and passive BNC gas compositions.
The characteristics of these gases are closer to the modeled
gas compositions calculated in either closed- or open-sys-
tem conditions at lower pressure <15 MPa and in most
cases ~0.1 MPa. This result confirms the shallow gas prov-
enance, from syn-eruptive magmatic degassing, of the
H2O-SO2-richer gas vented during active Strombolian
phases. The gas compositions observed at the NEC dur-
ing summer 2012 were systematically more CO2-depleted
compared with the modeled gas compositions formed by
bulk (closed-system) magmatic degassing at 0.1 MPa
pressure. These gases are more similar in composition to
the modeled conduit gases formed by the residual
degassing of bubble-free crystallizing magmas. This ob-
servation confirms that bubble-depleted gases filled the
NEC-branched conduit system (La Spina et al., 2010).
Finally, the gas compositions measured at the VOR were
intermediate between those observed at the BNC and
NEC, indicating that a moderately degassed, residual
magma prevailed at this crater during summer 2012. The
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tendency of numerous VOR gas samples toward the H2O
corner (Fig. 5) suggests the possible involvement of ex-
ternal or meteoric water in the degassing budget of this
crater. This conclusion is consistent with the recurrent
observation of low temperatures inside the VOR crater
obtained by thermal infrared (IR) monitoring (INGV-OE
activity reports) and indicates the possible obstruction of
the vent, which favors interaction with meteoric fluids
(Liotta et al., 2010; Aiuppa et al., 2011). Despite the re-
current H2O-rich nature of the VOR gas, we detected no
evidence of SO2 loss due to in-plume condensation proc-
esses.

CONCLUSIONS

We have shown in this study that the resumption of
Strombolian activity at Etna CCs in summer 2012 was
accompanied by discharge of the most CO2-rich gas ever
observed at this volcano. The unprecedented high CO2/
SO2 ratios >100 observed at BNC, interpreted through
model simulations of magmatic degassing, suggest that a
major pulse of deeply derived (P > 100 MPa) gas, likely
supplied by the deep volcano’s plumbing system, was
injected into the shallow CC conduits and was vented in
quiescent form at the BNC between eruptive episodes. In
view of the rather evolved nature of magmas that erupted
during the BNC 2012 activity (INGV-OE activity reports)
and in line with recent work (Paonita et al., 2012; Patanè
et al., 2013; Ferlito et al., 2014), we tentatively propose
that these gas bubbles of deep origin rejuvenated resi-
dent magma present in Etna’s shallow plumbing system
and forced its eruption in the BNC during summer 2012
activity. Moreover, sin-eruptive, shallow magmatic
degassing of S and H2O dissolved in this resident magma
contributed to the SO2-H2O-rich gas that erupted during
Strombolian activity episodes.
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