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absTracT: We report results from a multidisciplinary campaign conducted at Poás volcano (Costa Rica) in March 
2009. Thermal imagery of the fumaroles sited on the north side of the pyroclastic cone revealed mean apparent tem-
peratures ranging between 25 and 40°C with a maximum apparent temperature of 80°C. The crater lake surface was 
characterised by mean apparent temperatures varying between 30 and 35°C and a maximum recorded value of 48°C. 
Thermal profiles across the lake surface revealed steady temperatures and thus thorough convective mixing. The overall 
mean SO2 flux emitted from the crater was 76 Mg d-1, with approximately equal contributions from both the pyroclastic 
cone and the lake. Analysis of gas composition using active, open-path FTIR spectroscopy indicated molar ratios of 
H2O/SO2 = 151, CO2/SO2 = 1.56, SO2/HCl > 40, and SO2/HF > 200 for the lake emission. The plume was also sampled 
using filter packs. Ion chromatographic analysis revealed the presence of abundant K+ and SO4

2-, with small amounts of 
Ca2+, Cl-, and Mg2+. This provides a detailed picture of lake surface temperature characteristics and of gas flux and com-
position of the plume emitted from Poás. The results are consistent with the typical non-eruptive state of this volcano.
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inTroducTion

Poás is a basaltic-andesite composite vol-
cano located within the Cordillera Central in 
Costa Rica. The volcano summit rises ~2700 m 
a.s.l. and consists of three distinct eruptive centres 
roughly aligned NW-SE, of which the presently 
active (Laguna Caliente) lies between the two 
older centres (e.g., Melián et al., 2007; Fig. 1). 
The activity of Laguna Caliente is characterised 
by a long history of sporadic phreatic eruptions 
and persistent fumarolic emissions (Lopes, 2005). 
The crater (1.3 km in diameter, Casertano et al., 
1987) includes a 300 m-diameter pit hosting a 30-
60°C, acidic (pH ~0) lake, and a ~30 m high pyro-
clastic cone, referred to as the “dome” (Rymer et 
al., 2000). The dome was constructed from tephra 
during the 1953-55 phreatomagmatic eruption and 
is not a lava dome in the conventional sense (e.g., 
Casertano et al., 1985; Rowe et al., 1992a).

In 1981, preceded by a regional earthquake 
(Rymer et al., 2000), a shallow magma intrusion 
beneath the dome triggered an increase in fuma-
role temperatures from 92 to ~1000°C (Casertano 
et al., 1987) and SO2 fluxes up to ~700 Mg d-1 
(Casadevall et al., 1984; Andres et al., 1992). In 
June 1987, an intense period of phreatic eruptions 
began (SMITHSONIAN, 1987). From 1987-89, 
the lake level fell gradually, eventually reveal-
ing a muddy floor, where a number of boiling 

mud pools, and ~1-3 m-high yellow ephemeral 
cones formed (Oppenheimer & Stevenson, 1989). 
The cones were composed of sulphur pyroclas-
tics (largely accretionary lapilli) and were sites 
of vigorous gas emission (Oppenheimer, 1992). 
Following the draining of the lake, there were 
a number of phreatic eruptions during 1989-90 
(e.g., Sanford et al., 1995). Then in 1995-97, the 
lake re-established, with a water level higher than 
before the crisis (Ramírez et al., 2010) and fuma-
rolic activity on the dome increased in 1997-98 
as the lake level rose (Mora et al., 2004). Since 
1997, the activity at Poás has consisted of variable 
seismic and fumarolic activity, a fluctuating lake 
water level, and small phreatic eruptions i.e. on 
24 March 2006, 25 September 2006, December 
2006, and 13 January 2008 (Mora et al., 2004; 
Ramírez et al., 2007). The most recent seismic 
event and phreatic explosion occurred on 8 and 
12 January 2009, respectively (RSN, 2009). The 
local earthquake promoted the opening of new 
fractures around the crater rim and rock slides 
whose debris accumulated on the crater floor. 
Degassing from the crater increased in intensity 
and the colour of the lake water changed with the 
appearance of yellow sulphur bands (RSN, 2009). 
Three minor phreatic eruptions ejected sediments 
and water to a height of ~25 m within the crater, 
affecting an area of ~100 m in diameter (Ramírez 
et al., 2010).

resumen: Nosotros reportamos resultados de una campaña multidisciplinaria conducida en el volcán Poás (Costa 
Rica) en Marzo del 2009. Imágenes térmicas de las fumarolas situadas en el lado norte del domo revelan una tempera-
tura significativa aparente que oscila entre 25 y 40°C con una temperatura máxima aparente de 80°C. La superficie del 
lago cratérico fue caracterizada por temperaturas significativas aparentes variantes entre 30 a 35°C y un valor máximo 
registrado de 48°C. Perfiles térmicos a través de la superficie del lago revelan temperaturas firmes y además una minu-
ciosa mezcla convectiva. El flujo total SO2 significativo emitido desde el cráter fue 76 Mg d-1, con aproximadamente 
contribuciones equitativas de ambos el domo y el lago. Análisis de la composición del gas usando espectroscopia activa 
FTIR con ruta abierta, indico proporciones molares de H2O/SO2 = 151, CO2/SO2 = 1.56, SO2/HCL > 40, y SO2/HF > 
200 para la emisión del lago. La pluma fue también muestreada usando paquetes de filtros. Análisis del cromatógrafo 
iónico revelan la abundante presencia de K+ y SO4

-2, con pequeñas cantidades de Ca2+, Cl-, y Mg2+. Esto provee una 
imagen detallada de las características de la temperatura de la superficie del lago y del flujo de gas y composición de la 
pluma emitida por Poás. Los resultados son consistentes con el típico estado no-eruptivo de este volcán.
Palabras clave: Imagen térmica, flujo SO2, FTIR, Poás.
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The lake plays an important role in the mag-
matic-hydrothermal system of the volcano (Brown 
et al., 1989; Oppenheimer & Stevenson, 1989; 
Rymer et al., 2000), and variations in its mass, en-
ergy and chemical balances can develop feedbacks 
involving the shallow magmatic system. The lake 
size, level, temperature and composition are not 
only controlled by seasonal effects and hydrologi-
cal features, but also by volcanic activity (Brown 
et al., 1989; Martínez et al., 2000; Ramírez et al., 
2010). The tracking of parameters such as tem-
perature (Oppenheimer, 1993; Vaselli et al., 2003; 
Mora et al., 2004; Trunk & Bernard, 2008), water 
composition (Rowe et al., 1992b; zimmer et al., 
2004), plume chemistry (Pfeffer et al., 2006), seis-
micity (Casertano et al., 1987), ground deformation 
(Rymer et al., 2000), and gravimetry (e.g., Rymer 
& Brown, 1989) have been critical for the assess-
ment of magma intrusion, and thus for civil pro-
tection purposes, especially after the 1953-55 and 
the 1980s eruptive episodes, which caused severe 
damage to the local environment and agriculture 
(Rymer et al., 2005). Additionally, gases emitted 
by the volcano may result in significant impacts on 
human health (e.g., Oppenheimer, 1992; Hansell & 
Oppenheimer, 2004).

Here we report the results of a field campaign 
carried out at Poás volcano during 17-18 March 2009 
using a range of remote sensing and direct sampling 
techniques. These include thermal imaging, ultra-
violet Differential Optical Absorption Spectroscopy 
(DOAS), Fourier Transform InfraRed (FTIR) spec-
troscopy, and filter pack sampling. The integration 
of the different retrieved parameters yields a detailed 
characterisation of the crater lake’s activity. The 
relative ease of access to Poás has enabled intense 
geophysical research and monitoring campaigns to 
be undertaken (e.g., Rymer et al., 2000). These have 
provided new insights into the volcano’s subsurface 
architecture leading to modelling of the magmatic 
and hydrothermal system dynamics. Our geochemi-
cal and thermal inventory offers a new multidisci-
plinary contribution to the knowledge and study of 
the volcano.

meThods

Thermal imagery 

During the two-day survey, a total of 3100 ra-
diometric images of both the lake surface and the 

Fig. 1: (a) Map of Costa Rica. The black triangles identify active volcanoes (modified after Melián et al., 2007). (b) Map of 
Poás summit area with the three eruptive centres. In the centre is the presently active crater of which the grey portion is the lake 
(modified after Rymer et al., 2000).
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dome fumaroles were recorded using a P25 hand-
held infrared thermal camera manufactured by 
Forward Looking InfraRed (FLIR) Systems. The 
optics provide a 24 × 18° field-of-view (FOV) 
and direct radiation on to a 320 × 240 uncooled-
microbolometer detector array sensitive in the 
7.5-13 μm waveband. Its quoted precision is ±2% 
(or ±2°C) and the thermal sensitivity is 0.08°C at 
30°C. The camera can record in several tempera-
ture ranges and at different sampling rates. For the 
measurements, we used the 0-500°C range and a 
time step of 10 s. The thermal camera was tripod-
mounted so as to gather sequences of compara-
ble images from different locations (Fig. 2). The 
dome was imaged from a frontal view (from the 
northern crater rim) at a mean distance of ~400 
m, resulting in a mean target pixel size of ~0.55 
m, whereas the lake surface was taken from the 
eastern crater rim from a distance of ~200 m from 
the lake centre giving a mean pixel size of ~0.28 
m. To provide greater spatial resolution while 
imaging the dome’s fumaroles, an additional 12 
× 9° lens with focal length of 72 mm was used. 
The additional lens reduced the target pixel size 
to ~0.26 m. Measurements were made between 
16:40 and 20:18 UT (all times are given in UT) 
on the 17th and between 15:00 and 18:40 on 18 
March 2009. To make a first-order compensation 
of the detected radiance for atmospheric attenua-
tion, the measured air temperature (Tamb), rela-
tive humidity (RH) and path length, were entered 
together with an estimate of surface emissivity 
of the target into the camera software for inter-
nal modelling. Following Harris and Maciejewski 
(2000), we used emissivity of 0.97 to track tem-
perature variations at the dome fumaroles, and, in 
agreement with Salisbury & D’Aria (1992) and 
Hernández et al. (2007), emissivity of 0.96 for 
imaging of the lake surface. Tamb and RH were 
measured using a portable atmospheric parameter 
sensor at the start and end of the acquisition. 

Results are affected by oblique viewing ge-
ometry (Dehn et al., 2002; Ball & Pinkerton, 
2006), volcanic gas absorbance (Calvari et al., 
2004; Sawyer & Burton, 2006), and solar re-
flection and heating (Francis, 1979; Calvari & 
Pinkerton, 2004). Oblique geometry represents 
a crucial issue while retrieving pixel-integrated 

temperature as emissivity varies according to the 
viewing angle (Ball & Pinkerton, 2006). However, 
while carrying out ground-based measurements, it 
is often not possible to capture nadir images of the 
hot targeted feature. In our case, the ground-based 
sites from which we took images, prevented us 
from collecting the lake surface from nadir, thus 
results presented here have to be considered as 
minimum values. In order to minimise the effects 
of volcanic gas absorption, we collected data out 
of the volcanic plume, from the crater flank op-
posite and perpendicularly to the plume spread-
ing direction. We were not able to carry out either 
long time acquisition or pre-dawn imaging, so the 
solar effects were not constrained, but assumed to 
be small.

Additionally, considering the dimensions of 
fumaroles (commonly varying from centimetres 
to metres) and the calculated target pixel size, 
while imaging the dome, we have also taken into 
account the problem posed by pixel thermal het-
erogeneity (Dozier, 1981). In fact, due to the im-
possibility of measuring directly the actual area 
covered by fumaroles, and thus to exclude the 
contribution of the background (heated portions 
of the dome which are vent-free) within pixels, 
we preferred to observe the variability of appar-
ent temperature averaged over selected Regions 
Of Interest (ROIs; e.g., Harris et al., 2009). 
Uncertainties affecting thermal imaging are de-
tailed in Spampinato et al. (in review). Visible 
images (photographs) were recorded at the same 
time as the thermal imagery.

 
so2 flux measurements

SO2 flux traverses were performed using an 
Ocean Optics USB2000 ultraviolet spectrometer 
with ~1.1 nm (FWHM) spectral resolution in the 
294–373 nm range. Depending on the available 
light intensity, individual spectra were recorded for 
exposure times varying between 80 and 100 ms. 
Up to 50-60 individual spectra were composited to 
maximize the signal–to–noise ratio, whilst avoid-
ing saturation in the spectral fitting region of inter-
est. Sulphur dioxide column amounts were evalu-
ated following the standard DOAS methodology 
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(e.g., Noxon, 1975; Perner & Platt, 1979; Platt 
& Stutz, 2008) using the WinDOAS V2.10 soft-
ware package (Fayt & Roozendael, 2001). The 
ring spectrum (e.g., Solomon et al., 1987; Fish & 
Jones, 1995) was calculated from the clear sky-
spectrum (spectrum collected out of the plume) 
following the approach of Chance (1998). Both 
laboratory spectra of SO2 and O3 (Vandaele et al., 
1994; Malicet et al., 1995) and the Ring spectrum 
were convolved to the spectrometer’s resolution. 
The optimal fitting window (306.5–320.0 nm) 
was found by obtaining near random fit residual 
structures with minimal standard deviation.

Three downwind traverses were made fol-
lowing the walking-based method described by 
McGonigle et al. (2002). Observations were gath-
ered between 16:40 and 18:10, and 15:12 and 
16:30 on 17 and 18 March 2009, respectively. 
The route followed a crude path on the north and 
west rim of the crater (Fig. 2). Each traverse took 

around 30-45 min. Wind speed was measured 
every 10 min using a portable anemometer indi-
cating mean values of ~3 m s-1. A GPS receiver 
logged geographic position continuously (to lo-
cate each recorded spectrum). Errors on the SO2 
mass flux depend mainly on the large uncertainty 
in plume–wind speed estimation (e.g., Doukas, 
2002; Mather et al., 2006; Williams-Jones et al., 
2008). Stoiber et al. (1983) calculated uncertainty 
in flux calculation between 10 and 40%.

fourier Transform infrared measurements

Active open-path FTIR spectroscopic mea-
surements were made on the north-western cra-
ter rim on 18 March 2009 (Fig. 2). A total of 400 
spectra were collected between 16:02 and 16:35 
using a portable spectrometer manufactured by 
MIDAC Corporation. The spectrometer was 

Fig. 2: Photo of Poás active crater (Laguna Caliente) taken in January 2006 during an airborne survey. The stars, the dot, and the 
rectangle show the locations from which thermal imaging, FTIR measurements, and filter pack sampling were made, respectively. 
The black-dotted line indicates the traverse route used to measure SO2 flux. The arrows indicate the prevalent plume dispersion 
from both the dome and the lake during our campaign.
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equipped with a stirling-cooled MCT detector 
(sensitive between 600 and 5000 cm-1) and was 
working at 0.5 cm-1 resolution. A 5-inch artificial 
lamp provided the source of infrared radiation, 
and was positioned on the crater rim, 120 m from 
the spectrometer (close to the rectangle in Fig. 
2). Given the location and the prevailing wind 
pattern, it is likely that we mostly measured gas 
emitted from the crater lake, with a very minor 
contribution from the dome. 

Spectra were analysed using a code written by 
M. Burton (e.g., Burton et al., 2003). First, spec-
tra were simulated via a radiative transfer forward 
model (the Reference Forward Model; Edwards 
& Dudhia, 1996), together with line parameter 
data from the HITRAN database (Rothman et 
al., 2005) using estimates for pressure (728 hPa), 
temperature (17°C) and initial column amounts, 
specified for both volcanic and atmospheric 
gases. The best fits to measured spectra were 
then found using an optimal estimation, nonlin-
ear least-square algorithm (Rodgers, 1976). For 
each spectrum we retrieved column amounts of 
H2O and CO2 (between 2100 and 2240 cm-1) and 
SO2 (between 2450-2540 cm-1). Error estimates 
for the fits are calculated as part of the retrieval 
procedure based on the standard deviation of the 
residual across the chosen spectral window. For 
measurements presented here the errors were be-
tween 5 and 10%.

filter Packs

The plume from the crater lake was also 
sampled (at the site indicated in Fig. 2) using fil-
ter packs (e.g., Allen et al., 2000) pumped at 18 
L min-1 for 50 min. The filter packs comprised 
of a particle filter (Millipore, 47 mm, AAWP, 
pore size 0.8 mm) followed by three alkali-
treated filters to collect acidic gases (Whatman 
41 ashless circles impregnated with 5% K2CO3 
and 1% glycerol in distilled deionised water). In 
total, three filter pack samples were collected. 
Following sampling, each of them was immedi-
ately sealed inside a large PTFE bag and then 
transferred into individual PTFE bags. The fil-
ters were analysed by extraction into distilled 

deionised water for 24 h, followed by DIONEX 
ion chromatography (e.g., Mather et al., 2006; 
Martin et al., 2008) for anions (SO4

2-, Cl-, F-, Br-, 
NO3

-) and cations (Na+, K+, Ca2+, Mg2+, NH4
+). 

Several field blanks were extracted and analysed 
similarly to allow for blank correction. Analysis 
of the calibration standards indicated errors 
<10% in the determination of ion concentrations 
in solution. Additional errors (e.g., in flow rate, 
sampling duration and extraction efficiency) are 
negligible, so we estimate the total error on ion 
concentrations in the plume as ~10%.

Thermal and Visual obserVaTions

The 17-18 March 2009 survey followed the 
magnitude 6.2 earthquake of 8 January 2009 
(RSN, 2009; Ramírez et al., 2010). We observed 
significant morphological changes to the crater as 
a result of this seismic activity. Along the west-
ern rim, the damage of the pre-existing path and 
the opened fractures roughly concave towards the 
crater centre, suggested rim collapse within the 
inner crater and instability of the flanks. 

The crater activity consisted of intense fuma-
rolic degassing from the north side of the dome, 
which combined with elevated air relative humid-
ity (between 50 and 80% on 17, and 40 to 60% 
on 18), was producing a dense white plume car-
ried by the wind towards the south–western flank 
of the crater (Fig. 2 and Fig. 3a). Degassing was 
from numerous fumaroles, the largest and most 
active of which were clustered on the lower por-
tion of the dome (Figs. 3b, c). The dome surface 
appeared brittle and cracked with debris accumu-
lated along its flanks (Fig. 3b). Areas affected by 
intense degassing appeared yellow due to sulphur 
deposition around the active fumaroles.

The lake had a whitish colouration (Fig. 
3a) and was the site of diffuse degassing (Fig. 
3d). The fumes were transported by the wind 
and crossed the lake from ESE-WNW giving 
the impression that the whole water mass was 
moving in the same direction (Fig. 3d). In the 
middle of the lake, a dark ellipse and brownish 
bands were observed (Fig. 3a). These consisted 
of muddy emissions from the lake bottom likely 
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due to the degassing of either a single vent or a 
cluster of vents. Previous observations reported 
that these features result from convective move-
ments (Rymer et al., 2005). The convective cell 
location likely corresponds to the site from which 
the small 12 January 2009 phreatic-eruption oc-
curred. Mud stretched roughly northwards, devel-
oping well-marked darkish strings across the lake 
surface, which curved gradually according to the 
wind direction (Fig. 3a). The northward direction 
may have corresponded to the real motion of the 
lake water mass. 

Thermal imagery of the whole crater taken 
from the tourist viewpoint on the southern rim re-
vealed two thermal anomalies sited in the ENE 
inner flank (Fig. 4). The topographically elevated 
anomaly showed apparent temperatures slightly 
higher than the other with maximum values of 
~42°C compared to the ~36°C recorded at the 
lower anomaly. 

In addition, thermal images highlighted sev-
eral cracks in the southern floor of the crater just 
behind the dome. These were curved towards the 
crater bottom (Fig. 4). 

resulTs and discussion

Thermal imagery 

To analyse thermal imagery of the dome we 
defined 5 main ROIs (Fig. 5a), which included the 
hottest fumaroles (following Harris et al., 2009). 
Estimated ROIs’ areas varied from ~20 to 60 m2. 
For each ROI, we derived the mean apparent tem-
peratures, which varied between ~25 and 40°C; 
the highest values were recorded at ROI 1 (Fig. 
5b). This maximum value results from the com-
bination of the targeted fumarole activity and the 
smaller size of the fixed area (i.e. ~20 m2) with 
respect to those of ROIs 2-5. The high-frequency 
variations in the trend of the five ROIs, are due 
mainly to the variable wind velocity and quantity 
of volcanic gas passing through the line of sight 
of the thermal camera. This is more evident in the 
case of ROI 5, which owing to the viewing ge-
ometry was more susceptible to these variations. 
The low-frequency negative fluctuations result 

from changes in the atmospheric conditions, and 
especially to increases in relative humidity during 
our measurement period (Fig. 5b). 

Maximum apparent temperatures recorded 
were 80°C. Although the calculated values repre-
sent temperature averaged over the ROIs’ areas, 
and thus are not comparable with kinetic tem-
peratures obtained through direct measurements 
(~90°C measured in December 2008; Mora et 
al., 2008), the low values recorded agree at least 
with the general declining trend recorded since 
the 1981 eruptive crisis when temperatures at 
the dome fumaroles decreased from ~1000°C 
to <100°C by 1989 (e.g., Rowe et al., 1992b). 
According to high-resolution gravimetric data 
such low temperatures are consistent with the 
cooling and crystallisation of a shallow magma 
intrusion (Fournier et al., 2004). 

The study of crater lakes provides informa-
tion on the activity of the shallow magma intru-
sion beneath them. They reflect the dynamics of 
heat and chemical and mass transfer from the en-
trapped magma body, thus providing information 
on the amount of heat flowing out of the shallow 
volcanic system (Trunk & Bernard, 2008). Hot, 
acidic crater lakes can be found in several volca-
nic environments, and their longevity has been at-
tributed to the continuous replenishment by both 
magmatic (hydrothermal fluids) and non-volcanic 
(e.g., rainfall water) sources associated to low 
permeability of the lake bottom (Brown et al., 
1989; Oppenheimer, 1993). Heat coming from the 
underlying magma intrusion is transferred in the 
water mass essentially by convection, which in-
volves loss of enthalpy from the rising magmatic 
fluids (Brown et al, 1989). Hence, the temperature 
of a crater lake reflects the interaction between 
magma at depth and the volcanic hydrothermal 
system, and can thus be used for monitoring pur-
poses. At several volcanoes, increases in crater 
lake temperatures preceded eruptive crises (e.g., 
Brown et al., 1989, 1991; Oppenheimer, 1993; 
Ohba et al., 2000; Varekamp et al., 2001).

Crater lake temperature measurements have 
been commonly carried out using in situ ther-
mometers (e.g. Mora et al.; 2004, Ramírez et al., 
2010), and satellite imagery (e.g., Oppenheimer, 
1993). Recently, Hernández et al. (2007) used 
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a hand-held thermal camera for assessing the 
thermal activity of Santa Ana crater lake in El 
Salvador. During our survey at Poás volcano, 
the thermal camera FOV and the path length 
prevented us from capturing the whole Laguna 
Caliente lake within a single image, therefore we 
analysed separately the area of the lake near the 
dome (Fig. 6a; mean path length of ~225 m) and 
the distal zone (Fig. 6b, mean path length ~275 
m). It is noteworthy that while measuring water 

lake temperatures using infrared radiometers, it is 
necessary to consider the ‘skin effect’ produced 
by vertical heat flux at the air-water boundary 
(Oppenheimer, 1997). In fact, heat loss through 
the surface, triggered either by free or forced con-
vection produces a temperature decrease along 
the water column. Thus, apparent temperatures 
are representative just of the top 0.1 mm of water 
(skin temperature) and not of the ‘bulk surface’ 
temperature of the water mass (Robinson et al., 

Fig. 3: (a) Photo of Poás crater lake taken on 17 March 2009 from the NNW. The black-dashed square shows the area imaged in (b) 
and (c), and the white arrow the direction from which (d) was recorded. Note the darkish streaks in middle of the lake. (b) and (c) 
visible and thermal images of the dome taken on 17 March 2009 from the NNW. In the thermal image, whiter is hotter. (d) Mosaic 
of two thermal images capturing the whole crater lake (viewed from the SE).
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1984; Oppenheimer, 1997; Trunk & Bernard, 
2008). Due to the last seismic event, which dam-
aged the crater rim, we could not approach the 
lake surface for direct temperature measurements 
for calibrating the radiometrically-derived data. 
Hence, the following apparent temperatures and 
lake thermal profile reported refer to minimum 
values (see section 2.1) of the lake skin. 

Mean apparent temperatures of the lake skin 
were recorded on 18 March 2009 between 15:00 
and 15:26 (a) and 15:28 and 15:53 (b); these vary 
from 30-35°C (a) and from 30-34°C (b) showing an 
almost uniform thermal behaviour of the lake skin. 

Minimum and maximum temperatures recorded 
at the proximal and distal area of the lake var-
ied between 20-48°C and 13-36°C, respectively. 
Despite the skin effect, maximum values are simi-
lar to the ~40°C measured in situ between January 
and March 2009 (Mora et al., 2008; Ramírez et 
al., 2010), as well as to the ~40-60°C previously 
recorded by Oppenheimer (1993) by satellite im-
agery. According to Mora et al. (2007), low tem-
peratures are typical of the volcano in a non-erup-
tive state. Note that thermal imagery-retrieved 
temperatures are not straightforwardly compara-
ble with field data, as temperatures derived by the 

Fig. 5: (a) Thermal image recorded on 17 March 2009 from NNW showing the five ROIs corresponding to the hottest and most 
vigorously degassing fumaroles. (b) Plot of the mean apparent temperatures retrieved for each of the five ROIs for the longest time 
series (recorded between 16:40 and 17:10 UT).

Fig. 4: Thermal image of Poás inner crater showing the lake, the degassing dome, the morphology of the crater inner flanks, the 
two thermal anomalies recorded on the ENE inner slope of the crater, and a fractured area behind the dome. The figure is a collage 
of three thermal images taken on 17 March 2009 from S (see Fig. 1).
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former represent the thermally emitted radiation 
from the lake skin, whereas field measurements 
provide bulk temperatures at a given site and a 
given water column depth. As we observed for 
dome fumaroles, negative peaks in the time series 
(Fig. 6) result from the action of the wind and at-
mospheric conditions. 

The histogram contained in Figure 6 shows 
the area-weighted frequency distributions of the 
mean apparent temperature of the proximal area of 
the lake (black) and of the distal (grey). Despite the 
oblique imagery, thermal imaging offers the great 
advantage of providing surface temperature distri-
bution, which might be more representative of the 
lake thermodynamics with respect to a bulk sam-
pling representative of just a spot (Oppenheimer, 
1993). The histograms were derived from selected 
thermal images according to the highest mean tem-
perature values and the lowest standard deviations 
(Chiodini et al., 2007). The comparison between 
the black and grey temperature distributions re-
veals that when moving further from the dome (hot 
fumaroles) the unimodal distribution of apparent 
temperature migrates towards lower values. 

Figure 7 shows the thermal profile of the 
crater lake skin along a S-N direction (see Fig. 
3d). Except for the first part of the signal (grey 
rectangle), where the attenuation of the detected 
radiance by the dome plume produces apparent 
temperature lowering (between ~15 and 32°C), 
temperatures are close to the mean value of 34°C. 
The relatively stable thermal profile trend is in 

agreement with the 1.4°C variation across the 
lake measured by Neshyba et al. (1988) during in 
situ surveys. 

so2 flux

The SO2 fluxes determined from the three 
walking traverses were 86, 70, and 73 Mg d-1. The 
mean emission rate was 76 ± 9 Mg d-1 (error is ± 
one sigma). This is consistent with SO2 flux ob-
servations since 1991 (Fig. 8; Andres et al., 1992; 
zimmer et al., 2004; Barrancos et al., 2008). 

The overall low sulphur emission may reflect 
a decrease of activity after the vigorous volcanic 
phases observed in the 1980s (e.g., Martínez et al., 
2000), when high fluxes (~8 times greater than those 
recorded starting from the 1990s) were documented 
(Casadevall et al., 1984; Stoiber et al., 1986; Andres 
et al., 1992; zimmer et al., 2004). For small plumes, 
walking-based traverses allow for more detailed 
recording of volcano degassing signatures. During 
our campaign, we were able to discriminate between 
the SO2 emitted from the lake and the SO2 from the 
dome. We estimated that both gas sources contribut-
ed roughly in equal proportions to the overall mean 
SO2 flux (76 Mg d-1; Fig. 9). As suggested by Vaselli 
et al. (2003), the lake SO2 flux, similar to that emit-
ted by the dome, might result from poor efficiency 
of the shallow hydrothermal system in condensing 
magmatic components, i.e. SO2 and HCl, promoting 
vigorous sulphur release. 

Fig. 6: On the left, mean apparent temperature variability for the lake area close to the dome (a) and for the distal area (b), respec-
tively, taken on 18 March from the SE (see Fig. 3d). On the right, histograms showing the corresponding frequency distributions 
of apparent temperatures for the proximal (in black) and distal (in grey) areas. Data extracted from a pair of images (for proximal 
and distal areas of the lake) chosen as representative of the lake activity on 18 March.
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gas composition measured by fTir spectroscopy

Plots of H2O vs. SO2 and CO2 vs. SO2 are 
shown in Figure 10. The y-intercepts obtained from 
linear regression of the data in Figures 10a and 10b 
represent the ambient atmospheric component of 
H2O and CO2, respectively. The gradients of the 
linear regression lines represent the molar ratios 
of H2O/SO2 and CO2/SO2 in the volcanic plume. 
We obtain molar ratios of H2O/SO2 = 151 and CO2/
SO2 = 1.56. It should be noted that the H2O inter-
cept of 2.5 × 1021 molecules cm-2 in Figure 10a 
corresponds to an atmospheric RH of 43%, which 
is in close agreement with independent RH mea-
surements taken throughout the FTIR observation 
period (40 to 50%). In addition, the CO2 intercept 

of 8.4 × 1019 molecules cm-2 in Figure 10b corre-
sponds to an atmospheric mixing ratio of 386 ppm. 
This value is in excellent agreement with measure-
ments of global atmospheric concentrations of this 
gas species made during March 2009 (388 ppm; 
data from P. Tans, NOAA/ESRL). 

HCl and HF gases (normally retrievable in 
FTIR spectra between ~2690 and 2830 cm-1, and 
~4070 and 4210 cm-1, respectively; Sawyer et al., 
2008) were not detected here. Under the measure-
ment conditions described, we estimate detection 
limits of 5 × 1016 molecules cm-2 and 1 × 1016 mol-
ecules cm-2, respectively, for these species. Based 
on the maximum column amount of SO2 (2.0 × 1018 
molecules cm-2), we calculate that SO2/HCl and 
SO2/HF molar ratios in emissions from the crater 
lake must be greater than 40 and 200, respectively. 

Fig. 8: The SO2 flux emission record since 1981. Results from individual traverses and daily means taken from Andres et al. (1992), 
Casadevall et al. (1984), Stoiber et al. (1986), zimmer et al. (2004), Barrancos et al. (2006) and this work (black diamonds) are shown.

Fig. 7: N-S thermal profile of the crater lake skin (see Fig. 3d). Apparent temperatures cluster around 34°C. Lower temperatures from ~15 to 
32°C (black-dotted line) result from the dome plume absorbing the thermal radiance emitted by the lake (Sawyer & Burton, 2006).
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Table 1 gives a summary of some previous anal-
yses of Poás fumarole samples. There is a high 
degree of variability within these datasets likely 
due to the difference in the methodology of data 
collection (sampling from single fumaroles and 
from the bulk lake plume) and analysis. Although 
the discrepancies, our FTIR crater lake ratios lie 
within the ranges recorded for low temperature 
fumaroles (Table 1). 

filter packs

Several ions were detected in the particle 
phase (Table 2), in levels exceeding regional 
atmospheric background levels (Mather et al., 
2006). The most abundant ions were consistently 
K+ and SO4

2-, with smaller amounts of Ca2+, Cl- 
and Mg2+. However, the ratios between elements 
were quite variable, especially between samples 
collected on different days (i.e., samples 1A and 
1B on 17 March, and sample 2 on 18 March), sug-

gesting varying contributions from several emis-
sion sources e.g., lake, the dome, and fumaroles 
on the crater walls. Brantley et al. (1987) give the 
lake water and fumarolic gas composition as be-
ing richer in Ca2+ than K+, which is opposite to the 
trend found in the particles. Hence, the abundance 
of K+ cannot be explained simply by condensa-
tion of fumarolic gases or by a spray (from burst-
ing bubbles) at the lake surface. One possibility 
is that chemical fractionation occurs as bubbles 
burst on the surface of the lake such that the spray 
has a composition distinct from the lake’s (e.g., 
Duce & Hoffmann, 1976). In any case, we note 
that these preliminary results are at least con-
sistent with those of Pfeffer et al. (2006), who 
identified several individual particles at Poás 
with K+ > Ca2+ (using TEM-EDX). No acidic gas 
species were observed above detection limits. 
The emissions from open-vent volcanoes (e.g., 
Masaya, Nicaragua) typically show a SO2/SO4

2- 
molar ratio of ~100 (e.g., Martin et al., 2010). 
Applying the same ratio to the mean SO42- at Poás 

Fig. 9: SO2 column amount vs. time on traverse performed on 17 March 2009. By performing walking-based traverse, it was 
possible to discriminate between the gas contribution from both the dome and the lake in the bulk SO2 flux. The two gas sources 
contributed similarly to the total SO2 flux emitted by the crater (48% and 52%, respectively).
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would indicate SO2 ~1200 µmol m-3 (equivalent-
ly, 30 ppm). This concentration would certainly 
be detectable so SO2/SO4

2- must have been lower 
than typically found at open-vent volcanoes. We 
suggest that conversion of SO2 to SO4

2- was pro-
moted by oxidation reactions as the gases bubbled 
through the lake. A further complicating factor is 
that the alkali-treated filters had higher blank val-
ues than the particle filters. For future filter pack 
work at Poás, longer sampling times (>50 min) 
are recommended, ideally from within the crater 
to minimise atmospheric dilution.

summary and fuTure ProsPecTs

On 17 and 18 March 2009, we measured the 
temperature, gas composition and SO2 emission 
rates released from both the dome fumaroles and 
lake of Laguna Caliente crater of Poás volcano. 
Observations were made simultaneously using 

remote and ground-based techniques i.e. ther-
mal imagery, UV and active FTIR spectroscopy, 
and filter packs. Temperatures measured at the 
lake surface and at areas of the dome sites of 
hot degassing were low. The SO2 flux contribu-
tions from the lake and dome were comparable. 
These results are consistent with the phase of 
modest volcanic activity of Poás observed since 
the 1990s. FTIR spectroscopic measurements 
showed that the composition of the gas emit-
ted from the crater lake was within the ranges 
of analyses of low temperature fumaroles from 
2003. However, there were greater proportions 
of CO2 and less HCl relative to SO2, compared to 
analyses of high temperature fumaroles from the 
early 1980s. Analysis of particle phases in the 
plume revealed variable contributions from dis-
tinct sources. Although the logistics and weather 
conditions precluded extended or pre-dawn ob-
servations, the integration of the diverse param-
eters has provided a multiparametric account of 

Fig. 10: Scatter plots of (a) H2O vs. SO2 and (b) CO2 vs. SO2 retrieved from FTIR spectra collected on 18 March 2009. The solid 
lines are linear regressions fitted to the data whilst the dashed and dotted lines represent prediction bands and 95% confidence 
limits of the regression, respectively.

Reference H2O/CO2 CO2/SO2 SO2/HCl
Symonds et al., 1994 

(high temp. Fumaroles measured 1981, 1938) 90 to 184 0,4 to 0,7 ~2

2003 IAVCEI field campaign 
(low temp. fumaroles, ~100ºC) 16 to 124 0,5 to 2,5 1,9 to 113

FTIR data, this study 96,8 1,56 >40

Table 1

Discrepancies Ratios
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the plume geochemistry and temperature estima-
tions. Our results provide a comprehensive over-
view of the volcano state following the January 
2009 seismic and volcanic events, and the first 
FTIR measurements carried out at this volcano. 
Based on this preliminary campaign, future mea-
surements using the same monitoring techniques 
may include longer acquisition periods focused 
on the constraint of weather and diurnal effects 
on measurements. This combined with more 
frequent surveys and with the comparison and 
integration with in situ temperature and gas sam-
pling might allow the discrimination between 
baseline activity levels useful for volcano sur-
veillance. 
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