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Turrialba volcano: Opening of a new fumarolic vent
on the southeast flank of the West Crater on January 12", 2012,
as a consequence of a shallow decompression

Abstract

Since May 1996, Turrialba volcano has shown an mapb increase in activity, which can possibly
be interpreted as precursory of a new eruptive @hBise volcano-tectonic activity and degassing
increase is particularly noticeable since 2007, amdn more since the opening of the first
fumarolic vent in the West Crater in January 204Bich suggested a magmatic intrusion between
2005 and 2007 as well as the beginning of a nepwtieriphase. A new vent opened on January
12", 2012, (Boca 2012 or 2012 vent) on the southedstrel flank of the West Crater, with few
hours of ash emission, followed by a second astssani from the same vent on January,18
2012. Seismic recordings, deformation and diffuggs fluxes measurements allowed the
conclusion that the opening of the 2012 fumarobatvis not due to a change in the magmatic
activity but to an excessive shallow accumulatibrgas. Similar openings occurred at Turrialba
volcano prior to the 1864-66 eruption and at Iramicano prior to the 1963-65 eruption, hence
other openings of fumarolic vents can be expediatie future, especially along the fractures and
weak zones aligned in a direction SW-NE that passeshe three upper craters of Turrialba
volcano.

| _Introduction

Turrialba volcano is a 3,349 m.a.s.l. basaltic-aitaevolcano. It is the furthest oriental volcamiothe
Central Volcanic Range of Costa Rica, ~30 km ENEhef capital San Jose. In its upper part are
located three craters (East Crater, Central Ciater West Crater) aligned on a northeast-southwest
direction, inside a depression opened toward théheast, with normal faults on the edge oriented
SW-NE (Fig.1). The last identified magmatic actibrresponds to explosive eruptions between 1864
and 1866. These explosions were preceded by dtd8agears of fumarolic activity, with opening of
vents, and resulted with the formation of the Wesater, which has hosted most of the recent
fumarolic activity since 1996 [1,2].

Il Observations
[I_1 Chronology

- 1996 increase in the seismic and fumarolic activi(legdrothermal stage) [1,2].

- 2001, 2003-2005 and 2008eismic swarms and increase in the fumarolicvidgtwith the
apparition of magmatic gases (hydrothermal/magmatiage) [1,2]. This stage was
characterized by the extension of the fumaroli@aaad clear environmental effects (burnt
vegetation, corrosion of metallic infrastructurgydahealth effects on human beings and
animals).

- 2007:increase in the fumarolic activity at the bottofihe West Crater, forming a plume up to
2 km high. Apparition of fumaroles in the Arieteufg2].

- 2007-2012:increase in the fumarolic activity with a strongagmatic component and high
temperatures [1].
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- January 5-8, 2010 phreatic eruption and opening of the 2010 venthenwest flank inside
the West Crater accompanieddsh emission3,4].

- January 14, 2011 small ash emission, no juvenile [5].

- Beginning of 2011first notice of a roaring sound from the 2011 vie@cated on the north side
of the bottom of the West Crater [6]. This vent nmaye opened at the beginning of the rainy
season, around May 2011, however no confirmatigossible.

- January 1%, 2012: opening of the 2012 vent on the southeast flankhef West Crater
accompanied by aash emissionno juvenile [7,8].

- January 18, 2012:secondash emissiorat the 2012 vent, no juvenile [9].

[I_2 Visual and physical observations

The opening of the 2012 vent occurred on Januatly, 2012, triggering a small ash emission for
several hours. This ash was transported mostly &N by the dominant wind, and was reported up
to Tres Rios (~27 km southwest of the volcano) T8l following day a new vent about 3x5m with a
~1m diameter conduit inside was observed [10]. @udry 18, 2012, for the second time, a slightly
larger volume of ash was emitted for several héuns the same vent. This ash was also transported
mostly W and NW by the dominant wind. This secomdssion did not change the area of the vent but
the diameter of the conduit increased to ~3m. Kotig the ash emission an important gas jet audible
from the overlook (~350m away) was noticed, itl stdcurred at the end of March 2012. During these
first 2 months of activity, gas temperature hasnb@easured within the range of 700-765°C, inducing
the calcinations of the rocks that form the condTiite high temperature of the rock is responsibte f
radiation in the red-yellow visible spectrum by mmigand the combustion of volcanic gases in contact
with the atmospheric oxygen produces blue flames.

The main features presenting incandescence by arghtl) the 2010 vent (estimated at >600°C), 2)
the 2011 vent (>610°C), 3) the 2012 vent (>730°@) 4) numerous spots at the bottom and in the
south flank of the West Crater where yellow to hedid sulfur is observed (500-730°C). Most hot
spots are on or near a SW-NE line also noticedidekis to the presence of various fumaroles that
extend to the southwest outside the West Cratgr (i

A shallow accumulation of water first observed la bottom of the West Crater in June 2011 [6]
disappeared between January' ¥hd January 24 2012 [11] and was observed again at the end of
March 2012.
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Figure. 1: A) General view to the north from theiforim of the West Crater

B) Map of the top of Turrialba volcano with its &ters and the northeast “grabben”. The fumarolicchthermic activity is

mostly located inside or around the West Cratgreeglly along a SW-NE line that passes throughsthehern areas of the

West and Central Craters. Geodesic, seismic, afidsdid gas flux points of measurement presenttdsmocument are also
reported. (photos: G. Avard)

[I_3 Seismic activity

In 1990 the OVSICORI-UNA set up a short period aedical component (Ranger SS1) analogical
seismic station at the top of Turrialba volcanac8i 1999 a network of 3 short period analogical
seismic stations has been built as part of theavmdisaster Assistance Program of the United State
Geological Survey (VDAP-USGS). The network includgstwo vertical component seismographs
(Mark L-4C sensors), and 2) one two-horizontal congnt seismograph (Mark L-4D sensors) and a
vertical sensor Ranger SS1. The stations are ld@ateéhe west, south and east flanks of the volcano
Data are transmitted after modulation in Very Hagtd Ultra High Frequencies (VHF and UHF). After
1999 the acquisition was done using the free kittHaegorm, first developed by the USGS and
maintained by the users (www.isti.com/productsteaorm). Since 2010 the acquisition system of
seismic data Antelope (www.brtt.com) has been ukedpril of the same year 3 digital stations a th
top of Turrialba volcano were installed, in confagnwith the Nanometrics 24 bits Taurus digitalger
and Trillium Compact 3 components large band sensom Nanometrics. The signal is transmitted in
real time through free frequency radios.

Figure 2 shows the volcano-seismic signal counbegiveen November 2011 and February 2012
recorded by the reference digital station VTUN, athis located northeast of the Central Crater (Fig.
1). The counting was done using a simple algori8WA/LTA [12] provided with the Matlab volcanic
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signal analysis kit from Philippe Lessage (2008)][The seismicity stayed stable with 40 to 80 éven
per day between November and December 2011, emcepecember 3iwhen 155 volcanic seismic
events were counted. Most of these seisms occumrdd5 hours, between 11:30 am and 1:00 pm
(local time), with an average of 3 seisms per n@nltue to their small magnitude and non-tectonic
character, it was not possible to locate thesetsv€@ther volcano-tectonic events occurred the same
day indicating shallow depths (less than 1 km befogsummit), which suggests that the seismicity
originated close to the surface and was due t@pesming of a crack, to the decompression and fluid
ascent through it.
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Figura 2. Numero de sismos volcanicos diarios regaos en la estacion sismica VTUN ubicada al nerdgl Crater Central.

After January 1st, 2012, the seismicity increasetll vteaching a minimum of 80 per day between
January 6th and January™2nd decreased to stabilize below 20 per day adtenary 18.

On January 12 2012, no unusual seismic activity was obserugst, the usual low amplitude volcanic
seisms [14]. Moreover, none of these events co@atcidith either the beginning of the opening of the
2012 vent, which occurred a few minutes before 3 g@mJanuary 12 or with the ash and gas
emission (Fig. 3A). Even if shallow activity wastited in the morning of January 1Zresonances),
most of the information coincided with the begirmiof the ash emission few minutes before 3 pm.
However, the small volcanic seisms of various atugés recorded do not present any systematic
pattern. [14].
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Figure 3. A) Seismic recording of January 12th, 20lhe recording starts at 12 am and ends at 6lpoa{time). The first reports of
activity occur a few minutes before 3 pm. The evehserved are “hybrid” volcanic seisms.
B) Seismic recording on January™,@012. The recording starts at 12 am and ends@h§local time).

By contrast, recordings on January 18th show arseigemor that coincides with the beginning of the
ash and blocs emission through the 2012 vent, astd &s long as the intense eruptive phase (Fig. 3B
Even if the beginning of the signal is diffusedectan determine the arrival of the tremor around 5
minutes before 3 pm. The most intense phase octbetveen 3:02 pm and 4:10 pm. The amplitude

of the tremor stays low until the end of the reaagd

Figure 4 shows 5,000 seconds of recording with rtiust intense part of the tremor. We observe

variations of the amplitude, especially at the begig of the activity, but the main frequencies agm

constant (Fig. 4B). The signal is high frequencyhvthe main ones between 5 and 15 Hz (Fig. 4C).

Even after the intense phase, the frequencies retin@isame until the end of the recording.
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Figure 4: A) Seismic recording of the most intepisase of the tremor. B) Spectrogram of the recgydghown in A).
C) Frequencies spectrum of the seismic recordied epresents high amplitude and green low amggitsignal).
(Photo: ash emission on January2012. G. Avard)
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[I_4 Deformation of the volcanic edifice

» Electronic Distance Measurements technique (EDM)

The geodetic monitoring of Turrialba volcano inasda network of EDM at the top, with 5 prisms
around the East, Central and West Craters anceeerefe point at the overlook (Fig. 1). The distance
have been regularly measured since the end of M&0B thanks to an automatic Trimble station that
takes into account atmospheric temperature andyme$luctuations which allows measurements with
+ 2-4 mm uncertainty. Such an error is generallg tulocal variations in the trajectories because o
the ambient conditions such as atmospheric tempergiressure and relative humidity.
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Figure 5: Electronic Distance Measurements betwibernoverlook and various prisms (Fig. a) since g2009.

2009

Figure 5 shows variations from 35 mm (NE reflector5 mm (North reflector) on the tilted direction
toward the overlook during the 2009-2012 periodctdgal processing, GPS campaigns and dry tilt
technique in the Central Crater are currently gangn order to complete the EDM network and to
determine whether these changes are related tov@ognic activity or if they correspond to local
displacements of the sites. However, no significaartation of the distances was noticed that could
potentially coincide with the ash emissions of 2@hd 2012 (Fig. 5). Looking at the general tendency
of these curves, 3 main periods can be defineddefgre May 2009 with an extrapolated increase ef th
distance up to 95 mm per year (in the north dioggti 2) between May 2009 and March 2011 with
slower changes, and 3) after March 2011 with aedeser of the measured distance up to 76.9 mm per
year (in the north direction). The last periodhsu@cterized by a fast contraction of the distanaaly

in the north direction while small variations ateserved in the other directions, which suggestzal |
deformation incompatible with the hypothesis ofupesficial or deep source, and also incompatible
with the hypothesis that the source could potdtiatrease the stress without any detection frben t
existing network.
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» Global Positioning System technique (GPS)

Two permanent GPS stations, type Trimble NetRSortetheir position every 30 seconds on the
northeast and southwest flanks of the volcano. @aked CAPI, is placed on the old abandoned
chapel of La Central, and the other, called GIBEn a rock in the Bajos de Bonilla sector. Botheha
been working since April 2010, however, the preseoictrees triggers problems of satellite coverage
which prevents a Precise Point Positioning (PPR)cessing [15] necessary for a vectorial
interpretation. However, it allows a precise meaafrthe distance between the 2 stations (more than
5,837 m away) to monitor deep or large scale dedtions along the line.
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Figure 6: Distance time series between the 2 peena@®PS stations CAPI (southwest of the volcand)@IBE (northeast of
the volcano)

Figure 6 shows that the distance between the 2 &&&ns progressively decreases by about 5 mm
between April 2010 and July 2011, which correspotedthe standard deviation of the database (5
mm). A systematic dispersion of the data is notiaethe end of the years (November-December 2010
and October-December 2012) which are the resullisfontinuous recording of GIBE because of
problems in the solar recharge of the batteriestdugimatic reasons. This dispersion prevents any
interpretation on small changes of the distancpe@ally during January-February 2012. However,
any significant variation would reflect a large lecar deep source of deformation. The small but
continuous trend of decreasing distance observeithglthe whole period of observation (figure 5)
shows that no accumulation or ascent of an impbialume of magma has occurred in the volcanic
edifice since 2010. Hence this information is auable baseline for future volcanic activity.

[I_5 Geochemical parameters profiles

» Variation of diffused C@®and HS fluxes in the ground

Profiles of diffused C® and HS fluxes in the ground have been repeated sincée®bpr 2011,
completed with temperature measurements at 10 @th dleanks to a fluxmeter West Systems and a
thermocouple. The geochemical profiles start on ehst rim of the West Crater and end on the
southeast rim of the Central Crater. They wererdeteed based on 2 maps of the upper part of the
volcano made by scientists from INGV, ltaly in 2088d 2011 [T. Ricci, personal com.]. Due to
weather conditions, no measurements were posséileeen November™ 2011, and January %1
2012, but high values are noticeable (Fig. 7) f@,@nd HS the day before the opening of the 2012
vent, in the whole east flank of the West Cratesla®wvn Figure 7 (site #3 is located in the uppet) pa
as well as in the west and south area of the AeDteder (site #9). Temperatures at 10 cm deptlewer
measured around 90°C, which correspond to thengpiemperature of water at this elevation (~3,300
m.a.s.l.). These data were consistent with the rgh8en the same day of an important fumarolic
activity on the whole east flank of the West Crgtemvective flux of gas), and with the observatidn

8
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a 115 m-long liquid sulfur flow exiting from the liannel” La Quemada (on the east side of the West
Crater) and flowing inside the Central Crater. M@, an increase of the fumarolic activity was
reported on the same flank at the end of Decembéf,2which suggests a slow increase of gas
emission in the area before the opening of the foevarolic vent on January 122012.
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Figure 7: Measurements of passive diffused @@ HS flux through the ground, and temperature at 1&epth for the sites
#3 and #9 (Fig. 1) of the profile.

The opening of the vent on January"12012, triggered an ash emission. The day aftefJanuary
13", 2012, a strong decrease of the fluxes was notipetd 1 order of magnitude for the €énd of
various orders of magnitude for theSHcompared to January™,12012, on the southeast flank of the
West Crater and the west rim of the Central Crafemwvever, such a pattern did not repeat with the
second ash emission on January',18012. Since then the fluxes of diffused gas ia tround
stabilized at a level comparable to November 2@hd, the ground temperature slowly decreases (Fig.

7).



OVSICORI-UNA

» Condense phase of fumaroles in the West and Cettadérs
After the last magmatic period of activity of Twlba volcano in 1864-66 and until the 90s, two $mal
permanent fumarolic fields maintained a low acyivah the inside SW flank of Central Crater and on
the inside of the north flank of the West Cratecdrresponded to vapor emission and temperatares a
the boiling point of the aquifer (i.e. 90°C) [1,16hd a chemical composition dominated BPHCQO,,
and HS, characteristic of a water-gas-rock interactio ideveloped and stable hydrothermal system
[17,18].
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Figure 8: Time change of the pH of fumaroles @rsd phase sampled 1) in the West Crater, andi®i€entral Crater of
Turrialba volcano between January 1992 and Jan2dyy2. Data from the Laboratorio de Geoquimica Volca “Dr. Eduardo
Malavassi Rojas” at OVSICORI-UNA.

A significant gradual and systematic acidificatminthe condensates sampled in various fumaroles of
the West and Central craters has occurred sincehVia®99 (Fig. 8). Both craters show the same

10
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decreasing pH pattern with a more pronounced dsergiace 2006. These changes mark the beginning
of a new phase of fumarolic activity of the volcamoterms of chemical composition as well as is ga
flux, in agreement with the geochemical evolutidntite gas described by Vasedit al. [1]: 1) A
hydrothermal phase between 1992 and 2001 with pHhef condensates relatively high, 2) a
progressive increase of the acidity of the condesssdue to the presence of a magmatic component
between 2002 and 2005; 3) a stronger increaseeddidlity of the condensates due to fluids domahate
by magmatic components since 2006.

» SO total flux estimated from OMI/ASTER images, andrenmental effect

ACTRIOMT - G1/T1/2012 e

4.5

SO, (x1000 kg/d)

> | H ’!ll\

N NN | VY h AN (D
§’§§§§§§e§§§§§eé’$$@eeé"
P S S S PSS eI FTIFFEFsy

o 3 I S 5 S ¢ 5

§ &£ LN L EFEEFI L E&EFELITFE & E

YN NN oooN N N N . . . SR NN NN

Figure 9: S(g mass flux of Turrialba volcano plume determinednfithe analysis of AURA/OMI satellite images of NASA
between October 2008 and February 2012. The dategjpond to the total SZO:Ietected by the OMI instrument of the AURA

satellite in Central America, no “noise” correctias applied. Detection is possible when the sagefinsses above the Central
American isthmus between 18:00-19:00 UTC. .Sountp://so2.gsfc.nasa

The comparison of data from the satellital instratseOMI/ASTER between December 2011 and
February 2012 does not show any significant chamgke mass of SOemitted by the volcano (Fig.

9). The same observation is noticed with the pHhefrain regularly collected in La Central, 2.1 km
SW of the edifice which also does not show anyifigit change with the opening of the 2012 vent
(Fig. 10). However, precipitation at La Central lsa®wn an extreme decrease of pH since 2007 as the
consequence of a gradual acidification of the aphese around the volcano, which generates acidic
deposition with fairly low pH. Average values aré@¥ 3.98 and 3.12 for the periods January-February
of 2010, 2011 and 2012, respectively.

11
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the West Crater.

The pH profile of the total acidic deposition colied in La Central (Fig. 10) shows a similar ter@yen
as the pH profiles of the condensates from fumar(iey. 8).

11 _Interpretation

In December 2011 were reported discrete changésdnabe considered as precursors of the January
2012 activity. Among them was an increase of thadrolic activity on the east flank of the West
Crater and more fumaroles in the Central Craterredeer an unusual seismicity occurred on
December 3%, 2011, with many shallow volcanic seisms in a stiore.

The absence of tremor or explosion in the seisegonding for the opening of the new fumarolic vent
on January 12 2012, indicates that its formation process wasassociated to an interaction heat-
water (phreatic eruption). Neither was seismicadlgorded rock fracturing nor vibrations that would
have been interpreted by high pressure fluids matiothe edifice. Finally no juvenile material was
found in the ash deposit. Therefore there is ndenge of new magmatic activity associated with the
opening of the 2012 fumarolic vent. The quick cleangthe diffuse C®and HS flux in the ground
observed between January 11th and tHesi@gests that a shallow accumulation of gas isexbthe
internal pressure. A small opening triggered theod®gression and sudden exit of the confined gas,
ripping out solid material of different size, andrrhing the 2012 fumarolic vent. The absence of
specific seismic signals or deformation suggessttie accumulation of gas was very superficial.

By contrast, the second ash emission on Janudfyti®ugh the same 2012 vent presented an
associated seismic signal. The coincidence of éggnning of the ash emission with the generation of
a high frequencies volcanic tremor indicates thathigh pressure fluids motion (gas and vapor that
escaped through the narrow vent) originated it.r@loee the tremor was generated by the sudden
decompression triggered by the escape of gas apdrwarough a narrow vent. [14]. However,
contrary to the 1, no diffuse gas flux increase was noticed priothe 18" ash emission, which
suggests that the gas that escaped the seconddoumulated slightly deeper than on Januafy A2

on January 12, no significant deformation related to a deep sues change was measured. Hence the
emission of ash, lapilli, rock fragments, and da®ugh the new vent is not due to an explosion or

12
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fracturing of the volcano interior but to a supedl event [14].

It is likely that the January Y2decompressions that opened the 2012 vent triggirentable
conditions to a deeper decompression on Janudtybl® not deep or large enough to destabilize the
magmatic isostatic equilibrium in the magma chanftdepth unknown). Until the end of March 2012,
no signal triggered by magma motion associated thi¢ise two decompressions was recorded, i.e. no
evidence of intrusion and/or volcanic eruption.sThew gas exit did not increase significantly the g
flux in the plume which suggests that the degasgotgme of magma did not change, and neither the
kinetic of exsolution. Hence the opening of the 20&nt is part of the permanent degassing actofity
the deep magma, which gases pass through the weakas of the edifice. The apparition of the new
vent on the southeast flank of the West Crater shibvat weaknesses on the edifice rocks propagate
toward the Central Crater.

The disappearance of the shallow water accumulatéte West Crater between January d 24

can be explained by a simple water deficit in thim-evaporation balance with the beginning of the
dry season (January). No evidence allows a linkvéen the presence of water first noticed on June
2011 [6] about 10 m from a 500-730°C area (tempegatneasurements at the end of January 2012)
and the remarkable fumarolic activity on Januari20A new accumulation of water was noticed
again on March 2f) 2012, after several days of rain.

IV_ Conclusions

The opening of the 2012 fumarolic vent correspdonds spectacular but normal degassing process for
Turrialba volcano, for which no interaction, motiondestabilization of magma occurred. On January
5" 2010, the 2010 vent initiated similar activitythvia phreatic eruption and a moderate emission of
ash [3]. Today this vent is ~70x25m with a ~4x2mtvand canalizes most of the magmatic gas flux
that forms the plume. The 2011 vent opened in 20ithout any direct or instrumental observation
and today is ~1m diameter. For reference, many eoatye fumarolic vents appeared on the top of
Turrialba volcano prior to the 1864-66 phreatomaiimneruptive phase [19]. A similar pattern was
observed at Irazu volcano with the opening of dezgfnvents emitting high pressure gas prior to the
1963 eruption. Therefore, openings of other fumareénts is likely to happen in the future, with or
without explosions, especially along fractures arehk zones where aligned thermal anomalies are
noticed through the craters along a west-eastttrec
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