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Understanding the trigger mechanisms of phreatic eruptios is key to mitigating the
effects of these hazardous but poorly forecastable volcanievents. It has recently been
established that high-rate volcanic gas observations are gtentially very suitable to
identifying the source processes driving phreatic eruptizs, and to eventually detecting
precursory changes prior to individual phreatic blasts. InFebruary-May 2017, we
deployed a Multi-GAS instrument to continuously monitor ga concentrations in the
crater lake plume of Rincon de la Vieja, a remote and poorly nmitored active
volcano in Costa Rica, site of frequent phreatic/phreatomgmatic eruptions. Forty-two
phreatic/phreatomagmatic eruptions were seismically rearded during our investigated
period, 9 of which were also recorded for gas by the Multi-GASTo the best of our
knowledge, these represent the rst instrumentally measwed gas compositions during
individual phreatic/phreatomagmatic explosions at an atte volcano. Our results show
that during background quiescent degassing the Rincén de I¥ieja crater lake plume was
characterized by high CQ/SO, ratios of 64 59 and H,S/SO5 ratios of 0.57  0.20. This
composition is interpreted as re ecting hydrothermal (rg)rocessing of magma-sourced
gas in the sub-limnic environment. Phreatic blasts were ramded by the Multi-GAS as
brief (1-2min long) pulses of elevated gas mixing ratios (@ 52 ppmv SO, and
> 3,000 ppmv CO,), or more than an order of magnitude higher than during backgund
degassing ( 1 ppmv SO, and 450 ppmv COy). During the phreatic eruption(s), the
H,S/SO, ratio was systematically lower< 0.18) than during background degassing, but
the CO,/SO; ratio remained high (and variable), ranging from 37 to 390.HEse S-poor
compositions for the eruptive gas imply extensive processg of the source magmatic
gas during pre-eruptive hydrothermal storage, likely by dmosition of native S and/or
sulfate. Our gas results are thus overall consistent with a echanism of phreatic eruptions
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triggered by accumulation of magmatic-hydrothermal gaseseneath a hydrothermal
seal. We claim that real-time Multi-GAS monitoring is urgely needed at other crater
lake-hosting volcanoes (e.g., Ruapehu, Aso), where phreiateruptions may similarly be
preceded by phases of reduced S degassing at the surface.

Keywords: volcanic gases, crater lakes, Rincon de la Vieja, phreatic eruption, Multi-GAS, Costa Rica

INTRODUCTION gas emissions have only occasionally been studied in the past
(Tassi et al., 2005, 2009; Aiuppa et al., 2014; de Moor et al.,
Phreatic eruptions are among the most unpredictable ang(17, due to the limited accessibility of the volcano summit.rOu
hazardous volcanic phenomena/gstin and Witter, 2000; study here provides the rst near-continuous gas datasegtak
Browne and Lawless, 2001These blasts involve the violent, during a period of recurrent phreatic activity at Rincon de la
explosive discharge of pressurized pockets of external (noWjeja, including the rst measurement of the syn-explosive ga
volcanic, mostly meteoric) water, and are therefore paléidy  phase. The aim is to use our novel gas observations to derive
common at “wet” volcanoes whose summits are topped by cratefew insights into the mechanisms driving crater lake phieati
lakes Rouwet and Morrissey, 2015; Stix and de Moor, Q08 explosions and assess the potential for forecasting eruptions
addition to the large availability of exogenous water\actirater - Rincén de la Vieja.
lakes are especially prone to developing phreatic eruptionsgwin
to the presence of a persistent heat source (conductive/ctinee
heating from shallow magma, and/or rising magmatic voésj| |
and the frequent formation of permeability barriers at theda RINCON DE LA VIEJA VOLCANO
bottom (e.g., impermeable layers of precipitated native salfu
alteration minerals) that favor gas accumulatiofihfistenson Rincon de la Vieja volcano is part of the Guanacaste volcanic
et al., 2010; Christenson and Tassi, 2015; Delmelle and ernarange Figure 1), a Quaternary magmatic range related to
2015 and references cited therein). The exact mechanisnfdbduction of the Cocos plate underneath the Caribbean plate
driving crater lake breaching eruptions are still not enfgre (Carr, 1984; Carr et al., 1990; DeMets, 2001; DeMets et al.,
understood, and the respective roles of the magmatic and?10. The Guanacaste volcanic range consists of four andesitic
sublimnic hydrothermal systems in triggering the erupticare ~ central edi ces (Orosi-Cacao, Rincon de la Vieja-Santa dari
still a matter of debateTakano et al., 1994; Christenson and TassiMiravalles, and Tenorio-Montezuma). Before constructiortf t
2015; Rouwet and Morrissey, 2015 Quaternary andesitic chain, intense explosive silicic vofra
Phreatic eruptions have typically occurred in the past withougenerated a series of collapse events and associated saldera
being preceded by any obvious precursor, as recently drartigtica(Molina et al., 201)t The Rincon de la Vieja-Santa Maria
demonstrated by the deadly Ontake (in 201Zikawa et al., Volcanic complex (maximum elevation 1,916 m) was constructed
2016 and Kusatsu-Shirane (in 2018) eruptions in Japan. Thavithin one of these calderas, the 120%@afias Dulces Caldera
recent technical advances in real-time observation of pikme ~ (Molina and Marti, 201} The Cafias Dulce caldera hosts several
gas compositionsi{i Napoli et al., 2013; Shinohara et al., 2015hydrothermal elds Giggenbach and Correales, 1}décluding
Tamburello et al., 2015; de Moor et al., 2016a: Gunawan et a$.¢veral thermal manifestations on the Rincon de la Vieja ihass
2016 bring a new perspective on eruption forecasting. Usingtself (Tassi et al., 2005aligned along a NW-SE trend running
measurements from a permanently installed “lake” Multi-GASoughly parallel to the volcano's axis.
(Multi-component Gas Analyser Systemijuppa et al., 2006,  Rincon de la Vieja (10.49N, 85.19W) is the only currently
2010; Aiuppa, 20)5de Moor et al. (2016aidenti ed for the ~ active andesitic stratovolcano in the Guanacaste Cordillehe
rst time systematic short-term (days to weeks) variatidns Volume of the massif is estimated at 130 %iCarr, 198%.
plume gas compositions prior to individual phreatic explosionsThe most recent magmatic eruption (with signi cant juvenile
at Laguna Caliente crater lake, Poas volcano (Costa RicageTh component) took place 3,500 years B.PAlvarado et al,
observations indicated an increase of magmatic volatiipsti  1999. This eruption left the dacitic Rio Blanco tephra deposit
prior to individual phreatic blasts, which demonstrates the(volume, 0.25 ki), which also includes a small fraction 8%)
potential of high-frequency real-time gas monitoring. of andesitic scoria and pumice indicating a mixed magma
Here, we report on the results of 3 months of instrumentalreservoir Kempter, 199). The historically active crater has
monitoring of volcanic gas composition at Rincén de la Viejaproduced frequent phreatic to phreatomagmatic eruptions since
volcano (10.49N, 85.19W), in the Costa Rican segment of thB851 Boudon et al., 1996 Major eruptions in the mid-1990s
Central American volcanic arc (CAVA). Rincén de la Vieja iscaused large lahars and signi cant damage to local comnesit
one of the most active and remote volcanoes in Costa RicBhe 1995, 1991, 1983, 1967, 1966, and 1922 eruptions expelled
(Barquero and Segura, 1983; Alvarado et al., J,%d hosts a part of the crater lake, producing acidic lahaisafquero and
highly acidic crater lakeTgssi et al., 2005, 20)%he source of Segura, 1983; OVSICORI, 1995; Kempter, 1997; Kempter and
recurrent phreatomagmatic to phreatic eruptioridoudon et al., Rowe, 200)) mostly breaching through the topographically
1996. The intense (S®> 60 tons/day;de Moor et al., 2017 lower northern crater rim.
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FIGURE 1 | Structural and volcanological setting of the Costa Rica segent of the Central American Volcanic Arc (CAVA). Modi ed fro Brandes et al. (2007) Map
data: Google, Landsat/Copernicus image, SIO, NOAA, U.S. NayiNGA, GEBCO.

Rincon de la Vieja is monitored by Observatoriocomm.). Sulfur-rich minerals were also repeatedly observed as
Vulcanologico y Sismolégico de Costa Rica-Universidadeins and llings in fractures of large ejecta and blocks dispdr
Nacional (OVSICORI-UNA) and the Instituto Costaricensethroughout the crater. The frequency and seismic energy of
de Electricidad (ICE). Volcano monitoring is complicated byeruptions increased in early 2017. During our gas monitoring
remote location and extreme eld conditions (high rainfall interval (February 3—May 9, 2017) 42 seismic signals assedcia
frequent fog and extremely windy). The active crater todayo phreatic/phreatomagmatic eruptions were recognized, and 9
hosts a large hyper-acidic lake (pB 0.7-1 andT D 26— of these eruptions were also identi ed geochemicallghle 1,
30 C in February-March 2017)Figure 2), characterized by see below). Some of these 9 eruptions (eruptions 1-3 and
vigorous degassing and continuous overturnintagsi et al., 9; Figure 3) were preceded by a long period (LP) seismic
2005, 2009; de Moor et al., 201 Dark-gray spherules of signal several seconds before the explosion. In almost akcas
colloidal sulfur are widespread on the lake's surfdeigyre 2), (eruptions 1, 3, 4-7), pulses of spasmodic tremor occurred a few
while fumarolic emissions up to 13C are observed on hours before the eruption. Two major phreatic/phreatomagmati
the inner crater walls Tassi et al., 2005; Aiuppa et al.,eruptions (generating hot lahars that traveled outside tretesr
20119. to the north) took place on May 23 and on June 1GI¢bal

Phreatic/phreatomagmatic activity resumed in Septembevolcanism Program, 20)/just a few weeks after our Multi-
2011, after 13 years of quiescence. During 2012-2013, RilecOnGAS stopped acquiring. The explosion on June 11 generated
la Vieja exhibited low seismicity and very infrequent erops. a 1-2km high plume, and ejected coarse materials to the
From September 2014, eruptive activity escalated to an averay and NW onto the upper N ank. This event, the largest
of 25 phreatic-phreatomagmatic events per month, peaking ifbased on seismic energy) registered during 2011-2018, was
October 2015 and March 2016 when 43 and 220 eruptions wepgeceded by a LP swarm 2h before the explosion. Material
recorded, respectively. Visual binocular microscope ots@ms collected from the May 23 lahar down the river contained
(made by G. Avard at OVSICORI-UNA, following the procedureonly 1% juvenile component, but fragments erupted from
described inAlvarado et al., 20)6revealed that erupted the June 11 eruption (also collected from a lahar) contained
ash fragments (250-500m portion) contain well-preserved  44% juvenile material (OVSICORI-UNA). Phreatic activity
greenish minerals and a small portion $%) of fresh-looking has intermittently continued until the time of writing (late
glassy and vesicular shards. These observations werprigtied  2018).
as indicative of the involvement of shallow magma in 2015—

2016, as is the case at many volcanoes with phreatic eruptiofpgATERIALS AND METHODS

(e.g.,Stix and de Moor, 20J)8Native sulfur fragments were also

systematically observed in the erupted products of 2015-5201The gas dataset we report on in this study was recorded using
especially in the 1-2 mm ash grain-size fraction (G. Avardspertwo distinct fully autonomous Multi-GAS instruments, one

Frontiers in Earth Science | www.frontiersin.org 3 January 2019 | Volume 6 | Article 247


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

Battaglia et al. Volcanic Gases During Phreatic Eruptions

Radio Bridge

150
FCbl‘u‘Jl‘)‘ 3,2017 l]— meters

February 3, 2017

FIGURE 2 | (a) Satellite image of Rincén de la Vieja volcano showing locati of the Multi-GAS measurement site, the VORI seismic stati, and the Radio Bridge,
map data: Google, Landsat/Copernicus image, SIO, NOAA, U.S. &lry, NGA, GEBCO;(b) The Rincon de la Vieja active crater, with convection cellsnal abundant
gray sulfur spherules oating on the lake surface(c) Water and sulfur deposits in a canyon on the northern slope dRincén de la Vieja.

designed by the Instituto Nazionale di Geo sica e Vulcamgio (precision within  15% at 3; Lewicki et al., 201)7with the
(INGV) and one designed by the U.S. Geological Survey (USGSame speci ¢ electrochemical sensors (models TD2G-1A and
The two instruments (INGV and USGS-campaign) operatedl C4E-1A, respectively; all from City Technology and wittb%
sequentially at the same site, located on the northern innerepeatability). Interference of S@as on the HS sensor (15 %)
wall of the active crater 1 m downwind the lake shore (Lat. was determined during calibration procedure and correctéth w
10.8327 Long. 85.3355; sefigure 2). This site was selected the Ratiocalc software. GOnixing ratios were measured using
because its position ensured regular fumigation by the lakan on-board spectrometer (INGV-type: Gascard EDIO30102NG,
gas plume, while minimizing any potential gas contributionmeasurement rang® 0-3,000 ppmv, precision, 3% at 3;
from low-temperature crater fumaroles (not observed at thdJSGS-type LI-COR LI-840A, measurement rarige0-5,000
measurement site during our study). The Multi-GAS instrurten ppmyv, precision, 1.5% at 8). The INGV-type Multi-GAS
were powered by an external (12V, 40 Ah) battery and 3nstrument, controlled by an arduino2 datalogger, acqdidata
solar panels in order to ensure proper operation in all climaticat 0.1 Hz rate during 4 sampling periods per day, of 30min
conditions. A PVC tube with two Iters served as gas inlet, andduration each. In the USGS-type Multi-GAS, all data acquisition
allowed gas to be pumped (at 1.2 L/m) inside the Multi-GASand scheduling was controlled by a Campbell Scienti c data
instruments. The rst (INGV-type) Multi-GAS was installed on logger (CR1000 with NL115 module) out tted with 2 GB of
February 3, 2017 and operated until March 17, 2017, when @nboard memory. The station completed four data acquisition
was dismantled (for use at a di erent volcano) and replaced byycles per day, in which data were acquired for 1 h at a 1 Hz rate.
a second (USGS-campaign typegnawan et al., 20)@Multi-  Before and after each measurement cycle, the station pegfthrm
GAS. This latter operated until May 09, 2017, when it stoppedensor baseline checks by activating two miniature 3-waynte
transmitting data before being nally destroyed during thay  solenoid valves (Cole-Parmer WU-01540-11) that formed a
23 lahar-producing phreatic blasG{obal Volcanism Program, closed-loop and recirculated trapped sample gases through sod
20179. lime and desiccant for 3min to remove acid gases and water
The two Multi-GAS instruments used very similar sensorvapor in order to provide a measure of within-run baseline drif
kits (see below) and were re-calibrated at OVSICORI wittand to clean and dry the instrument prior to shutting down.
the same standard gases before the installation, showing ve-0r both Multi-GAS instruments, data were telemetered (& th
similar response. The INGV-type Multi-GAS was recalibratedend of each acquisition cycle) via radio modem (Xetawave) to
after returning from the eld (in late March 2017), and the OVSICORI using a radio bridge installed on the northern base
original calibration was reproduced within sensor precisiath ~ Of the volcano Kigure 2). The acquired gas mixing ratios data
Multi-GAS instruments measured SGind H,S mixing ratios Were post-processed using the Ratiocalc softwarenpurello,
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TABLE 1 | Time (in GMT), duration (in s), and associated energy (in J)the phreatic-phreatomagmatic eruptions occurring durig February-May 2017.

Date Time eruption (GMT) Duration (s) Seismic energy (J) Multi  -GAS peak time (GMT) Eruption number
05/02/2017 7:47:50 42 18.42

07/02/2017 12:53:06 52 56.03

07/02/2017 18:19:29 72 28.67

08/02/2017 22:44:32 61 48.58

09/02/2017 17:49:41 51 7.74

13/02/2017 2:59:04 16 9.16

13/02/2017 9:16:49 138 9.69 9:12:06 - 9:16:35 1
14/02/2017 17:47:42 62 5.96

16/02/2017 7:12:50 112 42.73

16/02/2017 13:27:24 173 20.07

19/02/2017 1:56:00 88 12.86

19/02/2017 5:49:24 198 7.38

20/02/2017 15:22:06 106 17.43 15:23:04 2
23/02/2017 3:34:16 94 7.80 03:34:50 3
25/02/2017 12:56:36 106 8.42

26/02/2017 5:30:48 175 16.94

27/02/2017 n/a n/a n/a 03:16:20

02/03/2017 21:24:35 n/a n/a 21:25:56 — 21:26:50

11/03/2017 22:49:17 342 18.88

14/03/2017 20:53:19 155 8.69

18/03/2017 23:34:14 272 50.12

20/03/2017 n/a n/a n/a 06:16:00 6
20/03/2017 19:03:50 227 73.83

26/03/2017 10:11:07 174 18.73

26/03/2017 10:28:39 115 54.56

26/03/2017 10:55:42 88 52.67

26/03/2017 15:49:39 124 80.15

27/03/2017 10:15:39 70 26.25

29/03/2017 9:31:17 253 23.58

31/03/2017 12:46:49 n/a 40.95

31/03/2017 14:10:50 n/a 38.31

04/04/2017 14:48:20 122 24.00

04/04/2017 15:03:49 90 128.66

06/04/2017 7:48:06 606 103.30

12/04/2017 17:46:18 175 48.14 17:53:00 7
19/04/2017 0:38:16 200 234.62

19/04/2017 1:49:19 195 89.22

20/04/2017 00:02:00 n/a n/a 00:05:00 8
23/04/2017 5:12:41 111 9.74

25/04/2017 6:18:40 114 11.47 06:21:00 9
28/04/2017 1:26:16 381 46.28

09/05/2017 14:59:47 312 24.02

Nine of these eruptions were also recorded by the Multi-GAS (the “Multi-&S peak Time” identi es the temporal window of Multi-GAS over which the synsglosive gas was detected).
The nine eruptions are numbered as irfFigure 3.

2015 to derive gas ratios between volatile couples £#80, laboratory tests with standard gases, errors in the derre¢ids

and HpS/SQ) using linear regression. In order to derive are typically 15%. Unfortunately, the plume was condensing
accurate gas ratios, the di erent response tim&{4 s) between at all conditions encountered during observations, so iswat

the spectroscopic sensor and the electrochemical sensors vEssible to determine a robust volcanig®l signal.

corrected for during data processing with the Ratiocalcvgafre. Seismic activity was characterized using the reference
No pressure correction was applied to the electrochemicatation VORI, operated by the Observatorio Sismolégico y
sensors owing to very similar altitude between calibratsite ~ Vulcanolégico de Arenal y Miravalles (OSIVAM) of the Instituto
(Heredia, 1,200 m) and Rincon's summit (1,500 m). Based on Costarricense de Electricidad (ICE). This station is leddt.8 km
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FIGURE 3 | Time-series of(a—c) gas mixing ratios (in ppmv){(d) RSEM, (e) eruptive energy. Note that Multi-GAS data (C®, SO, and H,S mixing ratios) are not
continuous but obtained during 4 daily cycles, each 30-60 nmi long. The shaded yellow bands identify the 9 explosions (mbered #1 to #9) during which the
Multi-GAS was operating, allowing thesyn-explosivegas composition to be determined. The ve light gray areas idstify all periods with no MultiGAS data. The small
red insets in the CQ plot identify the expanded portions shown inFigures 4, 6.

SW of the active crater, and is equipped with a digital 3-The RSEM time-series is shown Figure 3d for comparison,
component broadband TRIMBLE REFTEK 151B sensor witlalong with Figure 3e the timing of each of the seismically-

at response from 0.016 (60s) to 50 Hz. Signals were sampledenti ed phreatic explosions.

at 100 Hz. Close inspection of seismic records was carried out The temporal plots exhibit a sequence of gas peaks (numbered
to extract discrete events and, in the particular case of erept #1 to #9 inFigure 3 that clearly emerge above a persistent
signals, to estimate the associated seismic energysd.  background (characterized by low concentration of all gadgy
Seismic energy was calculated using the relation for bodgsva comparison with seismic datdrigures 3d,e 48), we nd that
generated by an isotropic source at the top of a homogenedtis haach of the gas peaks corresponds to a Multi-GAS recording of a

spaceBoatwright, 1980; Arambula-Mendoza et al., 2011 phreatic explosion, i.e., the peaks are records of the compositi
1 of the gas released during a phreatic blast (referredsyas
EseismicD 2 12 earthCearthKSSZU-t/Zdt (1) explosive gisCO, and SQ (Figures 3a,b 48 exhibit the

most pronounced peaks in theyn-explosive gasvith peak
where r is the distance from the source to the seismic station concentrations of 3,000 ppmv and 52 ppmv, respectively.+$
is rock density, c is the P wave velocity, S is the site e ecs U peaks are more moderate (typicadlys ppmv).

seismic amplitude and A is attenuation. We useld 1,800 mc Nine (Figure 3) of the 42 phreatic events that occurred
D 1,500 m/sy D 2,600 kg/m. The site and attenuation e ects during February 3-May 9, 2017 are captured by our Multi-
were neglected for simplicity. GAS record (the remaining explosions took place outside the

The temporal evolution of seismic activity was explored usindgour daily Multi-GAS acquisition cycles). The background
Real-time Seismic Energy Measurement, or RSEN & Cruz- gas mixing ratios thus correspond to continuous passive
Reyna and Reyes-Davila, 2)0which considers the square of degassing between the explosions, in what we refer to as
the amplitude (directly related to seismic energy). Thersiis the quiescent gasThe quiescent gais typically characterized
signal was Itered in the band of 1-10 Hz in order to avoid stgpp by low SQ and HpS mixing ratios €2 ppmv), and CQ

ambient noise present in the records. (<500 ppmv) slightly above atmospheric background
values.
RESULTS As in other recent work Aiuppa et al., 2017, 2018; de

Moor et al., 201y, the Multi-GAS-derived gas mixing ratios
Figure 3 is a temporal record of C§ SQ, and H,S data are post-processed to calculate the ratios between the
concentrations measured by the two Multi-GAS instrumentsvarious volatiles using the procedure ®amburello (2015)
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FIGURE 4 | (a) Detail of gas and seismic records taken on March 02, 2017 betwen 21:05and 21:35 GMT. The eruption (event #5 irFigure 3, see inset)
occurred at  21:24 GMT. Mixing ratios increase after the blast, startingt 21:24 GMT. The yellow-colored area corresponds to the subrterval (identi ed with
Ratiocalc) where CQ, SO, and H, S are positively correlated at statistically signi cant leal (R2 > 0.6). These subsets of CQ, SO,, and H, S mixing ratios are used
to draw (b) CO, vs. SO, and (c) HoS vs. SO, correlation plots, and to calculate the time-averaged C@/SO, and H,S/SO, ratios (within the yellow-colored temporal
windows) from the slopes of the best- t regression lines (ligd in Table 2). In(a) the red and blue lines are high-resolution (1 Hz) records of@,/SO, and H,S/SO,
ratios, respectively, calculated by taking the ratio of inglidual couples of co-acquired mixing ratios. This pointe-point ratios (e.g.,Pering et al., 2014 have large ( 50
%) associated errors at the ppm level [e.g., before the exp&ion, (a)], so they should only be viewed as semi-quantitative estintas. Nevertheless, the contrasting gas
signatures forpre-explosiveand syn-explosive gasare clearly observed. Example of CQ vs. SO, and H, S vs. SO, correlation plots for thepre-explosive gas[built
from data within the gray-colored temporal windows in(a)], shown in (b") and (c'), con rm a very CO,-rich (or SO,-poor) gas composition prior to the blast. Gas
ratios progressively return to the pre-eruptive levels toard the end of the Multi-GAS acquisition(d) Example of gas and seismic records taken during a quiescent
phase (March 21, 2017 between 17:55and 18:30 GMT). Very low gas mixing ratios are observed througha, as characteristic of thequiescent gas The
yellow-colored area corresponds to the only sub-intervaidenti ed with Ratiocalc) where CGQ, SO,, and H, S are positively correlated at statistically signi cant leai
(R? > 0.6). These subsets of CQ, SOy, and H, S mixing ratios are used to construct(e) CO, vs. SO, and (f) H,S vs. SO, correlation plots, from which the
time-averaged CG,/SO, and HyS/SO, ratios (within the yellow-colored temporal windows) are daulated (listed inTable 2).
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To this aim, the gas mixing ratios time-series are sequiytia for CO»/SO, and HyS/SQ). A comparable similarity of point-
examined with Ratiocalc to identify individual temporal wliows ~ to-point-derived and scatter plot-derived ratios is obtairfer
(of 250s, corresponding to subsets of 30 data points) the explosion detailed iffigure 6a(seeTable 2. We thus argue
with high correlation coe cients R > 0.6) between gas that the abrupt changes in GIBO, and H,S/SQ ratios at
couples. eruption onsets Figures 4a,e 68 are real, and point to very

The procedure is illustrated ifFigures 4a,dare temporal distinct gas signatures fgpre-explosive gasnd syn-explosive
plots of mixing ratios recorded during a single explosiongas with the former being typically more S&poor. Very
(Figures 4a—, and during a typical quiescent degassing phassimilar abrupt variations in gas ratios are observed for all 9
(Figures 4d-j (see insets ifrigure 4). By sequentially scanning recorded explosions, followed by a gradual returgiiescent gas
the two sub-datasets, we identify the temporal intervalsretiee  compositions over timescales of minutdsagures 4a 6a). The
best correlationsR2 > 0.6) between gas mixing ratio pairs are point-to-point-derived compositions of thpre-explosive gase
observed (yellow bands iRigures 4a,d. These subsets of GO listed inTable 2
SO, and H'S mixing ratios are then used to build G@s. SQ
(Figures 4b,¢ and H,S vs. S@ (Figures 4c,J correlation plots,
and to calculate the time-averaged &80, and HyS/SQ ratios DISCUSSION
(within the yellow-colored temporal windows) from the slopes
of the best- t regression lines. The procedure is repeatedtfer
entire dataset, and all the obtained gas ratio pairs aredliste
Table 2

Our gas ratios, listed iffable 2 and illustrated inFigure 5,
show contrasting HS/SQ ratios composition for thequiescent
gasand the syn-explosive ga¥he quiescent gasomposition
is characterized by $8/SQ ratios of 0.57 0.2 (1 5s)
(range, 0.01-1.5), or well above the,3ASQ of the gas
released during the phreatic eruptions. Thig/n-explosive
gas exhibits HbS/SQ ratios of 0.04 0.06 (range, 0.0003—
0.18) Figure 5. The quiescent gabl,S/SQ ratio exhibits a
weak but appreciable declining trend, from Februarylj
to early May ( 0.5) Figure 5B), but remains systematically
above thesyn-explosive gaange (which shows no systematic
trend).

Table 2shows thagjuiescent gandsyn-explosive gesleased
by the lake have overlapping G0, ratio compositions (64
59 and 136 110 at 5; Figure 5A). Both show a tendency of
decreasing CeISO, ratios from February (120 51) to early
May ( 70 20).

Prior to each individual explosion, the GOSQ, and HS
mixing ratios are typically very low (s€&gures 4a64d). Thus, the

composition of thequiescent gagleased in the minutes/seconds 15; Aiuppa et al., 201yiand 2014-2016 (LSO, of 4.3-9.5;

before an e>.<pI05|on, hgre refereed ras-e{(ploswe gas not de Moor et al., 201)7(a period over which Rincon's activity
well constrained. One important aspect is, however, that the

compositional change fronpre-explosive ga® syn-explosive was p rogresswe_ly intensifyingJ-igure 7) Thus, degassmg at
) - Rincon de la Vieja appears to be highly dynamic on yearly
gasis large and abrupt at the onset of eruptiofigures4a .. . o .
- . . - time scales in terms of gas compositions. Our continuous
6a). To highlight this observation, we show iRigure 4athe . .
. . . record from 2017 has much improved temporal resolution
CO./SO; and HS/SQ ratios calculated by simply taking the . .

- . . . R than past (campaign) surveys, and thus allows evaluation
ratio of individual couples of co-acquired mixing ratios. i$h - . .

. . . X . of the extent to which gas composition responds to high-
point-to-point ratio approach (e.giering et al,, 20)provides frequency changes in volcanic activity. Three key obsemst
high-resolution (1 Hz) records of C&S0O, and H,S/SQ ratios, emc!er o y g Y y
seeFigures 4a 6a The errors associated with this methodology ge-
are potentially very large ( 50%, as based on laboratory i) the plume H,S/SQ ratio varied little during quiescent lake
tests) at the few ppm level (e.g., before the explosions), so the degassing in 2017: 0.57 0.20 Eigures 5B 7); this limited
ratios displayed inFigures 4a 6a should only be viewed as  variability is suggestive of S speciation bu ering by u@
semi-quantitative estimates. However, for the speci c eplem solid phase reaction(s) (at least partiallgiggenbach, 1987,
shown inFigure 443 the ratios calculated with the point-to-point 1996;
ratio technique (respectively of 640 and 1.1 for L& and i) during phreatic blasts, the gas emissions shift to moridiaed
H2S/SQ) are reasonably close to those obtained with the scatter conditions (H;S/SQ < 0.18) than during quiescent degassing
plot methodology described above (respectively of 628 and 0.9 (Figures 5B 6); the compositional change at the eruption

Our Multi-GAS results, in tandem with previous resulisi(ppa
et al., 2014; de Moor et al., 201 ¢onstrain the composition
of the gas plume released by the Rincon de la Vieja crater
lake (Figure 7). Our 2017 results conrm that S®is the
prevalent S gas species in the Rincén de la Vieja crater lake
plume during both quiescent and explosive degassing, with
HoS/SQ <1 in all except six casesTgbled. This is in
line with previous reports (all Multi-Gas measurements) of
Aiuppa et al. (2014)(1 survey in April 2013; HS/SQ D
0.9 0.15) and (e Moor et al., 201)7(3 surveys between
April 2014 and March 2016; $8/SQ of 0.05-0.3) Figure 7).
In contrast, low-temperature<<80 C) fumaroles, scattered on
the inner crater walls, and around the lake shore, typically
exhibit high H,S/SQ ratios of 4 (Tassi et al.,, 2005 In
these weaker hydrothermal manifestations, S re-equiiima
(e.g., S@conversion to HS) during cooling and reaction with
wall-rocks in the fumarole's feeding conduits is very likely.
Similarly, de Moor et al. (2016bshowed that Poas fumaroles
have higher HS/SQ than the plume from the acid crater
lake.

The 2017 crater lake plume is richer in GQCO,/SO,
ratios of 64 59 to 136 110 for quiescent gaand syn-
explosive gas, respectiyelyan in 2013 (CQ/SO, D 27
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TABLE 2 | Multi-GAS-derived (molar) C@/SO, and H,S/SO; ratios in the Rincon de la Vieja crater lake plume.

Time Ratio Ratio R2 Ratio Ratio value R2 SO,max (ppmv) Eruption
value number
04/02/2017 09:05 CO,/S0O, 100 0.65 H,S/SO, 0.54 0.62 0.68
05/02/2017 03:05 CO,/SO, 115 0.68 H,S/SO, 0.69 0.65 0.70
05/02/2017 09:05 C0O,/SO, 109 0.67 H,S/SO, 1.07 0.60 0.69
06/02/2017 03:05 CO,/SO, 102 0.65 H,S/SO, 0.75 0.70 0.67
06/02/2017 21:05 CO,/SO, 137 0.70 H,S/SOy 0.83 0.68 0.67
10/02/2017 21:05 CO,/SO, 193 0.64 H,S/SOy 0.91 0.63 0.63
13/02/2017 09:08 CO,/SO, 502 HoS/SOy 1.03 0.94 0.66 PRE-EXPL
13/02/2017 09:12 CO,/SO, 131 0.78 HoS/SOy 0.0003 0.84 18.17 1
13/02/2017 15:05 CO,/SO, 99 0.70 HoS/SOy 0.61 0.75 0.86
14/02/2017 09:05 CO,/SO, 51 0.70 HyS/SO, 0.82 0.70 0.97
14/02/2017 15:05 CO,/S0O, 320 0.65 H,S/SO, 0.94 0.68 0.59
15/02/2017 03:05 CO,/SO, 90 0.64 H,S/SO, 0.65 0.60 0.58
17/02/2017 03:05 CO,/SO, 198 0.60 H,S/SO, 0.74 0.64 0.47
17/02/2017 15:05 CO,/SO, 118 0.62 H,S/SOy 0.37 0.70 1.08
17/02/2017 21:05 CO,/SO, 38 0.65 H,S/SOy 0.43 0.65 3.71
18/02/2017 15:05 CO,/SO, 144 0.60 H,S/SOy 0.52 0.60 1.52
18/02/2017 21:05 CO,/SO, 59 0.65 HoS/SOy 0.49 0.62 2.34
19/02/2017 21:05 C0,/S0, 41 0.65 H,S/SO, 0.41 0.67 3.16
20/02/2017 03:05 CO,/SO, 101 0.68 HoS/SOy 0.46 0.63 0.87
20/02/2017 15:17 CO,/SO, 567 Hy SISO, 0.40 0.79 1.08 PRE-EXPL
20/02/2017 15:23 CO,/S0O, 99 0.82 H,S/SO, 0.08 0.93 28.38 2
20/02/2017 21:05 C0O,/SO, 33 0.65 H,S/SO, 0.45 0.92 2.98
21/02/2017 15:05 C0O,/SO, 84 0.63 H,S/SO, 0.70 0.94 1.60
21/02/2017 21:05 CO,/SO, 59 0.81 H,S/SOy 0.44 0.83 1.06
22/02/2017 03:05 CO,/SO, 232 0.75 H,S/SOy 0.86 0.97 0.49
22/02/2017 15:05 CO,/SO, 101 0.80 H,S/SOy 0.74 0.84 1.02
22/02/2017 21:05 CO5,/SO, 246 0.75 HoS/SOy 0.22 0.90 2.19
23/02/2017 03:12 CO,/SO, 1296 HoS/SOy 1.30 0.60 0.40 PRE-EXPL
23/02/2017 03:34 CO,/SO, 38 0.68 HoS/SOy 0.0003 0.86 52.61 3
23/02/2017 15:05 CO,/SO, 113 0.62 Hy SISO, 1.06 0.75 1.14
23/02/2017 21:05 CO,/S0O, 118 0.65 H,S/SO, 0.90 0.86 1.00
24/02/2017 15:05 CO,/SO, 167 0.74 H,S/SO, 1.17 0.84 0.96
24/02/2017 21:05 CO,/SO, 95 0.69 H,S/SO, 0.36 0.90 1.99
25/02/2017 15:05 CO,/SO, 286 0.65 H,S/SOy 1.54 0.80 0.59
26/02/2017 03:05 CO,/SO, 62 0.70 H,S/SOy 0.54 0.83 1.08
27/02/2017 03:11 CO,/SO, 730 H,S/SOy 0.90 0.89 0.75 PRE-EXPL
27/02/2017 03:16 CO,/SO, 231 0.97 HoS/SOy 0.010 0.89 15.70 4
28/02/2017 21:05 CO,/SO, 204 0.98 HoS/SOy 0.64 0.83 0.97
02/03/2017 15:05 CO,/SO, 105 0.70 HoS/SOy 0.91 0.78 0.79
02/03/2017 21:16 CO,/SO, 640 (628) 0.60 HS/SO, 11(0.9) 0.82 0.85 PRE-EXPL
02/03/2017 21:25 CO,/S0O, 140 0.97 H,S/SO, 0.18 0.98 17.14 5
03/03/2017 21:05 C0O,/S0O, 216 0.68 H,S/SO, 0.85 0.80 0.70
11/03/2017 03:05 CO,/SO, 86 0.85 H,S/SO, 0.92 0.89 0.74
12/03/2017 21:05 CO,/SO, 118 0.82 H,S/SOy 0.63 0.85 0.95
14/03/2017 21:05 CO»,/SO, 62 0.70 H,S/SOy 0.90 0.84 0.91
15/03/2017 03:05 CO,/SO, 217 0.75 HoS/SOy 0.97 0.86 0.70
17/03/2017 17:58 CO,/SO, 67 0.66 HoS/SOy 0.56 0.66 0.60
17/03/2017 23:57 CO,/SO, 38 0.63 H,S/SOy 0.97 0.74 0.44
18/03/2017 00:20 CO,/SO, 270 0.70 HoS/SOy 0.53 0.60 0.45
18/03/2017 11:59 CO,/SO, 170 0.65 Hy SISO, 0.86 0.63 0.45
(Continued)
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TABLE 2 | Continued

Time Ratio Ratio R2 Ratio Ratio value R2 SO,max (ppmv) Eruption
value number
18/03/2017 12:02 CO,/SO, 106 0.62 HoS/SOy 0.88 0.75 0.45
18/03/2017 12:21 CO,/S0O, 50 0.62 H, SISO, 0.75 0.63 0.53
18/03/2017 17:55 CO,/S0O, 82 0.61 H, SISO, 0.74 0.61 0.54
18/03/2017 23:59 CO,/S0O, 98 0.64 H, SISO, 0.62 0.62 0.73
19/03/2017 00:03 CO,/S0O, 86 0.52 H, SISO, 1.05 0.77 0.63
19/03/2017 05:58 CO,/S0O, 93 0.69 Hy SISO, 0.51 0.76 0.45
19/03/2017 06:16 CO,/S0O, 167 0.62 Hy SISO, 0.43 0.62 0.53
19/03/2017 06:19 CO,/S0O, 115 0.61 Hy SISO, 0.78 0.73 0.64
19/03/2017 12:07 CO,/SO, 103 0.67 H,S/SOy 0.56 0.63 0.64
19/03/2017 12:14 CO,/SO, 39 0.61 H,S/SOy 0.66 0.89 0.73
19/03/2017 00:27 CO,/SO, 116 0.68 HoS/SOy 0.66 0.60 0.50
19/03/2017 12:19 CO,/S0O, 83 0.60 H, SISO, 0.78 0.72 0.50
19/03/2017 18:14 CO,/S0O, 37 0.63 H, SISO, 0.66 0.94 0.80
20/03/2017 06:13 CO,/S0O, 1265 0.98 H, SISO, 0.81 0.60 0.44 PRE-EXPL
20/03/2017 06:16 CO,/S0O, 70 0.98 H, SISO, 0.004 0.99 32.80 6
21/03/2017 18:14 CO,/S0O, 29 0.77 Hy SISO, 0.86 0.90 0.90
23/03/2017 00:17 CO,/S0O, 30 0.68 Hy SISO, 0.63 0.70 0.70
24/03/2017 12:19 CO,/S0O, 69 0.61 Hy SISO, 0.50 0.75 0.70
26/03/2017 00:25 CO,/SO, 18 0.74 H,S/SOy 0.50 0.69 0.90
26/03/2017 00:27 CO,/SO, 10 0.68 H,S/SOy 0.57 0.94 1.00
27/03/2017 00:17 CO,/SO, 11 0.64 HoS/SOy 0.56 0.93 1.01
27/03/2017 12:19 CO,/S0O, 12 0.61 H, SISO, 0.46 0.83 0.85
28/03/2017 06:17 CO,/S0O, 32 0.79 H, SISO, 0.20 0.74 0.80
28/03/2017 18:25 CO,/S0O, 32 0.61 H, SISO, 0.43 0.79 1.00
29/03/2017 00:10 CO,/S0O, 43 0.61 H, SISO, 0.46 0.97 0.50
29/03/2017 00:26 CO,/S0O, 10 0.69 H, SISO, 0.51 0.96 1.40
30/03/2017 18:09 CO,/S0O, 15 0.62 Hy SISO, 0.61 0.76 1.02
30/03/2017 18:24 CO,/S0O, 44 0.65 Hy SISO, 0.71 0.79 0.50
31/03/2017 00:12 CO5,/SO, 17 0.64 H,S/SOy 0.57 0.85 0.61
31/03/2017 00:29 CO,/SO, 32 0.71 H,S/SOy 0.57 0.92 1.10
31/03/2017 06:24 CO,/SO, 32 0.75 HoS/SOy 0.89 0.74 0.77
31/03/2017 18:06 CO,/S0O, 79 0.68 H, SISO, 0.61 0.96 0.30
31/03/2017 18:14 CO,/S0O, 10 0.71 H, SISO, 0.70 0.92 1.40
31/03/2017 18:26 CO,/S0O, 46 0.75 H, SISO, 0.55 0.67 0.85
31/03/2017 23:53 CO,/S0O, 24 0.62 H, SISO, 0.42 0.79 1.02
09/04/2017 12:24 CO,/S0O, 18 0.77 H,S/SO, 0.46 0.77 1.00
09/04/2017 18:12 CO,/S0O, 24 0.62 Hy SISO, 0.58 0.92 0.70
10/04/2017 00:08 CO,/S0O, 48 0.82 Hy SISO, 0.51 0.75 0.50
11/04/2017 00:02 CO,/SO, 19 0.62 H,S/SOy 0.59 0.92 0.80
11/04/2017 12:21 CO,/SO, 16 0.75 H,S/SOy 0.52 0.86 0.90
11/04/2017 18:10 CO,/SO, 16 0.69 HoS/SOy 0.68 0.99 0.70
11/04/2017 18:13 CO,/S0O, 8 0.64 H, SISO, 0.39 0.75 1.00
11/04/2017 18:15 CO,/S0O, 23 0.80 H, SISO, 0.60 0.92 0.92
11/04/2017 18:23 CO,/S0O, 15 0.89 H, SISO, 0.62 0.83 0.93 PRE-EXPL
12/04/2017 17:53 CO,/S0O, 85 0.91 H, SISO, 0.03 0.92 12.34 7
12/04/2017 18:15 CO,/S0O, 20 0.70 H, SISO, 0.46 0.88 0.93
13/04/2017 00:20 CO,/S0O, 20 0.80 H, SISO, 0.49 0.91 0.90
13/04/2017 06:18 CO,/S0O, 28 0.61 Hy SISO, 0.45 0.73 1.10
13/04/2017 06:25 CO,/SO, 33 0.63 H,S/SOy 0.46 0.48 0.80
13/04/2017 12:16 CO,/SO, 52 0.67 H,S/SOy 0.60 0.94 0.70
(Continued)
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TABLE 2 | Continued

Time Ratio Ratio R2 Ratio Ratio value R2 SO,max (ppmv) Eruption
value number
13/04/2017 18:01 CO,/SO, 35 0.67 HoS/SOy 0.54 0.86 0.68
14/04/2017 00:09 CO,/S0O, 14 0.69 H, SISO, 0.03 0.79 0.80
14/04/2017 00:11 CO,/S0O, 26 0.66 H, SISO, 0.39 0.88 0.80
14/04/2017 00:19 CO,/S0O, 124 0.94 H, SISO, 0.63 0.91 0.91
18/04/2017 00:19 CO,/S0O, 32 0.60 H, SISO, 0.52 0.86 0.76
18/04/2017 12:27 CO,/S0, 21 0.60 H, SISO, 0.59 0.78 0.90
18/04/2017 18:06 CO,/S0O, 21 0.61 Hy SISO, 0.57 0.95 0.70
18/04/2017 18:11 CO,/S0O, 17 0.60 Hy SISO, 0.69 0.72 0.90
18/04/2017 18:20 CO,/SO, 22 0.86 H,S/SOy 0.56 0.90 1.20
19/04/2017 00:15 CO,/SO, 16 0.86 H,S/SOy 0.31 0.57 1.17
19/04/2017 05:58 CO,/SO, 19 0.67 HoS/SOy 0.60 0.82 0.93
19/04/2017 18:09 CO,/S0O, 29 0.68 H, SISO, 0.61 0.88 0.40
19/04/2017 18:24 CO,/S0O, 12 0.60 H, SISO, 1.06 0.90 0.36
20/04/2017 00:01 CO,/S0O, 118 0.76 H, SISO, 0.53 0.88 0.44
20/04/2017 00:01 CO,/S0O, 628 H, SISO, 0.70 0.74 0.75 PRE-EXPL
20/04/2017 00:05 CO,/S0O, 390 0.98 H, SISO, 0.014 0.95 6.00 8
20/04/2017 06:02 CO,/S0O, 15 0.71 Hy SISO, 0.71 0.90 0.76
20/04/2017 06:19 CO,/S0O, 71 0.71 Hy SISO, 0.74 0.87 1.00
20/04/2017 12:11 CO,/SO, 34 0.71 H,S/SOy 0.49 0.74 0.60
20/04/2017 23:55 CO,/SO, 51 0.76 H,S/SOy 0.49 0.95 0.60
23/04/2017 18:02 CO,/SO, 34 0.75 HoS/SOy 0.58 0.98 0.40
24/04/2017 12:11 CO,/S0O, 13 0.68 H, SISO, 0.54 0.98 0.80
24/04/2017 12:23 CO,/S0O, 19 0.72 H, SISO, 0.56 0.89 1.20
24/04/2017 17:58 CO,/S0O, 19 0.81 H, SISO, 0.53 0.89 1.20
24/04/2017 18:17 CO,/S0O, 43 0.69 H, SISO, 0.62 0.91 0.61
25/04/2017 00:21 CO,/S0O, 17 0.89 H, SISO, 0.25 0.60 1.50
25/04/2017 06:01 CO,/S0O, 53 0.65 Hy SISO, 0.12 0.74 0.85
25/04/2017 06:02 CO,/S0O, 241 0.81 Hy SISO, 0.44 0.90 0.84
25/04/2017 06:08 CO5,/SO, 119 0.64 H,S/SOy 0.01 0.99 1.15
25/04/2017 06:15 CO,/SO, 638 (489) 0.71 H, SISO, 0.54(0.38) 0.99 1.13 PRE-EXPL
25/04/2017 06:21 CO,/SO, 55 0.77 HoS/SOy 0.004 0.99 34.42 9
25/04/2017 18:11 CO,/S0O, 28 0.60 H, SISO, 0.67 0.96 1.40
25/04/2017 18:19 CO,/S0O, 74 0.95 H, SISO, 0.50 0.95 7.62
26/04/2017 00:10 CO,/S0O, 19 0.77 H, SISO, 0.55 0.96 1.01
26/04/2017 00:27 CO,/S0O, 16 0.67 H, SISO, 0.65 0.93 1.20
27/04/2017 00:01 CO,/S0O, 21 0.66 Hy SISO, 0.60 0.93 0.77
27/04/2017 06:07 CO,/S0O, 49 0.94 Hy SISO, 0.47 0.77 0.30
28/04/2017 18:13 CO,/S0O, 16 0.62 Hy SISO, 0.33 0.76 0.70
29/04/2017 00:21 CO,/SO, 106 0.67 H,S/SOy 0.49 0.98 0.40
29/04/2017 00:08 CO,/SO, 38 0.63 H,S/SOy 0.52 0.89 1.20
29/04/2017 12:25 CO,/SO, 7 0.65 HoS/SOy 0.41 0.88 1.30
29/04/2017 18:00 CO,/S0O, 17 0.90 H, SISO, 0.41 0.73 1.42
29/04/2017 18:20 CO,/S0O, 35 0.62 H, SISO, 0.48 0.89 1.34
30/04/2017 00:10 CO,/S0O, 35 0.84 H, SISO, 0.69 0.96 0.80
30/04/2017 18:14 CO,/S0O, 45 0.70 H, SISO, 0.57 0.81 1.20
30/04/2017 18:00 CO,/S0, 27 0.65 H, SISO, 0.43 0.82 1.18
30/04/2017 18:19 CO,/S0O, 39 0.63 Hy SISO, 0.50 0.92 1.20
01/05/2017 12:06 CO,/S0O, 54 0.68 Hy SISO, 0.16 0.38 1.20
01/05/2017 17:55 CO5,/SO, 40 0.70 H,S/SOy 0.52 0.92 1.26
01/05/2017 18:10 CO»,/SO, 51 0.90 H,S/SOy 0.55 0.97 1.08
(Continued)
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TABLE 2 | Continued

Time Ratio Ratio R2 Ratio Ratio value R2 SO,max (ppmv) Eruption
value number
02/05/2017 00:04 CO,/S0O, 10 0.75 H, SISO, 0.50 0.99 1.20
02/05/2017 00:09 CO,/S0O, 16 0.77 H, SISO, 0.55 0.99 0.91
02/05/2017 00:21 CO,/S0O, 27 0.82 H, SISO, 0.58 0.92 1.25
02/05/2017 12:10 CO,/S0O, 35 0.74 H, SISO, 0.43 0.88 1.01
02/05/2017 12:25 CO,/S0O, 63 0.81 H, SISO, 0.42 0.95 1.10
02/05/2017 18:14 CO,/S0O, 56 0.84 H, SISO, 0.29 0.78 1.00
03/05/2017 00:05 CO,/S0O, 56 0.82 Hy SISO, 0.33 0.92 0.80
03/05/2017 00:13 CO,/S0O, 54 0.84 Hy SISO, 0.50 0.88 0.92
03/05/2017 00:22 CO,/S0O, 34 0.82 H, SISO, 0.44 0.96 1.09
03/05/2017 06:01 CO,/S0O, 50 0.67 H, SISO, 0.37 0.86 0.80
03/05/2017 06:05 CO,/S0O, 60 0.64 H, SISO, 0.37 0.89 0.75
03/05/2017 06:10 CO,/S0O, 56 0.70 H, SISO, 0.43 0.82 0.68
03/05/2017 06:18 CO,/S0O, 72 0.63 H, SISO, 0.34 0.79 0.76
04/05/2017 00:00 CO,/S0O, 26 0.65 H, SISO, 0.42 0.86 0.70
04/05/2017 00:15 CO,/S0O, 37 0.82 H, SISO, 0.64 0.93 0.77
04/05/2017 06:09 CO,/S0O, 22 0.67 H, SISO, 0.42 0.93 1.00
04/05/2017 06:17 CO,/S0O, 38 0.63 Hy SISO, 0.53 0.91 0.76
04/05/2017 18:21 CO,/S0O, 38 0.87 Hy SISO, 0.52 0.91 1.10
04/05/2017 17:57 CO,/S0O, 19 0.63 H, SISO, 0.46 0.88 1.25
05/05/2017 00:04 CO,/S0O, 14 0.60 H, SISO, 0.62 0.89 0.50
05/05/2017 12:02 CO,/S0O, 3 0.74 H, SISO, 0.56 0.97 1.20
05/05/2017 18:26 CO,/S0O, 4 0.90 H, SISO, 0.52 0.98 1.20
08/05/2017 00:15 CO,/S0O, 6 0.80 H, SISO, 0.64 0.97 1.41
08/05/2017 00:22 CO,/S0O, 17 0.76 H, SISO, 0.27 0.52 1.01
08/05/2017 12:07 CO,/S0O, 68 0.61 H, SISO, 0.35 0.83 0.80
08/05/2017 12:27 CO,/S0O, 116 0.62 H, SISO, 0.35 0.71 0.76
08/05/2017 18:18 CO,/S0O, 38 0.77 Hy SISO, 0.49 0.92 1.26
08/05/2017 17:57 CO,/S0O, 127 0.69 Hy SISO, 0.54 0.92 0.69
09/05/2017 00:23 CO,/S0O, 67 0.65 H, SISO, 0.41 0.81 1.20
09/05/2017 06:05 CO,/S0O, 86 0.60 H, SISO, 0.44 0.67 0.40

The R values ( 0.6 in all cases) identify the regression coef cients in the COvs. SO, and H, S vs. SO, scatter plots that concurred to determine each ratio. S@ max identi es the peak
SO, concentration within each measurement interval. All data refer to gescent gas except for those associated with an eruption number (which coespond to the syn-explosive gas).
The quiescent gas measured prior to each explosion is referred as erexplosive gas (PRE-EXPL in the table). The quoted compositions for the pre-explasigas are 20-min averages
of point-to-point ratios, e.g., calculated by taking the ratios of individuato-acquired gas concentration couples. Based on laboratory tests, we estimate reor in these point-to-point
ratios at  50%, so the quoted values should only be viewed as semi-quantitativeséimates. Only in 2 cases (out of 9 explosions), gas mixing rates were aefated to signi cant levels
(R > 0.6) to allow ratios to be derived with the correlation plot methodology also (seFigures 4a, 6a). The scatter plot-derived gas ratios are listed in parenthesis for comparisdn

the table.

onset is rapid and abrupt, as indicated by the gas rati@hese peculiar features of the Rincén de la Vieja crater laka@lu
contrast between there-explosive gaand explosive gas have implications for the nature of the magmatic-hydrothedm
(Figures 4a6a); system producing the emissions, and for the trigger mectmasis
iii) both the quiescent gadsyn-explosive gase similarly CQ-  of the recurrent explosions, as detailed below.
rich (relative to S;) compared to magmatic gases in Costa Rica
and Nicaragua (sdéigure 7and reference therein). Rincon de la Vieja Gas Signature:
iv) The quiescent gas vented prior to an explosion ({re- Magmatic or Hydrothermal?
explosive gahias systematically higher G380, ratios than |, contrast to the less active (e.g., less acidic) volcaied fed
the correspond!ngaxplosive ge(§igulres46). This di erence by hydrothermal BS only (e.g.Hasselle et al., 20),&he low
can only partially reect the dierent data processing ynically < 1) H,S/SG ratios in the Rincén de la Vieja crater
technique (point-to-point vs. scatter plot, séégures 4 6).  |51e gas suggest supply of oxidized §&@minated) magmatic
Thus, also in view of the p5/SQ records discussed above \iys jnto the lake systemhristenson et al., 2010; Christenson
(see point ii), we conclude that thexplosive gas especially  5nq Tassi, 2095 Magmatic gases typically display equilibrium
SQ-rich. H,S/SQ ratios bu ered by redox conditions in the coexisting
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FIGURE 5 | Time-series of gas(A) CO,/SO, and (B) H,S/SO, (molar) ratios.Quiescent gases, pre-explosive gasesind syn-explosive gasesare plotted with
different colors. Symbol size is proportional to S@ mixing ratios. In(A), all pre-explosive gasesplot at higher CO,/SO, ratios (as shown by the arrows).

silicate melt, according tGiggenbach (1987) of elemental input via both magmatic gases and enhanced
rock dissolution), and is thus compositionally similar to the
SQ, C 3H2 D H2SC 2H0 &) magmatic gas-fed Laguna Caliente Crater Lake, Poas volcano

This magma-inherited HS/SQ ratio is then generally preserved (Tassietal,, 2009 i .
- . . . Whereas, S speciation and lake chemistry clearly support
during rapid ascent and cooling of magmatic gases, unless

hydrothermal storage and re-equilibration occufsiggenbach, mhagérlwatlf: gdaslfe\e/z.dllng thf lallki’ the hlg.hé 2. f'g?at}:r:e gf
1987. Resolving Equation (2) over a range of magmatié € |n<i_oThe ath'elifra er7a €gasis |tnhcor|;s_|s ?ndWII ?/' pur
temperatures, and at redox conditions (e.g./HhO ratios) magmatic” hypothesis-igure 7compares the Rincon de 1a vieja

bu ered by the silicate melt at QFM (quartz-fayalite-mageyi gas compositions (this work and previous studies) with gases
and NNO (Nickel-Nickel oxide) buers Carmichael and emitted by other recently active Costa Rican volcanoes (Pafs an

Ghiorso, 198 a range of equilibrium KS/SQ ratios can Turrialba;de Mooretal.,2016a,b,2@1_Both PoésandT_urriaIba _
be obtained (as illustrated irFigure 8), well encompassing datasets sh_ow a spread of volpamc gas compositions, .W.h'Ch
the Rincon de la Vieja crater lake gas range. For examplg?ve been mterpr_eted as re ecting variable extents .of ngixin
gases separating from magma a800 C and QFM will have between magmatic and hydrothermal end-_membelFsther
equilibrium HS/SQ of 1 (constituting the so-called magmatic etal., 2015; de Moor etal., 201Gathe magmatic C@'SQ, end-

gas BS/SQ bu er of Giggenbach, 199/similar to gases from members (see stars I?i_gure 7) have been estim_ate’d atO.3—0._5_
the Rincon de la Vieja crater lakEigures 7 8). (Poas) and 1-2 (Turrialba), well below the Rincon de la Vieja

A continuous supply of S@rich magmatic gases to the lake crater IQKe_ gas range for bo'Fh quiescent anq syn-explosive gas
is also consistent with the dissolved ion composition of treter ~ YP€S- Similarly, gas observations at nearby Nicaraguaamoes
lake water, placing Rincon de la Vieja in the eld of high-adgvi Masaya and Momotombo imply a magmatic gas £8I; ratio
volcanic lakes according to the classi cationfedsternack and ©f 3-8 (Aiuppa et al.,, 2014, 2017; de Moor et al., 20again
Varekamp (1997and Varekamp et al. (2000)assi et al. (2005, implying that the Rincén de la Vieja crater lake gas in 2017
2009)argue that the high CI/NaC ratio in the Rincon de la Nas too high CQ/SO; to be interpreted as pure magmatic (see
Vieja crater lake requires supply of magmatic HCl into the |ake Figure 7). _ - o o
process also responsible for the highfS@nd F concentrations The CQy-rich composition of Rincon de la Vieja crater lake
(from the dissolution of magmatic SOH,S, and HF). The gases also does not agree with magmatic degassing models
hyper-acidic chloride—sulfate brine lling the crater lake (Moretti et al., 200B using input conditions relevant to Costa
also rich in aluminum, iron, zinc, copper, and boron (becauseRica-like magma (seele Moor et al., 2016kfor details).
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FIGURE 6 | (a) Detail of gas and seismic records taken on April 25, 2017 beteen 5:51 and 6:31 GMT. The eruption (event #9 irFigure 3, see inset) occurred at
6.21 GMT. Mixing ratios increase after the blast. The yellowolored area corresponds to the sub-interval (identi ed wth Ratiocalc) where CQ, SO,, and H,S are
positively correlated at statistically signi cant leveR2 > 0.6). These subsets of CQ, SO,, and H,S mixing ratios are used to draw(b) CO, vs. SO, and (c) H,S vs.
SO, correlation plots, and to calculate the time-averaged C@/SO, and H, S/SO, ratios (within the yellow-colored temporal windows) fromhte slopes of the best- t
regression lines (listed iMable 2). In(a) the red and blue lines are high-resolution (1 Hz) records of@,/SO, and H,S/SO, ratios, respectively, calculated by taking the
ratio of individual couples of co-acquired mixing ratios. fiis point-to-point ratios suggest contrasting gas signatues for pre-explosiveand syn-explosive gas Example
of CO, vs. SO, and H, S vs. SO, correlation plots for thepre-explosive gas[built from data within the gray-colored temporal windowsri (a)], shown in (b") and (c').

These numerical simulations (s€gure 7) predict equilibrium  crater lake. We propose that the pristine chemical composition

CO./SOs ratios of 20 to 0.07 for gases exsolved from a Turrialbaef deep magmatic gases is altered during upward migration by

like andesitic magma (at redox condition of QFML to C3 and  gas-water-rock reactions within the (sub)limnic hydrothel

temperatures of 900-1,100) decompressed from 250 MPa to system.

0.1 MPa pressure. The measured L&D, ratios in Rincon de la

Vieja crater lake gas (6469 and 136 110 for thequiescenand . .

syn-explosive gaespectively) are clearly higher than the typicall N€ Role of the Sublimnic Hydrothermal

magmatic range, unless very high gas-melt separation pressuSYystem

(>> 250 MPa, equivalent to 9km depth) are assumed. Such The interactions of magmatic gases with either the crater

a deep magma source is unlikely, however, because heat pipalse or the subjacent hydrothermal system are the most

typically sustaining intense degassing and convectivauveng  obvious candidates for generating the observed >@€h

at crater lakes require shallow magmiaigure 9, Christenson (S-depleted) Rincén de la Vieja gas. Magmatic gas-lake

and Tassi, 20)5Also, magma involvement in the recent Rincénand/or magmatic-hydrothermal reactions, if occurring, twbu

de la Vieja eruptions (implicated by the small but ubiquitousalso e ectively control S partitioning between reduced and

juvenile fragments in the eruption deposits) is indicative ofoxidized forms, thus modifying the original magmatic

shallow storageHigure 9). H2S/SQ ratio (Christenson et al.,, 2010; Christenson and
To summarize, the C®rich gas compositions with low Tassi, 201p

H»S/SQ ratios (Figure 7) are incompatible with a direct shallow ~ One often-invoked mechanism of magmatic Sdssolution

magmatic source for the gas vented by the Rincén de la Viejato active volcanic lakes is via disproportionation reacticuch
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FIGURE 7 | H,S/SO, vs.CO,/SO, scatter plot of Costa Rica and Nicaraguan volcanic gases. T@Rincon de la Vieja gas (botlyuiescent gasand syn-explosive gas
same symbols as inFigure 5) is contrasted with the composition of volcanic gases from ther volcanoes of the Costa Rica-Nicaragua arc segment. Mowtombo and
Masaya: @iuppa et al., 2014, 2017; de Moor et al., 2017; Poas: Qiuppa et al., 2017; de Moor et al., 2017. Estimated compositional elds for hydrothermal (H) and
magmatic (M) end-members are indicated (this study; basedmaveraging of magmatic and hydrothermal compositions quad in the previous studies). The
hypothetical composition of the Rincén hydrothermal poleH) was estimated by averaging composition of the two measuments of quiescent gaseswith the lowest
SO, concentrations (e.g., the most hydrothermal endmember). Nmbers alongside thesyn-explosive gasdata-points identify the explosions (sed-igure 3). The
curves labeled M1 to M3 indicate the model-derived HS/SO, vs.CO,/SO, compositions obtained by model simulations of degassing upn decompression (from
250 to 0.1 MPa) for a Turrialba-like magma (taken frorde Moor et al., 2016b). M1 and M2 models have been initialized at slightly diffené H,O contents (3 and 2 wit.
%, respectively). In model M3, gas compositions obtained inuns M1-M2 are re-calculated at surface discharge conditioa (QFMC3, 0.1 MPa, 650 C), yielding
H,S/SO,, ratio of 0.02 (see the original work ofde Moor et al., 2016b for further details).

as Kusakabe et al., 20p0 hypothesis Figure 8). Our calculations thus suggest that either
a kinetic process prevails (e.g., that Equation 4 does not go

3SGC2H0! 2HSQ, C §eC 2HC (3a) to completion in the lake, leading to only partial conversion

4SQ C4H,0! 3HSQ, C HpSC 3HC (3b) of magmatic S@ into H»S) (Ohmoto and Lasaga, 1982; Rye,

2009, or that magmatic gas-water interactions occur deeper in

The two relationships can be combined into the followingth€ System, such asin the hotter sublimnic hydrothermalesys

equilibrium: (Figure 9)_. _ _
A variety of magmatic gas-water-rock reactions have
SO C Se) C 2H,0 D H,SC HC C HSO, (4) been proposed to occur in sublimnic hydrothermal systems

(Christenson and Tassi, 2015; Shinohara et al., ROIbese

To assess the role played by magmatic gas-lake water reactio drothermal rgactions,_typic_ally occu_rring in the upper porti
we test if the measured 48/SQ ratios in the Rincon de la ©' 2 heat pipefigure 9), invariably enrich the gas phase in €O

. : ; : i . lative to more reactive SCand HyS (Symonds et al., 2001,
Vieja gas Figures 4-8) are consistent with the equilibrium ratio re ; S
predicted by Equation (4) at lake water conditions, i.e.hié t 2003, and may thus generate the high @S0, ratios in Rincon

measured gas S speciation is controlled/bu ered by dissolve la Vieja _crater lake gas. In addition to leading to S_dexprletl
ese reactions can also act as controls on th8/8Q ratio (see

S species in the crater lake water. In the Rincén de la Viej

crater lake, oxidized (exavalent) dissolved S species pfézasi below). . . . .
et al., 200p and sulfur spherules are always observed on the In a_ddmon fo the r(_eac_tlon described by quaﬂon ). S
lake surface Rigure 2), implying that all of the ingredients scruk_)blng can occur viagiggenbach, 1987; Christenson and
for reaction 4 are available in abundance. Solving Equatioﬁass" 201p

(4) for the HpS/SQ gas ratio, at crater lake water conditions

(T D 30-50C; H,SQy D 8.16 10 2 M at pH D 0.77 2H2S0) © Sug) D 3% © 2720 ®)

and SCﬁ D 0.146 M), and using the thermodynamic dataThis reaction scavenges8and SQ@in 2:1 proportions, and can
from HSC thermochemical software (http://www.hsc-chemyist thus (at least partially) justify the oxidized nature (5O H>S)
com/), we obtain the curve labeled.gké in Figure 8 The of the Rincon de la Vieja gas. In fact, the situation is more
H,S/SQ gas ratios predicted by reaction (4) are, howeveromplicated, because as pointed out$iyinohara et al. (201,1)
H2S-dominated, pointing against a lake-bu ereda8/SQ ratio S deposition via Equation (5) can either increase or decrease
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In summary, available gas information at Rincon de la
Vieja is suggestive of extensive hydrothermal processing of
magmatic gases within the sublimnic hydrothermal system.
These hydrothermal reactions consume S (compared to relative
inert C, thus explaining the high observed @@ ratio), but the
exact S deposition mechanisms (Equations 3-5), and perhaps the
role of hydrothermal redox bu ering (Equation 7), cannot be
guantitatively constrained with the present data. Howeves th
observed di erence in HS/SQ between thequiescent ga®.57

0.20) and thesyn-explosive gé8.04 0.06), and the abrupt
gas ratio changes at eruption onsefsglres 4a 64q), clearly
imply less hydrothermal interaction (e.g., less,Sfeposition)
during the phreatic blastsHgure 9. This can be explained
by a combination of faster gas transit, transient disruptidn o
the sublimnic hydrothermal envelop, and/or deeper (hotteas g
FIGURE 8 | Temperature dependence of the SQ/H»S ratio, as predicted by source during the explosionEi@ure 9)-
the common magmatic and hydrothermal redox buffers (modi edrom Aiuppa
et al., 2005). The solid lines represent the HS/SO, ratios at equilibrium with
redox conditions (oxygen fugacity, fQ) xed by QFM
(Quartz-Fayalite-Magnetite), NNO (Nickel-Nickel oxidegnd HM

The Eruption Trigger

Whatever the exact process (Equations 3-6), S scrubbing

(Hematite-magnetite) redox buffersGiggenbach, 1987, 1996). The magmatic
gas range is fromAiuppa et al. (2005) The curve labeled GB and Lake illustrate|
the equilibrium H, S/SO, ratios at redox conditions xed by the Giggenbach

reactions are likely to lead to rapid and e ective formation of
native S sealsChristenson and Tassi, 20/15The presence of
S spherules in the Rincon de la Vieja crater lake points to the

(1987)FeO-FeQ 5 hydrothermal buffer (Equation 6) and dissolved S species
in the lake buffer water (Equation 2), respectively. Presgeiis 1 bar except
where speci ed. The measured H,S/SO, ranges for both the quiescentand
syn-explosivegas are indicated by gray and red bands, respectively.

existence of a native sulfur layer at the lake bottdétist et al.,
1991; Takano et al., 1994; Christenson et al., (FiQure 9.

The physical state of this S pool is known to be dependent
on temperature, with a 2000-times viscosity increase upon
heating in the 150-20@ temperature rangeHurst et al.,
1991; Oppenheimer, 1992; Takano et al., )9%4is possible
the gas HS/SQ ratio, depending on the original S speciation that magmatic-hydrothermal gases, while persistently uxing
(SQ-dominated or BS-dominated) in the feeding magmatic gasthrough the Rincén de la Vieja sublimnic hydrothermal system
entering the hydrothermal system (unconstrained for Rinton progressively heat the S pool, thus ultimately creating the
Also, concurrently with hydrothermal S deposition, iron neirals  conditions for the development of a viscous impermeable seal
in the hydrothermal rock matrix can contribute bu ering redto  (Figure 94).
conditions (e.g., the gaspH 0 ratio), via (Giggenbach, 19§7 We envision a mechanism in which, during quiescence
(Figure 9A), the feeding magmatic gas interacts with the
sublimnic hydrothermal system, undergoes S deposition (
bu ering by hydrothermal minerals) and develops a g@ch
gas. A fraction of this gas, perhaps after further S deposition
These reactions can then bu er, via Equation (2), the residuanto the lake, is emitted to the surface gsiescent gabut the
(after S deposition) hydrothermal gas,8/SQ ratio. For remaining fraction is accumulated at depth as the imperme&ble
example, the HS/SQ gas ratios predicted (as a function of seal develops{gure 89. Thequiescent gasleased shortly prior
temperature) from Equation (2), and redox conditions bu ered to explosions, e.g., there-explosive gais characterized by low
by either the Fe(ll)-Fe(lll) hydrothermal bu er (Equation;6 gas mixing ratios and especially high &80, ratios, consistent
Giggenbach, 19§7or the Hematite-Magnetite buer (HM) with a reduction of gas transfer from underneath the seafl an
hydrothermal (Equation 7), are graphically illustrated inextensive S loss to hydrothermal minerdigures 4a6a).

Figure 8 The gure shows that the measured,&/SQ ratios Ultimately, gas accumulation underneath the seal leads to
in the Rincén de la Vieja gas would be consistent with thos@ressure buildup and seal failure to trigger a phreatic explosion
imposed by hydrothermal bu ering at HM redox conditions, (Figure 9B). This mechanism is also supported by the recurrent
290-400C, and 1 bar Figure 8). Coexistence of oxidized observation in the erupted products, especially in the 1-2 mm
(hematite) and reduced (magnetite, pyrite) iron forms isash grain-size fraction, of native sulfur fragments. We arthat,
suggested at both Rincén de la Viejaagési et al., 2005and  during the phreatic blasts, rapid gas ascent reduces hycdotie

in the nearby Borinquen and Miravalles hydrothermal eldsinteractions as supported by the observed short-term vaiesti
(Gherardi et al.,, 2002; Molina and Marti, 2Q18However, in gas chemistry. In fact, our high-resolution (1 Hz) of @SSO,
since a second independent redox couple (e.g., th#HED  and HyS/SQ records (se&igures 4a 6a) show that both ratios
ratio; Aiuppa et al., 200)Lis not measured in the Rincdén suddenly decrease at the eruption onset, implying the agoh
gas, evidence for hydrothermal (HM) bu ering of S speciationeruptive gass SQ-richer than its correspondingpre-explosive
remains speculative. gas Rapid gas ascent, perhaps combined with gas ascent from

4FeQ 5C 2H, D 4(FeO)C 2H,0 (6)
4Fe0, C 2H,0 D 6Fe03 C 2H; @)
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FIGURE 9 | A schematic model for the Rincén de la Vieja volcano shalloveéding system, detailing the structure of the sublimnic hy@thermal/magmatic system
(modi ed from Christenson et al., 2010Q. (A) During quiescence, the feeding magmatic gas undergoes S degsition ( buffering by hydrothermal minerals) within the
sublimnic hydrothermal system. The resulting C&@-rich gas is partially surface-vented agjuiescent gas and partially accumulated beneath an impermeable S seal;
(B) pressure buildup below the S seal triggers a phreatic explden, characterized by rapid gas ascent, limited hydrotherml interaction, and deeper gas source. This
syn-explosive gasretains a C-rich signature, implying a magmatic-hydrothenal nature.

deeper/hotter portions of the magmatic-hydrothermal vaporlmplications for Monitoring of Active
zone Figure 9B), are likely implicated in producing the relatively Crater Lakes
SQ-richer syn-explosive gas Our measurements of the syn-explosive gas, the rst of their
We caution that our interpretation is based on only3  patyre at an active volcano, provide observational evidence
months of observations and the capturing of only 9 out offor that formation of hydrothermal S seals may strongly be
42 explosions in that time interval. Thus, longer observagio jmpjicated in the generation of phreatic eruptions, as origina
are required to draw more concrete conclusions. Howeveproposed at Ruapehu volcano in New Zeelandist et al., 1991;
our results con rm that continuous instrumental geochemic Takano et al., 1994: Christenson et al., 201dis arguable that
monitoring, in tandem with seismic monitoring, can conttite  hydrothermal seal formation may fuel phreatic/phreatomagma
to understanding the mechanisms that drive the Rincon deyctivity at other recurrently erupting volcanic lakes wavide
la Vieja magmatic system toward potentially hazardous aaiti (Christenson and Tassi, 2015; Stix and de Moor, }01&
states. It is interesting to note that both the>$/SG and  oyr Rincon de la Vieja dataset shows, continuous gas records
CO2/SO, ratios in the Rincon de la Viejguiescent gatecreased may help tracking such seal formation events, as marked by
from February to early MayRigures 5 7), implying a decreasing phases of reduced surface S degassing (see the lgvar8D
extent of hydrothermal re-equilibration of the feeding nmagtic  H,g mixing ratios, and high C&S0, ratios, in thepre-explosive
gases. This trend toward more magmatic-like gas compositiogas Figures 4a 6a, 7). To test this hypothesis further, our
may tentatively be interpreted as re ecting an increase ia thesylts thus claim for the need of augmenting the number
magmatic gas supply to the lake conduit, and thus a morgf yolcanic crater lakes that are monitored by permanent gas
unstable magmatic system leading to the major lahar-geimgra jnstrumentation.
phreatic eruption of May 23Global Volcanism Program, 20),7 It is also interesting to note that the rapid and abrupt
which occurred just a few weeks after our Multi-GAS datasefgnsition betweenpre-explosivend explosive gaat Rincon
ended (and actually destroyed the instrument). As stateslab de |a Vieja Figures4a 6a), pointing to reduced surface S
this event (and the following June 11 event) erupted a sizeabifutgassing prior to each blast, is in stark contrast with what
juvenile fragment component, claiming for escalating maicma recurrently reported at Poas, where precursory trends toward
activity. more magmatic (more S-rich) gas composition are observed
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instead (le Moor et al., 201§aWe argue this di erence may system interface. Gas accumulates underneath the seal, and
imply an overall lower magmatic gas input, or a more e ectiveultimately ruptures this seal resulting in phreatic eruptiofitie

seal (or both), at Rincon de la Vieja, compared to the mordrend of decreasinqguiescen€0,/SO, and H,S/SQ ratios from
active Poas volcano (where the magmatic system appears mdtebruary to May 2017 can be interpreted as an increase in the
implicated as eruption trigger). This comparison suggest$ thanagmatic gas supply, providing a precursor to the major eruption
distinct trigger mechanisms, with di erent relative rolesaged  of 23 May.

by hydrothermal sealing vs. magmatic as in ux, may in fact be These results, the rst volcano reports for the gas phase
operating at active crater lakes. This diversity in poteritigiger  released by discrete phreatic eruptions, con r@hfistenson and
mechanisms %tix and de Moor, 2008reinforces the need for Tassi, 201pthat the complex interplay between rising magmatic
more robust (and temporally continuous) gas records at viitca gases and the sublimnic hydrothermal system likely plays a
crater lakes. decisive role in triggering the explosions.
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