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Article history: We report here on the first record of carbon dioxide gas emission rates from a volcano, captured at ~1 Hz. These
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- ; emission rates) and field portable gas analyser readings of plume C0,/SO, ratios. Our measurements were
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performedat the North East crater of Mount Etna, southern Italy, and the data reveal strong variability in CO,
emissions over timescales of tens to hundreds of seconds, spanning two orders of magnitude. This carries
importantimplications for attempts to constrain global volcanic CO, release to the atmosphere, and will lead to
an increased insight into short term CO, degassing trends. A common oscillation in CO, and SO, emission rates
in addition to the CO,/SO, ratios was observed at periods of =89 s. Our results are furthermore suggestive of
an intriguing temporal lag between oscillations in CO, emissions and seismicity at periods of ~300-400 s,
with peaks and troughs in the former series leading those in the latter by =~ 150 s. This work opens the way to
the acquisition of further datasets with this methodology across a range of basaltic systems to better our
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understandingof deep magmatic processes and of degassing links to manifest geophysical signals.
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1. Introduction

Carbon dioxide (CO,) is among the most abundant constituents of
volcanic gases (Carroll and Holloway, 1994), and exsolves from magmas
deeper than other common volatiles such as sulphur dioxide (SO,) and
water vapour (H0) (Giggenbach, 1996). Knowledge of CO, emissions
can therefore contribute significantly to our understanding of the
movementof magmas in deep volcanic plumbing systems. Hitherto,
the measurement of CO, emission rates has been challenging due to
the difficulty of resolving volcanogenic CO, above high background
atmosphericlevels. In consequence, attempts to routinely measure
plume CO, emission rates, particularly at high time resolution,
havebeen rather limited (Aiuppa etal., 2006, 2010). Therefore,
notwithstandingthe significant contributions made in constraining
CO, emission rates of volcanic plumes at targets such as Mt. Erebus, Ant-
arctica (Wardell etal., 2004), Ol Doinyo Lengai, Tanzania (Koepenick
etal., 1996), White Island, New Zealand (Werner etal., 2008), Ruapehu,
New Zealand (Werner etal., 2006), Redoubt, Alaska (Werner etal.,
2012a,b), Stromboli, Italy (Aiuppa etal., 2010, 2011), Mt. Etna, Italy
(Allard etal., 1991) and Kilauea, USA (Poland etal., 2012), these data re-
main relatively spartan, and in general lack information regarding
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temporal changes. This remains a fundamental weakness in attempts
to constrain global volcanogenic CO, emission rate budgets, in view of
which there is a pressing demand for the developmentand application
of novel methodologies to improve constraintson spatio-temporal vol-
canic CO, degassing and our comprehensionof volcanic systems.
Recently, the Multi-GAS technique (Aiuppa etal., 2005; Shinohara,
2005) has been pioneered to enable rapid measurements of volcanic
plume chemical compositions, including CO,/SO, gas ratios, leading to
significant advances in our understanding of degassing processes. Fur-
thermore,in the last years, UV camera imagery has been applied in volca-
nology, enabling acquisition of SO, emission rates with time
resolutionsof ~1 Hz, many orders of magnitude faster than possible in
the past (e.g., Mori and Burton, 2006; Tamburello etal., 2011a). Here
we report on the first volcanic deployment of a novel technique, by
which volcanic CO, emission rates are captured with an acquisition fre-
quency of =1 Hz, based on the integration of the above two
approaches.Such a capability will increase the future potential of linking
degassing to geophysical data on unprecedented timescales with signif-
icant applicability in improving hazard analysis (Gerlach etal., 2002) and
eruption forecasting measures (Aiuppa etal., 2007; Poland etal., 2012).
The CO, emission rate data were captured during a field campaign
on Mt. Etna (37.734°N, 15.004°E), an alkaline strato-volcano whose
CO,-rich magmas (Spilliaert etal., 2006) result in the volcano being
the largest time averaged contributor to global volcanic emissions
of CO, (Allard etal., 1991; Gerlach, 1991). Etna currently has four
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degassing summit areas: the South-East crater (SEC), the Central Craters
(Bocca Nuova and Voragine), and the North-East crater (NEC) (Fig. 1).
Our study is based on passive emissions from the NEC, in recent times
one of the most actively degassing vents on Etna (Aiuppa etal., 2008)
and the site of recurrent eruptive activity in the last few decades
(Allard etal., 2006).

2. Methodology

The SO, emission rates were captured using two Apogee Alta U260
cameras, fitted with 16 bit 512 x 512 pixel Kodak KAF-0261E thermo-
electrically cooled CCD array detectors. A Pentax B2528-UV lens of
f = 25 mm was attached to the front of each camera, providing ~24°
field of view. The lenses were fitted with filters of 10 nm FWHM
(Asahi Bunko Inc.), one centred around 310 nm, where plume SO,
absorbsincident UV radiation, and the other at 330 nm, where no such
absorption occurs. Qualitative plume absorbances captured in the cam-
era plume images were converted to column amounts via a calibration
procedure involving four quartz cells containing known SO,
columnamounts: 100, 200, 1000, 2000 ppm m; SO, values within the
plume were always within this range. The calibrations were performed
at the time of measurement, by viewing clear sky adjacent to the plume,
resulting in R? values >0.99 for the linear fitting. As the measurement
conditions were favourable: e.g., the plume was transparent, the back-
ground sky was cloudless and the plume was <4 km distant, additional
DOAS based calibrations were not performed, as there is an excellent
match between DOAS and cell based calibrations under such conditions
(Liibcke etal., 2013). Under such circumstances we speculate that the
measurement error was low, however, as radiative transfer has yet to
become a routinely considered element of UV camera retrievals it is
hard to provide an exact error budget in this case (e.g., Kern etal,,
2009). For full details on all data capture, retrieval and calibration

proceduresplease see Kantzas etal. (2010). All of these protocols were
executedusing the Vulcamera code (Tamburello etal., 2011b).

The UV camera was located at the Pizzi Deneri observatory which
provided a clear vantage point of the NEC plume, at a distance of
~2 km (Fig. 1); the data were acquired between 08:45 and 09:45
GMT on the 12th of September 2012. Integrated column amount (ICA)
values were determined by summing SO, concentrations over the
plume profile, perpendicular to its transport vector (Fig. 1). The
emissionrates (kg s~ ') were then found by multiplying ICAs by the
plume transport speed, with the latter arising from cross-correlation
analysis of the propagation of the plume across the field of view overa
sequence of camera images (e.g. see McGonigle etal., 2005; Williams-
Jones etal., 2006). The plume speed varied very little over the acquisi-
tion period (~13.4 m s~ ! throughout). The camera capture rate ranged
between 0.5 and 1 Hz depending upon incident light levels, hence linear
interpolation was applied, where necessary, to produce a uniform 1 Hz
SO, emission rates dataset.

The CO,/SO, degassing ratios of the NEC were measured with a field
portable Multi-GAS unit (Aiuppa etal., 2005; Shinohara, 2005) located
at ~100 m downwind of the crater's vent, at a site chosen to avoid sig-
nal contamination from low-temperature fumarolic discharges
(Shinohara etal., 2008). This unit extractively sampled the plume
gases, providing CO, and SO, concentration readings at ~0.5 Hz
measurementfrequency. The SO, concentrations were measured with
an electrochemical sensor (City Technology, sensor type 3ST/F), of cali-
bration range of 0-200 ppm, and the manufacturer quoted accuracy
of + 2%, repeatability of 1% and a resolution of 0.5 ppm v. The CO, con-
centrations were measured with an infrared sensor (Edinburgh Instru-
ments, Gascard II), of 0-3000 ppm v range, and with an accuracy of +
2% and a resolution of 0.8 ppm v. Prior to the campaign, the Multi-GAS
sensors were calibrated in the laboratory using standard gas cylinders
of concentrations within the sensor ranges (e.g., 10 and 100 ppm SO,
and 3000 ppm CO,; all in nitrogen matrixes) and gas mixtures

Fig. 1. Map of the summit of Mount Etna showing the craters (NE—North East crater, Voragine, Bocca Nuova, SE—South East Crater), EBCN seismic station, the Multi-GAS location and
(a) the plume direction; the left inset shows the volcano location in Sicily; the right inset shows the NE crater plume on the acquisition day as viewed with the UV camera from Pizzi Deneri,
with the colour scale indicating ppm m column amounts of SO, over the image pixels; (b) shows the plume cross-section used to determine the Integrated Column Amount (ICA) within
this inset; and (c), within the main image, the viewing vector corresponding to this profile with respect to the Multi-GAS location.
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Fig. 2. Multi-GAS laboratory measurements characterising the passing of a cloud of elevated concentration CO, (black line) and SO, (grey line) gases, simulating the plume “puffs” we
measured on Etna. The Multi-GAS derived CO,/SO, molar ratio (blue line) and ratio error (red line) demonstrate rapid instrumental responses to these transient changes with minimal

associated uncertainty (<15%).

correspondingapproximately to plume conditions (e.g., 10-30 ppm SO,
in air; e.g., with 380-900 ppm CO,). Pure nitrogen was used as zero ref-
erence in each case. These laboratory characterisations confirmed a typ-
ical measurement error in the CO,/SO, ratios of <15%.

An additional calibration test was performed to measure the re-
sponse characteristics of the Multi-GAS sensors to rapid changes in
gas fumigation, under the range of conditions we encountered during
our field study. This was achieved by connecting three gas bottles of
the following compositions: 79% N, 21% O, (e.g., the eluent); 79% N,
21% 05, 3010 ppm CO; 79% Ny, 21% O,, 100 ppm SO», via regulators
to the Multi-GAS inlet, to provide an overall flow rate of 1.2 1 min ™!
into the instrument (e.g., as is typically the case for Multi-GAS field sam-
pling). Firstly, the typical plume conditions were mimicked by setting
the eluent flux to 0.72 1 min~—', and the CO, and SO, bottle fluxes to
0.24 1 min~—"' each, which led to gas concentrations at the sensor of
615 ppm and 20.4 ppm, respectively, for CO, and SO,. The registered
Multi-GAS ratios for such conditions are shown in Fig. 2 for t <70 s
and t > 130 s, leading to corresponding ratio errors of <5%. We also sim-
ulated rapid increases and decreases in gas concentration at the sensor
(t =~ 80 s, 125 s; Fig. 2) to correspond to those we observed in the field,
both in terms of timescale and magnitude, corresponding to the arrival
and departure of more intense volcanogenic gas parcels. This was
achieved by switching the eluent flux to/from 0.5 I min~' and the CO,
and SO fluxes concurrently to/from 0.35 1 min~!, altering the concen-
trations to/from 29 ppm and 878 ppm, respectively for SO, and CO,. As
shown in Fig. 2, the ratio in error remained within + 15% during these
transitions, confirming the ability of the Multi-GAS to respond rapidly
to these changes in plume fumigation, given typical tggy values of
~10 s for both the Multi-GAS SO, and CO, sensors (tgoy corresponds
to the time between standard gas injection and the instrumental signal
reaching 90% of the plateau value). Hence, this provides confidence that
any field observed changes in gas ratios could not be artefacts of differ-
ing instrumental response times. Indeed, Fig. 3b shows a zoomed
sectionof the acquired Multi-GAS time-series showing the similar re-
sponse characteristics of the two sensors to volcanogenic changes in
the concentrations of both species. Atmospheric background CO, values
were determined by plotting raw CO- values with SO, on a scatter plot.
The intercept of the regression line with the axis is taken as the back-
ground level, in this case a value of =200 ppm. Temporal synchronicity
with the UV camera SO, emission rate data series, throughout the one
hour observation period, was ensured by time referencing both instru-
ments' data series with GPS receiver outputs. Linear interpolation was
applied to the Multi-GAS ratio data to temporally match these data to
the 1 Hz UV camera SO, emission rates.

The ICA determination for the NEC SO, emission rate calculation was
made at =~ 180 m downwind of the GPS receiver geo-referenced Multi-
GAS measurement location. The UV camera derived plume speeds were
then used to derive temporal lags between the gas emission rate and gas
ratio time series (=13 s throughout the acquisition), enabling shifting
of the series relative to one another by this lag value to account for the
slight offset between the plume locations viewed/sampled by the two
techniques. This procedure provided excellent overlap between peaks
and troughs in the gas concentration and emission rate series as the
volcanogenic source signal fluctuated (Fig. 3b) and also serves to offset
the small Multi-GAS sensor lag. A lag of =13 s is also achieved when
cross-correlating the UV camera SO, emission rate with Multi-GAS
SO, readings, further corroborating our procedure.

3. Results and discussion

The acquired NEC Multi-GAS CO, vs. SO, concentrations are plotted
in Fig. 3a, demonstrating a general trend (with a mean molar ratio of
0.5 + 0.07, based on the largest, e.g., - 15%, uncertainty encountered
during our laboratory sensor characterisations) between emissions of
the two species, with the exception of large spikes in CO, emissions
within the shaded grey oval. Since the Multi-GAS measurement location
was chosen with great care to completely avoid fumarolic discharges,
we exclude the possibility that this feature could arise from contamina-
tion by these sources. Given that these spikes were also closely tempo-
rally aligned to peaks in seismicity, the source of which was located
under the NEC at the time of measurements, as discussed further
below, this is also suggestive that these trends were indeed related to
activity at the NEC.

Each molar CO,/SO; gas ratio datum (Fig. 3d), was converted to a
mass ratio on the basis of the species' relative molecular weights and
then multiplied by the temporally coincident SO, emission rate
(Fig. 3f) to deliver the CO, emission rate time series shown in Fig. 3e,
demonstrating significant variability in emissions, spanning two orders
of magnitude (from ~0.1 to 12 kg s~ 1), over timescales of tens to hun-
dreds of seconds. These fluxes are subject to errors of 4+ 15% arising from
the gas ratios, on the basis of our aforementioned experimental
characterisations, however errors arising from the SO, fluxes are not
considered here for the reasons detailed above. This observation of fluc-
tuation in CO, degassing, in tandem with our reported methodology,
has the potential to add to our understanding of CO, degassing trends
and of their importance in volcanic loading of the atmosphere.

The acquisition averaged NEC CO,/SO, molar ratio of 0.5 + 0.07 was
low although not unusual for this crater, where the degassing activity is
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Fig. 3. a) Background air corrected CO, vs. SO, concentrations, from the Multi-GAS instrument observations; the mean molar gas ratio (0.5) is determined as the gradient of the best fit
regression line; the grey-filled area indicates a peak in CO,; b) UV SO,, Multi-GAS CO, and SO, readings showing excellent overlap between peaks and troughs and demonstrating
equal temporal response characteristics to changes in the volcanogenic signal from the two Multi-GAS sensors; ¢) Multi-GAS CO, and SO, time series captured over the acquisition period;
d) the molar ratio of CO,/SO,; e) the CO, emission rate and f) SO, emission rate across the acquisition period.

often sourced by more evolved (e.g., more volatile-depleted) magmas
than those supplying the central craters' (CCs) plumes (Aiuppa etal.,
2006, 2008). Likewise, the mean NEC CO, emission rate and SO, emis-
sion rates captured in our dataset were also rather low, although not un-
precedentedly so: at 2 kg s~ ! and 6 kg s, respectively. On the day of
the measurements the majority of Etna's degassing arose from the CCs,
with combined Voragine and Bocca Nuova CO, and SO, emission rates
of 86 kg s~ ! and 14 kg s~ ', respectively; these data were acquired by
us with our Multi-GAS and UV camera unit and are consistent with pre-
vious evaluations (e.g., Aiuppa etal., 2008). Whilst this NEC contribution
was only a fraction of Etna's gas budget, these observations do provide
the opportunity, for the first time, to characterise the short term CO,
degassing behaviour of an active volcano, and any periodicities ob-
served therein. Studying this behaviour for the other craters will be a
key target of future work.

Periodicity in SO, release, on short timescales, has been reported
from a few volcanoes worldwide (e.g., Boichu et al., 2010; Nadeau et
al.,, 2011; Tamburello et al., 2012, 2013). Periodicity was investigated
in our CO,, SO, and contemporaneous geophysical data using a contin-
uous Morlet wavelet transform technique (see Fig. 4). This approach
involves scaling a defined oscillation (a Morlet wavelet), and mathe-
matically assessing similarities between the acquired data and the
scaled wavelet. This signal processing technique is often used in the
analysis of environmental processes due to its effectiveness in detecting

natural oscillations (Morlet etal., 1982), such as climatic variability
(Jevrejeva et al., 2003). This technique is preferred to other time series
analysis as information is gleaned on the stability of periodicities pres-
ent at a given time. Given the duration of our acquisition, the longest re-
solvable oscillation period via this analysis was 512 s according to the
Nyquist theorem (Nyquist, 2002), hence the plots in Fig. 4 are cropped
accordingly.

Fig. 4 shows non-stationary degassing behaviour in the NEC CO,
andSO, Morlets with characteristic periodicities between ~40 and
500 s. Oscillations in this period range are also apparent in Morlet
analysisof contemporaneously acquired seismic data (Fig. 4d).
Thedominant modulation frequencies in the degassing data were
assessed withpower spectral densities (PSDs) using Welch's method
(Welch, 1967), applied after normalization of the data. The resultant
periodograms show the power of manifest oscillations across this peri-
od range (see Fig. 4), revealing the dominant peak for CO, emission
rates at =89 s; a peak matching this period is also evident in the SO,
data, and the dominant peak in CO,/SO; ratios also falls here (=85 s).
The latter result strongly implies that the observed non-stationary
degassing signals are indeed volcanogenic in origin and not an artefact
of atmospheric transport processes which would not generate any mod-
ulation in sampled gas ratios. Furthermore, the presence of the ~89 s
signal in both CO, and SO, emission rate PSDs suggests that a common
source process is generating the periodicity in both cases.
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There are many physical processes which could potentially drive the
observed modulations in gas emission rates and ratios. These include:
(1) convection of magma in the conduit and/or the shallow to deep
plumbing system (Kazahaya etal., 1994; Boichu etal, 2010); as
convectionis likely a non-stationary process, this could involve varying
overturnrate, leading to modulation in gas release; (2) pulsatory supply
of volatile rich magmas into the conduit; on Mt. Erebus, this has been
proposed to introduce a consequent periodicity in emissions at the
magma surface (Oppenheimer etal., 2009); (3) changes in the volatile
content of the magma or supply of volatiles from depth (Kazahaya
etal., 2002), in which depressurisation based exsolution of gases from
the melt could, itself, lead to a periodicity in gas sourcing; (4) short to
long term changes in rheology of the magma (Koyaguchi etal., 1993);
such trends in magma viscosity would act to vary gas transit speed
throughout the plumbing system; and (5) interaction of magma and
entrained volatiles with geometric discontinuities in the conduit or
shallow storage zones (James etal., 2006; Palma etal., 2011); such fea-
tures could cause periodic collection and release of bubbles, by analogy
with the collapsing foam model for strombolian activity (Jaupart and
Vergniolle, 1988; Vergniolle and Brandeis, 1994). Further work based
on an expanded dataset is now required to investigate, in more detail,
the relevance of each of these models in this volcanic context, by
assessing the variation and stability of emission rate periodicities in
time and their links to geophysical signals.

In the context of this study we investigated the relationship between
periodicities manifested in the various captured datasets. This was
achieved by correlating the coefficients produced by the Morlet wavelet
analysis for the CO, and SO, emission rate and seismic data (Fig. 5), in

order to establish the degree to which oscillations at a particular period
demonstrated common strength and phase between the series. This is
preferable to correlating the raw signals as it eliminates rapid variability,
hence more clearly resolves where dominant fluctuations are shared
across the data streams. There is a clear link between the periodicities
present in CO, and SO, emissions up to =250 s where the link breaks
down for around 50 s, before resuming, then peaking at =500 s
(Fig. 5a). Note that discussion of a possible gas-infrasonic relationship
is not included here as any link, if present, was obscured by high wind
pollution in the acoustic dataset. The seismic vs. CO, emission rate analy-
sis reveals an intriguing negative correlation (<— 0.5; Fig. 5b) for periods
between 300 and 400 s, which corresponds to the period range where
the relationship between CO, and SO, emissions breaks down (Fig. 5a).
This anti-correlation is suggestive of a possible temporal lag be-
tween oscillations at these frequencies in the seismic and CO, emission
rate series, which we investigated further by performing, each second, a
mathematical integration of the Morlet coefficients, between 300 and
400 s for the seismic, CO,/SO, and CO, emission rate series, to generate
the output shown in Fig. 6b. These three traces all show distinctive
peaks between ~08:50 and ~09:00 GMT, e.g., the time intervals shad-
ed grey in Figs. 3 and 6, where elevated wavelet coefficients in this pe-
riod range (Fig. 4a, b and d) demonstrated strong oscillations therein,
and the C0,/SO, ratios spike to high values (Fig. 3a). The two gas
peaks in the shaded area of Fig. 6b preceded those in the seismic record
by 100-150 s, and indeed, moving forward the seismic record in time
by 125 s and correlating led to a correlation coefficient of =~ 0.9 in this
time window. Therefore, given the absence of any seismic events prior
to these gas spikes, this could well imply the existence of a process


image of Fig.�4

120 T.D. Pering et al. / Journal of Volcanology and Geothermal Research 270 (2014) 115-121

500 F
(a)
400

300

200

UV SOz Period [s]

100

Correlation Coeffieient
Colouration

500

400

[s]

300

200 ’

100

Seismic Period

0 i L 1 L

0 100 200 300 400
COz2 Period [s]

500 100 200 300 400 500
UV SOz Period [s]

Fig. 5. Correlation matrices produced by calculating linear correlation between coefficients extracted from the Morlet wavelets in SO, emission rate, CO, emission rate and seismicity, at steps
of 1 s. Strong correlation is evident between CO, and SO, emission in a); whilst negative correlation for periods between 300 and 400 s is apparent in b); see main text for further details.

causing elevated CO, emissions to be released from the vent some 150 s
prior to peaks in seismicity. Transit time of gas from the source to mea-
surement location is <30 s. Our observations might also be indicative of
amodel of quite the opposite nature, in that a small NW displacement in
tremor location occurred at a depth of =~500-1000 m between ~09:10
and 09:15 (Personal Communication, Giuseppe Di Grazia, INGV), is
followed by several large peaks in gas emissions, =~500-900 s later,
which corresponds to realistic travel times for gas rise from such depths
(Manga, 1996).

Regardless of the possible lag direction, a mechanism involving
themovement of magma and/or entrained volatiles, induced by
changesin pressure or temperature, could be invoked. Peaks in the
gases' CO,/SO, ratios could be caused by a deeper than average pressure
base i.e. a greater source depth. A system-wide increase in temperature
could also drive a long-term increase in ratios by facilitating the trans-
port of volatiles from depth; a localised temperature increase, through
injection of fresh magma, might also therefore, in theory, temporarily
reproduce the same effect. Each of these processes could generate

seismicity, due to migration of magmas and/or volatiles, followed by el-
evated gas emissions. An opposite hypothesis could involve a model
based on readjustment of the magma level, with corresponding seismic
energy generation,following release of gases at the surface. These tenta-
tive hypotheses,based on our initial observations, are presented as
avenuesfor future work, in which longer datasets are required to
furtherinvestigate the direction of any manifest lag between seismic
and degassing data, with a view to better characterising the associated
underground magmatic processes.

4. Concluding remarks

Here we report for the first time the combined use of a field portable
Multi-GAS sensor and UV camera imaging to produce a high time reso-
lution (=1 Hz) volcanic CO, emission rate dataset, in this case from Mt.
Etna's North East crater. The development of such a methodology has
significant implications for the study of short and long term degassing
trends and improved integration between degassing and geophysical
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ratio, CO, emission rate and seismic RMS are compared, showing, between ~08:50 and 09:00 GMT (the grey shaded area), a lag of ~100-150 s between peaks and troughs in CO,

emissions and seismicity.
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datasets. We demonstrate that CO, emissions are highly variable, span-
ning two orders of magnitude, on timescales of tens to hundreds of
seconds.This technique is therefore significant in respect of attempts
to assess global volcanogenic CO, emission rates. We furthermore
establishthat both the CO, emission rates and SO, emission rates, in
additionto the CO,/SO, ratios, exhibit prominent common periodicities
at=~89 s and that our results are suggestive of an intriguing lag
betweenCO, and seismic oscillations, with periods of around 300-
400 s, possibly indicative of a process involving the movement of
magma in the conduit. This work paves the way for further high time
resolution investigations into degassing of CO, at Mount Etna and
other basaltic volcanoes worldwide to expand our understanding of
degassing dynamics and links to manifest geophysical signals.
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