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Active volcanoes exhibit diffuse gas emanations through the ground, the most abundant
species of which is CO». However, the relationship between diffuse degassing and
volcanic activity is not often clear and some volcanoes may have low diffuse degassing
levels despite having strong volcanic activity. The main goals of this study are to quantify
diffuse CO» degassing and determine whether patterns exist in relation to volcanic activity
through the study of Turrialba, Poéas, and Irazu, three active volcanoes in Costa Rica
which are at different stages of activity. Structural controls of spatial distribution of diffuse
degassing were also investigated. Measurement campaigns were conducted using the
accumulation chamber method coupled with 10 cm depth ground temperature sampling
with the aim of estimating the total diffuse CO» degassing budget. The total amount of
CO, emitted diffusely by each volcano is ~113 4 46 t/d over ~0.705 km? for Turrialba,
0.9 + 0.5 t/d for Poas over ~0.734 km?, 3.8 + 0.9 t/d over ~0.049 km? for Iraz(’’s main
crater, and 15 + 12 t/d over 0.0059 km? for Iraz(’s north flank. Turrialba and Poés volcano
diffuse degassing budget represent about 10% of the whole gas output. Both volcanoes
were in a transitional stage Active volcanoes exhibit diffuse gas emanations through the
ground, the most abundant species of which is CO,. However, the relationship between
diffuse degassing and volcanic activity is not often clear and some volcanoes may have
low diffuse degassing levels despite having strong volcanic activity. The main goals of
this study are to quantify diffuse CO» degassing and determine whether patterns exist in
relation to volcanic activity through the study of Turrialba, Poas, and IrazU, three active
volcanoes in Costa Rica which are at different stages of activity. Structural controls of
spatial distribution of diffuse degassing were also investigated. Measurement campaigns
were conducted using the accumulation chamber method coupled with 10 cm depth
ground temperature sampling with the aim of estimating the total diffuse CO» degassing
budget. The total amount of CO» emitted diffusely by each volcano is ~113 4 46 t/d over
~0.705km? for Turrialba, 5.8 + 0.5 t/d for Poas over ~0.734km?, 3.8 + 0.9 t/d over
~0.049km? for Iraz’'s main crater, and 15 + 12 t/d over 0.0059 km? for Irazi’s north
flank. Turrialba and Poas volcanoes diffuse degassing budgets represent about 10% of
whole gas output. Both volcanoes were in a transitional stage and the opening of new
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conduits may cause a loss in diffuse degassing and an increase of active degassing.
Numerous diffuse degassing structures were also identified. At Turrialba, one of which
was closely associated with the collapse of a crater wall in 2014 during the initiation of a
new period of heightened eruptive activity. Similar structures were also observed on the
outer slopes of the west crater, suggesting strong alteration and perhaps destabilization
of the upper outer cone. Irazd’s north flank is highly permeable and has experienced
intense hydrothermal alteration.

Keywords: CO,, diffuse degassing, gas ratio, Turrialba, Poas, Irazu, gas budget

INTRODUCTION

Carbon dioxide is a relatively inert and abundant magmatic
gas (Gerlach and Graeber, 1985) that is relatively insoluble in
melt and therefore exsolves at depth (Pan et al., 1991; Papale
et al., 2006). CO; is emitted both actively through channelizing
conduits (Aiuppa et al, 2014; de Moor et al., 2016b) and
diffusely through the porous volcanic edifice (Allard et al., 1991;
Chiodini et al., 1996, 1998, 2001; Hernandez et al., 1998, 2001;
Herndndez Perez et al., 2003). As a fluid, its transportation occurs
in two different ways: (1) Diffusion according to the Maxwell-
Stefan diffusion model which is used instead of FicK’s law for
multicomponent systems (Maxwell, 1965; Bird et al., 2001), and
(2) viscous flow which is described by Darcy’s law in a porous
media (Bird et al., 2001). Gas transport is thus assumed to be the
result of both diffusion and viscous flow contributions (Chiodini
et al., 1998; Carapezza and Granieri, 2004).

Many studies on diffuse CO, degassing, which aim to establish
a gas budget, have yielded varying results. Volcanic systems
such as, La Fossa Crater volcano (Italy), which has mostly
hydrothermal activity, was estimated to release 200 t/d of CO,
with major gas flux centered on the crater’s inner slope and
the faults and cracks of its outer flanks (Chiodini et al., 1996).
Other investigations at Teide volcano (Tenerife), which is in a
quiescent stage, have shown a diffuse CO;, output of 308 t/d,
mostly of magmatic origin (Herndndez et al., 1998). Salazar et al.
(2001) measured a total output of 2,800 t/d at Cerro Negro
(Nicaragua) which was in an active stage. Research at Satsuma
Iwojima (Japan), which has relatively strong active degassing (300
t/d of SO, and 100 t/d of CO;), has shown emissions of “only”
20 t/d of diffuse CO, (Shimoike et al., 2002). Finally, a study of
the Usu-san volcano (Japan), which had an eruption from March
2000 until September 2001, has shown that CO, diffuse degassing
increased substantially to 340 t/d 6 months before the eruption
and decreased to 39 t/d 3 months after the start of the eruption
(Herndndez et al., 2001). Based on these studies there does not
seem to be a clear relationship between diffuse degassing and
volcanic activity.

Cause-effect relationships appear to exist in the diffuse/active
ratio of carbon dioxide emissions and volcanic activity. Notsu
et al. (2006) sampled CO; diffuse degassing data on the Fujisan
volcano (Japan) and compared them with observations from
other volcanoes (for example Mammoth Mountain, USA). Notsu
et al. (2006) make the hypothesis that magma intrusion to
shallow levels might lead to an increase in active degassing but a

dramatic decrease in diffuse degassing. This idea is in accordance
with observations made at the Usu-san volcano where a strong
decrease in CO; diffuse degassing was observed after the start of
the 2000-2001 eruption as mentioned above (Herndndez et al.,
2001; Notsu et al.,, 2006). If such a hypothesis is correct, this
may lead to interesting and complementary applications in terms
of volcanic monitoring. If magma is stored too deeply (more
than 10 km deep), geophysical monitoring such as, geodetic,
microgravimetry, and electromagnetic measurements, are not
particularly effective. However, diffuse degassing may provide
additional information when no other monitoring methods
are available or suitable. For example, diffuse CO, degassing
integrated with seismic analysis was used by Werner et al.
(2014) to highlight the periodic injection of fresh magma
underneath Mammoth Mountain. In our case, Turrialba volcano
has experienced a reawakening process which has lasted ~20
years (Martini et al,, 2010; de Moor et al., 2016a) and Poas’
activity is particularly variable (Fischer et al., 2015; de Moor
et al,, 2016b) and seems to have stages of enhanced volcanic
activity and stages of quiescence that alternate every 6-12 years
(Rymer et al., 2000, 2005, 2009). Diffuse degassing monitoring
could thus be an interesting tool for long term monitoring
(Allard et al., 1991; Chiodini et al., 1996, 1998, 2001; Giammanco
et al., 1998; Herndndez et al., 1998, 2001; Melian et al., 2001,
2010; Salazar et al., 2001; Shimoike et al., 2002; Hernandez
Perez et al, 2003; Carapezza and Granieri, 2004; Galindo
et al., 2004; Lewicki et al., 2005; Notsu et al., 2006; Werner
and Cardellini, 2006; Carapezza et al., 2009; Viveiros et al.,
2010; Peltier et al., 2012; Martinez et al., 2014; Werner et al.,
2014).

The main aim of this study is thus to quantify total CO,
flux emissions for Turrialba (10.0183°N, 83.7646°W; 3,340 m
elevation), Pods (10.1980°N, 84.2307°W; 2,708 m elevation) and
Iraza (09.9822°N, 83.8500°W; 3,432 m elevation) Costa Rican
volcanoes, and compare the results with past estimations (Melian
et al, 2001, 2010; Galindo et al., 2004; Aiuppa et al., 2014;
Martinez et al., 2014) in order to highlight the evolution of
volcanic activity over time. Turrialba, Pods, and Irazt volcanoes
are three active Costa Rican volcanoes near the capital city
of San José. Despite 50 years of relative quiescence, Irazu is
perhaps the most dangerous volcano in the country due to its
proximity to San José and its frequent historical eruptive activity
(Murata et al., 1966; Alvarado et al.,, 2013). Its last magmatic
eruption occurred from March 19th 1963 until 1965. The ash
fall area extended 24 km west of the volcano, including San José.

Frontiers in Earth Science | www.frontiersin.org

October 2017 | Volume 5 | Article 71


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

Epiard et al.

CO» Degassing and Volcanic Activity

Combined with rain, this led to landslides and mudflows (Murata
et al., 1966). Pods is a very active volcano with continuous
gas emissions (Fischer et al., 2015; de Moor et al., 2016b).
Turrialba is currently an erupting volcano that has become active
again during the last 20 years. Martini et al. (2010) compiled
geophysical and geochemical data between 1996 and 2009,
demonstrating the migration of the volcano from a hydrothermal
stage to a magmatic stage. Other authors have provided evidence
of volcanic cycles of Pods volcano (Rymer et al., 2000, 2005,
2009). But both volcanoes showed significant recent activity
changes with episodes of frequent phreatic eruptions at Pods in
2006, 2011, 2014, and 2016 as reported by the Global Volcanism
Program (Global Volcanism Program, 2006, 2011, 2013, 2015b),
and the occurrence of phreatomagmatic eruptions at Turrialba
volcano in 2010 and 2012 and frequent eruptive episodes since
2014 (Global Volcanism Program, 2010, 2012, 2013, 2015a;
Campion et al, 2012; de Moor et al, 2016a; Rizzo et al,
2016).

Other information can be obtained from diffuse degassing
investigations. For example, gas may be channelized by cracks
or tectonic structures in many volcanic systems (Chiodini et al.,
1998). For example, Werner and Cardellini (2006) determined
the location of areas of increased permeability in the Rotorua
geothermal system (New Zealand) and demonstrated structural
controls on diffuse degassing. Investigation of diffuse degassing
is a very useful tool for detecting hidden structures buried
under younger volcanic products such as, faults and fractures
(Barberi and Carapezza, 1994; Chiodini et al., 1996; Giammanco
et al., 1998; Viveiros et al., 2010; Peltier et al., 2012) or ancient
calderas or crater rims (Shimoike et al., 2002; Peltier et al.,
2012). Observation of Diffuse Degassing Structures (DDS) may
be used to remotely monitor CO; precursors before an eruption
or potentially to identify structures that may be responsible for
future collapse events (Barberi and Carapezza, 1994; Carapezza
et al., 2009). A secondary aim is to demonstrate the tectonic
hidden structures of the volcanoes. Knowledge of structural fluid
circulation controls is important for hazard assessments such
as, evaluating possible eruptive scenarios or the probability of
landslides.

METHODOLOGY

The accumulation chamber method has widely demonstrated
its effectiveness for analyzing ground degassing (Chiodini
et al, 1998; Carapezza and Granieri, 2004; Lewicki et al,
2005). We conducted diffuse soil flux measurements using
this methodology using a WestSystem fluxmeter with two
interchangeable chambers of different sizes. Both chambers
were used for sampling, depending on field conditions. Carbon
dioxide was sampled from the chamber for analysis by a LI-COR
820 CO; infrared gas analyser with an uncertainty comprised
between 2 and 3% over each measurement. Gas was then
injected back into the chamber (Chiodini et al., 1996, 1998).
Sampling consists in measuring the concentration every second
until an established constant flux is obtained (typically >2 min
for a low flux). Calibration of the equipment was performed

in the laboratory by injecting known and controlled CO,
flux into the device. In addition, ground measurements were
sampled at a depth of 10 cm with a multilogger thermocouple
HH506RA.

Campaigns were conducted in July 2012 for Pods, in
September 2013 for Turrialba and in May 2015 for Irazd’s
main crater and north flank, with respectively, 559, 636, 117,
and 22 georeferenced points. Measurements were acquired in
comparable weather conditions for each volcano. The spacing
between each measurement point was between 15 and 50 m,
depending mostly on topographic constraints. For example,
data collected inside Irazt crater required mountaineering
techniques and thus the data are patchy for this volcano. Due
to the topographic and weather conditions at Irazu, a second
WestSystem fluxmeter was used in order to optimize data
acquisition. The detection device for the second fluxmeter is
the same that the first fluxmeter (LI-COR 820 CO, infrared
gas analyzer). The investigated area for each volcano was
~705,000 m* for Turrialba, 749,000 m? for Poas, 49 300 m? for
Iraz’s main crater and 5 880 m? for Iraz’s north flank.

In order to establish geochemical maps of DDS and to
infer a total gas budget, geostatistical interpolation of CO;, and
temperature was conducted. First, we removed measurement
points for which no diffuse CO, was measured. For example,
very high fluxes may be caused by fumaroles, ie., active
degassing, and should not be considered for the diffuse degassing
investigation. These points are quite easy to distinguish using
variogram analysis and were removed from the databases.
Hence, the influence of points on the variogram was tested and
problematic points were removed with the aim of minimizing
the nugget. The models used for spatial interpolation were
estimated automatically. The spherical model or the Matérn
model with M. Stein parameterization appeared to be the
most appropriate. The relevance of Matérn model with M.
Stein parameterization for geology and geostatistics was already
investigated in past studies (Stein, 1999; Minasny and McBratney,
2005). Final variograms are shown in Figures 1, 2. We used for
the interpolation sequential Gaussian simulations (sGs). Many
geostatistical interpolation methods—such as, ordinary kriging—
are reliable and were used, for example, by Chiodini et al. (2001).
However, sGs appear to be the most suitable methodology for this
purpose according to Cardellini et al. (2003) and Lewicki et al.
(2005). sGs consist of the generation of a large number of possible
and equally probable spatial distributions of the variable under
consideration with respect to the histogram (Cardellini et al.,
2003). Furthermore, the generation of a large number of variable
events allows statistical uncertainty to be calculated (typically
the mean plus or minus two standard deviations which contain
95.4% of the events). A degassing raster was created as a result
and the total gas flux was computed by adding together all the
raster cells.

The diffuse degassing data for volcanoes is known to be log-
normally distributed and to exhibit a frequently overlapping
polymodal distribution indicating different degassing sources
(Chiodini et al., 1998, 2001; Cardellini et al., 2003). Basically,
these sources are generally a background and endogenous sources
and the data are assigned to those sources using a graphical
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FIGURE 1 | Experimental variogram and fitted variogram model after removing nugget generating points for the CO» database of each volcano. “Sph” means
Spherical model and “Ste” means Matérn model with M. Stein’s Parameterization. Kappa is the smoothing parameter of the Matérn model. The x-axis is the
inter-distance between the points used to form the couples used to compute the semivariance.
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FIGURE 2 | Experimental variogram and fitted variogram model after removing nugget generating points for the 10 cm ground temperature database of Turrialba and
Poés. “Sph” means Spherical model and “Ste” means Matérn model with M. Stein’s Parameterization. Kappa is the smoothing parameter of the Matérn model. The
x-axis is the inter-distance between the points used to form the couples used to compute the semivariance.
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FIGURE 3 | Summit area of Turrialba volcano: measurement points and interpolation by sGs method of CO» flux with 5 x 5m of resolution and ground temperature
at 10 cm depth with 1 x 1 m resolution over a satellite photography. Both interpolations made on the basis of 5,000 sGs. The yellow circles represent the central
crater, and the yellow line at the west of the east crater represents an area which collapsed during an eruptive event in late 2014. DDS is Diffuse Degassing Structures.

statistical approach (Chiodini et al., 1998, 2001; Cardellini et al, ~ The unknown parameters that must be determined are the
2003). The partitioning of these sources provides important  mean, the standard deviation and the contribution to the whole
information about the volcano’s dynamic and volcanic activity.  degassing flux of each source. However, they cannot be easily
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FIGURE 4 | Poés volcano main crater: measurement points and interpolation by sGs method of CO» flux and ground temperature at 10 cm depth with, respectively,
5 x 5and 1 x 1 meters resolution over a satellite photography. Both interpolations made on the basis of 10,000 sGs.
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computed when there is a significant overlap of populations
(Sinclair, 1974). Thus, these parameters must be computed and
the graphical statistical procedure above mentioned involves
probability plots according to the Sinclair approach (Sinclair,
1974, 1976). We can thus deduce a generic probability law on

which the diffuse CO, degassing random variable depends. The
reliability of the inferred probability law was then tested with a
Monte Carlo simulation. A Monte Carlo simulation is a random
sampling of a variable according to a determined probability
law (Krauth, 2006). In this case, we randomly sampled the same
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FIGURE 5 | Iraz( volcano: measurement points and interpolation by sGs method of CO» flux with 1 x 1 meter resolution over a satellite photography for Irazi’'s main
crater and IrazU’s north flank. Both interpolations made on the basis of 15,000 sGs. Data from both fluxmeters.
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amount of field sample data according to the inferred probability
law, and compare the experimental histogram with the simulated
Monte Carlo one.

RESULTS

Figures 3-5 show the measurement points and the spatial
interpolation using sGs for Turrialba, Poas, and Irazd,
respectively. Probability plots for CO, degassing data are
shown in Figure 6 and ground temperature ones are shown in
Figure 7. Poas volcano ground temperature plot probably does
not account for volcanic phenomena because the mean values
are close to one another and all below 20°C. So we assume
that the temperature populations for Pods are more likely to be
caused by daily meteoric and/or environmental effects. CO; and
temperature data are log-normally distributed and exhibit clear
poly-modal distribution. Partitioning of probability plots was
performed using the Sinclair methodology (Sinclair, 1974, 1976).
Population parameters are summarized in Table 1 and total gas
budgets are summarized in Table 2. Additionally, in order to
check the accuracy of our mathematic model, a Monte Carlo
simulation was performed according to the inferred probability
law. The data histogram and Monte Carlo simulation for both
CO;, degassing and ground temperature data are shown in
Figures 6, 7, respectively.

The spatial interpolation of CO, degassing data and the
summing of all raster cells allowed us to compute the total CO,
diffuse degassing flux. The computation of carbon flux caused by
the background was computed on the basis of probability plots
(Figure 6) and removed from the total flux. Indeed, populations
lower than 20-30 g/m?/d could be explained by biological activity
(Chiodini et al., 2010) and should be removed from the database
in order to get the endogenous flux only. In the case of Pods,
the dome area was excluded from this investigation because
it is an active degassing area (Fischer et al., 2015; de Moor
et al., 2016b). Hence, the total endogenous flux for Turrialba
volcano was computed as 113 =+ 46 tons/d on the basis of 5,000
simulations and after withdrawing the flux caused by Pop 2
and 3 (Table 1). Pods was computed as 0.9 & 0.5 tons/d on the
basis of 10,000 simulations and after removing the flux caused
by Pop 2 and 3 (Table 1). Irazt’s main crater was computed as
3.8 £ 0.89 tons/d and Irazt’s north flank was computed as 15
tons/d £ 12 tons/day both on the basis of 15,000 simulations.
The computation of the background was not possible in the
case of Irazu. First, the mean of each population (Table 1) are
not relevant with typical background values (Chiodini et al,
2010). Secondly, the investigated area was targeted at the high
degassing area, which are small. Hence, the background was
not sampled. Uncertainties are two standard deviation intervals
around the mean containing 95.4% of the statistical computed
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FIGURE 6 | Partitioned probability plots, histogram of data and Monte Carlo simulation for CO» diffuse degassing data for each volcano. The straight lines in
probability plots column represent the populations inferred from partitioning the data. The red curve represent the probability model which best fits the data. Monte
Carlo simulation (third column) where established by sampling the same amount of random data than field data, but according to the inferred probability law.

fluxes. In the case of Irazd, Diego de la Haya crater, Playa  Table2. The difference could be partially due to the better
Hermosa, and the SW summit were also investigated. The south-  spatial resolution of our study which confines each anomaly to
western area shows evidence of instability with various landslides ~ a smaller area. But such an explanation may be not sufficient
reported since 2014, but no diffuse CO; flux was observed neither ~ to explain the observed difference. Secondly, the maximum
here nor in the older craters of Diego de la Haya and Playa  ground temperature value among all measurement points is

Hermosa. 19.3°C. By comparison, temperatures up to about 92°C were
recorded at 40 cm depth at some locations each year of the

DISCUSSION 2000-2003 campaigns of Melidn et al. (2010). Hence, no thermal
| anomaly was recorded in 2012. The temperature interpolation
Poas shown in Figure 4 supports this observation because no pixel

Two important observations arise from our data from Pods  value higher than 20°C is predicted. Assuming, as mentioned
volcano. First, the total diffuse gas was computed as 0.9 & 0.5  above, that the populations found in the temperature probability
t/d, which is a comparatively low value. For example, the lowest  plot are more likely to represent environmental or meteoric
diffuse CO, budget found by Melian et al. (2010) was 164 £  effects rather than authentic volcanic phenomena, temperature
15 t/d in 2,000 over an area of 3,200,000 m2, which leads to  decrease is further evidence of a real decrease in diffuse CO,
a value of 38 + 4 t/d when scaled to the area investigated flux.

in this work (734,000m?). A comparison of results between This is in agreement with the population flux parameters.
this survey and that of Melian et al. (2010) are presented in  The highest population flux was computed up to 275 g/my/d,
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but contributes only to 0.5% of the total gas flux (Table1). In
comparison, Melidn et al. (2010) found endogenous population
between 354 g/mz/d (in 2001) and up to 4,498 g/mz/d (in
2003). Regardless of the investigated area, the Pods degassing
populations pattern appears to be quite similar to Melidn et al.
(2010) results in 2001, suggesting that the volcano was in a
similar stage in 2012. It is an indication that the boiling aquifer
causing the endogenous flux (Chiodini et al, 2001) was not
as active as previous years and was at a quiescent stage. In
any case, the few points defining this population are located
eastward of the dome traducing the permeability of this area,
which was also noticeable in Melidn et al. (2010) degassing
maps.

In comparison, the dome fumaroles produced 26 + 11 t/d
of CO; in April 2013 (Aiuppa et al, 2014) and degassing
from the acid crater lake produced between ~30 £ 10 T/d in
2014 (de Moor et al., 2016b). The gas flux through the lake is
directly correlated with the occurrence of phreatic eruptions,
with increased magmatic gas and heat delivery driving explosive
activity (de Moor et al., 2016b). Though our diffuse degassing flux
estimate of 0.9 = 0.5 t/d for 2012 is not contemporaneous with
existing estimates of active degassing flux (Aiuppa et al., 2014;
de Moor et al., 2016b; from measurements 2013 and 2014), we
estimate the total gas flux from Pods for this period (2012-2014)
to be 56 £ 22 T/d. Diffuse degassing contributes ~10% of the
total gas flux.

A very weak gas anomaly to the east of the crater (Figure 4)
which is known to be permeable, is also noticeable. Indeed,
Melian et al. (2010) detected a strong gas anomaly in this area
in 2002, and this area also experienced substantial fumarolic
activity (Naranja and Official fumaroles, Fischer et al., 2015).
It is however intriguing to note that the Naranja and Official
fumaroles disappeared in 2014 and all fumarolic activity
was thereafter confined to the dome (Fischer et al., 2015),

which is evidence of progressive channelization of dispersed
degassing to a more centralized conduit focused at the dome
and lake.

Fresh and undegassed magma in the magmatic chamber
occurred at a depth of 500 m in late 2000/early 2001, defining
a new magmatic cycle (Rymer et al., 2009; Fischer et al., 2015).
Assuming that an injection of new magma indeed took place,
there are two possibilities to explain our results.

1. Notsu et al. (2006) argue that when magma establishes open
conduits to the surface, pressure decreases due to an efficient
active degassing, which causes a dramatic decrease of CO;
diffuse degassing. Consequently, Notsu et al. (2006) define
five stages of activity characterized by a diffuse vs. active
CO, degassing ratio. Stage 1 is a complete quiescence stage
where neither diffuse nor active degassing occurs. When
magma is rising, diffuse degassing starts (stage 2) followed
by active degassing (stage 3). When magma comes close
to the surface, active degassing still increases while diffuse
degassing decreases strongly and could become negligible
(stage 4). Finally, when magmatic chamber is flushing out,
active degassing disappears and an episode of diffuse degassing
may occur once again (stage 5). Observations at Pods have
shown an increase in diffuse CO, degassing from 2000 to 2003
(Melidn et al., 2010; see Table 2). By 2012, diffuse degassing
had decreased to 0.9 &£ 0.5 t/d. By linking these observations,
we propose that Pods was at increased diffuse degassing stage
(stage 2 in Notsu et al., 2006) in 2000, at increased active
channelized degassing stage (stage 3) between 2001 and 2003,
and at active channelized degassing only stage (stage 4) in
2011. In April 2017 Pods produced its first phreatomagmatic
eruption in over 50 years.

Fischer et al. (2015), through intermittent geochemical
monitoring of the different fumarole between 2001 and 2014
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TABLE 1 | Summary table showing the parameters of the different computed populations for CO» flux and ground temperature for each volcano.

CO, Degassing populations

Mean (g/m2/d)

Standard deviation (g/m2/d) Contribution (%)

Turrialba Pop 1 140 8.9 29
Pop 2 5.6 2 36
Pop 3 1.4 1.6 35
Poas Pop 1 275 1.2 0.5
Pop 2 6.7 2.2 94.5
Pop 3 1.8 1.1 5
Irazt north flank Pop 1 8,300 1.46 23.7
Pop 2 120 3.21 76.3
Iraz Crater Pop 1 81 4.9 100
GROUND TEMPERATURE POPULATIONS
Mean (°C) Standard deviation (°C) Contribution (%)
Turrialba Pop 1 87 1 1.7
Pop 2 33 1.6 16.3
Pop 3 11 1.2 82
Poas Pop 1 19 1 0.7
Pop 2 15 1.1 94.3
Pop 3 12 1 5
Irazu north flank N.A. N.A. N.A.
Irazu Crater N.A. N.A. N.A.

Contribution is the proportion of each assumed normal law in the whole polymodal law. N.A., Not Available.

(including currently inactive Naranja and Official fumaroles)
argue that all phreatic eruptions which occurred from 2006
until the present were caused by the periodic pattern sealing,
pressure increase, hydrofracturing, phreatic eruption, water
infiltration and cooling generated by the 2000-2001 magmatic
intrusion. The weak diffuse budget and the fact that Naranja
and Official fumaroles became inactive in 2014 may be
explained if the volcano was in a sealing-pressure increase
stage, probably associated with increased channelization of
gases to the central conduits at the dome and lake.

Turrialba

The primary observation at Turrialba is that the diffuse degassing
map is in strong agreement with the ground temperature
map. Secondly, we observe a strong diffuse CO;, gas anomaly
concentrated around the West Crater, particularly on its east
flank near the Central Crater where a vent opened in 2012.
On October 29th 2014, a powerful explosion was accompanied
by the partial collapse of the crater wall along a structure
priorly associated with strong diffuse degassing (Figure 3) to
form the 2016 crater, suggesting that the diffuse gas emissions
were demonstrating a deep degassing structure. Gas anomalies
were also noticeable along SW-NE parallel lineations defining
the crater graben and passing through the south of the West
Crater and the Central Crater (Figure 3). These orientations

have already previously been described by structural geologists
(Montero, 2003). Active fumaroles at near boiling temperature
were also observable along this lineation. Gas anomalies further
correspond with the rim of some old craters, as for example the
central crater. In contrast, no anomaly is observed toward the
East Crater and a reactivation in this area appears very unlikely.

The same method as for Pods can be applied for Turrialba to
estimate the proportion of diffuse degassing in the total CO; flux,
adding the 113 =+ 46 t/d diffuse flux to the 1094 £ 631 t/d of active
flux measured in 2013 by Aiuppa et al. (2014), one and a half
years before the volcanic activity increased. The diffuse emission
would then represent between 4 and 22% of the total flux. Such a
proportion is comparable with the estimation at Pods volcano.

If Turrialba volcano is following the decreasing pattern
described by Notsu et al. (2006), then the 2013 diffuse degassing
flux should be lower than the previous years and we could
expect that it continued to decrease in the following years.
Indeed, Turrialba activity increased and it experienced several
vent opening in January 2010 (Campion et al., 2012), in January
2011 and in January 2012 (Alvarado et al., 2016). Furthermore, a
new weak ash emission occurred in May 2013 without opening a
new vent. These events correspond to the opening of conduits
that have been able to channelize some of the diffuse gas
(Campion et al.,, 2012), reducing its contribution to the total
flux by transferring it to the active flux instead, particularly
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TABLE 2 | Comparative table summarizing total diffuse COo budget measured in
this study (in bold) and comparing with past and contemporary results of diffuse
degassing studies.

Date t/d Diffuse degassing Reference

Area (m?)
TURRIALBA
2013 113 + 46 705,000
POAS
2011 0.9+ 0.5 734,000
2003 124 £15* 734,000* Melién et al., 2010
2002 123 £ 16* 734,000* Melian et al., 2010
2001 97 £ 13" 734,000* Melian et al., 2010
2000 38 + 4* 734,000* Melian et al., 2010
IRAZU
2015 18.3 + 121 55,180
2001 4.4* 55,180* Galindo et al., 2004

For Poas volcano, diffuse degassing budgets of Melian et al. (2010) were in fact sampled
over an area of 3,200,000 m?, but were scaled here to the area investigated in this study
for better comparison. The same procedure was applied to Galindo et al. (2004) work
for Irazti volcano, who investigated in fact over an area of 3,500,000 m?. “” Means that
results were normalized regarding the 2015 investigated area.

TABLE 3 | Comparative table showing the evolution over time of Iraz( volcano.

Galindo et al., 2004 Our results (2015)

2001 North flank Main crater
Max value (@.m~2.d~1) 316 271 x 104 217 x 103
Mean Pop 1 (g.m=2.d~ ") N.A. 8,300 N.A.
Mean Pop 2 (g.m~2.d~ ") 28 120 81
Mean Pop 3 (g.m-2.d-1) 3 N.A. N.A.
Total flux (t.d=1) 44 15 3.8
Area investigated (km~2) 35 59 x 1073 4.9 x 1072
Number of points 201 117 22

Results of 2001 are from Galindo et al. (2004).
Total flux is relative to the investigated area. N.A., Not Available.

in 2011 when those events occurred slightly more frequently.
Previous diffuse degassing survey would have been necessary
to confirm this theory. However, the occurrence of energetic
phreatomagmatic eruption in October 2014, March 2015, May
and September 2016 and the increase of CO; in the plume
(Alvarado et al., 2016; de Moor et al., 2016a; Rizzo et al., 2016)
comforts the idea that magma established open conduits to the
surface.

The endogenous population responsible of the volcanic CO,
flux (Figure 6) comes from the underlying boiling aquifer
(Chiodini et al., 2001). However, Campion et al. (2012) have
shown that the increasing volcanic activity may have opened
dry channels which may feed some vents and fumaroles.
Furthermore, this population appears to match well with the
highest temperature population which has a mean of 87°C
(Figure 3 and Table1). It is thus not excluded that this
population may be composed partly from gases rising directly
from the magma. In any cases, most of the points defining this

population are located on fractured and/or destabilized areas,
traducing variations in permeability of the ground. For example,
many high flux points are located near the west crater flank which
collapsed in late 2014 (See Figure 3).

Iraza

Due to the difficult nature of the terrain (topography, weather)
that limited the number of measurements, and the regularity of
the grid, as well as the presence of communication antennas that
were strongly interfering with the GPS signal, the results should
be viewed with caution. However, the primary observation is
that the diffuse gas anomalies are mainly concentrated on the
north flank of the volcano, where extensive and intense rock
alteration is visible. Gas emanation is present to a lesser extent
inside the main crater as shown by measurement points in
Figure 5. The rest of the investigated area, i.e., Playa Hermosa,
the Diego de la Haya crater and the west flank, where a landslide is
occurring, do not present any identified gas anomalies. The north
flank has already been noted for its most recent activity with
a debris avalanche on December 8th 1994. Initially interpreted
as being the result of phreatic eruptions on the flank of the
volcano (Barquero et al., 1995), new insight on the data suggests
that it was more likely caused by a major landslide (Alvarado
et al,, 2013). In both of these hypotheses, the presence of diffuse
degassing on the north flank implies an ongoing alteration
process and hence a modification of the cohesion of the rocks
in this steep area that increases the possibility of gravitational
instability (Lopez and Williams, 1993).

The diffuse degassing anomaly concentrated on the north
flank is consistent with the study conducted in 2001 at Iraza by
Galindo et al. (2004). At that time, the Main Crater, was occupied
by a lake which disappeared in 2013. The anomalies identified
by Galindo et al. (2004) were located to the east of the area
investigated in this work, which suggests that the whole north
flank is potentially porous and that the site of main degassing has
migrated over time. However, those areas were not investigated
by our 2015 campaign and we do not know whether those
anomalies still exist. A comparison of both the studies is shown
in Table 3 and a comparison of the total diffuse CO, budget in
Table 2. Population 1 has a mean of 8,300 gm~2d~!, which is
much higher than the Galindo et al. (2004) maximum population.
Nevertheless, the diffuse degassing budget in 2001 was of 4.4 t/d
[277 t/d over an area of 3,500,000 m? (Galindo et al., 2004), see
Table 2]. This result is very close to the lowest possible diffuse
gas flux of our survey, due to the great uncertainty (18.3 £ 12.1
t/d). Hence, it is not significant and is not robust evidence of
increased degassing. As previously stated, the 2015 campaign,
results should be viewed with great caution. First, the 2015 data
are severely affected by noise, especially for the north flank.
Secondly, Galindo et al. (2004) covered alarge area (3.5 km?) with
only 201 points. This spatial resolution is not sufficient for seeing
local anomalies and (Galindo et al., 2004) may have missed some
ones.

Finally, the main crater lake disappeared in 2013. One
explanation would be that evaporation may have resulted
from heat input due to increasing volcanic activity. Such a
phenomenon was seen at Poas during an eruptive period: indeed,
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the acid lake has completely disappeared at the time of writing in
response to the ongoing phreatomagmatic activity. Importantly,
no CO; flux anomaly in the crater supports increased volcanic
activity as an explanation for the disappearance of the lake at
Irazu. The disappearance of Irazt’s crater lake is thus more likely
to be structural.

The absence of volcanic plume and a weak total diffuse
degassing, though with high uncertainty, supports the hypothesis
that Irazu volcano is currently in a quiescent stage. Referring’s to
Notsu et al. (2006) volcanic stages theory, Iraza volcano may be at
stage 2. The major hazard currently is collapse events which could
generate landslides or lahars. However, our area of investigation
is very small and with a high level of uncertainty. In order to allow
a better assessment of the volcanic activity, a larger area should be
studied.

CONCLUSION

The investigation of diffuse CO, degassing allows us to observe
the following:

(i) The total diffuse gas budget for Turrialba was computed as
113 £ 46 t/d, 0.9 £ 0.5 t/d for Poas, 3.8 + 0.9 t/d for Irazd’s
main crater and 15 = 12 t/d for Irazt’s north flank. However,
data from Irazd volcano and especially for the northern flank
should be viewed with caution due to the significant amount
of noise because of the difficulty of field measurements.

In both the cases of Poas and Turrialba, diffuse CO, flux
accounts for about 10% of the total volcanic CO, flux. At
the time of diffuse degassing campaigns, both volcanoes were
in a transitional stage in dynamic response to recent magma
intrusions. The channelizing of gases by conduit opening is
responsible for the loss in diffuse degassing and the increase of
active degassing (Notsu et al., 2006).

Structural fluid circulation controls have been observed
for Turrialba through diffuse CO, emission and ground
temperature. A strong gas anomaly was observed in 2013 at
the east of West Crater (crater wall), which collapsed in 2016.
This gas anomaly suggests that the ground has been deeply
altered. DDS was also observed on the outer slopes of the west
crater, suggesting that the upper outer cone of the volcano
has been significantly altered and potentially destabilized.
Such tectonic structures, interpreted as an extension of the
crater graben, are altered areas which may also experience
collapses or may be prone to opening of new vents in the
future. No such DDS has been observed at Iraza volcano
probably due to the small size of the area investigated, but

(ii)

(1ii)
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