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We present continuous SO, measurements performed at Tungurahua volcano with a permanent network of 4
scanning DOAS instruments between 2007 and 2013. The volcano has been erupting since September 1999,
but on the contrary to the first years of eruption when the activity was quasi-continuous, the activity transitioned
in late 2008 towards the occurrence of distinct eruptive phases separated by periods of quiescence. During our
study period we distinguish 11 phases lasting from 17 to 527 days separated by quiescence periods of 26 to
184 days. We propose a new routine to quantify the SO, emissions when data from a dense DOAS monitoring
network are available. This routine consists in summing all the highest validated SO, measurements among all
stations during the 10 h of daily working-time to obtain a daily observed SO, mass. Since measurement time is
constant at Tungurahua the “observed” amounts can be expressed in tons per 10 h and can easily be converted
to a daily average flux or mass per day. Our results provide time series having an improved correlation on a
long time scale with the eruptive phases and with quiescence periods. A total of 1.25 Mt (1.25 x 10° kg) of SO,
has been released by Tungurahua during the study period, with 95% of these emissions occurring during phases
of activity and only 5% during quiescence. This shows a contrast with previous volcanic behaviour when passive
degassing dominated the total SO, emissions. SO, average daily mass emission rates are of 73 4 56 t/d during
quiescent periods, 735 + 969 t/d during long-lasting phases and 1424 4- 1224 t/d during short-lasting phases.
Degassing during the different eruptive phases displays variable patterns. However, two contrasting behaviours
can be distinguished for the onset of eruptive phases with both sudden and progressive onsets being observed.
The first is characterised by violent opening of the conduit by high energy Vulcanian explosions; and the second
by a progressive, in crescendo, development of the activity. The first case is becoming more frequent at
Tungurahua making the volcano more dangerous and less predictable.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

HF, Ha, S, H,S, CO, and SiF, (Symonds et al., 1994) to the atmosphere
during or between eruptions, through erupting vents, fumaroles or

1.1. Gas measurements on volcanoes

Surveillance of the composition and emission rate of gases from
volcanoes is very important for understanding volcanic activity,
especially in conditions where degassing processes have a dominant
control on eruption style (Sparks et al., 1997; Oppenheimer, 2003).
Volcanoes emit different gaseous species such as H,0, CO,, SO,, HCl,
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diffused through soil.

In order to obtain the concentrations of the different volcanic
species, fumaroles can be sampled and collected in different condensing
systems for subsequent laboratory analysis, or measured in situ using
portable electrochemical devices. This approach allows a detailed
geochemical and isotopic characterisation of the gas sample, giving
strong constraints on the subsurface temperature of the volcanic-
hydrothermal systems and the gas source (Allard et al., 1991; Ohba
et al., 2008; Rouwet et al., 2009; Vaselli et al., 2010). Nevertheless,
given the high risk implied by direct sampling, routine sampling and
analysis are hard to sustain in a continuous way (Symonds et al.,
1994). Besides, only peripheral emissions can usually be sampled,
which may show an important degree of atmospheric dilution, thus
not actually representing the conditions of the magmatic system
(McGonigle and Oppenheimer, 2003).
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Remote sensing techniques such as COSPEC (Millan, 1980; Stoiber
et al., 1983) and DOAS-based instruments (Edmonds et al., 2003; Galle
et al,, 2003) have been useful in measuring SO-, fluxes in active (explo-
sive), or passive (quiescent)-degassing volcanoes. The major advantage
of these instruments with respect to direct sampling lies in the possibil-
ity of making long-term, integrated and frequent measurements of SO,
(and other species in the case of DOAS), providing temporal series that
could be correlated to seismic or ground deformation data (Conde et al.,
2013; Nicholson et al., 2013; Zuccarello et al., 2013). For instance, the
SO, flux data obtained with COSPEC at Etna, Pinatubo, Mount St. Helens,
as well as in other erupting volcanoes, were useful tools to forecast
eruptive activity (Malinconico, 1979; Casadevall et al., 1983; Daag
et al, 1994).

Since the early 2000s the DOAS portable or automated systems have
gradually replaced the COSPEC. The miniature UV-DOAS systems offer a
series of advantages with respect to COSPEC, given their low cost and re-
duced size and weight (Galle et al., 2003). The mobile equipments are
therefore affordable for observatories and easily transported in order
to make traverses under the volcanic plume to quantify the emission
flux. Moreover, the automatic scanning DOAS stations are quite resis-
tant to very exigent weather conditions, allowing the installation of
permanent instruments in the field for continuous SO, flux measure-
ment (Edmonds et al., 2003; Arellano et al., 2008; Burton et al., 2009;
Salerno et al., 2009; Conde et al., 2013). As a consequence, there has
been a widespread adoption of this technique by volcanological obser-
vatories, largely as part of the NOVAC network for volcanic plumes
monitoring (Galle et al.,, 2010).

Continuous gas emission datasets allow more detailed studies of
degassing processes, revealing different SO, emission patterns associat-
ed with diverse eruptive dynamics and conduit processes. For instance,
Burton et al. (2009) support their model of magma circulation at Strom-
boli during the 2007 eruption using the pattern of almost continuous
SO, measurements obtained from the FLAME network. Besides, the vol-
ume of degassed magma can be estimated by measuring the original
content of sulphur (S) in magmatic inclusions and in the degassed
melt (Self et al., 2004; Spilliaert et al., 2006; Shinohara, 2008; Métrich
et al,, 2010). Combining the volatile content in inclusions with good
quality estimates of the released sulphur it is possible to obtain a better
constraint of the amount of the so-called excess degassing in arc volca-
noes (Shinohara, 2008).

Volcanic degassing occurs under explosive or passive emission styles
and it is also common to distinguish between continuously and sporad-
ically degassing volcanoes (Shinohara, 2008). Explosive degassing has
the potential to produce columns reaching up to stratospheric altitudes.
Passive degassing on the contrary can be produced without any magma
extrusion. This degassing modality is also known as quiescent or non-
eruptive. Passive degassing might last for long periods of time yielding
important amounts of gas comparable to or larger than emissions
from large explosive eruptions (Shinohara, 2008).

Andres and Kasgnoc (1998) published an inventory of volcanic
sulphur emissions (up to 1997), including 49 continuously degassing
volcanoes which exhibit persistent Hawaiian, Strombolian or Vulcanian
activity, and 25 sporadically emitting volcanoes, which show more
explosive but short-term eruptions (e.g. El Chich6n, Pinatubo, Rabaul,
Kilauea, Augustine). Comparing the amount of SO, emitted by both
types of volcanoes on an annual basis, sporadically emitting volcanoes
account for less than 1% of the total estimate of SO, emissions. This
highlights the overwhelming importance of continuously degassing
volcanoes.

1.2. Geological setting and eruptive activity of Tungurahua since 1999

Tungurahua volcano is located in central Ecuador, 120 km south of
Quito. It is a 5023 m-high andesitic stratovolcano with a basal diameter
of 16 km and a maximum relief of 3200 m. Tungurahua is built over the
basement units of the Cordillera Real. Hall et al. (1999) distinguish three

different edifices, Tungurahua I, II, and III, the latter being the present
volcano. The two former edifices suffered giant landslides associated
with large debris avalanche deposits found in the Chambo and Patate
valleys. The activity of Tungurahua IIl began with the Las Juntas lava
flow at about 2300 years BP (Hall et al., 1999). Since 1300 AD moderate
to large eruptions producing pyroclastic flows and tephra fallouts
have occurred every century, in 1533, 1640, 1773, 1886, and 1918
(Le Pennec et al.,, 2008).

The present eruption of Tungurahua began in September 1999 and
persists until the time of writing. Until May 2006 the activity was char-
acterized mainly by gas and ash emissions of low to moderate intensity
and discrete Strombolian and Vulcanian explosions. Six quiescence pe-
riods were observed between 1999 and 2004, two of them very short,
lasting 8 and 9 days; and four of intermediate duration lasting 94, 54,
58 and 46 days. A long quiescence of 353 days was observed in 2005
(Fig. 2a). During the whole period intense episodes of ash emission af-
fected the local population (e.g., late 1999, August 2001) (Le Pennec
et al., 2012). In May 2006 a sustained increase in activity led to two
pyroclastic-flows forming eruptions: a VEI-2 in July 2006 and a VEI-3
in August 2006 (Arellano et al., 2008; Samaniego et al., 2011;
Eychenne et al., 2012). These eruptive paroxysms resulted from the rel-
atively rapid arrival of voluminous, gas rich magma from depth to an al-
ready open-vent erupting volcano according to Samaniego et al. (2011)
and Eychenne et al. (2012). A detailed description of the pyroclastic
flow deposits and the eruptive sequence of the 16-18 August eruption
can be found in Douillet et al. (2013a, 2013b) and Hall et al. (2013).
The petrological study of the juvenile material of this eruption allowed
constraining a depth of 8 to 10 km below the summit for a magmatic
reservoir below Tungurahua (Samaniego et al., 2011).

Since 2007 we can roughly distinguish four eruptive periods based
on the duration of eruptive phases (Fig. 2b). (1) From February 2007
until August 2008 the volcano produced a long-lasting eruptive phase
(527 days), (2) Between December 2008 and May 2011, six eruptive
phases of intermediate duration (37 to 98 days) took place separated
by 26 to 179 days of quiescence. (3) From November 2011 until
September 2012 an almost continuous activity was present being
more intense at the beginning and at the end of this period. (4) Short-
lasting eruptive phases with durations between 17 and 27 days, sepa-
rated by quiescence periods between 41 and 58 days, occurred since
December 2012 until August 2013. During these periods the eruptive
activity included episodic explosions of Strombolian and Vulcanian
styles, sub-continuous ash emissions and lava fountaining. Pyroclastic
flows were also produced during some of these phases either fed by
sustained lava fountains or triggered by Vulcanian events. Small to
moderate ash emissions were common throughout periods of activity
(Bernard et al., 2013).

The first SO, flux measurements at Tungurahua were done using a
COSPEC. Fluxes of about 2500 t/d were observed at the beginning of
the present eruptive period in August 1999, and up to 11,000 t/d were
measured in October 1999, presumably when magma reached the sur-
face. The first DOAS automatic scanning network installed at Tungurahua
was very similar to the one installed at Montserrat (Edmonds et al.,
2003) and operated from June 2004 to November 2007. This network
allowed us to record the first set of continuous SO, measurements at
the volcano and to make correlations between SO, fluxes and seismicity
(Arellano et al., 2008).

Up to 2007 Tungurahua can be classified as a continuously degassing
volcano despite the low fluxes recorded during quiescent periods.
Arellano et al. (2008) distinguish between passive and explosive
degassing patterns during 1999-2006, based on a threshold of explo-
siveness measured by seismic sensors. The inferred phases of explosive
degassing were manifested superficially by lava fountains, Strombolian
episodes, Vulcanian explosions and regional ash fallout. On the con-
trary, passive degassing corresponded to low activity phases with
weaker gas emissions and occasionally a limited amount of ash. The
mean SO, emission rates measured during 1999-2006 were about
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Fig. 1. SO, seismic broadband and infrasound monitoring networks at Tungurahua Volcano. DOAS stations are shown in red with the corresponding scanning plane (flat or conic).
Broadband seismic stations and infrasound detectors are show in yellow. The location of the Tungurahua Volcano Observatory is shown in green and a shaded area indicates the
predominant direction of the plume. The main rivers and roads as well as populated areas are also shown.

2400 4+ 4600 (£ 10) t/d for explosive degassing and 1400 4+ 1700
(+10) t/d for passive degassing (Arellano et al., 2008).

In this paper we describe and analyse the degassing patterns
registered by the gas flux sensors at Tungurahua since February 2007.
In particular we intend to study the change in eruptive style from
quasi-continuous degassing, as it was observed during the first years
of the eruption, to an alternation of periods of quiescence and low-to-
high intensity explosive activity phases.

2. DOAS measurements and monitoring network
2.1. DOAS technique

The principle to quantify volcanic gas fluxes using scanning instru-
ments is a straightforward application of mass conservation in a volume
enclosing the volcanic source. The scanning surfaces of the instruments
surrounding a volcano define a volume (bounded from below by the
ground and considered limited from above by the highest measurable
altitude of the plumes) within which the main source of emission is

the volcano. Thus, if no other important sources (e.g., anthropogenic
sources, chemical reactions) are present and if loss mechanisms
(e.g., ground deposition, chemical reactions, adsorption in tephra, solu-
tion in aerosols, atmospheric dilution) can be neglected, the source
strength is equivalent to the integral of the normal component of the
flux density across the scanned surfaces. This integral is obtained by
summing the column densities of the gas of interest along the transver-
sal direction of transport, which are obtained by the spectroscopic
method known as DOAS (Platt and Stutz, 2008), and multiplying the re-
sult by the normal component of the transport speed, assumed to be
equal to the wind speed at a representative altitude of the plume.

2.2. DOAS network at Tungurahua

The DOAS monitoring network at Tungurahua is composed of 4
NOVAC version I instruments (Galle et al., 2010). The stations are locat-
ed at Huayrapata, 9.1 km Northwest of the volcano summit, Pillate, 8 km
West, Bayushig, 11.9 km Southwest and Runtin, 5 km North (Fig. 1).
Huayrapata and Bayushig were installed on March 17 and 30, 2007,
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Fig. 2. Periods and phases of activity distinguished at Tungurahua volcano. a) September 1999 to August 2013. b) January 2007 to August 2013. White background indicates periods of
quiescence. Yellow and orange represent low (LEA) and high (HEA) explosive activity respectively. c) Tungurahua during quiescence phases. d) and e) Typical lava fountaining (500 m

above crater level) and ash venting during low explosive activity (2 km above crater level).

on the same sites as the previous stations described by Arellano et al.
(2008). Pillate was installed on November 15, 2007, on a site located
in the direction of the prevailing winds. Runtin was installed on
February 23, 2011, to cover the occasional winds blowing to the North
from November to December. These sites give us an almost complete
coverage for plumes heading towards S to NE (clockwise), leaving only
a coverage gap for infrequent plumes transported to the E-SE. Each sta-
tion works during daylight from 07:00 to 17:00 (local time), all year
long since sunrise and sunset times are almost constant at the latitude
of the volcano. Each individual scan takes between 3 and 14 min, de-
pending on the light intensity, yielding for each instrument a total of
50 to 140 scans per day. The collected data are transmitted in real time
by radio link to the Tungurahua Volcano Observatory (Fig. 1), where
they are evaluated by the NOVAC software (Johansson et al., 2009) and
post-processed daily by the observatory staff, to account for the best
available wind information. Since the installation of the DOAS network
the instruments have been operational for about 86% of the time for
Bayushig, 85% for Pillate, and 78% for Huayrapata and Runtdn.

2.3. Data processing

The NOVAC software performs an automatic preliminary SO, flux es-
timation during acquisition using default or operator pre-set wind pa-
rameters (wind speed and wind direction) and plume height (Galle
et al,, 2010). For Tungurahua, we use the forecasted ECMWF data
(http://www.ecmwf.int) as the default wind parameters with a time
resolution of 6 h and interpolated to the coordinates of the volcanic
summit. For the plume height we assume that emissions are confined
to the summit altitude of the volcano. In order to incorporate real
wind conditions and plume height, which constitute an important
source of error (Burton et al., 2009; Johansson et al., 2009; Salerno
et al., 2009), data are post-processed on a daily basis. To post-process
the data, we determine the wind speed, the wind direction and the
plume height for the different time periods when triangulation between

e) Vulcanian eruption at Tungurahua, eruptive column reaches 8.8 km above crater level.

data from at least two stations is possible (Arellano et al., 2008). The
only input required for this processing is the wind speed, which is
taken from the VAAC (Volcanic Ash Advisory Centre) when available,
or from the ECMFW (analysed data). This file is imported into the
NOVAC software and SO, fluxes are calculated using the wind parame-
ters and plume height obtained by triangulation. This geometrical strat-
egy is not always possible when SO, emissions are very low or not
continuous during the day, or when clouds affect the measurement con-
ditions at one or more of the stations. In such a case we use a standard
plume height at the altitude of the volcano summit assuming the
plume is drifting at the summit's altitude (5 023 m asl) and wind veloc-
ity and direction from the ECMWEF (analysed data for the corresponding
day) for the flux calculation.

After post-processing a list is generated including the time of all
valid scans taken during the day and their corresponding SO, fluxes,
as well as ancillary information (plume speed, direction, height, number
of spectra per scan, etc.). Valid scans are those in which SO, is measured
(good spectroscopic fitting, see Galle et al., 2010 for details) and plume
completeness is higher than 0.5 (an empirical measure of how well the
scan captures the entire plume, equal to 1 when spectra from the low
scan angles do not include signatures of the volcanic gas, Johansson,
2009). For some days the programme validates only few or no scans.
This can be related to several factors: plume drifting in a direction not
covered by the network (SE for Tungurahua), adverse weather condi-
tions (heavy rain or dense fog), very low SO, emissions or very large
amounts of ash or aerosols emitted from the volcano. The number of
daily validated measurements varies, however, strongly and empirically
we note that this number is usually much higher during periods of activ-
ity than during quiescence. This suggests that the low values or absence
of SO, during quiescence periods is the major source of scan rejection.

It is noteworthy that there is an important error in the gas flux mea-
surements performed by DOAS instruments. This error is estimated to
be about 26% under good measuring conditions and about 54% under
fair conditions (Galle et al.,, 2010; Kern et al., 2010).
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3. Evaluation of daily SO, emissions

The conventional way to process SO, flux data, while using single or
a few daily COSPEC or Mobile DOAS measurements is to average the ob-
tained fluxes and extrapolate them as a daily flux, implicitly assuming
that those measurements are representative of the whole day SO, emis-
sion (i.e. daily SO, mass). This practice is specially used for monitoring
purposes in order to follow the evolution of degassing and provide sce-
narios of eruptive activity on a daily basis. This extrapolation is some-
how justified by the reduced number of measurements and by the fact
that when performing COSPEC or Mobile-DOAS the operator is able to
constrain the width, height and direction of the plume, reducing there-
fore the uncertainties in the corresponding calculated flux. However,
bad weather conditions or the presence of considerable amounts of
ash might prevent obtaining reliable estimates. Moreover, activity
may be highly variable during a single day, displaying sporadic or con-
tinuous degassing, and even in this last case, SO, fluxes can strongly
vary during the length of a same day. Automated DOAS stations have
the advantage of producing a high number of daily measurements and
giving insights into the temporal evolution of degassing, with the condi-
tion that the plume axis lays within a certain range of directions above
the station. The use of multiple monitoring stations allows us to cover
different wind directions in which the plume might be dispersed. Aver-
aging variable amounts of measurements to obtain extrapolated SO,
daily emission may sometimes be an oversimplified approach, especial-
ly when a dense network is present. Therefore, in order to obtain more
accurate daily estimations of the SO, emission, we developed a method
that takes into account all measurements taken from the 4 stations to
obtain a daily observed SO, mass.

3.1. Extrapolated SO, daily emissions

An advantage of using the NOVAC-DOAS stations is the possibility of
having numerous SO, measurements per day. At the Tungurahua Volca-
no Observatory, the standard way to process these data is to calculate
the average of all valid measurements individually for each station
and then report the highest average daily value obtained. This assumes
that the highest average represents the best estimate of the true real
flux when the plume direction does not vary much across the day.
This approach presents, however, some inconveniences. First, the in-
struments work only during daylight hours (10 h at Tungurahua's lati-
tude). Consequently, when extrapolating the measured average, it is
assumed that the daylight SO, emission rate is also representative of
the night time period. Second, the number of valid measurements is
variable depending on the factors mentioned above, especially during
phases of low or no eruptive activity when instruments record only a
few valid measurements (<10) and which in some cases may reach rel-
atively high SO, flux values (>1000 t/d for Tungurahua). Extrapolating
these few measurements may thus result in an overestimation of the ac-
tual daily SO, emission. Besides, while prevalent wind direction at
Tungurahua is to the West, variations can occur during the day and ac-
cordingly higher recorded values from other stations might be ignored
because only the station with the highest daily average is taken into
account.

To examine the influence of the data selection in the calculation of
extrapolated SO, daily emissions, we tested different thresholds for
the plume completeness parameter: 0.5, 0.8 and 0.9 (Fig. 3). Using a
threshold of 0.8 slightly reduces the number of validated measurements
and provides comparable SO, emissions to those obtained by using a
plume completeness threshold of 0.5 (Fig. 3a). On the contrary, the 0.9
threshold reduces drastically the number of valid measurements
(Fig. 3b). In particular, during quiescence phases the number of validat-
ed measurements is often very low or even null and therefore the ex-
trapolated daily emissions may be significantly reduced or can be zero
despite the fact that SO, has been partially observed by the instruments.
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Fig. 3. SO, daily extrapolated emissions for Tungurahua volcano since January 2007 until
August 2013. As for Fig. 2 orange, yellow and white background represent HEA, LEA and
quiescence. a) SO, daily emission calculated using 0.5 (black bars) and 0.8 (green bars)
plume completeness. Number of corresponding valid measurements during the day are
in black for 0.5 and in red for 0.8. b) SO, emission calculated using 0.5 (black bars) and
0.9 (green bars) plume completeness. Number of corresponding valid measurements dur-
ing the day are in black for 0.5 and in red for 0.9. Note that SO, emission for 0.5 and 0.8
plume completeness are very similar despite a slight reduction in the number of
measurements, while for 0.9, the number of valid measurements is drastically reduced
and for quiescence very few or no measurements are validated leading to zero emission.

3.2. Daily observed SO, mass

Alternately, in order to determine the daily observed mass of SO,, we
developed a procedure in which we integrate the highest available flux
measurements among all stations. To achieve this, for each day, we scan
the available time series between 07:00 and 17:00 (local time)
searching for the highest fluxes (Fig. 4). However, NOVAC instruments
do not provide regularly sampled time series, nor are they synchronized
among the different instruments. This is because the durations of the in-
dividual scans vary depending on local light intensity. Time series may
also be sparse because of invalidation of numerous complete scans
where SO, was not detected. Therefore, to identify the highest fluxes
we use a sliding search window with a variable duration. The window
is shifted with no overlap and its length is adjusted according to the du-
ration of the measurements. Starting at 07:00 with an arbitrary window
duration of 5 min, we move the search window until we find flux mea-
surements and determine the highest value among those acquired
within the interval of the search window. As the highest value is select-
ed, when two or more stations are able to see the plume, the method
provides a potential correction for underestimated clouds-affected
values. This highest flux is considered valid for the duration of the cor-
responding scan plus a constant inter-scan time, which depends on
the instrument (between 0.9 and 2.5 min). The corresponding mass of
SO, is calculated by multiplying the flux measurement by its corre-
sponding duration of validity. The new search window size and shift
are set to the last validity duration and the search is continued.
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Repeating this procedure for the whole period of daylight and adding
the retrieved masses produce an estimate of the daily mass of SO, ob-
served by the monitoring instruments.

This approach is different from those commonly used for reporting
daily mean emission rates, as we do not extrapolate the available flux
measurements to estimate a daily SO, mass for 24 h but only consider
the observed masses to obtain a cumulative estimate which can be
expressed in tons per ten hours (t/10 h). The underlying assumption
is that the absence of measurements means the absence of SO, emis-
sions from the volcano. Because this assumption is not strictly correct,
our estimated masses might underestimate the real amount of SO,
emitted during the 10 h of daily measurement. However, this approach
corrects for the improper extrapolation of a reduced number of data
points, as what often occurs during periods of low activity. In order to
obtain a value over a full day (t/d or t/24 h) that is comparable with
the extrapolated data, we can multiply the daily observed mass of SO,
by 2.4, given that the stations work at Tungurahua for 10 h.

Comparing both resulting series leads to different SO, emission his-
tories (Fig. 5). While SO, emissions during eruptive phases are globally
equivalent using both methods, degassing during quiescence episodes
(passive degassing) is drastically reduced by the daily observed mass
method and in consequence the total SO, emission is also lowered.

During quiescent phases at Tungurahua only sporadic gas plumes or
intense fumarolic activity is observed, hence degassing is a transient
process. In consequence, extrapolating few flux measurements as repre-
sentative of the whole day SO, emission while transient degassing
behaviour dominates, leads to over-estimated values. Fig. 6 shows the
cumulative SO, curves produced by the conventional method (Extrapo-
lated), the proposed method (Observed masses) and the 24 h extrapo-
lation of the proposed method (Observed masses multiplied by 2.4).
The first curve reaches a high value of 2.50 Mt of SO, emitted by the
volcano since 2007, while a cumulative mass of 0.52 Mt was observed,
corresponding when multiplied by 2.4 to a total of 1.25 Mt of SO,. This
last curve reflects well the periods of SO, emission by changes in the
slope. Flat segments represent quiescence periods, light slope long pe-
riods of continuous/sub-continuous activity (periods 1 and 3) and
high slopes represent shorter phases of activity (periods 2 and 4).

3.3. Car based traverses

In order to corroborate the results obtained with the permanent
network, we have performed Mobile DOAS traverses, especially during
periods of high activity. Our Mobile DOAS system consists of a mini-
USB2000 OceanOptics spectrometer coupled to a zenith-viewing
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Fig. 5. Comparison between extrapolated (upper plot) and observed (lower plot) daily SO, mass measurements for the period between February 2007 and August 2013. Note that
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Fig. 6. Cumulative curves of SO, emission using extrapolated values, observed masses
and observed masses multiplied by 2.4. Eruptive phases are marked in orange.

telescope by a quartz fibre. To acquire and process the spectra we used
the Mobile-DOAS v.5 software by Zhang and Johansson (2009). An ex-
ternal GPS antenna provides precise location and time in order to calcu-
late the integral of the flux across the section of the plume. Usually 4 to 6

traverses are done in one day through the Bafios-Penipe route, to the
west of the volcano (Fig. 1).

Mobile DOAS data are processed using the same source of wind ve-
locity as for the processing of data from the permanent stations. Wind
direction is deduced directly from the traverse, and plume height is
not necessary (at least not directly, since it is required to retrieve the
wind speed at the altitude of the plume). Completeness of the plume
is assured for traverses in most of the cases. Traverses tend to give
higher columns than scanning measurements, highlighting the effect
of dilution due to scattering of radiation below the plume. This effect
is more pronounced for measurements taken from the scanners due to
their greater distance from the source. However, globally, the fluxes ob-
tained by Mobile DOAS coincide (within uncertainties) with those pro-
vided by the permanent stations (Fig. 7). The better similarity between
the traverses and the extrapolated or observed daily estimates depends
on the representativeness of the traverses in reference with the overall
daily degassing as well as on the stability of the degassing during the
day.

4. Types of activity

We distinguish three types of activity during the 2007-2013 period:
(1) Quiescence, (2) Low explosive activity and (3) High explosive activ-
ity (Fig. 2). This distinction is based on the seismo-acoustic recordings
and activity reports from the Tungurahua Volcano Observatory (OVT)
(http://www.igepn.edu.ec). The seismo-acoustic records allow differ-
entiating between periods with only Strombolian-type activity and pe-
riods when Vulcanian-type outbursts also occur. This distinction is done
by quantifying the intensity of infrasound radiation emitted during
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explosions. Using a network of 4 infrasound sensors located between 5
and 7 km from the vent (Kumagai et al., 2010), we normalize the peak-
to-peak pressure amplitude at each station to a distance of 1 km from
the source and calculate the average over the 4 stations (Steele et al.,
2014). We then consider Vulcanian explosions to be those whose
mean acoustic excess pressure is >100 Pa at a distance of 1 km, as con-
sistent with Johnson (2003). The observatory reports complete the de-
scription of surface phenomena associated with each type of activity.

4.1. Quiescence

Quiescence is characterized by a complete absence of eruptive activ-
ity or only the presence of weak fumaroles in the crater and the upper
part of the cone or sporadic gas plumes. Such manifestations generally
reach heights less than 200 m above the crater rim and exceptionally,
up to 500 m according to OVT reports. During quiescence neither juve-
nile pyroclasts nor lava is emitted from the vent. Episodes of repose last
from 26 to 184 days, except during the third period of activity when
very short quiescence time intervals were observed (between 3 and
17 days). Seismic activity is weak during such periods with only a few
long period and volcano-tectonic earthquakes.

4.2. Low explosive activity

Low explosive activity (LEA) is characterized by ash and gas emissions
with low-energy explosions (<100 Pa, i.e. Strombolian) and/or small
short-lasting fountains of incandescent ejecta (<500 m above the crater
rim). Ash columns vary from a few hundred metres up to 3 km in height
with variable ash content. Persistent ash columns can last for hours and
even days, producing abundant ash fallouts. These emissions are gener-
ally accompanied by a rumbling noise yet infrequently show completely
silent degassing behaviour. Small rockfalls and short-runout avalanches
(<1 km) of accumulated pyroclastic material have been observed on
several occasions during this type of activity. The seismic signals record-
ed during LEA are mainly numerous small explosion quakes, long period
events and tremor (occasionally harmonic). This type of activity can be
considered in general as Strombolian style. No Vulcanian-type explo-
sion is present during these episodes.

4.3. High explosive activity

High explosive activity (HEA) is defined primarily by the presence of
high-energy (>100 Pa, i.e. Vulcanian) explosions that are usually ac-
companied by a canon shot-like sound heard in nearby areas and during
the most intense outbursts, up to 30 km from the vent. The eruptive col-
umns usually vary in height between 1 and 4 km above the crater rim
yet may reach 8-10 km during paroxysmal events. At night time, foun-
tains or incandescent ejecta reaching up to 1 km above the crater rim
have been observed. Incandescent blocks usually remain within 2 km
distance of the vent however, ballistic projectiles were observed up to
3.5 km away during a very high-energy explosion event recorded on
the 14 July 2013. The ash content is generally high producing dark
grey to black eruptive columns associated with intense ash falls. During
some paroxysmal phases pyroclastic flows were also produced either by
long-lasting fountains (6 February 2008, 4 December 2010) or triggered
by high-energy Vulcanian explosions (27 March 2007, 28 May 2010, 16
December 2012, 14 July 2013). These pyroclastic flows reached

distances 3 to 6.5 km from the vent. The seismic signals recorded during
high explosive activity are large explosion quakes with very-long period
components and N-shaped acoustic signals, long period events, har-
monic and emission tremors, and volcano-tectonic earthquakes. We re-
late this type of eruptive activity to a Vulcanian style, alternated with
more or less violent Strombolian episodes.

5. Eruptive activity and SO, degassing since 2007

Given that the first DOAS-NOVAC stations were installed in February
2007, the record of SO, emissions for the previous period is not detailed
in this paper. Between February 2007 and August 2013, eleven well-
defined eruptive phases have been recognized within four main periods
of activity (Fig. 2). The First period consists of a long lasting activity
phase (Phase I) where LEA and HEA are intercalated. A doubling of the
SO, emission is seen since day 400 (Fig. 8a). This increase in daily
mass is observed after the February 2008 paroxysm, probably indicating
the arrival of a magma richer in SO,. A progressive decrease in the SO,
emission is observed towards the end of the phase. No clear change in
daily SO, emission is observed linked to HEA or LEA. The Second period
comprises 6 activity phases lasting from 37 to 98 days (Fig. 8b, ¢, d, e, f
and g). The first phase of this period, Phase I, still displays an alternation
of HEA and LEA, while the others display mostly LEA episodes at the be-
ginning and/or at the end of the phase. In these phases globally daily SO,
emission is lower for LEA episodes than for HEA, displaying a low slope
in the cumulative mass curve or even producing a flat line (end of
phases III, IV, V and VI). Phases V and VI begin directly by HEA, which
in both cases was characterized by a sudden opening of the conduit by
Vulcanian explosions leading to the formation of pyroclastic flows. For
the other phases of the second period the activity increases progressive-
ly, without pyroclastic flows forming explosions. Third period is charac-
terized by an almost continuous activity and the distinction of clear
individual phases is difficult (Fig. 8). HEA is observed at the beginning
of the period with a rapid increase in daily SO, emission. An alternation
of HEA-LEA and quiescence is observed with a cumulative SO, curve
whose slope increases progressively until the end of the period where
higher emission is recorded. The Fourth period comprises four activity
phases lasting between 17 and 28 days (Fig. 8i j, k and 1). Phases VIII,
IX and XI begin directly by a HEA with Vulcanian explosions, which
formed pyroclastic flows only for phases VIII and XI. Despite the HEA be-
ginning of phase IX, the increase in the activity and degassing is progres-
sive, as well as the decrease towards the end, forming a bell-shaped
distribution for SO,. Phase X begins by only one day of LEA and a rapid
increase in SO, degassing is recorded at the beginning of the phase to
also gradually decrease to almost zero SO, degassing when activity
fades out. Again LEA episodes display an almost flat SO, cumulative
curve indicating a lower daily SO, emission for these episodes as com-
pared to HEA. This is shown in Table 1, which summarizes the main
characteristics of each phase. Indeed, for the first and third periods,
when activity is more or less continuous, the SO, emission associated
to LEA or HEA episodes is very similar. For phases of the second and
fourth periods HEA episodes display higher SO, emission than LEA epi-
sodes (Table 1). Quiescence episodes are characterized by low SO, daily
observed masses, despite the fact that in some cases SO, extrapolated
emission (shown in turquoise in t/24 h in Fig. 8) might be as high as
for the activity phases. Detailed description of each eruptive phase is
available in Appendix B as Supplementary Material 2.

Fig. 8. Comparison between SO, observed masses (black bars) and SO, extrapolated masses (turquoise bars) during each eruptive phase since 2007. Daily observed masses are expressed in
tons per ten hours and extrapolated masses are expressed in tons per 24 h with separate vertical scales on the left of the plots. The vertical scale for the observed masses is 2.4 times smaller
so that curves are directly comparable. White background indicates periods of quiescence. Yellow and orange represent low (LEA) and high explosive activity (HEA) respectively.
Cumulative SO, emission based on observed masses (in t/10 h) is shown as a thick blue line. Time scale is indicated in number of days since January 1 for each year at the bottom of
each diagram and calendar dates are indicated at the top. The different plots a) to 1) correspond to the phases of activity described in Table 1 and the Supplementary Material. During
the HEA and most of the LEA episodes SO, observed masses (multiplied by 2.4) are fairly the same as the SO, extrapolated masses. During quiescence SO, observed masses are much
lower than the corresponding extrapolated mass. Red arrows indicate the days when long run-out pyroclastic flows were produced.



Table 1
Summary of the main characteristics of each eruptive phase since February 2007. “Beginning of the phase” refers to the type of onset. Sudden awakening of the volcano is typically characterized by a strong Vulcanian eruption with intermediate to long
run-out pyroclastic flows. Progressive refers to an in crescendo increase in the intensity of the activity, mainly Strombolian in style. To describe the eruptive sequences we use L for low explosive activity (LEA), H for high explosive activity (HEA).
Average and maximum plume heights were obtained from the Washington VAAC (http://www.ssd.noaa.gov/VAAC/messages.html), which is constructed from visual or satellite observations. The average SO, emission and total cumulated SO, cal-
culated using the observed masses method are shown (t/10 h). For comparison with other volcanoes we also show in bold total values multiplied by 2.4. Average SO, emissions during HEA and LEA episodes for each phase and quiescence are also
shown.

0]

Period Phase Start End Quiescence Duration Days Beginning  Eruptive Plume Pyroclastic Number of SO, daily average Cumulative SO, range SO, average SO, average Quiescence
(days) (days) with  of the sequence height flows (type, significant observed mass SO, (kt) observed mass HEA LEA SO,
SO, phase above # valley explosions (t/10 h) and x 2.4 Observed (t/10 h) and (observed (observed average
data the affected, mass and x 2.4 mass t/10 h) masst/10h) (observed
crater minimum x 2.4 and x 2.4 and x 2.4 mass
average runout) t/10 h) and
(max) x 24
(km)
Period | 24/02/07 04/08/08 68 527 417  Progressive Alternance 2.7 (9.4) 27/03/2007 1763 281 £ 278 1204 1.4-1747 212 + 243 276 + 282 15 + 42
1 H-L (25) (explosion, 1 674 + 667 288.96 3.3-4193 509 + 482 662 + 677 36 + 101
valley, 1 km)
06/02/2008
(column
collapse, 3
valleys, 5 km)
Period 11 16/12/08 01/03/09 132 76 76  Progressive Alternance 2.6 (5.2) 377 698 + 512 55.3 3.3-2386 584 + 603 352 + 325 50 + 62
2 L-H (10) 1675 + 1229 132.72 7.8-5727 1402 + 1447 845+ 780 120 + 149
11 28/03/09 26 98 92  Progressive L-H-L 2.3 (6.1) 212 389 + 289 37.6 0.32-1324 393 + 318 139 £+ 157 15+23
934 + 694 90.24 0.76-3177 943 + 763 334 + 377 36+ 55
v 30/12/09 179 65 65 Progressive L-H-L 2.5(5.5) 521 753 £ 581 49.8 2.5-1872 593 + 548 501 + 672 20 418
1807 + 1394 119.52 5.98-4493 1423 + 1315 1202 + 1613 48 + 67
\ 26/05/10 03/08/10 82 70 70  Sudden H-L 2.9 (8.8) 28/05/2010 1351 611 £ 566 433 1.34-2356 599 + 658 356 + 372 20+ 19
(explosion, 6 1466 + 1358 103.92 3.23-5655 1438 + 1579 854 + 893 48 + 46
valleys,
4.5 km)
VI 22/11/10 03/01/11 110 43 42 Progressive H-L 2.7 (5.5) 04/12/2010 111 487 4 490 209 1.24-2399 411 4 562 285 + 272 18 +£ 16
(column 1169 + 1176 50.16 2.98-5758 986 + 1345 684 + 653 43 + 38
collapse, 8
valleys, 4 km)
09/12/2010
(explosion, 1
valley, 3 km)
Vil 20/04/11 26/05/11 106 37 37 Progressive L-H-L-H 3.5(7.3) 64 692 + 627 26.4 4.64-2638 720 + 546 411 + 546 25422
1661 + 1505 63.36 11.13-6330 1728 = 1310 986 + 1310 60 & 53
Period 27/11/11  9/4/2012 184 283 282  Progressive Alternance 3.3 (7.3) 04/02/2012 194 344 + 537 102.1 1.4-4489 484 4 583 416 + 732 39+ 40
3 L-H (explosion, 1 826 + 1289 245.04 3.27-10773 1162 + 1399 998 + 1757 94 + 96
valley, 3 km)
Period VIII 14/12/12° 10/01/13 101 28 28  Sudden H-L-H-L-H 2.8(7.3) 16/12/2012 453 517 £ 438 14.8 7.42-1577 465 4 478 61 4+ 30 41 +£ 32
4 (explosion, 1241 £ 1051 35.52 17.8-3874 1116 + 1147 146 + 72 98 + 77
4 valley,
3.5 km)
IX 01/03/13 17/03/13 49 17 17  Progressive H 2.2 (33) 118 494 4 328 8.6 8.5-876 326 + 293 54 + 32
1186 + 787 20.64 20.3-2102 782 + 703 130 + 77
X 27/04/13 16/05/13 41 20 20  Progressive L-H-L 2.0 (4.9) 151 780 + 682 16.3 24.6-2254 936 + 747 177 &+ 161 74 &+ 52
1872 + 1637 39.12 59.0-5408 2246 + 1793 425+ 386 178 + 125
XI 14/07/13 05/08/13 58 23 23 Sudden H-L 3.8 (8.8) 14/07/2013 64 596 + 387 14.4 16.1-1548 498 + 430 205 + 129
(explosion, 1430 + 929 34.56 38.6-3716 1195 + 1032 492 + 310
4 valleys,

6.5 km)
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6. Discussion
6.1. Passive vs. explosive degassing

Arellano et al. (2008) highlight the dominance of passive degassing
at Tungurahua volcano for the eruptive period between 1999 and
2006. Indeed, while the SO, emission related to explosive activity
showed higher daily values, the cumulated SO, emission recorded dur-
ing low activity and quiescence is higher, accounting for up to 90% of the
total emission of SO,. Our analysis of the effect of the calculation method
for the daily SO, emission and the differences in defining the explosive
degassing could explain partially the outnumbering of passive over ex-
plosive SO, degassing during the mentioned period but certainly not all
of it. Arguably, since late 2008, the general behaviour of Tungurahua
volcano has changed, and quiescence episodes have become more
common and longer (Fig. 2). During HEA and most of the LEA episodes,
the two methods of estimation, the daily extrapolated emission
(1.60 x 10° kg) and the daily observed masses multiplied by 2.4
(1.2 x 10° kg), produce results within the same range. In both, the pe-
riods with higher SO, emissions coincide with the periods of overall vol-
canic activity (Figs. 5 and 8). On the contrary, when observing the
results for quiescence phases, the extrapolated daily emission method
displays much higher values than the observed (x2.4) daily masses
method (Figs. 6 and 8). This is expected because the extrapolated values
globally overestimate the actual SO, emission, particularly when there
are few valid measurements per day, which correspond mainly to spo-
radic gas emissions not representative of the whole degassing behav-
iour during a whole day. Nevertheless, this fact has important
implications for the quantification and understanding of passive
degassing. The total cumulative SO, emission during quiescence phases
calculated by the extrapolation method is 5.9 x 108 kg, while using the
observed masses (x2.4) method the total SO, emission is 7.5 x 107 kg,
i.e. one order of magnitude lower. According to the observed masses
multiplied by 2.4, the percentage of SO, released during quiescent
phases yields only 5% of the total degassing, with a daily average mass
of 73 £ 56 t/d. Calculating the mass of magma involved in the eruptive
period since 2007 using the different cumulative SO, emission values
would lead to extremely different volumes of magma sustaining the ac-
tivity. Considering the SO, emission obtained by the observed masses
method, passive degassing has almost disappeared at Tungurahua
since late 2008, reflecting a change in eruptive dynamics of the volcano.
We propose that Tungurahua has changed from open vent activity,
allowing almost continuous passive degassing, as for example Fuego
in Guatemala (Lyons et al,, 2010) or Popocatépetl in Mexico during fu-
marolic or effusive periods (Delgado-Granados et al., 2001), to a more
episodic activity reflecting a partially closed system with occasional
plugging of the conduit with low SO, degassing during quiescence.

6.2. Open vent vs. closed vent system: implications on the activity of
Tungurahua volcano since 2008

Samaniego et al. (2011) proposed that episodic injections fed
magma to a modest reservoir 10 km bellow Tungurahua's crater,
which in turn supplied magma to the surface between 1999 and 2005.
The authors associate the intermittent enhanced explosive activity to
these magma injections, but ash and gas emission activity was globally
persistent (Arellano et al., 2008). During this period, variable magma
supply rates explain the transition between Vulcanian and Strombolian
styles (Wright et al., 2012). Bulk-rock composition of Tungurahua ashes
did not change during the 1999-2005 period, indicating a chemically
and probably physically homogeneous reservoir despite the different
magmatic injections (Samaniego et al., 2011). Seven periods of quies-
cence were observed lasting between 8 to 94 days between 1999 and
2004 and a long quiescence of 353 days in 2005. Nevertheless, in
all cases volcanic unrest was progressive with a clear escalating

number of VT and/or LP earthquakes before equally escalating surface
manifestations.

Since 2007, the long phases of activity (Periods 1 and 3) have been
characterised by dominantly Strombolian activity. During those phases,
SO, degassing has increased progressively and varied according to the
intensity of the observed surface activity. This behaviour is similar to
that observed until 2005 and comparable to Popocatépetl until 2000,
when activity was also more-or-less continuous (Delgado-Granados
etal., 2001; Arciniega-Ceballos et al., 2003). These long periods of activ-
ity display a low slope in the relation between total cumulative SO,
emission and the duration of the phase (Fig. 9). The daily average SO,
observed mass multiplied by 2.4 during these long phases is 735 +
969 t/d. On the contrary, the short duration phases display a higher
slope in such relation (Fig. 9). During these short phases (Periods 2
and 4) the daily average SO, observed mass multiplied by 2.4 is of
1424 4 1224 t/d, almost twice as for long phases. These values are
in the lower range of those observed in other andesitic volcanoes
(Shinohara, 2008). Two contrasting behaviours are observed:
a) progressive increase of degassing and ash venting with or without
significant explosions at the beginning of the phase, and a dominant
Strombolian-like activity (Phases II, III, IV, VII, IX, X); and b) sudden or
very rapid increase in the activity simultaneous to or followed by the in-
crease in SO, emission. This last activity usually begins with small Phre-
atic or Vulcanian explosions followed by a more energetic Vulcanian
explosion producing pyroclastic flows, one or two days later. Then, a
progressive or oscillating decrease of the activity's intensity and SO,
degassing is observed (Phases V, VI, IX, XI). The difference between
a) and b) is the onset of the eruptive phase, which should be controlled
by the conditions at the vent. In the first case, some permeability in the
conduit should exist to allow a progressive gas escape that inhibits the
buildup of overpressure, leading to an in crescendo activity pattern, typ-
ical of an open vent system. On the contrary, for the second case, sealing
of the conduit seems more effective, building an important gas over-
pressure and producing the more energetic and violent Vulcanian ex-
plosions that ultimately open the system. This change would depend
on several conditions inherent to the magma itself, like its chemical
composition, viscosity, temperature and volatiles and crystal content;
or related to the feeding and plumbing system (Sparks, 2003). An in-
crease in viscosity coupled with a decrease in temperature or associated
with a change in magma composition could be responsible for reducing
magma permeability producing a progressive sealing of the conduit,
leading ultimately to the formation of a plug and in consequence to a
closed system behaviour. A detailed geochemical study of the juvenile
products should be done to test this hypothesis, which is beyond the
scope of this study. A lower feeding rate and/or smaller volumes of
injected magma can also lead to the plugging of the system by allowing
more heat loss leading to fractional crystallisation and a viscosity
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Fig. 9. Total released observed mass of SO, multiplied by 2.4 for each phase of activity
plotted as a function of phase duration. Results from the model presented in the Appendix
A and discussed in Section 6.4 are given in the inserted box.
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increase (Cashman and Blundy, 2000). Once the vent is open, the activ-
ity would change to more Strombolian-like style or continue with lower
energy Vulcanian explosions. Short activity phases have been observed
in other andesitic volcanoes, like Ruapehu and recently Popocatépetl,
but the periods of quiescence in those cases seem longer (months to
years) (Nakagawa et al., 1999; Arciniega-Ceballos et al., 2003). Accord-
ing to the relatively small size of the recent eruptions (VEI = 1; Bernard
et al.,, 2013), it seems that the critical volume of magma required to
trigger an eruption can be built up faster.

6.3. Progressive vs. sudden onset of eruptive activity: implications on
risk assessment

During the phases in which a progressive increase of activity is ob-
served and Strombolian eruptive style is dominant, ash fallout is the
main hazard for local populations. In the short-term, the major impact
of this phenomenon occurs on the cattle and crops growing around
the volcano, which constitute the main economic activity for nearby
residents. In the long-term, ash fallout might have an important impact
on human health depending on the duration of exposure but also on the
ash composition (Horwell and Baxter, 2006). However, the ash from
Tungurahua does not contain quartz or its polymorphs, reducing the po-
tential risk for developing respiratory chronic diseases. Exceptionally
small pyroclastic flows are observed during this kind of activity; never-
theless, they are too small to reach populated areas. The progressive
evolution of these eruptive phases allows the local authorities and pop-
ulation to implement risk assessment plans and take actions to protect
the cattle and water supply.

On the contrary, during phases where a violent Vulcanian eruption
opens the vent, the related hazards are much greater. Typically pyro-
clastic flows able to reach populated areas are produced during this
kind of events. In May 2010, July 2013 and more recently in February
and April 2014 (not included in this study), pyroclastic flows killed
cows and destroyed some farming zones on the flanks of the volcano.
The travel time for these phenomena to reach the Bafios-Penipe road
is approximately 6 to 19 min (Hall et al., 2013). This leaves a very
short time to emit an early warning and evacuate people living on the
flanks of the volcano. Besides, the eruptive columns produced during
these eruptions have reached up to 9 km above the summit, leading to
ash plumes that can travel great distances, affecting larger areas. As an
example, the ash plume from the 28 May 2010 eruption arrived at the
city of Guayaquil (~180 km) in about 2 h and produced ash fallout
that resulted in the temporary closure of the airport. Few or no precur-
sory signs are typically detected before this kind of activity, creating a
challenge to forecast these phenomena. As these violent eruptions with-
out precursory signs are observed since 2010 at Tungurahua and more
frequently during 2013-2014, new risk assessment plans should be cre-
ated and implemented in the area to better protect human lives, live-
stock, and economic resources.

6.4. Relation between cumulative emission and duration of each phase

The relation observed in Fig. 9 between the cumulative emission of
SO, and the duration of each phase of activity suggests that the mag-
matic system at Tungurahua follows an exponential growth of dis-
charge. As first pointed out by Wadge (1981) for the case of basaltic
systems, and expanded in more detail by e.g. Huppert and Woods
(2002) or Mastin et al. (2008), who applied the model to the effusive ac-
tivity of Mount St. Helens, this response occurs due to two main condi-
tions: i) that the mass effusion rate is linearly related to the reservoir
pressure; and, ii) that the magma-reservoir pressure is linearly related
to the mass of magma in the reservoir (the difference between erupted
and intruded magma). On the other hand, a logarithmic curve of growth
is expected for systems where magma flow is controlled by rate-
dependent frictional resistance, e.g., in lava dome eruptions. This inter-
pretation should however be taken only for its heuristic value, since

several uncertainties of the actual conditions at Tungurahua remain
large. For this study, the most important question is to what extent
the mass emission rate of SO, can be used as a proxy for the mass erup-
tion rate? The factors controlling this dependence are: the initial sul-
phur content of the magma, the speciation of S between SO, and any
other S-bearing species and the partition coefficient of SO, between
the gas and melt phases. Finally, there is the measurement uncertainty
of SO, in the plume, including all possible transformations (scrubbing,
deposition, chemistry, radiative transfer effects, etc.) after emission.
All these factors can change with time, making difficult to assign a
one-to-one correspondence between SO, and magma discharge. But
the type of relation observed in this case is just what is expected for
an elastic reservoir, indicating that degassing-induced decompression
of the magmatic system may well define the intensity and duration of
the eruptive phases.

The model is proposed to account for a simple physical mechanism
behind the clear observation, presented in Fig. 9, that the cumulative
emission of SO, for each phase of activity is not linearly scaled with
the duration of its corresponding phase. Short-duration periods of activ-
ity tend to have larger intensity of emission than long-duration periods.
This led us to believe that our observations support the intuitive notion
that degassing is related to depressurization of the magmatic system.
Moreover, the application of this simple model permits an estimate of
the characteristic time of discharge for the volcano ~50 4 34 days com-
pared to a mean duration of the phases of activity of 79 4 29 days and
identifies a relatively small rate of magma intrusion during the dis-
charge, which is consistent with the sporadic pattern of activity at
Tungurahua. The mathematics of discharge of this system is identical
to those representing the discharge of a simple capacitor-resistor elec-
tric circuit, providing a simple analogue to the magmatic system. More
details are given in the Appendix A.

7. Conclusions

We developed a routine, which takes into account the measure-
ments from all available DOAS stations and integrates the highest avail-
able measurements to estimate the daily masses of SO, recorded by the
network during the 10 h of daily operation. For comparison purposes
with other daily extrapolated measurements these “observed” masses
can be multiplied by 2.4, or the equivalent factor depending on the op-
eration time of the considered network to obtain daily emission
amounts of SO-. This method strongly reduces the SO2 emissions during
quiescent phases producing an SO, time series well correlated with the
eruptive activity. During the study period, 2007-2013, Tungurahua vol-
cano changed its behaviour from a more-or-less continuously degassing
volcano as observed between 1999 and late 2008 to a volcano having
episodic activity without significant degassing during quiescence pe-
riods. Between February 2007 and August 2013, eleven well-defined
phases of activity occurred, lasting from 17 to 527 days, interspersed
with quiescence periods lasting from 26 to 184 days. Only between No-
vember 2011 and September 2012 (Period 3) the quiescence episodes
were shorter giving an almost continuous activity. During the phases
of activity, patterns of degassing are irregular in relation with eruptive
patterns, which are also quite diverse. Nevertheless, globally high ex-
plosive activity (HEA) episodes show a higher SO, emission than low
explosive activity (LEA) episodes. Eruptive phases may start violently
with strong Vulcanian explosions accompanied by a sudden increase
of SO, degassing or alternately the activity may rise progressively with
a slow increase in SO, emissions. A total of 1.2 x 10° kg of SO, has
been observed during the 1266 days of both LEA and HEA episodes re-
corded since 2007, comprising about 95% of the total emission during
the studied period. For the short-lasting phases of activity, results
show an almost linear relation between the duration of the phase and
the emitted amounts of SO,. The long duration phases show a different
trend indicating a lower daily emission. These two trends can be concil-
iated in a general simple model of elastic decompression of the
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magmatic system, with a characteristic relaxation time commensurable
with the typical duration of the eruptive phases. Our SO, time series
show low to negligible SO, degassing during quiescence periods proba-
bly due to partial or total plugging of the conduit, which in turn leads to
closed system behaviour. This interpretation is supported by the sudden
and very explosive onsets observed on several occasions with few or no
evident precursory signs making it more difficult to forecast the reacti-
vation of the volcano. This impedes the issuing of early warnings and in
consequence new risk assessment plans should be created and imple-
mented in the area to better protect human lives and property.
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Appendix A. Model of magma discharge of an elastic reservoir

Following Wadge (1981), Huppert and Woods (2002) and Mastin
et al. (2008), an exponential growth curve of magma discharge is ex-
pected for a reservoir which overpressure Ap = p — po is linearly relat-
ed to the difference between recharged mass M; and erupted mass M,:
Ap = C(M; — M,). It can be shown that the constant C = % depends
on the reservoir and magma compressibilities, the magma density and
the reservoir volume. A second assumption for an elastic reservoir is
that mass emission rate Q. is linearly related to reservoir pressure:
Q. = Ap — B, with constants A and B. The cumulative erupted mass
can be integrated for constant mass recharge (see Appendix 2 in
Mastin et al., 2008), giving:

Apy—B)—Qi [, -
M, = A= D=0 (1) g (A1)

For a discharging reservoir which has reached the necessary over-
pressure by accumulation of magma or other processes (crystallisation-
induced degassing, tectonic stress, etc.) with no recharge, the rate of
mass emission can be found to be equal to: Q. = (Ap, — B)e ™. The
constants A, B and C are related to the physical variables defining the res-
ervoir (initial overpressure, volume, compressibility), conduit (cross sec-
tion, length) and magma (compressibility, density, viscosity). The details
depend on the dynamic conditions of the flow and may indeed also
change over time. In particular, the “characteristic time” of the discharge
isT=4.

For the case studied here, we performed a non-linear (Levenberg-
Marquardt) regression analysis to fit the data in Fig. 9 to an expression
of the form (A1). The characteristic time is found to be about 50 +
34 days, compared to a mean duration of the phases of activity of
79 + 29 days. The gas intrusion rate is found to be 0.38 4 0.1 kt/d. For
comparison, Champenois et al. (2014) estimated a net recharge rate of
7 x 106 m?/y at a depth of 11 km from modelling the large scale ground
deformation at Tungurahua during 2003-2006. This recharge rate cor-
responds to about 50 kt/d of magma inflow rate, from which a (SO,)
gas/magma intrusion ratio of about 8000 ppm would be necessary to
explain the observed extrusion rate at Tungurahua. It is well known

that Tungurahua exhibits ‘excessive’ SO, degassing (Arellano et al.,
2008) of varying efficiency, which explains the rather large sulphur con-
tent in the magma that would be necessary to account for the observed
emission, if all the gas emission would originate from the erupted
magma alone.

The magma emission rate is related to the SO, gas emission rate
through the relation:

l
M. = Mmeasured Mggi (% ) ( M S > M gn(;?zwgas <M WSOZ >
e S0, Mggzasured M s) \M 5502 M‘gg‘z MWS .

(A2)

Where each factor on the right side represents respectively the mea-
sured gas emission rate, the ratio between measured and emitted emis-
sion rate (related to measurement uncertainty), the sulphur content of
the magma, the speciation of sulphur as SO,, the partition coefficient of
SO, between the melt and gas phases, and the ratio of molecular
weights of S and SO,. Some of these factors are controlled by dynamic
processes and may not remain constant between different phases of ac-
tivity, but their time-averaged values should not vary drastically for dif-
ferent phases of activity. Unfortunately, we lack detailed information to
determine these factors for the magma of Tungurahua in the present
study.

This simple model of discharge thus predicts the correct order of
magnitude of the typical duration and recharge rate of the eruptive
phases. This indicates that observing the trend of degassing gives indica-
tion of the relaxation of the magmatic overpressure leading the erup-
tion. The above mathematical relations have the same form as the
equation of discharge of a capacitor-resistor electric circuit, with the
charge representing mass, voltage proportional to pressure and capaci-
tance dependent on compressibility and other rheological properties of
the magma-conduit-reservoir system.

Equation of the form: y = ple™# + p3 + p4x, thus p2 is the charac-
teristic time, and p4 the recharge rate (cf. Eq. A1, Fig. 9).

Appendix B. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2015.03.022.
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