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Turrialba is a basaltic–andesitic stratovolcano (3340 masl), in the Cordillera Volcánica Central in Costa Rica.
After the last eruption (1864–1866), volcanic manifestations were limited to weak fumarolic discharge
(continuous since 1980) from the summit. From 1996 onward, the degassing activity has progressively been
increasing, reaching its climax after 2005. New fumaroles have appeared in the Central and West summit
craters, the latter now being the most active, and in the fracture system in between, showing sulphur deposits
and progressively increasing degassing rate. In 2004, fumaroles and new fissures have appeared on the SW
outer and SSW distal flanks, the latter being located along a major NE-oriented tectonic lineament. Fumarolic
temperatures at the bottom of the West crater have increased from 88 to 282 °C in early 2008. Changes in
chemical and isotopic compositions of discharged fluids have shown a progressive enhancing of themagmatic
signature since 2001. Since late 2007, SO2 flux, measured with mini-DOAS, has increased two orders of
magnitude (1 t/day in 2002 to 740 t/day in January 2008). The enhanced gas discharge at Turrialba volcano
has caused significant interference on tropospheric O3 measurements at 2–3 km altitude ~50 km W from the
volcano. Seismic swarms followed an increasing trend consistent with that of the fumaroles. The maximum
seismic activity to date, up to thousands of events/day, was recorded in mid 2007. An inflationary trend was
observed in the crater area.
In this paper we present for the first time all the available data on the activity of Turrialba volcano. New
geophysical, geodetical and geochemical data and published geophysical and geochemical data are presented
and discussed as a whole. The multidisciplinary approach indicated that from 1996 to 2009 three stages,
deriving by the delicate equilibrium between the hydrothermal and the magmatic reservoirs, were
recognized. The magmatic-dominated phase is still prevailing as evidenced by the fact that, while completing
the present paper, on the 4th of January 2010 at 16.57 (GMT) a loud explosion occurred at theWest crater and
was followed by three others spaced out every 10 min. These events were interpreted as associated with
phreatic eruptions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Turrialba basaltic–andesitic stratovolcano (3340 masl) is the
south-easternmost active volcano of the Cordillera Volcánica Central
(CVC) in Costa Rica, located at about 10 km NE from the CVC main
axis. The CVC is aligned in a N60 W direction, at about 150 km from

the subduction trench of the Cocos Plate underneath the Caribbean
Plate (Protti et al., 1995, 2001) (Fig. 1).

Turrialba volcano has a volume of approximately 290 km3 while
the entire edifice has a radius of about 20 km, extending from the
town of Turrialba to the Guápiles plane and from the basin of Río Toro
Amarillo to the vicinity of the Río Reventazón basin (Soto, 1988)
(Fig. 2). Turrialba and the nearby Irazú volcano, with which it shares
the base (twin volcanoes), form the largest volcanic massif of Central
America (Carr et al., 1990).

The currently active edifice is conical with an elliptical summit
area (facing to the NE) that hosts at least three craters, labelled East,
Central and West, according to their geographical position, as well as
three exterior peaks, Cerro San Carlos to the N, Cerro San Enrique to
the E and Cerro San Juan to the S–W (Fig. 2). The age of the three
craters decreases from E to W (the latter formed during the last
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eruptive event in 1864– 66). Other craters are present but not clearly
recognizable, being disfigured by volcanic and erosive effects
(Alvarado-Induni, 2005).

The edifice's morphology is characterized by its prominent
northeast facing valley, attributed to either a sector collapse (Soto,
1988) or glacial erosion (Soto, 1988; Reagan et al., 2006). Normal
faults cut through the summit region (Linkimer-Abarca, 2003) and
follow for several kilometres a NE-SW direction along which two
pyroclastic cones, named Tiendilla and El Armado, are aligned (Soto,
1988) (CT and CA in Fig. 2).

From its last eruption to the early 1990s, Turrialba has been
characterized by the emission of discontinuous low temperature
(b95 °C) fumarolic gases discharging from the Central and
West craters, with occasional reports of a small plume visible in
the areas surrounding the volcano (http://www.ovsicori.una.ac.cr/
vulcanologia/estado_volcanes.htm). The fumarolic gas discharges
have been continuous since 1980 (Cheminée et al., 1982; Tassi
et al., 2004). From 1996 onwards, Turrialba has been showing
worrying reawakening signals in terms of both seismicity and gas
geochemistry. The increasing number of seismic events has been
paralleled by enhanced fumarolic activity (accompanied by higher
outlet temperatures and significant compositional variations) and,
opening of new fumarolic vents in both Central and West craters as
well as in the outer and external flanks of the volcano (http://www.
ovsicori.una.ac.cr/vulcanologia/estado_volcanes.htm).

These physical–chemical changes at Turrialba, after almost
150 years of relative quiescence, have led to a closer surveillance.
Turrialba is upwind from the highly populated Central Valley, which
includes the capital city San José and most of Costa Rica's other large
population centres, as well as its main international airport. Therefore,
Turrialba could pose a severe hazard to both the population and the
economy of Costa Rica.

In this paper new geophysical, geodetical and geochemical (SO2

flux, Radon and rainwater) data are presented and discussed with
previously published geochemical (geochemistry of fumarolic dis-
charges; Tassi et al., 2004; Vaselli et al., 2010) and geophysical2

(Barboza et al., 2003a,b) data gathered from monitoring activity. A
particular emphasis is devoted to the 2007–2008 period, when
Turrialba suffered the most dramatic changes. While new efforts,
resources and equipments have been dedicated to themonitoring and
understanding of this volcano since early 2009, the main goal of this
work is to show and interpret the multidisciplinary dataset to assess
the status of the volcano's activity and provide reliable scenarios of its
possible evolution. The intention is to highlight i) a multiparametric
approach useful in understanding the activity of a volcano (even
when the resources are limited as they were up to recently for
Turrialba volcano) and ii) present for the first time all the available
data on the activity of this specific volcano— some already published
(Tassi and Vaselli's work) and a whole suite of data in most cases
never used before, or only shown in local reports. For the first time all
these data are presented together and discussed as a whole, in a
multiparametric approach.

2. Eruptive history and volcanic hazard

Outcrops of basaltic to dacitic lava and pyroclastic units from at
least twenty eruptions are recorded in the summit area (Soto, 1988),
some of which are associated with major lava flows along Turrialba's
northern, western and southern flanks. The majority of these
eruptions likely preceded an important erosional period that may

Fig. 1. Tectonic setting of Costa Rica (modified from Protti et al., 1995). Black triangles mark the volcanoes of the Cordillera Volcanica Central.

2 The only published geophysical data are relative to seismicity levels/event counts
(no analysis) up to 2002 (Barboza et al., 2003a,b). More recent information on
seismicity levels was only presented in the OVSICORI-UNA internal reports.
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have involved glaciation, also marked by dearth of volcanism (Reagan
et al., 2006). The post-erosional period began with massive andesite
to dacite lava flows at ca. 9300 year B.P.

Six explosive eruptions are recorded in the tephra stratigraphy at
Turrialba over the last 3400 years (Soto, 1988; Alvarado-Induni,
2005). Setting aside a 0.2 km3 silicic andesite Plinian eruption at
ca. 1970 yrs B.P., these eruptions were small volume (b0.03 km3)
basalt and basaltic andesite phreatic and phreatomagmatic eruptions
(Reagan et al., 2006).

The last eruption occurred in 1864–1866, following a period of
enhanced fumarolic activity that started in 1723 (Reagan et al., 2006).
It was an entirely explosive eruption: phreatic in the first year,
phreatomagmatic towards the end and characterized by the emission
of relatively large volumes of ashes that during the peak of activity
(February 1866) reached Nicaragua (Reagan et al., 2006).

Over the last 3400 years, repose periods have averagely lasted
800–600 years, although the interval between the 1864–66 and the
previous eruption was likely much shorter as suggested by the thin
soil horizon that separates these two events (Reagan et al., 2006).

The geological and rock geochemistry records suggest that the
next eruption, likely occurring from the summit craters, is expected to
be similar to the most recent basaltic and basaltic andesitic eruptions,
although a larger volume and/or a more destructive silicic andesite to
dacite eruption cannot be ruled out (Reagan et al., 2006). The

presence of young cinder cones on the SW flank of Turrialba does not
allow discarding the possibility of eruptive events away from the
craters. Depending on whether the eruption would stop at an initial
phreatic phase or would be followed by a strombolian or phreato-
magmatic phase, fallout deposits could severely affect the entire
Central Valley (Reagan et al., 2006). In addition, Turrialba is char-
acterized by: steep slopes, massive lavas overlying weak pyroclastic
substratum, widespread hydrothermal alteration of the core of the
volcano, vent migration parallel to the axis of the avalanche caldera
and water saturation of the edifice. All these features may promote a
failure of the volcano edifice, enhancing the risk of debris avalanching
(Reagan et al., 2006).

3. Monitoring techniques

Seismic surveillance of Turrialba volcano started in 1990 with a
single station located at the summit of the volcano equipped with a
1 Hz Ranger SS1 seismometer, managed by the Observatorio
Vulcanológico y Sismológico de Costa Rica Universidad Nacional,
OVSICORI-UNA. In 1996, three short-period telemetric stations
(donated to OVSICORI-UNA by the USGS Volcano Disaster Assistance
Programme-VDAP) were added. Hence, the current network is
consisting of 3 L4C Mark 1-component and 1 3-component seism-
ometers (L4D sensors for the horizontal components, a Ranger SS1

Fig. 2. Location, main morphology and tectonic features of Turrialba area (freely redrawn from Soto (1988), Linkimer-Abarca (2003) and Reagan et al. (2006)). The right-hand-side
inset is a topographic map of Turrialba summit region, with contours at 100 m intervals; the rim of the NE valley is outlined with dashed lines. The three craters of Turrialba summit
are marked W (West crater), C (Central crater) and E (East Crater). CT = Pyroclastic cone Tendilla, CA = Pyroclastic cone El Armado.

418 F. Martini et al. / Journal of Volcanology and Geothermal Research 198 (2010) 416–432
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seismometer for the vertical one). Station locations are shown on the
map in Fig. 3a. Previously recorded in trigger mode, since April 2008
the seismic signals are recorded in continuous mode.

In the 1980s OVSICORI-UNA began the installation and measure-
ments of geodetic networks on active Costa Rican volcanoes, including
Turrialba. Four dry tiltmeters (triangular levelling arrays) were set at
Turrialba in 1982 and measurements were initially carried out
quarterly and twice a year since 1987 (due to the low level of activity
of Turrialba) until 2000, when measurements were interrupted. After
1990, EDM (electronic distance measurement) and trigonometric
levelling networks improved the existing tiltmeters. The current
geodetic network (Fig. 3b), equippedwith a Trimble 5601precise Total
Station, includes two independent EDM networks, located at both the
SW flank and the crater summit of the volcano. The two EDM
networks, where distances and zenith angles are measured between
one reference point and several fixed prisms, were installed in 2002
and2006, respectively. These data have not beenpreviously published.

The entire geodetic network is located within or very near the
summit region and thus well inside the area of expected ground
deformation in case of intrusion (this poses some limitations in
absolutely quantifying the deformation). Moreover, the lack of fix
reference benchmarks resulted in that only two-dimensional differ-
ential displacement between two possibly moving points could have
been detected. Therefore, while the networks are being improved at
the time of writing, the data collected up to 2008 can only infer on the
occurrence of deformation but make impossible to properly charac-
terize or quantify it.

OVSICORI-UNA and the University of California at Santa Cruz have
been operating, since 2002, an Applied Geomechanics Inc.™ Model
800 uniaxial electronic tiltmeter on the SW flank of Turrialba volcano.
This electronic tiltmeter is radially oriented and located about 1.7 km
from the crater (location indicated by white star in Fig. 3b). The
instrument is bolted down on a concrete pier about a meter deep,
protected and insulated by a plastic barrel buried some 50 cm below
the surface. The analogue output of this tiltmeter is digitally converted
and recorded by a Campbell Scientific Inc.™Model CR500 data-logger
located on a metal box a meter above ground. Although daily and
seasonal temperature ranges of the data-logger are 15 and 30 °C,
respectively, temperatures at the pier, where the tiltmeter is located,
are varying between 1 and 3.5 °C on a daily and yearly basis, re-
spectively. Sampling rate was every 5 min from 2002 to mid 2003 and
twice per hour since mid-2003. These data have not been previously
published.

Four GPS campaigns have been carried out since 2006 in the
volcano summit area (benchmarks are shown in Fig. 3b). The re-
ference point was an external CGPS (Continuous GPS) station located
in San José, 40 km away from the network (CRCC-CORS station
managed by COGNOCARTA/CENAT). In the last campaign (2008) a
fixed benchmark, located near the summit of the neighbouring
Irazú volcano, 10 km away from the Turrialba network and at the
same elevation, was also used. This was done due to previous large
uncertainties in vertical measurements attributed to the elevation
difference between the network and the reference station in San José
(~2000 m). These data have not been previously published.

The monitoring of the fumarolic gas discharges has started in 1980
by measuring outlet temperatures, condensates (pH, F and Cl), rain-
waters (pH, electrical conductivity and main solutes), SO2 fluxes and
Radon measurements by the OVSICORI-UNA personnel (previously
unpublished data). In the last fifteen years, in collaboration with the
Department of Earth Sciences of Florence (Italy), the geochemical
monitoring was implemented by including chemical (inorganic and
organic) and isotopic (oxygen and hydrogen in steam, carbon in CO2

and helium) analysis of fumarolic gases.
Outlet temperatures and condensates from the fumarolic dis-

charges located within the Central and West summit craters (Fig. 3c)
were measured at variable time intervals, depending on the status of

the volcanic activity and weather conditions. Complete geochemical
analysis and, more sporadically, isotopic data for the Central andWest
crates are available, once or twice per year, since 1998 (Tassi et al.,
2004; Vaselli et al., 2010). The Quemada fumarolic field, which formed
in summer 2001 in a large fractured area between the West and
Central crater, was sampled in 2002. Gas discharges from the SW
flanks of the volcano were collected in 2008, while those seeping out
in correspondence of the Ariete Fault, a major tectonic fault 1.7 km
SW of the summit craters, were sampled for the first time in 2007.

Rainwater samples were collected on a monthly basis from a
network of rain gauges in the surroundings of the summit area
(Fig. 3c) at: i) the rim of the West crater since 2003, and ii) La Silvia
Station located on the western flank of the volcano in 1984–1986
(Fernández, 1987) and from 2007 onwards. Samples were stored in
high-density clear polyethylene bottles and kept at 5 °C to minimize
the growth of bacteria or algae (Martínez, 2008; unpublished).
Additional (unpublished) rainwater samples are collected by the
Costa Rican Institute of Electricity (Instituto Costarricense de
Electricidad, ICE) on a monthly basis since April 2007 at seventeen
sites, mainly located on the W, SW and S flanks on the volcano edifice
(Soto et al., 2008).

Mini-DOAS profiles, to estimate the SO2 flux rates at Turrialba
volcano, were measured at irregular intervals from 2002 to 2007 by
traversing the volcanic plume on foot with a portable miniaturized
Ocean Optics USB2000 UV spectrograph fibre-coupled to a pointing
telescope, which has an optical resolution of ca. 0.6 nm over a
wavelength range of 245–380 nm (the Scanning Dual-beam minia-
ture — Differential Optical Absorption Spectrometer, so called mini-
DOAS) (Platt, 1994). The instrument was operated in zenith sky mode
with a custom-built programme, mobile DOAS, developed specially
for DOASmeasurements (Galle, 2002; Galle et al., 2003). In April 2008,
a network of four fixed mini-DOAS stations was set up on the western
flank of Turrialba volcano (Fig. 3c) within the NOVAC project (http://
www.novac-project.eu), to continuously monitor the SO2 flux
through the summit craters of Turrialba volcano (unpublished data).

Radon has been monitored on the volcano (Fig. 3c) since 1983 by
OVSICORI-UNA and the Centre National de la Recherche Scientifique
(CNRS) in France. Radon flux was determined following the technique
of Seidel (1982) based on Solid State Nuclear Track Detectors
(SSNTD). The SSNTD used are alpha-sensitive LR-115 type II cellulose
nitrate foils, manufactured by KODAK-PATHE. The foils were left in the
field during mean exposure periods of 30 days and systematically
substituted in order to maintain a continuous surveillance (unpub-
lished data).

4. The recent evolution of Turrialba volcano: chronology
and observations

After many years of quiescence, the activity at Turrialba resumed
in 1996 with a marked and progressive increase in degassing and
seismic activity. The increased seismicity was characterized by the
occurrence of periodic seismic swarms, the most important ones in
2001, 2003, 2004, 2005 and 2007, when the highest peaks of
seismicity were recorded. An increment in the number of fumaroles
and levels of degassing has been observed at the occurrence of each
seismic swarm (Barboza et al., 2003b; Tassi et al., 2004; Vaselli et al.,
2010).

Before 2000, the fumarolic activity from the summit area was
mainly from two low-flux fumaroles located in the Central and West
craters (Tassi et al., 2004). In 2000, new fumaroles appeared in the
two craters and in the fracture system in between.

Coeval to swarms in 2001 and 2002, a change in the fumarolic gas
composition was observed, while radial inflation was detected. In
summer 2001, a large fracture (30 m long and 4 m wide) between
the West and the Central crater started discharging fluids at 90 °C
(Quemada fumarolic field) in parallel to a significant increase of the
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Fig. 3. Location of the monitoring stations and sampling points; a) seismic stations (current crater station VTU, which substituted VTUC in 2007), b) geodetic network, EDM reflector
and GPS points, and tiltmeter location, and c) fumaroles, mini-DOAS stations, rain gauges, radon sampling points.
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degassing rate from the fumaroles of the Central crater (Barboza et al.,
2003a; Tassi et al., 2004).

Gas emission flux and temperature increased again in 2004 in
correspondence to several swarms of hybrid events. In 2005, a general
increase of the fumarolic activity and the opening of new fumarolic
vents were observed, in the West crater area (mainly in the northern
and eastern flanks) as well as SW of the crater area at a much lower
elevation (2600 masl).

Following the high seismicity recorded in 2007, degassing from the
West crater considerably increased and a new jet high-flux fumarole
appeared at its bottom (hereafter West HT fumarole). Coincidentally,
the most evident changes (temperature, degassing levels, etc.) have
been observed at the volcano. Since then a plume, occasionally up to
2 km high above the crater level, has almost constantly been observed
(http://www.ovsicori.una.ac.cr/vulcanologia/estado_volcanes.htm).
Sulphur deposits have appeared at the fumaroles, particularly at the
bottom of the West crater. New fumaroles also appeared at the Ariete
fault, in February 2007.

In the following sections, a detailed description is given on the
seismicity, ground deformation, gas geochemistry, SO2 flux, radon
measurements, rainwater chemistry and the impact on the environ-
ment by the fumarolic-induced volcanic plume at Turrialba volcano
over the recent years.

5. The recent evolution of Turrialba volcano: geophysical and
geochemical evidences

5.1. Seismicity3

Smithsonian (Global Volcanism Program) Bulletins for Turrialba
volcano (http://www.volcano.si.edu/world/volcano.cfm?vnum=
1405-07=&volpage=var) and Barboza et al. (2003a) reported rela-
tively low seismicity (a maximum of 90 hybrid event/month) in the
years 1990–1996; periodic seismic swarms started in 1996. From May
1996, the micro-seismicity (characterized by frequencies between 2.4
and 4 Hz, short duration, amplitude b10–15 mm, S–P smaller than 1 s
and Mdb1) increased. Small amplitude, low frequency (b2 Hz) events
of Mdb1.6 were recorded and reached 600 events/month toward the
end of the year. In February 1997 a small increase in the micro-
seismicity, both in number of events (reaching up to 2000/month) and
magnitude, was detected. A further increase was recorded in July 1998,
coeval with the appearance of new fumaroles. The year 2000 was
marked by the appearance of seismic swarms of hybrid events, which
characterized the following years. The first swarm occurred between
October 19th and November 4th; it consisted of hybrid events with
Mdb1.9, localized within the volcano edifice at a depth between 4 and
6 km.

In January, March and October 2001 and October 2002, four
seismic swarms of hybrid events with frequency between 2.1 and
3.5 Hz affected the Turrialba volcanic system. LP events with
dominant frequency b1.8 Hz and Md up to ≈2.0 were also recorded.
Hypocentral determination localized these events within the volcano
edifice at a depth of 4–6 km, mainly along the northern flank, within a
4 km distance from the crater area (http://www.ovsicori.una.ac.cr/
vulcanologia/estado_volcanes.htm). Another swarm occurred in July–
August 2003: the appearance of low frequency (b2 Hz) tremor at all
stations followed this episode.

Volcanic tremor and the appearance of a small number of tornillo-
type events characterized 2005. A swarm of hybrid events was
recorded in April 2006, consisting of intermittent tremor with 3.2, 3.8
and 4.3 Hz central frequency and VT events marked the opening of

new fractures within the crater area as well as the northern flank of
the volcano during the same year.

Between June 2005 and February 2007 the permanent network
recorded small seismic swarms of events with M=1.2–1.9, at a depth
between 4 and 6 km in several occasions. All those events were
classified as hybrid on the basis of their waveform and frequency
content.

In April–May and July–September 2007 two seismic swarms were
recorded. In July 2007 themaximum activity to date, with 2000 event/
day, for several days, was recorded.

The events are interpreted as VT type (some examples from the
April/May swarm are shown in Fig. 4). At the crater station (VTU),
these events were recorded with an impulsive start and frequencies
up to 8 Hz; at the other stations (PICA, LORE, TLLA and FIBO),
positioned at variable distance from the crater area (Fig. 3a), their
onset became progressively more emergent, they lost the higher
frequency content (frequency reaching 4 Hz only at a distance of
~2.5 km from the crater area), and showed smaller amplitudes and
longer coda. All these effects can be explained as due to propagation
effects in the highly scattering volcanic structure.

A second swarm, the biggest to date, occurred from late July to mid
September 2007; the peak of activity, recorded on July 19th, reached
2000 events/day. The events are interpreted as VT type, the number of
episodes beingmuch higher than that recorded in the previous swarm.

The peak in seismic activity in mid 2007 marked an important
change in the seismicity character. The predominant seismicity was
then characterized by strongly emergent events, with a typical
spindle-shape envelope waveform and frequencies up to 12 Hz,
although most were between 2 and 8 Hz. Polarization analysis of the
events recorded by the only available 3 component station (PICA,
2.1 km W of the crater) performed following the method of
Kanasevich (1981) revealed azimuth angles of approximately 80 N
(pointing into the general direction of the crater area) and dip angles
approaching 80 to 90°, indicating very shallow events. The events
showed a striking similarity to the seismograms recorded for the
active seismic experiment atMerapi volcano (Wegler and Luhr, 2001).

In Fig. 5 the polarization for a ‘typical’ event from the April–May
swarm is compared with that of a ‘typical’ post-September event: the
polarization analysis had similar rectilinearity and azimuth but
different dip angles, i.e. greater for the latter, indicating shallower
events.

Other events characterizing the seismicity since late 2007 were
impulsive, often high amplitude, deep and recurrently followed by
episodes of harmonic tremor, lasting for several minutes up to several
hours (Fig. 6). Harmonic tremor episodes commonly exhibited a
fundamental frequency f1 between 1.5 and 3 Hz (as recorded by 1 Hz
instruments) with up to 8 harmonics (but normally 3 to 4); gliding
(proportional shifting of all spectral peaks) was commonly observed.
The fundamental frequency f1 was the same for all recording stations,
indicating that it was a source and not a path or site effect. The
frequencies of the overtones were observed to be slightly shifted with
respect to n×f1.

Polarization analyses were performed separately for the impulsive
part of the sequence (frequency band 0.8–1.8 Hz) and the tremor
(2.4–3.1 Hz, to include the fundamental frequency f1). The initial
impulsive high frequency signal showed very high rectilinearity
(R~1), azimuth pointing slightly north of the West crater and very
low dip angle (~0 at onset, therefore approaching the vertical below
the station): those values indicated a deep source for these signals,
located below the crater area. Particle motion analysis revealed a very
short window of longitudinal polarization, pointing, again, slightly
north of the crater area, while the following phases depicted clear
transverse motion, continuously rotating with time. This observation
was confirmed by the azimuth angles obtained by polarization
analysis. Dip angles were found between 70 and 90°, when they
were paralleled by high rectilinearity values (approaching 1).

3 All the data relative to the seismicity levels have been extracted from the
OVSICORI-UNA internal reports, unless otherwise indicated. The data analysis is
original to this manuscript.
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5.2. Ground deformation

Tilt measurements revealed no ground deformation above
detection limits until 1996. Dry tilt measurements carried out at ‘La
Silvia’ station, located at 2.5 km W of the volcano summit, showed an
accumulated radial inflation of 2.3 μrad between October 1996 and
January 1999 (Barboza et al., 2003a,b). These authors also reported an
average extension of 5 cm measured between 2001 and 2002 of the
EDM lines from the summit to two points on the SW flank, at 0.8 and
2.9 km distance.

The summit network was set to measure distances from a pillar
located on the southern rim of the Central Crater (Point Pilar at the
touristic lookout point, Fig. 7a) to six fix prisms placed in the Central
Crater and on the rims of the West, Central and East craters. In Fig. 7b
the data collected from 2006 to 2008 are shown. Loss of several
reflectors by vandalism affected some of the lines: the points available
indicated lengthening of the distances from late 2006 to mid 2007,
reversed to shortening in late 2007 and early 2008.

The second EDM network is located on the western flank of the
summit cone, where distances were measured from the foot of the
600 m-high summit cone (point called Virtud, Fig. 8) to three
reflectors located at different elevations (Poste, Lucas and Cima,
Fig. 8). The distance between the Virtud and CIMA stations
experienced shortening from early 2006 to 2007, reversed to
lengthening in 2008, while the two 0.8 and 2.9 km long lines to the
two points on the SW flank did not record any significant changes
(Fig. 8). Both networks had the limitation of being very near or within
the summit region and thus well inside the area of expected ground
deformation in case of intrusion (this poses some limitations in
absolutely quantifying the deformation). The Virtud station is at a
distance of ~3 km from the volcano summit. Models by Mogi (1958)
and Yokoyama (1971) indicated that the maximum deformation was

expected at comparable horizontal distance from the deformation
source (Fig. 9, example for source depth of 4.5 km).

Moreover, the lack of fixed reference points within the networks
prevented a full characterization of the differential displacements that
were detected. Nevertheless, a first general interpretation could infer
a possible inflation trend prior to 2007 followed by steady deflation to
present, although a large inflation after 2007 could render similar
EDM results.

Tilt data measured since 2002 are shown in Fig. 10 together with
the temperature in the vault; for the sake of clarity a zoom on the data
from 2006 to 2008 is also plotted. The orientation of the tiltmeter (tilt
towards the summit) was such that deflation was recorded as an
increase of tilt. The data are uncorrected for the daily day/night
variations of temperature but their influences were reduced by using
the daily average of the tilt values. As mentioned earlier, temperatures
at the vault changed of only 3.5 °C over several years, with daily
variation of less than one degree.

The tilt pattern from 2002 to 2008 suggested the occurrence of
three distinct trends: 1) deflation from 2002 to March 2005; 2)
inflation from March 2005 to late August 2007, marked by two
deflation pulses, sometime in 2006 (data lost due to sabotage of the
station) and inmid February 2007; 3) deflation from late August 2007,
with an increase in the rate of deflation since late March 2008.
Unfortunately, the data gathered only from one tiltmeter were not
sufficient to uncompromisingly define volcanic deformation.

Data from four GPS campaigns were available to the present work.
Two initial campaigns were performed in 2006 and 2007 using as
benchmarks the points marked TUR3, 4, 5 and 8 in Figs. 3b and 11.
Measurements were taken by GNSS Trimble mono-frequency recei-
vers, over short occupations. Two further campaigns were performed
in 2008 using GNSS Leica 1200 double frequency receivers, for a
3 hour-long and a N8 hour-long occupation, respectively.

Fig. 4. Seismic event, interpreted as a VT type, recorded inMay 2007 by the OVSICORI-UNA permanent network. The signal (left) and its frequency spectrum (right) are shown for the
stations VTU, in the crater (top), and TLLA (middle) and FIBO (bottom), located at progressively higher distance from the crater area (Fig. 3a). The signal onset becomes progressively
more emergent and the recordings loose the higher frequencies.
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Helmert's transformation (Chen and Hill, 2005) and a 3-D
adjustment method (Muller et al., 2009) were applied in order to
compare the data from such different campaigns and obtain the total
displacement vectors for the entire period 2006 to 2008. Moreover,
starting in May 2008, the Virtud station, used as base station for EDM
measurements (Fig. 8), was occupied within the GPS survey in order
to check its stability and therefore the validity of the data obtained by

the EDMnetworks. The resulting vectors are shown in Fig. 11 together
with an average error ellipsoid. They indicated outward displacement
and a possible inflation from 2006 to February 2008. Tentatively, the
trend was maintained from February to May 2008.

The levelling across the Ariete fault did not highlight significant
changes during the repeated occupations, in agreementwith the lack of
clear seismic activity from the fault since the network was established.

Fig. 5. Polarization analysis for events recorded at the three component station PICA, in a) May 2007 and b) April 2008. For each event, waveform, rectilinearity, azimuth and dip
angles are shown (from top to bottom), as calculated following the method of Kanasevich (1981).
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5.3. Geochemistry of fumarolic discharges

The two small, low-flux fumarolic fields in the inner SW flank of
the Central crater and in the northern rim of the West crater,
respectively, prior to 2000 (Tassi et al., 2004; Vaselli et al., 2009) were
characterized by outlet temperatures ~90 °C and a chemical compo-
sition marked by dominant H2O and CO2, relevant H2S, N2, HCl and H2

concentrations and minor amounts of HF, CO and CH4. Such chemical

features are considered typical of fluids produced by gas–water–rock
interactions occurring within a well-developed hydrothermal reser-
voir (Giggenbach, 1987, 1996). However, the He isotopic signature (R/
Ra=7.3, where R is the 3He/4He ratio in the sample and Ra is the 3He/
4He ratio in the air, i.e. 1.39×10−6, (Mamyrin and Tolstikhin, 1984)),
closely resembling that of mantle-related He in subduction zones
(Poreda and Craig, 1989), suggested that a magmatic source was still
active at the Turrialba volcano (Hilton et al., 2002; Shaw et al., 2003;
Tassi et al., 2004). In November 2001 a drastic compositional change,
mainly consisting in the appearance of SO2, affected the fumarolic
fluids of the Central crater. Sulphur dioxide is a diagnostic component
of high temperature fumaroles directly related tomagmatic degassing
(Gerlach and Nordlie, 1975; Giggenbach, 1987). Therefore, this event
marked the beginning of a new phase of the fumarolic activity of the
volcano, which led to further changes of the fluid chemistry and
fumarolic degassing rate. In April 2002, a 4 m wide fracture
discharging fluids at 90 °C (Quemada fracture) opened between the
West and the Central craters, and new fumarolic vents opened in the
N and S outer flanks of the West crater and within the Central crater
(Tassi et al., 2004), discharging fluids chemically similar to those from
the West and Central craters. In June 2005 new fumaroles with outlet
temperatures ~90 °C formed along the NE-SW-oriented Ariete fault
system in the southern external flank of the volcanic edifice, at an
elevation of 2700 and 2600 m. Fluids discharged from these sites
showed no presence of high temperature gas compounds, but the
mantle signature of the He isotopic values (R/Rair=7.7), argued for a
common deep source feeding both the crater and distal gas
discharges. In 2007, the fumarolic activity from the summit craters
showed a further increase, and in February 2008 a temperature of
282 °C, the highest recorded at Turrialba volcano (Cheminée et al.,
1982), was measured at a high-flux fumarole located at the bottom of
theWest crater (Vaselli et al., 2009). This intense fumarolic activity of
2007–2008 resulted in a volcanic plume up to 2 km high that was
occasionally visible from San Josè (OVSICORI-UNA, 2007, 2008).

The evolution of the fumarolic fluid chemistry recorded at both the
West and the Central fumaroles in 1998–2008 could satisfactorily be
described by the temporal patterns of the SO2/CO2, HCl/CO2 and HF/
CO2 ratios at the monitored fumaroles of the West (Fig. 12a) and
Central (Fig. 12b) craters, where distinct phases were distinguished:
1) a hydrothermal stage in 1998–2001, 2) a magmatic-related fluid
input at the end of 2001, 3) a progressive increase of the magmatic
signature in 2002–2007, and, more drastically, in 2007–2008.

According to the temporal trends of themain gas compounds, the δD
and δ18O values in the steam prior to 2005 depicted an evaporation
trend related to the boiling of an aquifer fed bymeteoricwater, whereas
those of samples collected after 2005 showed amixing trend between a
meteoric and an “andesitic” (Taran et al., 1989; Giggenbach, 1992) end-
member (Vaselli et al., 2010).

The temporal pattern of the pH values measured in condensates
from the monitored fumaroles of the West crater from 1992 to 2008
(Table 1), is consistent with the chemical evolution of the gas
composition, showing a decreasing trend that started in 2001 and
became more pronounced after 2004 (Fig. 13).

5.4. SO2 flux

Mini-DOAS profiles were carried out at irregular intervals since
2002 in the surroundings of the summit craters. Data from a profile
NW to W and SE of the west crater rim measured in 2002 and 2007
displayed an increment from 1 to ~70 ton/day of SO2 over the
considered period. The SO2 flux rates in January 2008 are of one order
of magnitude higher. Unfortunately, the available data are sparse and
likely affected by the fact that the 2008 profile was not measured at
the same location as the previous ones, but approximately 2.5 km to
the SW. At the time of writing, the four permanent mini-DOAS
stations installed in April 2008 were still undergoing proper

Fig. 6. Post-2007 seismicity: Three examples of harmonic tremor sequences recorded at
station VTU in early 2008. For each event, the waveform and its spectrogram are shown.
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calibration. The measured, though not validated, values indicated that
the SO2 fluxes were ranging between 700 and 1100 t/day (S. Miranda
Brenes, Pers. Comm.).

5.5. Radon emission

Radon flux data collected from late 1997 to 2007 are shown in
Fig. 14. No significant variations were observed in the pre-1997 re-
cords, with the Radon values constantly b200 Bq/m3. The Radon
contents (in Bq/m3) displayed a significant increase from 1997 to
2000 at La Silvia (up to 1700 Bq/m3) and La Fuente (up to 1200 Bq/
m3) stations, located at 3 and 5 km from the summit, respectively, and
coeval with the previously mentioned precursory seismic pulses.
Conversely, the Rn contents at Los Quemados station remained
substantially unmodified. In 2002 the Radon values drastically
decreased and were clustering around those measured prior 1997
(b200 Bq/m3).

5.6. Rainwater

The temporal variations of the SO4/Cl ratios and the SO4, Cl and F
contents along with those of the electrical conductivity and the pH
values for the rainwaters collected at the rim of the West crater

(Fig. 3c) from 2003 to mid 2008 are shown in Fig. 15. The temporal
profiles of the selected physical–chemical parameters define a
significant change in early 2005: the pH values significantly decreased
down to 2, while the electrical conductivity and SO4, Cl and F
concentrations increased up to two orders of magnitude, reaching
their maximum values between the second half of 2007 and first half
of 2008 (up to 4730 mS/cm, 690, 180 and 22 mg/L, respectively). It is
noteworthy to point out how the SO4/Cl ratios, following the general
increase after 2005, displayed the highest values (up to 876), though
characterized by strong variations, until middle 2007. Successively,
this ratio decreased to the lowest values ever recorded and clustering
just slightly above 0. The apparent contradiction with respect to what
observed for the fumarolic gases may be related to the fact that the
condensation process does not allow SO2 to be completely dissolved
as SO4

2− since different intermediate, relatively stable products, such
as SO3

2−, HS− and so forth, can be formed. Thus, the condensate
solution has to be oxidized with H2O2 (not performed in this work)
prior the analysis by ion-chromatography. Furthermore, significant
contributions from the dissolution of H2S cannot be ruled out.

The Costa Rican Institute of Electricity (Instituto Costarricense de
Electricidad, ICE) monitors the acid rains in the area in order to assess
at which degree they may affect the existing infrastructure on the
volcano. ICE has placed seventeen fixed collection sites on the volcano

Fig. 7. a) The summit EDM network which measures distances from a pillar located at the southern rim of the Crater Area (at MIR, the Touristic Mirador) to five prisms located into
and on the rims of theWestern, Central and Eastern craters (Points A, B, C, D, and E); b) data collected from 2006 to 2008. Loss of several reflectors by vandalism affected some of the
lines.
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Fig. 8. EDM network on the western flank of the summit cone: distances are measured from the foot of the 600 m-high summit cone (point called Virtud) to three reflectors located
at different elevations (Poste, Lucas and Cima). Data collected from 2002 to early 2008 are shown.

Fig. 9.Modelling vertical (circle) and horizontal (square symbol) deformation due to a spherical source at different depths: a) Yokoyama (1971) model for a source depth at 4.5 km,
pressure=3.0 kbar; b) Mogi (1958) model for a source depth of 5 km, pressure 2.5 kbar; c)Mogi (1958)model for a source depth of 4.5 km, pressure 3.0 kbar; d)Mogi (1958) model
for a source depth of 4 km, pressure 2.5 kbar.
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edifice, mainly concentrated on the W, SW and S flanks. Iso-acidity
maps are produced on a monthly basis and are available at http://
www.rsn.geologia.ucr.ac.cr/Vulcanologia/volcanturrialba.html. These
maps allow a prompt visualization of the rapid extension of the area

affected by acid rain towards SW. For example, in August 2007 the
area with pH b5.6 rainwater extended up to 2.3 km from the crater. In
the same area pH values of ~4 were measured in November and early
December 2007. More acidic values (pH ~3) were recorded early

Fig. 10. An electronic tiltmeter operating since 2002 on the SW flank of Turrialba, about 1.6 km from the crater summit (indicated by white star in Fig. 3b). Data from 2002 to early
2008 are shown (top); data from late 2006 are zoomed in (bottom plot). The tilt data are plotted together with the temperature measured in the vault. The data are not corrected for
the influence of the daily variations in the temperatures between day and night, although this effect was reduced using the daily average of the tilt values. (Data courtesy of Marino
Protti).

Fig. 11. Total displacement vectors for the entire period 2006 to 2008, obtained by 3-D adjustment (Muller et al., 2009) of GPS data collected during four different campaigns
performed between 2006 and 2008.
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2008, while pH ~5 was measured for those samples collected at
~4.5 km SW of the crater (Soto et al., 2008). An illustrative exem-
plification of this evolution is sketched in Fig. 16.

5.7. Effect on the environment

The enhanced gas discharge observed in 2007–08 has caused
significant interference on tropospheric O3 measurements at 2–3 km
altitude, ~50 km west of the volcano, detected by the Ozone
Monitoring Instrument (OMI) mounted on the NASA EOS-Aura
Satellite (http://so2.umbc.edu/). The interaction of the acid gases
(mainly SO2 and Cl) with humidity in the atmosphere favours the
precipitation of acid rain, mainly in the west sector of the volcanic
edifice, due to the predominant winds coming from the Caribbean (E-
ENE to W-WSW). As a consequence, the vegetation and the
infrastructures below the volcanic plume (http://www.ovsicori.una.
ac.cr/vulcanologia/Volcan_Turrialba.htm) have been strongly affect-
ed. In 2008, soil CO2 flux measurements (accumulation chamber
method; Chiodini et al. (1998)) were carried out on the flanks of the
SW sector of the volcano, where vegetationwas showing clear signs of
suffering. The observed effects range from foliage discolouring to
death for plants of different native and introduced arboreal species,
annual cultures (onion, potatoes) and pastures. Moreover, cattle and
other animals were severely affectedwith strong consequences on the
local economy (for example, cheese production, which is one of the
major sources of income for the local population). The lack of
significant CO2 flux anomalies from the soil (M. L. Carapezza, F. Barberi
and T. Ricci, Pers. Comm.) had undoubtedly proven that acidic rain
was the main cause of the damage on the biota of the area. While the
effects of this phenomenon on human health are to be properly
assessed, a large percentage of the local population has left the area,
due to the unacceptable living conditions.

Fig. 12. SO2/CO2, HCl/CO2 and HF/CO2 ratios at the monitored fumaroles of theWest (a)
and Central (b) craters.

Table 1
pH values measured in condensates from the monitored fumaroles of the West crater
from 1992 to 2008; n.d.: not determined.

Date pH Date pH Date pH

14/01/1992 4.80 19/10/2001 2.60 23/03/2007 1.20
13/04/1993 4.20 17/01/2002 3.30 24/04/2007 1.37
27/04/1994 3.70 01/02/2002 2.95 09/05/2007 1.47
14/03/1995 4.65 19/02/2002 3.05 18/05/2007 1.31
01/09/1995 4.00 21/03/2002 3.60 23/05/2007 1.44
12/01/1996 3.60 29/05/2002 5.75 26/01/2005 3.07
17/07/1996 4.10 14/11/2002 2.65 04/03/2005 2.48
06/11/1996 4.35 09/01/2003 3.50 02/04/2005 2.79
09/04/1997 4.35 01/05/2003 2.73 11/04/2005 3.37
14/01/1998 4.05 09/05/2003 3.80 22/04/2005 2.21
03/03/1998 4.20 29/05/2003 3.30 07/06/2005 2.65
22/04/1998 4.10 26/06/2003 2.80 23/06/2005 2.23
22/07/1998 4.75 23/07/2003 3.00 12/07/2005 2.06
17/11/1998 4.20 01/08/2003 n.d. 22/08/2005 2.45
15/03/1999 6.05 08/08/2003 3.30 09/09/2005 2.76
28/04/1999 4.45 28/08/2003 2.60 03/10/2005 2.43
10/06/1999 3.65 11/09/2003 3.40 04/11/2005 2.13
06/08/1999 3.80 25/09/2003 3.25 06/12/2005 2.25
23/09/1999 3.50 17/01/2004 3.30 24/01/2006 2.05
15/10/1999 3.75 30/01/2004 3.50 21/02/2006 2.39
26/11/1999 3.15 24/02/2004 3.70 15/03/2006 2.38
01/02/2000 5.20 09/03/2004 3.96 02/05/2006 1.97
18/02/2000 4.15 31/03/2004 3.29 18/05/2006 1.31
27/02/2000 6.25 23/04/2004 2.60 23/05/2006 1.44
07/04/2000 3.10 04/05/2004 0.73 13/06/2006 2.01
02/06/2000 3.85 03/06/2004 3.43 26/01/2007 1.18
05/07/2000 4.65 12/08/2004 2.77 23/03/2007 1.20
09/08/2000 4.50 13/08/2004 2.78 24/04/2007 1.37
08/09/2000 3.45 08/09/2004 2.78 09/05/2007 1.47
27/10/2000 3.35 11/10/2004 2.74 18/05/2007 1.31
01/11/2000 3.12 08/12/2004 2.22 23/05/2007 1.44
02/11/2000 2.55 26/01/2005 3.07 19/06/2007 1.74
09/11/2000 3.40 04/03/2005 2.48 23/06/2007 1.85
24/11/2000 3.40 02/04/2005 2.79 18/07/2007 2.44
20/12/2000 2.85 11/04/2005 3.37 16/08/2007 1.28
01/01/2001 2.72 22/04/2005 2.21 05/09/2007 1.24
09/01/2001 2.50 07/06/2005 2.65 13/11/2007 0.55
16/01/2001 2.20 23/06/2005 2.23 05/12/2007 0.65
17/01/2001 3.20 12/07/2005 2.06 31/01/2008 0.95
28/01/2001 3.45 22/08/2005 2.45 27/02/2008 1.03
14/02/2001 3.65 09/09/2005 2.76 07/03/2008 0.56
01/03/2001 3.87 03/10/2005 2.43 02/05/2008 0.69
13/03/2001 3.65 04/11/2005 2.13 22/07/2008 0.39
23/03/2001 4.95 06/12/2005 2.25 02/10/2008 0.77
19/04/2001 2.40 24/01/2006 2.05 14/11/2008 0.39
03/05/2001 3.25 21/02/2006 2.39 24/01/2009 1.13
06/06/2001 4.05 15/03/2006 2.38 24/03/2009 0.90
01/07/2001 3.15 02/05/2006 1.97 14/04/2009 0.71
04/07/2001 3.50 18/05/2006 1.31 17/05/2009 0.22
15/07/2001 2.80 23/05/2006 1.44 10/06/2009 0.57
17/08/2001 2.85 13/06/2006 2.01
26/09/2001 2.95 26/01/2007 1.18

Fig. 13. pH values measured in condensates from the monitored fumaroles of the West
crater from 1992 to 2008.
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6. Discussion

In the period of observation, spanning more than a decade, all the
collected seismic and geochemical observations lead to similar
conclusions, as also supported by the geodetical measurements. The
data available from the 1990 to 2008 allow defining threemain phases
of activity at Turrialba volcano.

The first phase (1996–2000) was characterized by overall very low
and constant seismicity levels and low fumarolic emission from the
summit craters (Central and West). During this period, the magmatic
fluids were completely scrubbed by the main hydrothermal reservoir
that operated as an efficient buffer barrier for the juvenile gases
released from the magma likely hosted at a depth of b10 km, as
deduced by petrological data of the neighbouring Irazú volcano
(Benjamin et al., 2007) and local earthquake tomography (Husen
et al., 2003). As a consequence, only scarcely to low soluble acidic
compounds, i.e. CO2 and H2S could be retrieved at the fumarolic gas
discharges. Nevertheless, the isotopic signature of carbon (in CO2) and
particularly that of He marked a clear magmatic source (Tassi et al.,
2004; Vaselli et al., 2010). A shallow aquifer, fed by the abundant
rainfall of the area, helped maintaining the outlet temperature of the
fumaroles at b95 °C. The low level of seismicity thus reflected the

activity of the superficial hydrothermal system. Deformation data did
not indicate any significant ground movement.

The seismic patterns changed after October 2000, with the
appearance of several ‘important’ swarms containing hybrid events
and LP events. With each of those seismic “pulses”, an increment in
the number and area of fumarolic degassing was observed, while dry
tilts were recording radial inflation (Barboza et al., 2003b). These
events were interpreted as the effect of hydro-fracturation phenom-
ena at depth (Barboza et al., 2003b) promoted by an increase in
pressure, possibly due to overheating of the hydrothermal system by
the deeper magmatic source (Tassi et al., 2004).

The recorded waveforms often had emergent onset and a spindle-
shape envelope; the identification of P and S arrivals is extremely
challenging, causing problems for locating the events with traditional
techniques and concerns about classifying them as rupture-type events.
Seismograms are characterized by spindle-like amplitude increase after
the P wave and most of the energy shifted to the late part of the
seismograms. These types of signals were explained by a diffusion
model (i.e. at Merapi Volcano in Indonesia) (Wegler and Luhr, 2001),
according to which there are many strong heterogeneities that the
direct wave can be neglected and all the energy is concentrated in
multiply scattered waves. Therefore, the waveform as well as the
polarization properties at Turrialba data could be explained bymultiple
scattering in the highly heterogeneous structure of the volcano, this
indicating that those events may be interpreted as VT-type events.

This second phase (2001–2006) was marked by a progressive
increase of the fumarolic output rate accompanying the seismic
activity. An increasing magmatic contribution is evidenced by the
sharp increase in the concentrations of SO2, HCl and HF (Tassi et al.,
2004; Vaselli et al., 2010), likely due the fact the hydrothermal aquifer
was not able to efficiently buffer the uprisingmagmatic fluids. Despite
the strong compositional changes recorded in this stage, no significant
variations of the outlet fumarolic temperatures were measured. This
would indicate that the discharging fluids were still controlled by the
presence of a shallow aquifer heated by the magmatic fluids, capable
to open new pathways as the deep system was overpressuring. No
variations of the helium and carbon isotopes were detected, being
clustering around the values measured in the first stage (Shaw et al.,
2003; Tassi et al., 2004; Vaselli et al., 2010).

The third phase started in 2007, when two important seismic
swarms (see Section 5.1), accompanied and followed by a dramatic
increase of the fumarolic discharge rate even in areas distant from the
crater summit (i.e., Ariete Fault), occurred. Gas and condensate
analyses showed that the contribution from the magmatic system to
the crater fumaroles largely exceeded that of the hydrothermal fluids
(Vaselli et al., 2010).

Therefore, we can conclude that the two seismic swarms marked
the moment the system “opened”: the amount of degassing
substantially increased and the balance between a magmatic and
hydrothermal system changed, the former becoming dominant. We
can speculate on the events that may have triggered the third phase,
as follows:

i) Response to a critical level of overpressure at depth, which led to
system failure and the opening of new pathways for uprising
fluids, causing all the described changes in gas geochemistry and
seismicity. The meteoric-fed aquifer at shallow depth was at least
locally superheated by an increasing amount of hot fluids
ascending from the deep-seated reservoir. The geochemical data
of gas samples collected in 2008 indicate a still on-going
magmatic-dominated regime, confirming the trend initiated in
2007. The low quality of seismic data does not allow inferring a
precise location of the events and a possible migration of the
hypocenter towards shallower depths, which could be good
evidence of a rising dyke. However, the fumarolic gas composition
in this phase shows a significant increase of HF. This can be related

Fig. 14. Radon gas flux emission data, in Bq/m3, collected at La Silvia (top), Los
Quemados (centre) and La Fuente (bottom) stations between 1997 to early 2008. In
grey, the time period where anomalous Rn concentrations were recorded.
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to fact that when fresh (volatile-rich) magmas are degassing high
SO2/HF ratios are observed, whereas low SO2/HF ratios are more
characteristic of late stages of volcanic degassing (e.g. Aiuppa,
2009 and references therein). This would support the hypothesis
that the occurrence of a newmagma batch at depth can tentatively
be ruled out, although the behaviour of fluorine in magmatic and
hydrothermal systems is not very well assessed.

ii) Response to seismicity related to tectonic stress. The seismicity
recorded since the '90s in the area mapped well the major tectonic
faults in the area (G. Soto, Pers. Comm.), showing also a migration
in time from SW to the NE direction along those faults. Epicentre
distribution of the 2007 seismicity map along the major tectonic
fault crossing the volcano area, and seems to fit well the general
SW-to-NE migration pattern. Tectonic movement could have
affected the volcano system, inferring a possible tectonic origin
for the 2007 seismicity.

The post-2007 seismicity fits well the model of an open system
that favoured magmatic degassing. As previously described, this

seismicity consisted of impulsive, often high amplitude, deep events,
recurrently followed by episodes of harmonic tremor, lasting for
several minutes up to several hours. The fundamental frequency f1 of
the harmonic tremor sequenceswas the same at all recording stations,
indicating that it was a source and not a path or site effect. The
frequencies of the overtones (normally 3 or 4) are observed to be
slightly shifted with respect to n×f1. This could be suggesting a
resonance effect in a conduit: when resonance occurs in bodies such
as organ pipes, and overtones are excited, there are seldommore than
two or three harmonics present. In addition, the theoretically
calculated higher resonance frequencies are rarely matched precisely
by measurements. In reality, the geometry of a resonator, as sampled
by the overtones (the shorter wavelengths or higher frequencies), is
not the same as that sampled by the fundamental. As a result, the
frequencies of the overtone resonances are shifted slightly with
respect to n×f1 (Hellweg, 1999).

In summary, we were observing deep impulsive ‘start-off’ events,
related to high pressure degassing events occurring at depth, that put
the conduit into resonance.

Fig. 15. From top to bottom, SO4/Cl, SO4, Cl, F, electrical conductivity and pH for rainwater samples collected at the West crater rim between 2003 and early 2008.
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Similar sequences were observed at other volcanoes, as for
example Arenal (Costa Rica), where the sequence of explosions,
whoosh and chugs, followed by harmonic tremor carried a striking
resemblance to the sequences observed at Turrialba (Fig. 3 in Benoit
and McNutt, 1997). While at Arenal volcano, visible and/or audible
explosions correlate with those recorded sequences, none of the
signals recorded at Turrialba has been correlated with anomalous
audible or observable events: this would support the conclusion that
these degassing events are deep (as deducted by polarization
analysis). The gliding effect is also present in the Arenal data (Benoit
and McNutt, 1997) and it is interpreted as a variation of pressure and
gas content in the conduit: the low frequencies following the whoosh
correspond to when the conduit was enriched in gas (slowest
velocities), the shift forward to higher frequency correspond to
when the gas was lost and the acoustic velocity increased (Benoit and
McNutt, 1997). In the case of Turrialba, this interpretation could be
validated with an observed correlation between the occurrence of

those seismic events and gas emissions observed by the DOAS
stations, once the calibration of the instruments will be finalised.

Gas was definitely present in the conduit when these sequences
were recorded: Auto-Regressive Time analysis (Lesage et al., 2002;
Lesage, 2009) on moving windows was performed to extract
frequency and quality factor versus time on the tremor fundamental
frequency, at the crater station. Results yield to Q values in the range
1–60, indicating a very high level of gas concentrations (Kumagai and
Chouet, 1999). Lowering of Q values over time (months) was
observed during the first semester in 2008, and this could be
interpreted as the effect of increasing gas percentage in the mixture
filling the conduit, although no enough constraints on the source
locations were available to discharge a frequency-location effect.

The compositional evolution of the fumaroles is obviously related
to changes in the equilibrium between a hot deep magmatic source
and a cold shallow aquifer that operates as a buffer (Tassi et al., 2004),
with strong inputs of SO2-rich fluids from the magmatic system
affecting the hydrothermal reservoir. During periods of relatively low
fumarolic emission (a purely “hydrothermal” stage), the boiling of the
hydrothermal aquifer, heated by uprising magmatic fluids, progres-
sively caused overpressure at depth, until the opening of new
pathways for uprising fluids occurred (“hydrothermal-magmatic”
and “magmatic-dominated” stages). In this respect, the variations of
Rn concentrations versus time were decoupled with respect to the
three stages as defined by the seismic and gas geochemical records.
The period 1999–2002 (which corresponds in time at the occurrence
of repeated seismic pulses) was indeed marked by a general increase
in Rn concentrations at La Silvia and La Fuente stations. Their values
sharply decreased afterwards. This could be related to the fact that the
advective circulation was not sustained after 2002, partly explaining
the fact that no significant variations were recorded.

7. Conclusions

The evolution of fumarolic composition and seismic activity
occurred since 2000 at the Turrialba volcano can be related to
changes in the equilibrium between a hot deep magmatic source and
a shallow aquifer, the latter operating as a buffer (Tassi et al., 2004),
with strong inputs of SO2-rich fluids from the magmatic system
affecting the hydrothermal reservoir. During periods of relatively low
fumarolic emission (“hydrothermal” stage, corresponding to the first
few years of observation), the boiling of the hydrothermal aquifer,
heated by uprising magmatic fluids, progressively caused overpres-
sure at depth, until the opening of new pathways for uprising fluids
occurred, moving to a “hydrothermal-magmatic” and eventually a
“magmatic-dominated” stage. These phases well correspond to the
seismic pulses recorded, for example, in 2001, 2005 and 2007. After
the occurrence in mid 2007 of two important seismic swarms of
events interpreted as volcano-tectonic, the seismicity was mainly
dominated by tremors related to degassing events. Very important
changes were observed in temperature, gas and condensate geo-
chemistry at the fumarolic discharges from both summit area and the
S-SW flanks of the volcano. Data from early 2008 showed a further
increase of the most soluble magmatic compounds, suggesting the
degassing of an already volatile-depleted magma. Accordingly, no
new fresh magma batches replenished the magmatic chamber. De-
formation data indicate a plausible inflation pattern in 2007 reversed
into deflation in early 2008 (but characterization and quantification of
the deformation is not possible due to the strong limitations of the
networks).

The data relative to the geochemistry of the fumarolic discharges
(the only data which were already published in this work) had
identified the same three phases. The results obtained integrating the
seismicity, deformation and remaining geochemistry data available
have identified the three stages of activity in the period of
observation, deriving by the delicate equilibrium between the

Fig. 16. Exemplified sketch to illustrate the extension of the area affected by acid rain
towards the SW flank of the volcano; the isolines of pH (dotted lines) for a) August
2008, b) November 2007, and c) February 2008, were freely drawn following Soto et al.
(2008). Monthly reports are publicly available from http://www.rsn.geologia.ucr.ac.cr/
Vulcanologia/volcanturrialba.html.
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hydrothermal and magmatic reservoirs. Those results confirm the
findings from the previous published works, based mainly on the
geochemistry of the fumarolic discharges.

The available seismic and geodetical data at Turrialba pose
limitations in the interpretation of what might have triggered the
onset of the unrest at Turrialba. An accurate definition of the location
and the possible migration at depth of the hypocenters with time as
well as the precise calculation and localization of the ground
deformation (which would have helped to univocally infer whether
there was a magmatic intrusion that could have caused this unrest)
could not be obtained. Epicentre distribution in the 2007 seismicity
mapped along the major tectonic fault in the area, and seemed to fit
into a general SW-NEmigration of the seismicity since the 1990s. This
would infer a possible tectonic origin for the 2007 seismicity: tectonic
movement could have affected the volcano system, causing pressur-
isation andmobilization of fluids and the opening of the system or the
breakage of a sealing surface with the consequent release of fluids.

Whatever the origin of the unrest, there is no doubt that Turrialba
represents a serious threat for the population and the economical
activity of Costa Rica. As a consequence, more efforts should be done
to minimize the volcanic hazard through a more efficient and up-to-
dated monitoring (geophysical, ground deformation and geochemi-
cal) activity coupled with realization of a map of volcanic risk and a
related evacuation plan for those people potentially exposed to the
volcanic activity. These minimal requirements are presently missing.
This gap should necessarily be filled particularly if we consider that
while completing the present paper four small (phreatic) explosions
occurred on 4th January 2010, at the West crater.
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