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How do lava domes release volcanic gases? Studying this problem is crucial to

understand, and potentially anticipate, the generation of the sudden and dangerous

explosive eruptions that frequently accompany dome extrusions. Since its awakening

in 1994, Popocatépetl volcano has produced more than 50 lava domes and has been

consistently among the strongest permanent emitters of volcanic gases. In this work,

we have characterized the passive and explosive degassing between 2013 and 2016

at a high time resolution using an SO2 camera, to achieve a better understanding

of the conduit processes. Our 4-year average SO2 flux is 45 kg/s, in line with the

long-term average of the whole current eruptive period. We show that Popocatépetl

volcano is essentially an open system and that passive degassing, i.e., degassing with

no associated emission of lava or ash, dominates >95% of the time. This passive

degassing is continuous and sustained, whether the crater contains a lava dome or

not. It shows most of the time a strong periodic component, with a pseudo-period of

∼5min, and amplitudes of 30 to 60% of the average value. We could distinguish two

types of explosions based on their SO2 flux patterns. The first type (E1) occurs in the

middle of the normal passive degassing and is followed by a rapid return of the SO2 flux

down to its pre-explosive level. The second type (E2), which corresponds to the strongest

events, is anticipated by a rapid decrease of the SO2 flux to abnormally low values and

is followed by a return to its normal values. The E2 explosions are probably caused by

the accumulation of gas below a rapidly compacting permeable dome. We suggest that

transient episodes of gravitational compaction of the usually permeable dome and the

upper conduit is the only mechanism that is fast enough to explain the sharp decrease

of the SO2 flux that anticipates the E2 explosions. Our model is potentially applicable to

a large number of andesitic volcanoes that undergo passive degassing interspersed with

short-lived explosions.
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INTRODUCTION

Lava domes are structures that result from the extrusion and

accumulation of extremely viscous, quasi solid, lava and that

are commonly formed at andesitic stratovolcanoes. They are
often affected by dangerous eruptive phases involving partial
collapse and/or the sudden transition to highly explosive
activity (e.g., Boudon et al., 2015) that result in potentially
dangerous pyroclastic density currents. The generation of
explosive eruptions from lava domes is thought to be caused
by spatial and temporal changes of their permeability (e.g.,
Collinson and Neuberg, 2012) and of their ability to exsolve
and release volatiles (e.g., Sparks, 1997; Stix et al., 1997), but
in detail, the causes are still a matter of debate. Recent work
has been done on measuring experimentally the porosity and
permeability of lava dome samples (e.g., Gaunt et al., 2014;
Farquharson et al., 2015), but relatively few studies have focused
on field measurements of gas fluxes from lava dome eruptions.
Most of these studies have reported SO2 fluxes that were generally
low (0.5–10 kg/s), highly variable, or even intermittent (e.g.,
Young et al., 2003; Holland et al., 2011; Smekens et al., 2015),
indicating that the studied domes (Soufriere Hills in Montserrat,
Santiaguito in Guatemala and Semeru in Indonesia, respectively)
were relatively weak emitters of SO2 and that cyclic extrusion
processes were controlling the release of the gas. Two volcanoes

FIGURE 1 | (a) Location of Popocatépetl Volcano within the Trans-Mexican Volcanic Belt. (b) Satellite image of Popocatépetl Volcano showing the viewing points

used in this study.

with lava domes, Lascar (Matthews et al., 1997) and Popocatépetl
(Delgado-Granados et al., 2001; Delgado-Granados, 2008) were
found to emit significantly larger SO2 fluxes in the 1990s. While
the former is not erupting anymore nor is it emitting large
quantities of gas, the latter has been carrying up with its eruptive
period and strong gas emission as of 2018, and is the subject of
the present study.

Popocatépetl volcano (5,452m a.s.l.) is a large compound
stratovolcano located in central Mexico (Figure 1), between the
megacities of Mexico City (∼25 million inhabitants, distant
70 km) and Puebla (∼7 million inhabitants, distant 40 km). It
has been active since ∼500,000 years, erupting lava that ranged
from basaltic andesites to dacites belonging to the calc-alkaline
series (e.g., Siebe and Macías, 2006). Its historical activity has
consisted of small to medium-scale explosions accompanying
or alternating with extrusions of viscous intracrateric lava flows
or domes. However, large effusive eruptions (Espinasa-Pereña
and Martín-Del Pozzo, 2006), five powerful plinian eruptions
(Siebe and Macías, 2006) and one massive sector collapse (Siebe
et al., 2017) have occurred at the volcano during the last
25,000 years. The high recurrence of such events, coupled with
the extraordinary large population living around Popocatépetl,
makes the volcano one of the most probable candidate for a
large volcanic disaster in the future (Siebe et al., 1996; De la
Cruz-Reyna and Tilling, 2008; Delgado Granados and Jenkins,
2016).
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After several years of increasing seismic and fumarolic unrest,
a new eruptive period started at Popocatépetl in December
1994, and is still going on at the time of writing. The activity
initially consisted of vent-clearing explosions and ash emission
of phreatic origin until 1996 when, for the first time, a flat
shaped lava dome was observed in the crater (De la Cruz-
Reyna and Siebe, 1997). Since then, cycles of dome building
and destruction have characterized the activity of the volcano
(Gómez-Vazquez et al., 2016), slowly filling its 850× 600m wide
summit crater (Figure 2). The total volume of erupted lava has
not exceeded 4 107 m3 (Gómez-Vazquez et al., 2016). The domes
usually grow relatively quickly (within a few days to weeks),
stall in the crater without further growth during a period that
can last between a few days to a few years, until an explosion
or a series of explosions destroys them. Gómez-Vazquez et al.
(2016) found a weak correlation between the size of the domes
and the magnitude of the explosions that destroy them. The
mechanism of these explosions has been postulated to be gas
accumulation beneath (or within) the cooling and crystallizing
lava dome (Stremme et al., 2011; Gómez-Vazquez et al., 2016).
The peak of activity, in 2000–2003, was characterized by the rapid
growth of large lava domes, tens of strong vulcanian explosions,
SO2 fluxes up to 1,700 kg/s and a powerful subplinian phase
that sent an ash column up to 17 km a.s.l. and produced 5 km
long pyroclastic flows (Martin-Del Pozzo et al., 2003; Delgado-
Granados, 2008). Evacuation of the closest villages was ordered
during this eruptive phase. Several other phases of strong activity
have occurred since then, such as in March-June 2012, April-July
2013, or January-May 2015 and September-November 2017.

Arguably the most distinctive aspect of the whole eruptive
period has been the extremely high emissions of volcanic gases,

and the extreme disproportion between the emitted gas and the
erupted lava. The SO2 flux has been measured at Popocatépetl
since 1994, first with a COSPEC instrument (Delgado-Granados
et al., 2001; Delgado-Granados, 2008), then with a network
of scanning DOAS spectrometers, and more recently using
satellites. The long-term average of SO2 emission rates over
the 24-year (1994–2017) eruptive phase has been around 55
kg/s (∼4,800 tons/day), while the peak emission rate reached
the extraordinary value of 1,700 kg/s in December 2000. The
cumulative SO2 release over these 24 years of activity reaches the
extremely large value of 4 ± 1 107 tons. For comparison, this
amounts to twice as much as what Pinatubo emitted during its
large plinian eruption of 1991, which is the highest measurement
of eruptive SO2 release on record. If the amount of gas emitted
mostly passively by Popocatépetl during these 24 years had
escaped massively in a short lapse like at Pinatubo, it could have
fueled a plinian eruption comparable to those that the volcano
produced in the last 25,000 years. Based on melt inclusions data
in scarce olivine crystals, Roberge et al. (2009) concluded that
this amount of gas could have been produced by the degassing
of at least 3 km3 of volatile-rich basaltic magma, which intrudes
at depth >10 km and has remained essentially unerupted. Here
we investigate the conduit processes that allow such a high
and sustained degassing using measurements acquired with an
SO2-camera at a high time resolution.

METHODOLOGY

Ourmeasurements were obtained with an ultraviolet SO2 camera
(Mori and Burton, 2006; Kern et al., 2010b, 2015) during

FIGURE 2 | Typical styles of activity occurring at Popocatépetl Volcano. (a) Weakly explosive activity and (b) continuous ash emission associated to the construction

of a lava dome. (c) Lava dome filling the crater and degassing passively. (d) Passive Degassing without a lava dome. (e) Vulcanian explosion associated to dome

destruction. All photos by R.C. except (c) by Ramon Espinaza.
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punctual campaigns through 2013–2016. Our instrumental set-
up is composed of two co-aligned Alta U260 cameras equipped
with Pentax BUV2528 silica lenses, and UV band pass filters
centered at 310 and 330 nm, respectively (Asahi XBPA310 and
XBPA330, of 10 nm FWHM, and 75% peak transmittance),
located in front of the lens. An additional Hoya340 filter was
placed in front of each bandpass filter to avoid longer wavelength
radiation to reach the CCD sensors through the leaks of the filters’
transmittance function off their main peak. The instrument was
operated from one of the spots shown in Figure 1, which are
located at distances of 4–7.5 km from the crater. This range of
distance, given the large size of the Popocatépetl volcanic plume,
is considered as the best compromise for limiting the effect of
light dilution (Mori et al., 2006; Kern et al., 2010a; Campion et al.,
2015) and having the plume well-framed within the instrument’s
field of view (23◦). Images were acquired at a sampling rate
of 5–15 s, depending on the distance to the plume and on the
wind speed. The images were processed using the methodology
described in Campion et al. (2015). The scattering coefficient
of the atmosphere was first retrieved based on the exponential
attenuation of the contrast with respect to the distance in a
scattering atmosphere. Then, the differential absorbance was
calculated for every pair of images after having them corrected for
the light dilution effect using the scattering coefficient retrieved
earlier. Finally, the 2D distribution of the SO2 in the plume was
obtained by multiplying the absorbance images with a calibration
coefficient that was obtained by imaging a series of 5 calibration
cells containing known concentrations of SO2 (0, 500, 1,000,
1,500, and 3,000 ppm.m). The SO2 emission rate was calculated
by integrating the column amount measured along a profile
perpendicular to the plume and multiplying this quantity by
the projected velocity of the plume, which was measured by
autocorrelation on a profile that was drawn parallel to the plume
direction. All the results presented in this study were obtained
during optimal measurement conditions, i.e., no clouds or haze
between the plume and the volcano, plume fully framed in the
field of view, well defined plume transport direction, distances
inferior to 7 km and optically thin plume. Therefore, we estimate
the total error on the flux to be below 25% (Campion et al.,
2015). However, a larger error likely affects the column amounts
retrieved just above the vent and in the very proximal parts of
the plume because the high aerosol optical densities and SO2

columns, which often exceeded our highest calibration cell, make
the plume nearly opaque at 310 nm. We avoided this problem
by measuring the SO2 flux downwind of the crater where the
plume has already been diluted enough to be optically thin and
have its SO2 column in the range of our calibration cells. Ash in
the plume causes a systematic underestimation of the retrieved
SO2 column, because in that case the light reaching the camera
originates mostly from reflection of the sun light on the particles
of the outer shell of the plume.

RESULTS

Over the 4-year period (2013–2016), we collected SO2 camera
data fulfilling the above-defined quality criteria over 20 days,

amounting to ∼80 h of recordings (Table 1). Based on the visual
observations during the measurements, we distinguished three
types of activity: passive degassing, explosions and continuous
ash emissions. Passive degassing, by far the most common form
of activity at Popocatépetl, is defined as the continuous release of
ash-free plume. Explosions are short-lasting energetic emissions
of ash-laden plume that occasionally eject rock fragments outside
of the crater. Dense juvenile material is by far the dominant
component in the ashes produced by the explosions. Episodes
of continuous ash venting, the less frequent form of activity,
usually last from a few hours to a few days and are associated
with the growth of lava domes. Abundant lava fragments are
also ejected in -or outside of the crater during these episodes.
The ash emitted during these episodes is a mixture of dense and
vesiculated juvenile fragment, unlike the ash from explosions.
Observation through four permanent webcams shows that the
volcano has a rather monotonous behavior and that these three
styles are enough to describe the whole activity of the volcano in
the last 4 years (see also Gómez-Vazquez et al., 2016 and Centro
Nacional de Prevención de Desastre, 1995). We acknowledge
that the low number of measurements hours and days over the
reporting period is insufficient for establishing the long-term
evolution of the SO2 flux, and emphasize that this study focuses
on rapid fluctuations associated to conduit processes. However,
we obtained SO2 camera measurements of each eruptive style,
so that, although the total duration of our measurements only
amounts to 80 h, they can be considered as representative of the
short-term volcano behavior.

Passive Degassing
Passive degassing at Popocatépetl is permanent and our
measurements showed that typical SO2 fluxes range between 20
and 80 kg/s, with a 4-year average of 45 kg/s (3,900 tons/day).
SO2 fluxes measured a few hours to weeks after a dome growth
episode are similar to periods where no dome was present.
This implies that the presence of a lava dome does not seem
to decrease the overall permeability of the conduit system. A
distinctive characteristic of Popocatépetl degassing is its puffing
behavior, which is characterized by quasi-periodic oscillations of
the SO2 flux time series, whose relative amplitude is typically
30–50% of the mean value (Figure 3 and Video 1). The SO2

mass of individual puffs ranges between 0.5 and 10 tons. This
is the first time that puffing is quantified at Popocatépetl
volcano, although some hints of its existence had been previously
obtained by visual observation and by flying with a COSPEC
parallel to the plume axis (Delgado-Granados, unpublished data).
Puffing at Popocatépetl is observed systematically every time
the wind speed is below ∼15 m/s. At higher wind speeds, the
plume is forced back into the crater by a strong vortex that
develops downwind from the summit and subsequently bent
down along the upper slope of the volcano. This homogenizes
the plume and blurs the puffing signature. We applied a Fourier
Transform to the time series of SO2 flux to derive their power
spectra. The spectra show a prominent peak corresponding to
the periodic puffing (Figures 3D,E), whose fundamental period
is systematically between 200 and 400 s. Longer period flux
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TABLE 1 | summary of the SO2 flux data set obtained at Popocatépetl.

Date Measurements

Duration

Mean

Wind

(kg/s)

Mean

Flux

(kg/s)

Min

Flux

(kg/s)

Max Flux

(kg/s)

Dome

(Y/N)

Comments Peak Period (s) MEAN RELATIVE

AMPLITUDE (%)

MEAN PUFF

MASS (kg)

25/01/2013 6 h discont. 10 47 19 91 N 1 E1 231 24 1,634

29/01/2013 6 h 11 60 15 137 N 328 48 4,958

31/01/2013 1 h discont. 7 66 41 106 N 220 29

05/02/2013 30min 6 42 23 70 N

14/02/2013 2 h 16 51 41 63 Y no puffing, wind blowing plume downslope

21/02/2013 1 h 8 43 23 75 Y 316 31 2,412

29/11/2013 3 h discont. 5 43 17 71 ? from 2 vantage points 425 48 2,555

24/02/2014 3 h discont. 5 31 19 53 N

29/04/2014 1 h 4 7 4 19 Y 1 Strong E2 1,180

31/01/2015 6 h 8 48 7 180 Y a few hr. after dome

growth event, 1E1

226 51 7,612

01/02/2015 7 h 10 44 18 112 Y 5 E1 243 28 1,820

08/02/2015 7 h 5 30 16 69 Y 358 31 3,060

18/02/2015 4 h 11 45 14 112 Y 1 E1 explosions and

2 E2

2,728 33 3,043

27/02/2015 8 h discont. 8 59 12 121 Y 4 E1 273 53 6,941

01/03/2015 1 h 5 41 32 70 Y a few hours after a

dome growth event

243 29 1,646

26/11/2015 7 h discont. 6 42 21 83 ? 1 E1 250 30 3,998

24/01/2016 1 h 5 96 60 151 Y During a dome growth episode, Ash rich plume

03/02/2016 4 h discont. 13 51 12 108 Y 1week old dome in the

crater

329 49 4,563

31/03/2016 7 h 12 42 23 95 Y 1 Strong E2; ongoing

dome destruction

1,837 25 1,317

01/04/2016 7 h 11 29 8 79 N ongoing period of

dome destruction

6,976 38 2,806

AVERAGE 8.276 45.9 21.25 93.25 286.8333333 36.46666667 3454.64286

stdev 3.329 17.3 13.4 36.62739 64.06932798 10.32933871 1955.11116

The peak period was calculated by taking the Fourier Transform of the SO2 flux time series. The relative puff amplitude is calculated as the average, for the whole series, of the (Fmax-

Fmin)/(Fmax+Fmin) where Fmax and Fmin are the flux maxima and minima associated to each successive puff. The average and standard deviation of the peak periods were calculated

excluding those days where a longer period component was present in the power spectra of the time series, which was usually associated to explosions.

variations dominate only on days where explosions occur, and
are associated with the decrease of the SO2 flux before them.

Explosions
Explosions occur rather frequently at Popocatépetl volcano (e.g.,
Figure 2e), varying in size from small ash puffs to strong
vulcanian explosions showering the slopes of the volcano with
ballistic fragments up to distances of 4 km. The high ash content
of the explosions plumes induces a systematic underestimation
of the SO2 measurements, and can even completely hamper
the retrieval if the plume is completely opaque. A total of 17
explosions were captured by the camera during the campaigns.
Based on the evolution of the flux before, during and after
each explosion, we could recognize two types of explosions.
Explosions of the first type (hereafter called E1) produce a peak
of SO2 flux interrupting the normal passive degassing, and are
followed by a rapid (a few minutes) return to the pre-explosion
flux values (Figure 4). The E1 explosions usually produce low to
moderate amounts of ashes. In some instances, once the plume
was sufficiently diluted, we could obtain a lower constraint on

the SO2 mass released by each explosion by integrating the SO2

flux peak above a baseline, defined as the SO2 flux measured
just before the leading edge of the explosion plume reaches the
integration line. Several of these explosions appear as spikes
emphasized with red arrows, in the graph of Figure 4B, which
shows one of the longest time series we have been able to obtain
so far on a day where explosions were occurring. The resulting
values range between 2 and 12 tons of SO2. Assuming a standard
subduction zone magmatic gas that contains 2 mol% SO2, 90
mol% H2O, and 8 mol% CO2 (e.g., review by Taran and Zelenski,
2014), these SO2 masses translate into total amounts of released
gas is in the range of∼30–200 tons.

The second type of explosions (E2) is characterized by a
period of anomalously low SO2 flux preceding the explosion and
a return to the more typical high and sustained flux after the
explosion has occurred (Figure 5). An animationmade from SO2

measurements during a moderate E2 explosion is provided as
Supplementary Material (Video 2). The E2 explosions seem to be
less common than the E1, as only four of them (compared to 13
E1) were recorded with the UV camera over the measurement

Frontiers in Earth Science | www.frontiersin.org 5 October 2018 | Volume 6 | Article 163

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Campion et al. SO2 Camera Measurements at Popocatépetl Volcano

FIGURE 3 | Pulsating passive degassing at Popocatépetl. (A) Aspect of the puffs on an SO2 distribution map taken from Paso de Cortés (location P5 in Figure 1,

7.5 km South of the crater). Two time series of SO2 flux during passive degassing measured on 29/01/2013 (B) and 27/02/2015 (C) showing the quasi-periodic

puffing behavior (D) and (E) discrete Fourier Transform spectra of the time series presented in Figures 3B,C, respectively highlighting the ∼300 s periodicity.

Frontiers in Earth Science | www.frontiersin.org 6 October 2018 | Volume 6 | Article 163

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Campion et al. SO2 Camera Measurements at Popocatépetl Volcano

FIGURE 4 | (A) Typical SO2 time series for an E1 type explosion, showing a sharp peak in midst of the normal degassing, followed by a rapid return to the

pre-explosion values. The SO2 mass (in tons) emitted by the explosion is calculated by integrating the curve above the background flux, highlighted by the thick

dotted line. The presence of ash in the plume causes an underestimation of the real flux values, tentatively represented by the thin red line. (B) A 5 h long time series of

SO2 fluxes on a day where E1 explosions (shown as red arrows) were occurring frequently. The mass released by each explosion is written next to its arrow, when it

was possible to calculate it.

period. They are also usually more energetic, produce larger
quantities of ash and sometimes eject bombs outside of the
crater. The SO2 flux pattern associated with these explosions
suggests that they are triggered by the accumulation of gas under
a temporary plug or seal of the upper conduit, as is the case for
the vulcanian explosions of Sakurajima (e.g., Iguchi et al., 2008;
Kazahaya et al., 2016). The high ash content in E2 explosions
unfortunately prevents quantifying their SO2 content using an
SO2 camera, because of the complete opacity of the plume close
to the crater. However, since the decrease of the flux preceding
these explosions was on some occasions well characterized as a

sharp drop of SO2 emissions from their initial values, we could
estimate the mass of accumulated gas by integrating the flux
curve below its former baseline. This yields values of 10 to 50 tons
of SO2 per explosion, which, assuming the same gas composition
as earlier, correspond to total amounts of accumulated gases in
the range of∼160 to 800 tons. However, it should be emphasized
that the four E2 explosions that we have measured are by far
not the largest (in terms of the number of ballistic fragments
expelled, the distance they reach and the eruptive column height)
that the volcano has produced over the reporting period. These
stronger E2 explosions, observed both in the field and with the
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FIGURE 5 | SO2 time series for the four E2-type explosions that we recorded

so far. Except for the explosion of 29/04/2014, for which the SO2

measurements started just 20min before the event and the flux decrease was

probably missed, all the explosions share a common pattern, featuring a rapid

decrease of the SO2 flux 20–60min before the eruption, a period of low flux

where gas accumulates and pressure builds up, and significantly higher post

explosive flux values. The SO2 mass accumulated before the explosions

(whose time is indicated as the red arrow) is calculated by integrating the curve

below the background flux (highlighted by the red dashed line).

webcam images, have visually the same behavior as the small
and moderate E2 explosions that we were able to measure.
They are preceded by a period of reduced gas emissions, have

an impulsive start and are followed by a prolonged period of
stronger, pulsating gas emissions.

Sustained Ash Emissions
Due to their rarity, only one episode of sustained ash emission
could be measured over the reported period, on the 26/01/2016,
during an episode of dome growth that lasted for 3 days and
emplaced ∼2 106 m3 of lava (Centro Nacional de Prevención de
Desastre, 1995). The average SO2 emission rate for this day is 120
kg/s, which corresponds to the highest value measured with the
camera over the reporting period. Yet, this value is probably still
an underestimation because of the presence of ash in the plume.
The processing of an image taken by the satellite-based Ozone
Monitoring Instrument (OMI, Carn et al., 2008) on the next
day, while the episode was still in progress, yields an emission
rate of∼250 kg/s (Figure 6). Interestingly, since the beginning of
the current eruptive period, the highest SO2 flux measured with
COSPEC have also been systematically associated with episodes
of lava dome growth.

DISCUSSION

Comparison With Previous Studies at
Popocatépetl Volcano
In this section we compare our SO2 measurements with the
previous published studies, summarized in Table 2. Delgado-
Granados et al. (2001) and Delgado-Granados (2008) have
reported measurements of the SO2 flux with a COSPEC
during the earliest part of the current eruptive period. Their
measurements had a long-term average of 100 kg/s (8,600
tons/day) and ranged from 10 to 1,500 kg/s during the most
intense volcanic activity, in December 2000-January 2011.
Grutter et al. (2008) reported results from a 3-week long
multidisciplinary campaign in March 2006, involving Mobile
DOAS traverses, COSPEC traverses and a fixed scanning DOAS
instrument. The average SO2 flux values resulting from their
study was 28 kg/s (2,450 tons/day). Lübcke et al. (2013) measured
the SO2 flux using an SO2 camera. They reported an average
flux of 13 kg/s (1,120 tons/day), without light dilution correction.
These last two studies were made when Popocatépetl was
in a notably lower state of activity than during 1997–2003
or since 2012. Finally those two last studies and our results
are systematically higher, by a factor of about two, than the
corresponding yearly-averaged fluxes computed by Carn et al.
(2017) using the images of OMI.We suspect that the cause of this
discrepancy lies in the turbidity and thickness of the boundary
layer (the three lowermost kilometers of the troposphere where
most of the water vapor and aerosols reside) over central Mexico,
which alters the radiative transfer and the air mass factor
compared to the model parameters used in OMI retrievals.

Comparison With Other Volcanoes
The long-term average of our SO2 emission rate measurements
at Popocatépetl, 45 kg/s, places the volcano as one of the
five strongest permanent emitters of volcanic SO2 over 2013–
2016, together with Ambrym (100 kg/s; Allard et al., 2016),
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FIGURE 6 | Measurements of the SO2 flux during an ash venting and dome growth episode. Measurements with the SO2 camera (A) show an underestimation

compared to measurements obtained by processing the OMI image of the following day (B) using the traverse method (Campion, 2014). The SO2 flux, in kg/s,

measured on each traverse downwind of the plume is annotated next to its corresponding traverse.
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TABLE 2 | Comparison of all the published data reporting SO2 fluxes for Popocatépetl volcano.

Time Period Mean Flux (kg/s) Method Comment References

1994–2003 100 COSPEC Over 500, airborne and car-based traverses. Includes the highest values of the whole

eruptive period, during the strong 2000–2001 eruptive phases

(1, 2)

March 2006 28 COSPEC, DOAS During a campaign of 3 weeks of continuous measurements by scanning and mobile

instruments

(3)

2006 10 OMI OMI images of a whole year, stacked, averaged and processed following Fioletov et al. (2015) (4)

March 2011 13 SO2 Camera Not corrected for light dilution (5)

2011 20 OMI (4)

2013–2015 29 OMI (4)

2013–2016 45 SO2 Camera This study

Reference numbers are as follows: (1), Delgado-Granados et al. (2001); (2), Delgado-Granados (2008); (3), Grutter et al. (2008); (4), Carn et al. (2017); (5), Lübcke et al. (2013).

Nevado del Ruiz (20–80 kg/s; Lübcke et al., 2014), Kilauea (10–
60 kg/s; Nadeau et al., 2014), and Nyamuragira (20–60 kg/s;
Coppola et al., 2016). It should be noted that over the considered
period, Popocatépetl has been a stronger SO2 emitter than other
volcanoes well known for their strong degassing such as Etna,
Masaya, or Nyiragongo.

Relatively few studies are available on high time resolution
SO2 measurements at dome volcanoes with intermittent
explosive activity. Fischer et al. (2002) investigated the degassing
of Karymsky volcano and reported very low passive emission of
SO2, interrupted by short period of higher flux (up to 3 kg/s)
associated to mild explosive activity. They attributed this pattern
to the pressurization of the upper conduit beneath a lava plug
that quickly sealed after releasing its pressure through explosive
degassing. They could distinguish two types of explosions, those
followed by a rapid return of the SO2 emission to their very
low background level and those followed by a gradual, waxing
and waning decay toward background. Smekens et al. (2015)
reported the very same type of behavior at Semeru volcano
(Indonesia). Holland et al. (2011) measured slightly higher inter-
explosive SO2 emissions at Santiaguito (Guatemala) and gave
a different interpretation of the degassing mechanism, calling
forth enhanced exsolution and release of gas through ring
fractures during the stick-slip upwards motion of the lava plug.
The pattern reported in this study differs significantly from
all those other dome-bearing volcanoes. The SO2 emissions of
Popocatépetl are two orders of magnitude higher than at Semeru,
Karimsky and Santiaguito and unlike these volcanoes, are
sustained permanently. Even the maximal SO2 fluxes measured
at the above-mentioned volcanoes during explosive activity is
still largely inferior to the emission rates emitted by Popocatépetl
between two puffs of purely passive degassing. Such high and
persistent gas flux values imply that sealing of the conduit does
usually not occur at Popocatépetl and the degassing models
developed for the afore mentioned volcanoes may not be applied.

Measurements of SO2 at the actively growing lava dome
of Soufriere Hills volcano (e.g., Young et al., 2003) showed
significantly higher SO2 fluxes (typically 3–15 kg/s) than for
those three former volcanoes. The fluxes were sometimes
following well-defined periodic cycles of several hours, which
were interpreted as being caused by the pressurization of the
magma conduit and associated to changes of extrusion rate.

The degassing of Popocatépetl, which is nearly one order of
magnitude stronger than that of Soufriere Hills is also different
in its behavior because the fluctuations of the SO2 flux at
Popocatépetl are much faster (a few minutes vs. several hours)
and not associated to the growth of the lava dome.

SO2 camera measurements at Sakura-jima volcano (Kazahaya
et al., 2016) have shown a very similar pattern to the one
reported here for Popocatépetl, with high, sustained flux and
occasional short-lived drops preceding explosions. Although
Sakura-jima does not often build volcanic domes, geophysical
and gas measurements have been inferred to be modulated by
the temporary formation and destruction of lava plugs (Iguchi
et al., 2008; Kazahaya et al., 2016), which can be viewed as lava
domes at embryonic stages. Visual observations suggest that a
number of volcanoes in the world share a similar behavior to
Popocatépetl, among which Tungurahua (Ecuador, Hall et al.,
2015), Ubinas and Sabancaya (Peru, Author’s observations),
Dukono and Agung (Indonesia, Syahbana, pers. com.) and
Nevado del Ruiz (Colombia, Chacón-Ortíz, pers. com.).

Origin of the Periodic Puffing
Periodicity in passive degassing has been observed in time series
of SO2 fluxes of many other volcanoes, such as Stromboli (period
of around 1 s, Tamburello et al., 2012), Turrialba (period of
about 100 s, Campion et al., 2012), Erebus (period of 500–
1,000 s, Boichu et al., 2010) and Etna (Tamburello et al., 2013).
Two processes can be envisaged as a cause of the puffing:
pulsating release of gas directly at the vent area or turbulent
entrainment of atmospheric air when the hot gases mix with
the colder atmosphere. Moussallam et al. (2016) have argued
that since turbulence is a chaotic process, it should not produce
periodical puffs. However, a chaotic behavior can include, time
to time, intermittency that means periods of regular and/or
periodic behavior. The pulsating behavior is already present when
measured on a transect drawn very close (200m) to the crater
rim, where it is actually stronger and better-defined (Figure 7).
This argues against the hypothesis that the puffing is a transport
effect (Tamburello et al., 2013). In the case of Popocatépetl, we
propose that the puffing likely has a volcanic origin because its
regularity and its characteristic frequency are independent of the
climatic conditions. A strong argument in favor of the volcanic
origin, is provided by the higher altitude reached by the distinct
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FIGURE 7 | Comparison between SO2 flux measurements obtained very

close and further downwind of the volcano. (A) Distribution map of the SO2 in

the plume, with the proximal transect shown in black (traced ∼200m

downwind of the crater), and the distal transect shown in red (∼2.3 km from

the crater). (B) Respective time series of SO2 measured on the two transects.

(C) Respective power spectra computed from these time series. The spectra

of the distal time series shows a less prominent peak at the puffing frequency,

and higher power distribution at the lower frequencies, indicating a smoothing

of the puffs with transport.

gas pulses (Figure 3A), which results from a higher thermal
energy of the puffs. The more energetic release of the puffs is well
perceptible in Video 1.

Permeable Dome and Gas Transfer
Mechanisms
Similarly to the earlier (1994–2003) stages of the current eruptive
period that started in 1994 and is ongoing as of 2018 (Delgado-
Granados et al., 2001; Delgado-Granados, 2008), the SO2 flux
measured during the reporting period (2013–2016) is more than
an order of magnitude too high to result solely from the degassing
of the erupted magma. The estimated ∼107 m3 of magma
emitted over the 2013–2016 should have produced an average
SO2 flux of at least 0.8–1.8 kg/s, estimated assuming the complete
degassing of a primitive magma having a density of 2.5 g/cm3 and
containing an initial S content of 2,500 ppm (Witter et al., 2005;
Roberge et al., 2009). This is much smaller than the average value
of 45 kg/s measured over the whole survey period. It is thus clear
that the degassing of the sulfur from the magma is taking place
in the deeper part of the magmatic system (>10 km according
to Roberge et al., 2009) and that <2% of the intruded magma
reaches the surface, while the gas that this magma produces is
efficiently transferred through the conduit system. Our results
show that the whole conduit system of Popocatépetl volcano
is essentially permeable to this deep gas flow, whether being
capped by a lava dome or not. This is supported by airborne
observations that the domes are affected by numerous fractures
that, together with the dome-conduit boundary, let the gas escape
freely to the atmosphere. It is likely that this fracture-network
permeability develops as early as the growth stage of the dome.
The gas transfer mechanism within the deep conduit system is
not known with certainty, magma convection, and gas fluxing
within interconnected vesicles being the most likely candidates.
These mechanisms are not mutually exclusive. Depending on the
magma viscosity, vesicularity, and percentage of interconnected
vesicles, each of them may dominate at certain depths or time.

Immediately beneath the dome and in the upper part of the
magma column, the gas transfer is probably achieved through
a network of highly connected vesicles (e.g., Burgisser and
Gardner, 2005; Schipper et al., 2013) that pervades the highly
viscous magma in prolongation of the fractures of the dome.
At Popocatépetl volcano, the magma column in the upper
conduit is stalled for much of the time, except during the
relatively infrequent and short episodes of dome growth. Thus,
magma shearing cannot be invoked as a factor that helps
maintaining the bubble network connected, as it has been
inferred from laboratory experiments (Okumura et al., 2006)
and field/sample studies (Schipper et al., 2013). The absence
of magma movement also excludes the stick-slip mechanisms
and the associated repeated fracturing of the magma/conduit
interface that is thought to foster relatively quiet degassing in
lava dome eruption (e.g., Holland et al., 2011). Therefore, the gas
flow pressure is the only mechanism that may explain that the
fracture networks in the shallow dome and the vesicle networks
in the upper magma column below the dome stay open and
permeable. The continuous fluxing of pressurized gases from
depth is maintaining the vesicles network and fracture network
of the upper conduit, acting against lithostatic pressure that tends
to compact and close the system. Pressure oscillations resulting
of the opposition between these two forces may be the cause
of the puffing behavior of the passive degassing. An increase
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in magma pressure or an upward movement of the underlying
magma column could also theoretically promote the compaction
of the upper conduit system, but we believe that the gas flow
would increase accordingly, maintaining the permeable networks
open. In addition, if the compaction of the upper conduit was
due to an increase of the magma pressure, the explosions would
be followed by an episode of magma emission at the surface,
once the dome is destroyed and is no more an obstacle to the
further rise of magma, which has not been observed. At higher
depth, the magma should be less viscous and support bubble flow
and/or magma convection to transport gas toward the surface,
but more work on the depth-dependence of the magma viscosity
is needed to identify the gas transfer mechanism in the deep
conduit system.

The E1 Explosion: Percolating Slugs or
Bigger Than Normal Puffs?
In this section, we discuss the possible origin of the E1 explosions.
E1 explosions usually produce small plumes with relatively little
ash, allowing sometimes to quantify the SO2 with only a modest
underestimation. These explosions occur in the midst of the
normal degassing and are characterized in the SO2 flux time
series by a spike lasting a few minutes followed by a rapid return
to the pre-explosion flux values. This SO2 flux pattern associated
with the E1 explosions is similar to the explosions of Stromboli
volcano (Tamburello et al., 2012), which are thought to be caused
by the bursting of gas slugs ascending through the conduit system
(e.g., Vergniolles et al., 1996; Burton et al., 2007). Based on
this similarity, E1 explosions could be caused by the ascent of
slugs through the deep conduit and their successive percolation
through the dome. Instead of bursting at a free magma interface
like in Stromboli and other strombolian volcanoes, a gas slug
reaching the upper part of Popocatépetl volcano would have to
percolate through the interconnected vesicles zone and through
the fractured dome. The increase of SO2 associated with the E1
explosions is emergent rather than impulsive, which is consistent
with the percolation of the gas slug rather than its bursting. The
gas masses calculated for E1 explosions are about two orders of
magnitudes larger than the SO2 masses emitted by the typical
strombolian explosions in Stromboli (Mori and Burton, 2009;
Tamburello et al., 2012; Delle Donne et al., 2016) but this scales
generally with the difference in the SO2 flux of the two volcanoes.

The SO2 masses released by the E1 explosions, although likely
underestimated, are higher than those released by individual
puffs, but not completely out of their range, as shown in the
histogram (Figure 8). This suggests the alternative hypothesis
that E1 explosions might share a common process of formation
with the puffs, and be actually larger or more energetic
puffs involving coalescence events and fragmentation in the
interconnected vesicles zone.

A New Model for the Explosion Mechanism
and Triggering
Vulcanian explosions at Popocatépetl have been proposed by
various authors (Love et al., 2000; Schaaf et al., 2005; Stremme
et al., 2011; Gómez-Vazquez et al., 2016) to be caused by the

FIGURE 8 | Histogram comparing the frequency distribution of the SO2

masses emitted by individual puffs of passive degassing and by E1 explosions,

on a same day.

gas accumulation below a dome that is cooling until it plugs the
conduit. Positive feedback between crystallization and degassing
in the shallow magma column was also invoked (Stix et al., 1997;
Schaaf et al., 2005) to produce the overpressure necessary for the
strong vulcanian explosions. Arguments in favor of this model
were:

1) Most vulcanian explosions postdate the growth of large lava
domes in the crater and destroy them partially or totally
(Gómez-Vazquez et al., 2016).

2) Increased SiF4/SO2 ratio in the gas plume before and during
the explosions (Love et al., 2000; Stremme et al., 2011; Taquet
et al., 2017). SiF4 is a relatively little abundant gas which is
formed by reaction.

SiO2 + 4HF <−> SiF4 + 2H2O (1)

whose equilibrium is displaced to the right at low temperature
(Symonds and Reed, 1993). Love et al. (2000) and Stremme
et al. (2011) interpreted the increase of SiF4 to result from
colder equilibrium temperature of the gas, and to record
the cooling of the lava dome. However, the equilibrium
temperatures calculated by these authors were unrealistically
low (150–180◦C) and in contradiction with the continuous
incandescence observed in the crater at night.

However, our results and other observations do not support
the cooling and crystalizing model of the explosions generation.
These are:

1) Our measurements show that the emplaced domes are
permeable to a high flux of gas for long and variable periods
after their emplacement.

2) The drop of the gas flux before E2 explosions is rapid,
not more than a few minutes to a few tens of minutes,
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while cooling, crystallization and solidification of lava domes
require periods of weeks to years depending on their volume
(e.g., Hicks et al., 2009).

3) The time between dome emplacement and its destruction is
highly variable from a few days to several years (Gómez-
Vazquez et al., 2016), and shows no correlation with the size
of the domes, whereas it should do if the cooling of the domes
was responsible for their loss of permeability. Larger domes
should take a much longer time than smaller ones to cool and
achieve the low enough permeability that would supposedly
lead to their destruction.

4) The domes are often destroyed not by a single explosion but
by a series of several ones that occur over a period of a few
days, and destroy the dome incrementally.

The model, illustrated in Figure 9, that we propose for the
generation of the E2 explosions also assumes accumulation
of gas before the explosions, but differs in the cause of this
accumulation. It accounts for the above-mentioned observations
as well as for those in favor of the old cooling and crystalizing
model. In our model, the accumulation of the gas is due to a
compaction of the permeable networks that normally allows the
gas to flow through the upper conduit and dome. This lithostatic
squeezing leads to a dramatic decrease of the upper conduit
permeability, which promotes the accumulation of the deep gas
until it reaches enough pressure to disrupt the blockage through
an explosion. Laboratory experiments of uniaxial, gravitational
compaction of rhyolitic magmas by Okumura and Sasaki
(2014) have shown drastic decreases of permeability achieved
in timescales of 100–1,000 s. These timescales are strikingly
similar to the decrease in SO2 flux that we observe preceding
E2 explosions, and way faster than any other mechanisms able
to decrease permeability, such as cooling or mineral deposition
in fractures and pores. An additional argument in favor of
our model of compacting-induced explosions is that inward
sagging and deflation of the dome have often been observed at
Popocatépetl during occasional surveillance overflights, although
their infrequence hampers to establish a univocal systematic
time correlation between these phenomena and the explosions
(Centro Nacional de Prevención de Desastre, 1995). Since we
have shown in section Origin of the Periodic Puffing that the
high pressure of the gas flow is the main factor that maintains
open the fracture network in the dome and the vesicle network
in the upper magma column a slight reduction of the gas flux
would leave these permeable networks unsupported and would
allow the lithostatic pressure and the weight of the dome to
compact them, initiating the gas accumulation. One of the
key observations invoked to support the earlier cooling and
crystalizing dome model was the increased SiF4/SO2 ratio in
the emissions before and during an explosion (Love et al.,
2000; Stremme et al., 2011). However, thermodynamic data
reported by De Hoog et al. (2005) for equation (1) show that
the pressure dependence of this equilibrium is actually much
stronger than its temperature dependence, especially at the
pressures corresponding to a shallow magmatic column. More
recently, Taquet et al. (2017) measured the SiF4/SO2 ratio over
a period of several months and reported increases so large and so
fast associated with explosive events that they are explainedmuch

FIGURE 9 | (A,B) Conceptual model of the upper conduit of Popocatépetl

volcano (vertical scale not respected). In the deep conduit, the magma is likely

fluid enough to support conduit convection (Witter et al., 2005) and/or bubble

flow. In the upper conduit, the rheology is likely too viscous to allow flowing,

but a high degree of vesicularity, likely inherited from the vesiculation of the

magma at the time of the dome emplacement, allows the gas to flow through

a network of interconnected vesicles. In the dome, fractures and tuffisite veins

(e.g., Kendrick et al., 2016), also inherited from the dome formation stage,

form a permeable network for the gas flow at a shallower level.

more convincingly by an increase of the equilibrium pressure of
the emitted gas than by a decrease of its equilibrium temperature.
Our model readily explains this increase of equilibrium pressure
by the pressurization of the gas rapidly accumulating below a
gravity-compacted dome and underdome. A similar dynamics
has been proposed to explain the eruptive behavior of Lascar
volcano (Northern Chile) between 1984 and 1994, which was
characterized by high gas fluxes, and cycles of building of low
aspect ratio lava domes, decreasing of the degassing, subsidence
of the dome and strong vulcanian explosions (Matthews et al.,
1997). If our model is correct, then E2 explosions should
be preceded by a small transient deflationary signal in the
tilt accompanying the dome compaction, followed by a slow
inflation corresponding to the phase of gas accumulation
and finally a rapid deflation associated with the explosive
decompression of the upper conduit system. Due to the relatively
superficial origin inferred here for the E2 explosions, it would
be important to place tiltmeters as high and close to the
crater as possible.

CONCLUSION AND FUTURE WORK

SO2 camera measurements at Popocatépetl confirm that this
volcano emits extraordinarily high SO2 fluxes despite having its
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crater occupied most of the time by a stalled lava dome. This
implies that this lava dome and the underlying upper conduit are
mostly permeable to the flux of gas coming from the deeper parts
of the magmatic system. This high permeability is maintained
for long periods (up to several months) despite the absence of
magma motion in the conduit, which has been often invoked
as a factor enhancing the permeability of the magma-conduit
interface. We thus propose that the gas flux is maintaining open
the fracture network in the dome and the interconnected vesicles
network below it. These permeable networks, however, can close
rapidly through compaction if the gas flux slightly decreases,
causing gas accumulation and pressurization that eventually
leads to an explosion. The puffing and the frequent E1 explosions
maintain the upper conduit permeable, while the E2 explosions
restore its permeability when it drops due to compaction. Future
work toward a more complete understanding of the degassing
dynamics should include the installation of a web camera on
the crater rim, to investigate the distribution of the degassing
vents inside the crater, and the time relationship between the
inferred dome subsidence and explosions. Installation of close-
field tiltmeters would also help to validate our new model for
the generation of E2 explosions and to constrain the depth
of the gas accumulation. Infrasound measurements would help
to elucidate the origin of the puffing, which we tentatively
attribute to pressure oscillations in the gas flow through the
permeable networks.Measurements of the gas composition could
be performed more systematically to elucidate the origin of
the E1 explosions. The recognition of two different types of
explosions and the hypothesis we formulate on their mechanism
could form a process-based fundament for the seismic-based
distinction between exhalation and explosion (De la Cruz-Reyna
and Tilling, 2008). Finally, our model of explosion generation by
rapid compaction of the upper magma column is applicable to

other andesitic volcanoes that exhibit sustained gas emissions and
undergo frequent, rapid transitions to explosive activity, such as
Tungurahua, Ubinas, Sabancaya, Nevado del Ruiz, Sakura-jima
and Dukono. We suggest that at those volcanoes, similarly to
what happens at Popocatépetl, a decrease in the gas flux could
actually foster the lithostatic compaction of the upper magma
column and trigger a transition from passive degassing toward
more intermittent and violent release of gas through the so-called
vulcanian explosions.
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