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Abstract 

Carbon dioxide (CO2) diffuse degassing structures (DDS) at Furnas Volcano (São 

Miguel Island, Azores) are mostly associated with the main fumarolic fields, evidence 

that CO2 soil degassing is the surface expression of rising steam from the hydrothermal 

system. Locations with anomalous CO2 flux are mainly controlled by tectonic structures 

oriented WNW-ESE and NW-SE and by the geomorphology of the volcano, as 

evidenced by several DDS located in depressed areas associated with crater margins. 

Hydrothermal soil CO2 emissions in Furnas volcano are estimated to be ~ 968 t d-1. 

Discrimination between biogenic and hydrothermal CO2 was determined using a 

 1



statistical approach and the carbon isotope composition of the CO2 efflux. Different 

sampling densities were used to evaluate uncertainty in the estimation of the total CO2 

flux, and showed that a low density of points may not be adequate to quantify soil 

emanations from a relatively small DDS. Thermal energy release associated to diffuse 

degassing at Furnas caldera is about 118 MW (from an area of ~ 4.8 km2) based on the 

H2O/CO2 ratio in fumarolic gas. The DDS affect also Furnas and Ribeira Quente 

villages, which are located inside the caldera and in the south flank of the volcano, 

respectively. At these sites, 58% and 98% of the houses are built over hydrothermal 

CO2 emanations, and the populations are at risk due to potential high concentrations of 

CO2 accumulating inside the dwellings.  

Keywords: Soil diffuse degassing; soil CO2 flux; emission rates; Azores archipelago 
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1. Introduction 

Research performed in the last two decades has shown the importance of CO2 

contributions to the atmosphere from different quiescent volcanoes around the world 

[e.g. Farrar et al., 1995; Chiodini et al., 1998; 2004; Gerlach et al., 1998; Hernández et 

al., 1998; Kerrick, 1998; Sorey et al., 1998; Werner et al., 2000; Brombach et al., 2001; 

Salazar et al., 2001; Lewicki et al., 2003; Werner and Brantley, 2003; Frondini et al., 

2004; Padròn et al., 2008; Werner et al., 2008]. Determination of soil CO2 

concentrations and observation of spatial variations in flux provide important tools for 

identification of tectonic structures [Toutain and Baubron, 1999; Baubron et al., 2002; 

Aiuppa et al., 2004; Chiodini et al., 2004; Carapezza et al., 2009], for geothermal 

exploration [Bergfeld et al., 2001; Fridriksson  et al., 2006; Werner and Cardellini, 

2006; Chiodini et al., 2007; Revil et al., 2008] and for monitoring active volcanoes 

[Giammanco et al., 1998; Bruno et al., 2001; Hernández et al., 2001a, 2001b; 

Caracausi et al., 2003; Carapezza et al., 2004; Notsu et al., 2005; Giammanco et al., 

2006; Granieri et al., 2006, Chiodini et al., 2001, 2008, 2009]. However, few studies 

have addressed the importance of diffuse CO2 degassing in land-use planning to assess 

public health risks [Baxter et al., 1999; Beaubien et al., 2003; Annunziatellis et al., 

2003; Barberi et al., 2007]. 

In undertaking these types of studies, it has to be considered that several methodological 

factors influence soil CO2 flux estimations, as for example the selection of the sampling 

methodology [Carapezza and Granieri, 2004], the survey strategy [Cardellini et al., 

2003] and the geostatistical approach [Cardellini et al., 2003; Lewicki et al., 2005]. In 

the last two decades several interpolation methods have been applied to produce maps 

of soil degassing. Cardellini et al. [2003] showed that sequential Gaussian simulations 

(sGs) are a reliable tool to model the spatial variability of soil diffuse degassing 
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processes, because it does not attenuate the extreme values and allows the estimation of 

the uncertainty. The sGs method is now widely used to study soil diffuse degassing 

processes in volcanic-hydrothermal environments [e.g. Chiodini et al., 2004; Frondini 

et al., 2004; Caliro et al., 2005; Lewicki et al., 2005; Fridrikson et al., 2006; Granieri et 

al., 2006; Werner and Cardellini, 2006; Chiodini et al., 2007; Padròn et al., 2008; 

Werner et al., 2008]. 

Another critical point in the study of soil CO2 degassing in volcanic-hydrothermal areas 

is the identification of CO2 sources, such as biogenic and volcanic-hydrothermal 

derived CO2. In locations with multiple diffuse emission sources, a statistical approach, 

e.g. graphical statistical analysis (GSA) [Sinclair, 1974; Chiodini et al., 1998] is 

commonly used to distinguish the amount contributed from each source. This approach 

provides a qualitative interpretation, however, if fluxes from multiple sources are of the 

same order of magnitude, then the method will not work. Recently, Chiodini et al. 

[2008] developed a new methodology based on the carbon isotopic composition of the 

soil CO2 efflux that better constrain CO2 origins. 

In this work we apply soil CO2 flux techniques in an Azorean volcano for the first time 

and calculate diffuse CO2 emissions at Furnas volcano, comparing it with other 

hydrothermal-volcanic areas of the world. Based on anomalous CO2 distributions, the 

main diffuse degassing structures (DDS) [Chiodini et al., 2001] for Furnas volcano are 

defined, which combined with morphological and geological observations supply useful 

information to understand the deep structures in the volcanic system. Different carbon 

sources are distinguished in Furnas volcano area, both through a statistical approach 

(GSA method) and δ13C data interpretation. 

 4



At Furnas village (1541 inhabitants) CO2 emanations are recognized as permanent and 

hidden threat [Baxter et al., 1999; Viveiros et al., 2009], in addition to hazards from 

volcanic eruptions, seismic events [Cole et al., 1995; Silveira et al., 2003] and 

landslides [Valadão et al., 2002]. 

Ribeira Quente village, in the S-SE flank of the volcano, has 798 residents [Census, 

2001]. Given the risks for health, this work intends to be useful for volcano monitoring 

and also provides a valuable tool for land-use planning at Furnas volcano. 
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2. Geological setting and previous studies 

The Azores archipelago is formed by nine volcanic islands located in the North Atlantic 

Ocean where the American, Eurasian and the African plates meet at a triple junction 

[Searle, 1980]. The main tectonic features are (1) the Mid-Atlantic Ridge (MAR) that 

crosses the archipelago between the islands of Flores and Faial; (2) the East Azores 

Fracture Zone (EAFZ), which extends E-W from the MAR to Gibraltar including the 

Gloria Fault and the (3) Terceira Rift (TR), which trends NW-SE from the MAR to the 

island of Santa Maria [e.g. Machado, 1959; Searle, 1980; Madeira and Ribeiro, 1990; 

Vogt and Jung, 2004] (Figure 1a). 

São Miguel Island is the biggest island of the archipelago and comprises three trachytic 

polygenetic volcanoes (Sete Cidades, Fogo and Furnas) linked by rift zones (Figure 1b). 

Furnas volcano is located in the eastern part of the island and the first rocks are dated 

from about 100,000 years BP [Moore, 1990]. Morphologically, Furnas comprises an 

impressive 5 x 8 km summit depression formed by two nested calderas controlled by 

NW-SE and NE-SW faults [Guest et al., 1999]. The younger caldera contains several 

craters and the western part is dominated by a lake that occupies an area with 1.9 km2 

[Cruz et al., 2006]. Most of the inhabited part of Furnas village is located in the bottom 

of Furnas “c” crater [Guest et al., 1999] (Figure 1c). 

Activity at Furnas volcano is characterized by several eruptive styles ranging from 

effusive to caldera-forming explosive events [Guest et al., 1999]. Since the settlement 

of the island in the 15th Century, two intracaldera volcanic eruptions occurred at Furnas 

volcano in 1439-43 [Queiroz et al., 1995] and in 1630 [Booth et al., 1978; Cole et al., 

1995] with the formation of two tuff rings with central domes that occupy part of the 
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caldera floor. The 1630 subplinian eruptive event was responsible for the death of about 

200 persons, mostly at the Ponta Garça village, SW of the volcano [Cole et al., 1995].  

One of the most important fracture systems at Furnas volcano crosses the volcanic 

edifice along a WNW-ESE trend and shows a clear normal dip-slip component (Figure 

1c). Conjugate faults with N-S and (N)NE-(S)SW trends and extensional fractures with 

NW-SE direction parallel to the Terceira Rift regional fault system are also observed 

[Gaspar et al., 1995; Guest et al., 1999; Carmo, 2004]. 

At present, secondary manifestations of volcanism are characterized by boiling 

temperature fumaroles (95 to 100ºC), steaming ground, thermal springs, cold CO2-rich 

springs (Figure 1c) and diffuse CO2 degassing areas [Ferreira et al., 2005]. Most of the 

hydrothermal manifestations are located inside the caldera and include three main 

fumarolic fields (Figure 1c). Several areas of steaming ground are present on the S flank 

of the volcano, at Ribeira Quente village. Fumarole gas is mostly comprised of water 

(steam) and CO2. H2S, H2, N2, O2, CH4 and Ar are present in lower concentrations 

[Ferreira and Oskarsson, 1999; Ferreira et al., 2005]. Previous studies [Cruz et al., 

1999; Ferreira and Oskarsson, 1999] proposed that the fumarolic discharge at Furnas 

volcano is sustained by steam separation from aquifers at 100-200 m depth with a 

maximum temperature of 180ºC and are supplied with gas from plutonic bodies cooling 

at greater depths. 

In the early nineties the first diffuse degassing studies were performed in the Azores 

archipelago, exactly at Furnas volcano [Baubron et al., 1994]. Soil CO2 concentration 

measurements in the inhabited area of the caldera, essentially inside Furnas "c" crater, 

oscillated from 0 to 100 vol.% at 70 cm (Figure 2a). Based on this work, Baxter et al. 

[1999] estimated that about one-third of the houses at Furnas village were placed over 
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an important soil diffuse degassing area. Sousa [2003] repeated the soil CO2 

concentration measurements and found that even if the density of points was different, 

the location of the main anomalous soil CO2 areas was similar to the earlier survey 

(Figure 2b). 

Two permanent soil CO2 flux stations and meteorological sensors were established at 

Furnas volcano in 2001. The acquired data on those stations show that meteorological 

variables have significant control on the gas flux fluctuations [Viveiros et al., 2008]. 
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3. Material and methods 

Soil CO2 flux surveys were performed at Furnas volcano mostly during the summer 

months of 2005 and 2007. Sporadic measurements were carried out in 2006 and 2008 to 

better delineate some gas anomalies.  

Soil CO2 fluxes were measured in 2605 points at Furnas volcano. A general survey 

consisted in 1756 measurements (Figure 3a, data set A1 in Table 1) including 1362 

randomly distributed at distances between 50 – 100 m, depending on the accessibility of 

the sites, and 394 measurements were performed along profiles. The set of 1362 

randomly distribute measurements (data set A2 in Table 1) covers the intracaldera area 

(~ 5.8 km2), including the three main fumarolic fields, from Furnas lake, on the W side 

of the caldera, to Ribeira dos Tambores, in the E side, and the area of Furnas village. 

The surveyed area is characterized by the presence of different types of vegetation such 

as, grassland, cultivated lands and forest. Measurements in forested areas were avoided, 

when possible. 

Detailed surveys were performed at Furnas lake fumarolic area (data set B in Table 1), 

Furnas village fumarolic area (data set C in Table 1) and Ribeira Quente village (data 

set D in Table 1). The Ribeira Quente village was surveyed for the first time, with the 

main objective to evaluate the gas hazard connected to soil degassing and this survey 

consisted in 148 measurements performed on an irregular grid covering an area of 0.35 

km2. The spatial distribution of measurements was strongly influenced by 

geomorphologic features and by the presence of anthropogenic infrastructures (e.g., 

houses and roads). In the villages area (Furnas and Ribeira Quente) the measurement 

spacing was reduced to about 10-15 m.  
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Furnas lake and Furnas village fumaroles surveys were performed in order to better 

define the degassing pattern in the vicinities of the main fumarolic fields. The two areas 

were investigated with a great detail using a sampling spacing between 3–7 m (Figures 

3b and 3c).  

In addition, 88 soil CO2 flux measurements were performed outside Furnas volcano 

(data set E in Table 1) in two basaltic rift zones with no hydrothermal manifestations 

(Achada das Furnas Plateau and Picos Waist Zone) (Figure 1b) and type of vegetation 

similar to that of Furnas volcano (i.e., grass, scrub, trees, etc.). 

Soil CO2 flux measurements were performed using portable instruments (manufactured 

by West Systems S.r.l.) based on the accumulation chamber method [Norman et al., 

1992; Chiodini et al., 1998]. The two instruments were equipped, one with a LICOR LI-

800 infrared CO2 detector (L-IR) and the other with a Dräger Polytron infrared CO2 

detector (D-IR).  

The L-IR measures CO2 concentrations in the range from 0 to 2 vol.%. The 

reproducibility was estimated around 10% for CO2 fluxes between 10 to 10000 g m-2d-1 

by Chiodini et al. [1998], using a similar instrument. Carapezza and Granieri [2004] 

found that the uncertainty increased to 24% for measurements in low soil CO2 flux 

areas. D-IR measures CO2 concentrations in the range from 0 to 100 vol.%, and allows 

more accurate measurements for higher soil CO2 fluxes.  

In order to compare the performance of the two instruments, equipped with the two 

detectors, CO2 fluxes were measured at different sites using both instruments. In areas 

with low and high soil CO2 flux values, the D-IR full scale was set to 2 and 100 vol.%, 

respectively. The measured CO2 fluxes varied less than 10% between the two 

instruments until soil CO2 flux values lower than 10000 g m-2 d-1. At higher CO2 fluxes 

 10



(between 10000 and 25000 g m-2 d-1) the L-IR equipped instrument produced flux 

measurements higher than the D-IR equipped instrument. This discrepancy can occur 

because, for such high fluxes, the full scale of the L-IR is suddenly reached and the 

increment of CO2 concentration in the time (i.e., CO2 flux) can not be accurately 

determined. On contrary, at the same conditions, the increase of the CO2 is well 

measured when the D-IR is used. 

The detailed surveys at Furnas lake and Furnas village fumaroles (data sets B and C, 

Table 1) were performed using the CO2 flux portable instrument equipped with D-IR. 

The general survey (data sets A1 and A2, Table 1) and the Ribeira Quente village 

survey (data set D, Table 1) were performed entirely using the CO2 flux portable 

instrument equipped with L-IR, because D-IR was not available at that time. Fourteen 

of the CO2 fluxes measured with L-IR that exceeded the maximum measurable flux 

given by the equipment manufacturing company (25000 g m-2 d-1), were assigned a 

value of 25000 g m-2 d-1. For this reason, the true maximum CO2 flux for the area may 

have not been measured. 

Due to the influence of the meteorological parameters on the soil gas flux [e.g. Chiodini 

et al., 1998; Granieri et al., 2003; Viveiros et al., 2008, 2009], the surveys were carried 

out during dry days with similar and stable weather conditions. Data acquired by the 

permanent soil CO2 flux station at Furnas lake (GFUR2) (Figure 3a) were used to check 

meteorological variations. In addition, data acquired at the permanent flux station and at 

some other selected points showed a coefficient of variation for the soil CO2 flux 

around 12% during the surveyed periods, a value considered acceptable taking into 

consideration that the reproducibility of the used instrument is about 10%. 
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Gas samples for the determination of the carbon isotope composition of the CO2 efflux 

were collected at twelve points (Figure 3a), with a range of soil CO2 flux and vegetation 

type. The gas was collected in pre-evacuated bottles simultaneously with the soil CO2 

flux measurement following the procedures described by Chiodini et al. [2008]. One 

sample was collected in the high soil CO2 flux areas and the air CO2 inside the bottle 

was higher than 2 vol.%. For low soil CO2 flux measurement points, two samples were 

collected; one sample was collected just after the homogenization of the gases within 

the accumulation chamber and the second bottle was sampled at higher CO2 

concentrations (always higher than 1000 ppm) (Table 2). Soil temperature was 

measured at each site using a thermocouple at 20 cm depth. 

Gas samples were analyzed for chemical and isotopic composition at the Laboratory of 

Fluids Geochemistry of INGV-Osservatorio Vesuviano. CO2 concentrations and carbon 

isotope compositions were determined by coupling a gas chromatograph (Agilent 

Technologies 6890N, GC) with a continuous flow mass spectrometer (Finnigan Delta 

plusXP, MS) (13C standard error ± 0.1‰, CO2 concentration standard error ± 3%). The 

GC is equipped with a capillary column (HP-plotQ capillary, 30m x 0.53mm x 25m; 

He as carrier gas), TCD detector and a post column switching device, able to switch or 

split the column gas flow to the TCD detector and to the MS. During the analysis air 

components are completely switched to the GC detector (TCD), preventing the 

formation of undesirable species in the MS source (NOx). 

The CO2 flux values were elaborated using both the graphical statistical analysis 

method (GSA) described by Chiodini et al., [1998] and sequential Gaussian simulations 

(sGs) [Cardellini et al., 2003]. The GSA method consists of partitioning complex 

statistical data distribution, which results from overlapping log normal populations, into 
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individual populations. The mean, the standard deviation and the proportion of each 

partitioned log normal population are graphically estimated by applying the procedure 

proposed by Sinclair [1974]. Since statistical parameters refer to the logarithm of the 

values, the mean CO2 flux and the 90% confidence interval of the mean are then 

computed with the Sichel t-estimator [David, 1977].  

The sGs method is used to produce a map of the CO2 flux and therefore to define the 

shape and the extension of the DDS, as described by Cardellini et al. [2003]. The sGs 

method consists of the production of numerous simulations of the spatial distribution of 

the attribute (flux), and is performed using the algorithm described by Deutsch and 

Journel [1998]. 

Since the sGs procedure requires a multi-Gaussian distribution, original data were 

transformed into normal distribution by a normal score transform [Deutsch and Journel, 

1998; Cardellini et al., 2003]. Experimental variograms were computed and modeled 

for each data set. The models were used in the sGs procedure to create 100 realizations 

of the flux grid. 

For the visualization of the simulation results, we used both probability and E-type 

maps. The probability map reports the probability that the simulated value at each 

location is higher than a selected threshold and is used to better identify the DDS. The 

E-type map shows the “expected” value at any location (E-type estimate), obtained 

through a point-wise linear average of all the simulations.  

The CO2 released by diffuse degassing was calculated for the different data sets by 

integrating the average values estimated from sGs (i.e., E-Type map) over the area. The 

mean and the standard variation computed for the 100 realizations are, thus, assumed to 

be the characteristic values of the CO2 release and of its uncertainty for each area. 
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Diversity across the different groups was evaluated using coefficient of variation (CV), 

a statistical index calculated as the ratio of the standard deviation to the average and 

usually reported as a percentage [Reed et al., 2002]. 
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4. Results and discussion 

4.1 Hydrothermal and Biogenic soil CO2 fluxes 

At Furnas volcano soil CO2 flux values were highly variable, ranging from 0 to values 

higher than 25000 g m-2 d-1 (Table 1) and all data sets are positively skewed. Excluding 

all values above 10000 g m-2 d-1, which should be mainly related to viscous flux 

measured on steam vents, the remaining soil CO2 flux values from Furnas volcano (data 

set referred as A1, Table1) were modeled applying the procedure proposed by Sinclair 

[1974], as combination of three overlapping log-normal populations (Figure 4). This 

polymodal distribution suggests the existence of multiple sources (biogenic and 

volcanic-hydrothermal) feed overall soil CO2 diffuse degassing. The estimated mean, 

90% confidence interval of the mean and the proportion of partitioned populations are 

reported in Table 3. 

Population “Aa” (Table 3), representing only 2% of the data, is characterized by very 

low soil CO2 flux values (mean CO2 flux ~ 2.3 g m-2 d-1). These very low CO2 fluxes 

occur in poorly vegetated areas, i.e., where the biologic production of CO2 is scarce, or 

from areas where the soil is highly altered being impermeable and compacted. 

Population “Ac” (22% of the data) is characterized by a mean CO2 flux of ~ 500 g m-2 

d-1, and can be considered representative of CO2 fluxes fed by an endogenous source, 

i.e., by the degassing of the hydrothermal system [e.g., Chiodini et al., 1998, 2001, 

2007, 2008; Cardellini et al., 2003]. 

The most abundant population, “Ab”, including ~ 76% of the data, is characterized by a 

mean CO2 flux significantly lower (~ 32 g m-2 d-1) than population “Ac”. If we assume 

that population “Ab” is representative of the biological CO2 flux, choosing the 95th 

percentile of population “Ab” as cutoff (Figure 4) for the biological (background) CO2 
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fluxes, this results in a flux of 80 g m-2 d-1, too high for a purely biogenic CO2 flux. In 

fact, available data on CO2 production from a wide variety of ecosystems show CO2 

fluxes ranging from 0.2 to 21 g m−2 d−1 [e.g., Raich and Schlesinger; 1992; Raich and 

Tufekcioglu, 2000] with maximum flux values for grassland as ~ 50 g m-2 d-1 [e.g., 

Norman et al., 1992; Bajracharya and Kimble, 2000; Nakadai et al., 2002]. In addition, 

the soil CO2 fluxes measurements performed outside Furnas volcano (data set E in 

Table 1) in areas with vegetation types similar to that of the studied area (i.e., grass, 

scrub, trees, etc.), did not exceed 34 g m-2 d-1. More in detail, the CO2 fluxes performed 

outside Furnas volcano show two distinct populations, one (34% of samples) 

characterized by a mean CO2 flux of 1 g m-2 d-1 (standard deviation = 0.36), the other 

(66% of samples), characterized by a mean CO2 flux of 22 g m-2 d-1 (standard deviation 

= 5.54) (Figure 4). 

As such, possible contributions to population “Ab” from a hydrothermal source must be 

considered. 

In order to better understand the CO2 flux populations distribution and to better 

constrain a reasonable threshold for the biogenic CO2 background, the isotopic 

composition of the CO2 efflux (13CCO2) was investigated according with the method 

proposed by Chiodini et al., [2008]. The 13CCO2 values varied from -12.28 ‰ to -3.11 

‰ , confirming that CO2 from the hydrothermal system and from soil biological activity 

feed the diffuse CO2 degassing (Table 2). 

The isotopic composition of CO2 of Caldeira Grande fumarole, measured in this study, 

(13C = -4.26 ‰) is assumed as representative of the hydrothermal source of CO2. This 

value agrees with the isotopic compositions of CO2 from the main fumaroles located 

inside Furnas volcano caldera (13C mean value of -4.05 ‰) [Ferreira and Oskarsson, 
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1999] and with the isotopic signature of the deep source of the carbon dissolved in CO2-

rich ground-waters of the area (~ -4 ‰) [Cruz et al., 1999]. 

It is more difficult to establish the isotopic composition of biogenically-produced CO2, 

because C3 and C4 plants present at Furnas [Pereira, M.J., personal communication, 

2009] produce CO2 characterized by a large range in the isotopic composition (means 

13C of about -27‰ and – 13‰ for C3 and C4 plants, respectively) [Cheng, 1996].   

Following the approach performed by Chiodini et al. [2008] to model the soil CO2 

degassing at Solfatara volcano (Italy), measured 13CCO2 values and CO2 flux values are 

compared in Figure 5 with the theoretical values expected for the mixing between 

biogenic and hydrothermal CO2 sources. For a first test, two extreme cases were 

considered: (1) mixing between hydrothermally-derived CO2 (13C = -4.2 ‰) and a 

light biogenic CO2 (13C = -27‰) with a high efflux rate (50 g m-2 d-1) and (2) mixing 

between hydrothermal CO2 (13C = -4.2 ‰) and a C4-derived biogenic CO2 (13C = -

13‰) with a low CO2 efflux rate (10 g m-2 d-1). All the measured 13CCO2 data fall in 

the field delimited by the mixtures between hydrothermal CO2 and the two extremes for 

biogenic CO2, suggesting that the two cases can model all the soil CO2 degassing at 

Furnas volcano. 

Excluding one sample, a model considering the mixing of hydrothermal CO2 and a 

biogenic source characterized by a 13C = -27‰ and an efflux rate of 25 g m-2 d-1, 

seems to constrain the maximum magnitude of the biogenic flux (Figure 5). In other 

words, even with the low amount of isotopic data, a CO2 efflux rate for the biological 

background should be between 10 and 25 g m-2 d-1 (~ 42% of the data), which is also in 

agreement with soil CO2 flux measurements performed outside Furnas volcano area.  
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These results point out that population “Ab” (Table 3) is likely a mixture between 

biogenic and hydrothermal CO2 fluxes and that the threshold value for the biogenic 

CO2 flux of ~ 80 g m-2 d-1, derived by assuming the “Ab” population as representative 

of the biogenic flux, constitutes an overestimation of the real one.  

A similar overestimation of the biogenic background flux produced by the only 

interpretation of the probability plots of CO2 fluxes was pointed out in the work of 

Chiodini et al. [2008], suggesting that the new methodology proposed by those authors, 

based on the isotopic composition of CO2 efflux, is a powerful tool to better constrain 

all the CO2 sources feeding soil CO2 degassing. 

 

4.2 Mapping and quantification of soil CO2 degassing  

Omnidirectional variograms of normal scores were computed (Figure 6). Experimental 

variograms for Furnas caldera data set and Ribeira Quente village data show nested 

structures (spherical and exponential) with different ranges and nugget values (Figures 

6a and 6d). Data from Furnas lake and Furnas village fumaroles (data sets B and C, 

Table 1) have the highest nugget values (Figures 6b and 6c). The higher density of 

points and the higher nugget effects observed in the detailed surveys, carried out close 

to the Furnas lake and Furnas village fumarolic fields, contrast with the lower nugget 

effect observed in the variogram of the data collected in the Furnas caldera (data set A2, 

Table 1), where the points were sampled at a greater distance. This is probably 

explained by the heterogeneities in the soils properties near the fumaroles, where the 

soil alteration causes large differences in the permeability at very small scale. 

One hundred equiprobable simulations were performed for each data set to estimate the 

soil CO2 flux, and to evaluate the uncertainty of the estimation (Table 4). The CO2 flux 
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data collected along transects performed across Furnas volcano were not used in the sGs 

simulation and are reported in the flux map of Figure 7 as single points with graded 

colors. 

Probability maps derived from sGs results are used to better identify the DDS. As 

described earlier, on the basis of CO2 flux measurements performed outside Furnas 

volcano and of the isotopic compositions of the CO2 efflux, a reasonable mean value for 

the biogenic soil CO2 flux could be considered about 25 g m-2 d-1. For this reason, a 

value of 50 g m-2 d-1 (i.e., two times higher) was assumed as threshold in the probability 

map (Figure 8), to define the areas where the CO2 flux is fed also by the hydrothermal 

source (i.e. the DDS). This choice of the threshold is somehow arbitrary, but could 

account for the variability of the biological CO2 flux. The DDS are practically defined 

as those locations with a greater than 50% probability that the simulated CO2 fluxes are 

at or above the threshold value. 

The maps of Figures 7 and 8 show that high flux areas are found close to the main 

fumarolic fields (DDS labeled A, B and C) suggesting that in those areas CO2 travels 

mostly with rising hydrothermal steam. The DDS B (Figure 7) is close to the Furnas 

village fumaroles and extends with a general NW-SE direction along the “Furnas c” 

northern crater limit. Soil CO2 flux anomalies are observed also in the northern part of 

the younger caldera rim (DDS D, Figure 7) and “spots” of high soil CO2 flux are 

dispersed in the bottom of Furnas “c” crater. On the eastern sector and in the south flank 

of the volcano, the high CO2 flux values (> 100 g m-2 d-1) are also found mainly 

associated to tectonic structures, with general WNW-ESE orientation. It is worth to note 

that the Ribeira Quente village, located in the south flank of the volcano, is 

characterized by soil CO2 fluxes mostly higher than 50 g m-2 d-1 (i.e., it is built on a 

DDS). 
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4.2.1 Soil CO2 flux and volcano/tectonic structures 

By the inspection of the spatial distribution of soil CO2 fluxes (Figures 7 and 8) 

emerges that three important anomalous zones of Furnas volcano (DDS A, B1, B2, D) 

are associated to craters (i.e., are located in the inner slope of craters rims, Figures 7 and 

8a). This correspondence may suggest a main role of crater morphology on the CO2 

degassing process. Similar morphologic control was observed at Vesuvius volcano 

where CO2 anomalies are mainly concentrated in the inner slopes of the crater [Frondini 

et al., 2004].  

Despite this partial correspondence between DDS and craters, since i) anomalies are not 

observed in the inner slope of whole craters, ii) the general WNW-ESE trend in the 

DDS (e.g., alignment 1’ and area E in Figure 8a) is coincident with the direction of the 

main faults mapped on the flanks of Furnas volcano [Gaspar et al., 1995; Guest et al., 

1999], iii) similar directional pattern were described for anomalous CO2 concentrations 

in soil gases in the previous work of Sousa [2003] (Figure 2b), it follows that the 

orientation of the DDS, including those associate to the craters, are primarily controlled 

by WNW-ESE oriented tectonic structures. For instance, the part of DDS B which 

extends outside Furnas “c” crater (DDS B2 in Figure 8a) is probably related to a 

tectonic structure extending from DDS D to DDS C. Most of these tectonic structures 

were not mapped previously, possibly because they are hidden by the presence of 

luxuriant vegetation and by thick pumice deposits of the caldera. 

Diffuse degassing patterns observed in this work (Figures 7 and 8) do not display 

evidence of the W-E tectonic lineaments crossing Furnas caldera, as suggested by 
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previous studies [Cruz et al., 1999; Ferreira and Oskarsson, 1999] as the main 

structures controlling hydrothermal manifestations of the caldera floor. 

Flux measurements in the central part of the Furnas caldera along profile P1-P1’ (Figure 

3), which crosses historical domes and tuff rings, show that these areas are characterized 

by low soil CO2 flux values (Figure 9), essentially associated with the biogenic CO2 

source. These data suggest that, in general, dome-structures do not enhance degassing of 

CO2 and that the domes can be considered completely degassed. The only evidence of 

hydrothermal CO2 degassing is associated with the 1630 eruption deposits at the 

intersection of the dome with the surface. This is probably due to some residual gas that 

is conducted along contact of the dome with the surroundings (Figures 7 and 9). 

The measurements performed in the eastern area of the caldera, in the western part of 

the lake and in the south flank of the volcano show several anomalous “spots” probably 

related with the tectonic structures that cut the volcano flanks. In fact, these soil CO2 

flux measurements confirm the presence of some previously inferred faults. 

Relatively to Ribeira Quente village area, anomalous diffuse degassing (DDS G, Figure 

8b), as well as areas of steam emission, are located in western area of the village that 

was interested by an important landslide associated to the 1630 volcanic eruption. The 

DDS F (Figure 8b) is associated to the scarp of a landslide that occurred in 1997 caused 

by intense rainfall [Marques et al., 2007]. Another area of anomalous degassing is 

located in the western area of the village where the cliff is intersected by a NE-SW 

tectonic structure, suggesting also in this case a relation between tectonic structure and 

diffuse degassing. 

Even if more structural data is necessary to complement, and fully understand, the 

degassing patterns, a strong structural control on the CO2 degassing structures is 
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evident, confirming that mapping soil CO2 degassing can constitute a useful tool to 

identify/verify the presence of hidden faults, which constitute weak zones that allows 

the rising up of deeply derived CO2, as previously pointed out by several authors [e.g. 

Chiodini et al., 2001; Werner and Cardellini, 2006]. This study can hence constitute a 

useful support for future structural studies at the Furnas caldera. 

 

4.2.2 CO2 emissions to the atmosphere 

On the basis of sGs results a mean CO2 release of 959 t d-1 (± 84 t d-1) was estimated at 

Furnas caldera (area of 5.8 km2). The computed CO2 release varies from ~ 745 t d-1 to ~ 

1227 t d-1 among the 100 realizations (Table 4). The estimated CO2 release has a 

relatively low uncertainty and a CV of 9 % (Table 4). 

Even if the CO2 emissions estimate for Furnas Caldera has a low uncertainty, in order to 

verify and improve the accuracy of the estimate, the CO2 release computed for the 

Furnas lake and Furnas village fumaroles areas, using only the data from Furnas caldera 

survey (Refs. A2.1 and A2.2 in Table 4; Figures 10b and d), was compared with the 

CO2 release estimates obtained from the detailed surveys performed in the same areas 

(Refs B and C in Table 4; Figures 10a and c). 

It is possible to observe that CO2 emissions estimated from the detailed surveys are 

about three times lower than those resulting from the Furnas caldera survey (Table 4). 

Nevertheless, even if the CO2 emission was significantly different, the diffuse 

degassing pattern is still similar in the corresponding maps of Figure 10. 

The differences observed in the CO2 emission estimates can arise by the adequacy of 

the measuring grid used in the Furnas caldera general survey (e.g., sample density, 
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Table 4) for areas characterized by a strong spatial variability of CO2 degassing. The 

high heterogeneity of the soils near the fumarolic grounds, which are covered by altered 

and impermeable deposits prevent the gas to pass homogeneously through all the soil 

and concentrate the gas emissions on the fumaroles and/or in areas with small cracks, 

justifying the variability of CO2 degassing. These small scale heterogeneities were also 

evidenced by the higher nugget effect of the variogram models of the detailed surveys 

data (Figures 6b and c) respect to those of the caldera general survey (Figures 6a and d). 

The density of points used in this work to produce the Furnas caldera CO2 emissions 

maps (Figures 7 and 8a), 233 points/km2, is comparable to other degassing surveys 

performed at other volcanoes (Table 5). In fact, for areas bigger than 3 km2, a lower 

density of measuring points was generally adopted. With respect to our detailed surveys 

close the fumarolic fields, the number of points per 1 km2 is higher than 8000 and 

shows much greater detail than found in any work reported in literature (Table 5). 

Cardellini et al. [2003] suggested that the uncertainty in the estimation of the total CO2 

release is not simply correlated to the sample density but depends on the relation 

between the sample density and the extent of degassing structures. In particular, a 

general relation was derived by those authors, considering the number of samples 

falling in the area contained by a circle with radius equal to the range of the CO2 flux 

variogram (circle range area (CRA)). We used the empirical relation derived by 

Cardellini et al. [2003]: 

55.09.119.  CRAnssdE  (1) 

where E.sd is the estimated standard deviation (%) of the CO2 total release estimation 

and nsCRA is the number of samples in CRA, to evaluate the expected standard deviation 

of the CO2 flux estimates for the different dataset. 
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The E.sd for Furnas lake and Furnas village fumaroles detailed surveys results 7% and 

3% of the total CO2 output, considering the respective surveyed areas, number of 

samples (Table 1) and range of the variograms (i.e., 80 and 150 m, respectively, Figure 

6), These low E.sd point out the adequacy of the sampling design used in the detailed 

surveys of the two sites.  

The E.sd computed for Furnas caldera survey (i.e., range of the variogram = 300 m, 

Figure 6a), gives an uncertainty of about 12%, suggesting the adequacy of the number 

of sampling points to describe the entire study area. However if we consider the Furnas 

caldera sampling design and an anomaly with an average range of 115 m as 

representative of the DDS at Furnas lake and Furnas village fumaroles, we obtain from 

Equation 1 an E.sd of 34%. This higher E.sd points out that the sampling pattern 

adopted in the general survey of Furnas caldera (i.e., 50 – 100 m of sampling spacing) 

could not be adequate to quantify accurately CO2 flux from the relatively small DDS, 

such as those characterizing the soil degassing at Furnas lake and Furnas village 

fumaroles.  

Considering that the CO2 output release of the Furnas lake and Furnas village fumarolic 

fields (obtained from the detailed surveys) is lower than that obtained for the same areas 

from the Furnas caldera survey (Table 4), the total CO2 emission estimated at Furnas 

caldera (i.e., 959 t d-1± 84 t d-1) may represent an overestimation. 

Taking in to account these results, a more accurate estimation of the CO2 release from 

Furnas caldera is obtained considering for the Furnas lake and Furnas village fumaroles 

areas the CO2 release estimated from the detailed surveys data (Refs. B and C, Table 4), 

instead of the CO2 release estimated for the same areas from the Furnas caldera survey 

data (Refs. A2.1 and A2.2, Table 4). Following this approach the total CO2 release from 
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Furnas volcano is estimated in ~ 880 t d-1. This value includes both the hydrothermal 

and biogenic produced CO2. The hydrothermal CO2 emission is then computed in 734 t 

d-1 by subtracting to the estimated total CO2 release the contribution from biogenic CO2 

flux. This contribution was estimated in 146 t d-1, assuming that a mean biogenic CO2 

flux of 25 g m-2 d-1 is constant over all the area (excluding the steaming ground). This 

last assumption is an approximation, but considering that the extension of areas without 

vegetation is small with respect to the entire surveyed area, and that CO2 fluxes up to 

5000 g m-2 d-1 were measured in vegetated areas, it is reasonable to consider a biogenic 

CO2 flux contribution also in the high degassing areas. 

For the Ribeira Quente village area CO2 release was estimated in ~ 243 t d-1 (± 43 t d-1), 

and assuming also in this case a constant background, results that about 96% (~ 234 t d-

1) is from hydrothermal origin. 

Hydrothermal CO2 output from the whole Furnas volcano can thus be obtained by 

summing the estimations for Furnas caldera and Ribeira Quente village, resulting in a 

value of ~ 968 t d-1 (from an area with ~ 5.2 km2). 

Our estimate of hydrothermal CO2 released by diffuse degassing at Furnas volcano is 

likely a minimum value, given that several soil CO2 flux anomalous values were 

measured along the transects (Figure 7) and are not included in the estimations. In fact, 

due to difficult terrain, the extension of the gas anomalies along the road that links 

Ribeira Quente village to Ribeira dos Tambores and along the walking trail in the south 

flank of the volcano was not mapped. In addition, our estimates represent only the 

diffuse component of the CO2 flux and do not account for contributions from fumaroles, 

bubbling pools or Furnas lake. As such, the total CO2 emission from Furnas volcano is 

probably larger than our estimate. 
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Our estimates of CO2 release are comparable to other important CO2 degassing 

volcanic hydrothermal systems of the world (Table 5), pointing out the relevance of the 

diffuse degassing process at Furnas. Furthermore, if we consider the CO2 emissions 

standardized per area (Tables 4 and 5), Furnas volcano is one of the larger CO2 

producing volcanoes. In fact, Furnas caldera CO2 emission per area is similar to the 

summit of Miyakejima volcano (Table 5). Furthermore the soil CO2 flux emitted close 

to the Furnas main fumarolic fields (data sets B and C, Table 4) are the same order of 

magnitude for Hot Spring Basin and Mud volcano areas in Yellowstone volcano 

[Werner et al., 2000, 2008]. 

The magnitude of diffuse CO2 degassing at Furnas is relevant also if compared with the 

annual industrial CO2 emission allocated by the European Commission for Portugal 

(EU press release IP/07/1566: “Emissions trading: Commission adopts decision on 

Portugal's national allocation plan for 2008-2012”). In fact the CO2 naturally emitted by 

Furnas volcano results about 1% of the anthropogenic CO2 production. This 

comparison, together with estimates at global scale of volcanic and non-volcanic natural 

CO2 emissions [e.g. Kerrick, 2001; Morner and Etiope, 2002], contributes to reinforce 

the importance of the quantification of natural CO2 diffuse fluxes for a refined global C-

budget modeling. 
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5. Thermal energy release 

The existence of CO2 flux anomalies close to the fumarolic fields, and consequently 

associated to high temperature areas, suggest that the upflow of fluids from the 

underlying boiling hydrothermal reservoir and the steam condensation in the subsurface 

are responsible for the CO2 diffuse degassing areas and the anomalous thermal 

gradients found at Furnas volcano. This process was simulated using a geothermal 

simulator (TOUGH2, Pruess, 1991) by Chiodini et al., [2005]. The results of the 

physical-numerical simulations showed that injection of fumarolic fluid into the soil 

produce a convective plume of hot carbon dioxide-steam mixture extending from the 

source toward the surface. During the ascent the upflowing steam condenses and 

produces a liquid phase that flows from the border of the plume toward the bottom of 

the simulated domain, whereas CO2, which is non-condensable gas, is discharged 

almost entirely at the soil surface, feeding the CO2 diffuse degassing. The heat released 

by diffuse degassing processes can be thus estimated by (1) measuring the total CO2 

output, (2) considering the chemical composition of fumaroles of the area as 

representative of the composition of the fluids before the steam condensation, and (3) 

computing the total steam output and the heat released during the condensation process 

and cooling of the condensates to ambient temperature [Chiodini et al., 2005]. 

In order to estimate the heat flux involved in the diffuse degassing processes at Furnas, 

it was assumed that the CO2 is derived from hydrothermal fluid having the composition 

of the Caldeira Grande fumarole (from Furnas village fumarolic field), which was 

recognized as the only fumarole at Furnas caldera where uncontaminated hydrothermal 

fluid is discharged [Ferreira and Oskarsson, 1999]. The average H2O/CO2 ratio of 5.3 

by weight of gas collected at the Caldeira Grande fumarole was thus considered as 

representative of the hydrothermal fluid before steam condensation. Consequently, a 
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value of 84.8 t d-1 of condensed steam is estimated to produce the 16 t d-1 of 

hydrothermal CO2 released by diffuse degassing at Furnas village fumarolic field (Table 

4). The energy released by the diffuse degassing process in this area has been estimated 

at ~ 2.6 MW, considering the total amount of condensed water and enthalpy of steam 

condensation at 100 ºC (2257 J g-1, Keenan et al., 1969) and the cooling of condensate 

to 15 °C (i.e., mean ambient temperature). Appling the same approach to the diffuse 

degassing area at Furnas lake (~ 0.043 km2), the thermal energy released in the area is 

estimated at ~ 2.1 MW. 

A rough estimation for the thermal energy released inside Furnas caldera can be 

performed following the same methodology, even if the CO2/H2O ratio may suffer 

some variations in the caldera. Considering that the estimates for the hydrothermal CO2 

emission inside Furnas caldera is 734 t d-1 (from an area of ~ 4.8 km2), a thermal energy 

released of ~ 118 MW was estimated. 

The thermal energy released per km2 at Furnas volcano degassing areas gives value 

similar to other quiescent volcanoes reported by Chiodini et al. [2005], and it is in the 

same order of magnitude as for example Nisyros DDS structures (Greece), Vesuvio 

cone (Italy), Vulcano crater (Italy) and Favara Grande fumarolic field (Pantelleria 

Island, Italy). These energy releases constitute a significant term in the energy balance 

of these quiescent volcanoes and can be used as baselines for energy release against 

which changes due to volcanic unrest can be compared. 
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6. Public health risk assessment 

This study delineates important diffuse degassing areas extending below Furnas and 

Ribeira Quente villages. During the field work several inhabitants witnessed symptoms 

associated to high CO2 concentrations during certain periods, as well as, the death of 

small animals (e.g., birds, chicken and cats) in some depressed areas. We also measured 

in some low ventilated trails CO2 concentration at 20 cm above the ground as high as 80 

vol.%. 

Viveiros et al. [2009] revealed that even in areas where soil CO2 degassing is low, 

variations in the meteorological variables (mainly barometric pressure and rainfall) may 

cause significant increases in the gas flux and create indoor hazardous conditions. In 

this work, it is considered that all houses over CO2 degassing higher than 50 g m-2 d-1 

may be at risk. 

Previous studies [Baxter et al., 1999; Sousa, 2003] have estimated that about one third 

of Furnas village houses are located over important DDS. Considering a value of 50 g 

m-2 d-1, used to delimit the DDS and as a possible threshold for the biological 

background flux, we estimate that 58% of the Furnas village houses are built over 

hydrothermal CO2 degassing ground. This higher percentage may be explained by (1) 

more detailed sampling design, (2) lower threshold for hydrothermal CO2 degassing and 

(3) construction of recent houses in the vicinities of Ribeira dos Tambores fumarolic 

field. 

The diffuse degassing anomaly at Ribeira Quente village is shown here for the first 

time. We estimate that about 98% of the houses are placed over anomalous degassing 

areas, a scenario even worse than Furnas village. Based on these results, it is evident 

 29



that these degassing maps are important for health risk assessment studies and they 

should be taken into account by the land-use planners in any degassing area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 30



7. Conclusions 

Different CO2 sources are identified at Furnas volcano area based on the isotopic 

composition of CO2 efflux [Chiodini et al., 2008] and GSA methodology [Chiodini et 

al., 1998] that together contributed for a more accurate definition of a threshold for CO2 

biogenic background, fundamental to define the DDS, to estimate the hydrothermal 

CO2 release, and as baseline for the interpretation of time variation of fluxes from the 

soil. Significant DDS were recognized at the volcano. The main DDS show NW-SE 

pattern, well correlated to the orientations of the main tectonic structures of the volcano, 

suggesting an evident structural control on degassing. 

Hydrothermal CO2 emissions by Furnas caldera and Ribeira Quente village area were 

estimated to be  968 t d-1. Several other diffuse degassing areas were detected along 

transects, but the morphology of the volcano did not allow to sample in a grid thereby 

making it impossible to estimate the gas emission for a larger area. To achieve a more 

complete evaluation of the CO2 release by Furnas volcano future works are planned to 

calculate also the CO2 emission other than diffuse degassing, namely from the 

fumaroles, steaming vents and Furnas lake. 

The thermal energy release associated to the diffuse degassing at Furnas caldera was 

estimated to be ~ 118 MW for an area of ~ 4.8 km2, which is in the same order of 

magnitude of the energy released in other quiescent volcanoes worldwide. 

The present work enlarges significantly the area sampled in previous works, linking the 

main fumarolic fields from Furnas caldera. Despite small divergences, which can be 

attributed to the different sampling grids and changes in the physical proprieties of the 

soil (as for instance the permeability), the general degassing pattern seems to remain 

quite stable in the Furnas village area along the last 15 years. Jones et al. [1999], based 
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on the Furnas stratigraphy and statistical analysis of past eruptions, estimated a 

probability of 30% for the occurrence of an eruption in the next 100 years at Furnas 

volcano. Considering that there are urban settlements in and around the caldera, it is 

important to apply different monitoring techniques to characterize those parameters that 

should respond to occurrence of volcanic unrest. Due to the stability of the DDS along 

the time, these degassing maps may be useful for volcanic/seismic monitoring purposes 

as they may represent a reference for future variations on the state of activity of the 

volcano. Measurements performed in a regular fixed grid together with hourly data from 

the two permanent CO2 flux stations installed in the volcano constitute a first proposal 

of a reliable monitoring system to detect any change in the diffuse degassing behavior 

inside Furnas caldera. 

In what concerns a public health risk assessment perspective, it is noticed that 98% and 

58% of houses at Ribeira Quente and Furnas village, respectively, are placed over 

hydrothermal CO2 emanations. These high percentages of buildings in anomalous 

diffuse degassing zones show the importance of these maps in volcanic regions or in 

soil degassing prone areas resulting from other sources, since the CO2 gas can easily 

introduce in buildings, as it was already shown in several works. 
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Captions 

Figure 1. (a) Azores archipelago location with the main tectonic structures; (b) São Miguel 
island digital elevation model with location of the main active volcanic systems: 1 – Sete 
Cidades volcano; 2 – Picos Waist Zone; 3 – Fogo volcano; 4 – Achada das Furnas Plateau ; 5 - 
Furnas volcano; (c) Main volcano-tectonic structures (based on aerial photography visualization 
and information collected from Cole et al., 1995; Gaspar et al., 1995; Guest et al., 1999; 
Carmo, 2004) and hydrothermal manifestations at Furnas volcano. CO2 cold springs and 
thermal springs are identified according to the work of Costa [2006]. Steam emissions were 
mapped during this work. Legend: 1 - Furnas lake fumarolic field; 2 - Furnas village fumarolic 
field; 3 - Ribeira dos Tambores fumaroles. (Contour lines are spaced 50 m; Datum=WGS84). 
 
Figure 2. Soil CO2 concentration maps from Furnas village according to (a) Baubron et al. 
[1994] and (b) Sousa [2003]. Geomorphologic features legend according to Figure 1c.  
 
Figure 3. (a) Location of the sampling points at Furnas volcano. B, C and D squares represent 
Furnas lake, Furnas village and Ribeira Quente village subsets. Detailed sampling network for 
(b) Furnas lake fumarolic field and (c) Furnas village fumaroles. P1-P1’ transect represents the 
CO2 profile shown in Figure 9. 
 
Figure 4. Probability plot of soil CO2 flux at Furnas volcano (data referenced as A1, Table 1) 
and outside Furnas area (data referenced as E, Table 1). 
 
Figure 5. Diagram plotting soil CO2 efflux (g m-2 d-1) and carbon isotopic composition of soil 
CO2 efflux (‰). Only samples with soil CO2 efflux lower than 1400 g m-2 d-1 are represented 
and compared with theoretical lines that represent light and heavy CO2 sources with different 
efflux rates. 
  
Figure 6. Experimental and modeled variograms of the soil CO2 flux normal scores for the 
different data sets. Legend: Cc (sill); a (range, m). 
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Figure 7. E-type soil CO2 flux map for Furnas caldera and Ribeira Quente village (cell size = 10 
x 10 m). Transects performed across volcanic structures do not allow to perform interpolations 
and single points are represented with graded colors. Uppercase letters represent DDS at Furnas 
caldera as mentioned in the text. Geomorphologic and tectonic features legend is the same as 
Figure 1c.  
 
Figure 8. Probability maps for soil CO2 flux at Furnas caldera (a) and Ribeira Quente village 
(b). The color scale shows the probability of soil CO2 flux exceeding 50 g m-2 d-1. 
Geomorphologic and tectonic features legend is the same as Figure 1c. The letters A through G 
refer to specific degassing locations as mentioned in the text. 
 
Figure 9. CO2 profile performed across Furnas caldera. The grey shadow represents the 
topography and the black line the soil CO2 flux values. Profile location is displayed in Figure 3 
and is oriented from P1 to P1’.  
 
Figure 10. E-type soil CO2 flux maps for Furnas village fumaroles and Furnas lake fumarolic 
fields based on the detailed survey (a; c) and in the Furnas caldera global sampling (b; d). 
Geomorphologic features and hydrothermal manifestations follow legend of Figure 1c. Soil 
CO2 flux graded scale is the same of Figure 7 (cell size = 3 x 3 m and contour lines are spaced 5
m
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Table 1. Descriptive statistics of flux data. Asterisk (*) indicates A1 data and includes all data 

from Furnas caldera (A2) and some measurements performed along profiles. 

 

Study area Ref. 
Number 
of points 

Sampling 
strategy 

Area 
(km

2
)

Mean 
(g m

-2 

d
-1

) 

Median 
(g m

-2
 d

-

1
) 

Minimum 
(g m

-2
 d

-1
) 

Maximum 
(g m

-2
 d

-1
) 

Skewness

Furnas volcano* A1 1756 Irregular - 363 30 0 > 25000 10 

Furnas caldera A2 1362 Irregular 5.80 371 33 0 > 25000 9 
Furnas lake 
fumaroles B 367 

7 - 10 m 
grid 0.04 325 37 2 20579 10 

Furnas village 
fumaroles C 334 

5 - 7 m 
grid 0.04 630 110 1 19469 7 

Ribeira Quente 
village D 148 Irregular 0.35 582 34 1 > 25000 8 
Outside Furnas 
volcano E 88 Irregular - 15 17 0 34 0 



Table 2. Soil CO2 flux and δ13C-values of the associated CO2. Sampled point number 13 

corresponds to a sample of Caldeira Grande fumarole. Legend: n.d. = not detected. 

 

Reference 
Easting 
WGS84 

(m) 

Northing 
WGS84 (m)

CO2 
concentration 

(ppm) 

Soil CO2 
flux (g m

-2
 

d
-1

) 

13
C efflux 
(‰ vs. 
PBD)

Soil 
temperature 

(ºC) 

1 649294 4181930 1198 20 -12.28 24 

2 648751 4181917 1062 29 -11.69 24 

3 649160 4182022 1320 49 -11.37 24 

4 649248 4181700 6893 290 -7.97 25 

5 649069 4181978 2233 105 -7.88 24 

6 647059 4181556 4524 205 -6.16 24 

7 648044 4181517 4226 148 -5.50 23 

8 647169 4181543 n.d. > 25000 -4.42 98 

9 649349 4181994 6438 200 -4.39 31 

10 649374 4181890 40935 1178 -4.23 86 

11 649492 4182008 n.d. 3573 -3.94 n.d. 

12 649373 4181889 36152 2452 -3.11 53 

13 649354 4181940 n.d. n.d. -4.26 n.d. 

 



Table 3. Statistical parameters from the partitioned CO2 flux populations and the 90% 

confidence intervals of the mean at Furnas volcano. 

 

Population CO2 source 
Proportion 

(%) 
Mean CO2 flux 

(g m
-2

 d
-1

) 
Mean CO2 90% 

confidence interval 

Aa - 2 2.3 1.9 - 3.1 

Ab Mainly biogenic 76 32 31 - 37 

Ac Hydrothermal 22 535 411 - 727 

 



Table 4. Total CO2 output and uncertainties derived from 100 sGs realizations. The asterisk 

(*) identifies subsets of data extracted from the Furnas caldera map. Ref. designations 

establish correspondence to data sets defined in Table 1. 

 

Study Area Ref. 
Area 
(km

2
) 

Number 
of 

points 

Number 
of 

points 
km

-2
 

Mean 
CO2 flux 
(t d

-1
) (± 

S.D.) 

CO2 
flux (t 
km

-2
 d

-

1
) 

Emission 
rate range 

(t d
-1

) 

Hydrothermal 
CO2 flux (t d

-

1
) 

Coefficent 
of 

variation 
(%) 

Furnas 
caldera A2 5.85 1362 233 

959 
(±84) 164 745 - 1227 734 9 

Furnas lake 
fumaroles B 0.043 367 8507 14 (±2) 325 11 - 19 13 14 
Furnas lake 
fumaroles* A2.1 0.043 37 864 47 (±15) 1093 26 - 104 - 32 
Furnas 
village 
fumaroles C 0.038 334 8817 17 (±2) 447 14 - 22 16 12 
Furnas 
village 
fumaroles* A2.2 0.038 65 1716 64 (±12) 1684 39 - 107 - 19 
Ribeira 
Quente 
Village D 0.350 148 423 

243 
(±43) 694 160 - 390 234 18 

 



Table 5. CO2 diffuse degassing emitted by several degassing areas around the world. The 

areas are sorted based on the CO2 emission km
-2

. 

 

Study area 
CO2 
flux 

(t d
-1

) 

Area 
(km

2
) 

Number 
of 

points 

Number 
of 

points 
km

-2
 

CO2 
flux (t 
km

-2
 d

-

1
) 

Reference 

Cuicocha caldera, 
Ecuador 106 13.30 172 13 8 Padròn et al., 2008 
Pululahua 
caldera, Ecuador 270 27.60 217 8 10 Padròn et al., 2008 
Satsuma-Iwojma 
volcano, Japan 80 2.50 155 62 32 Shimoike et al., 2002
Iwojima Volcano, 
Japan 760 22.00 272 12 35 Notsu et al., 2005 
Vesuvio Volcano, 
Italy 193.8 5.50 636 116 35 Frondini et al., 2004 

Mt. Epomeo, Italy 32.6 0.86 336 391 38 Chiodini et al., 2004 
Vulcano Island, 
Italy 75 1.90 423 223 39 Chiodini et al., 1998 
Nisyros caldera, 
Greece 84 2.00 2883 1442 42 Cardellini et al., 2003
Yanbajain 
geothermal field, 
China 138 3.20 331 103 43 Chiodini et al., 1998 
Nea Kameni 
Island, Greece 15.4 0.28 63 225 55 Chiodini et al., 1998 
Reykjanes 
geothermal area, 
Iceland 13.5 0.22 352 1600 61 

Fridriksson et al., 
2006 

Taupo Volcanic 
Zone, New 
Zealand 620 8.90 956 107 70 

Werner and 

Cardellini, 2006 
Miyakejima 
Volcano (summit), 
Japan 

100 - 
150 0.60 ~ 70 117 167 

Hernández et al., 
2001a 

Hakkoda region, 
Japan 127 0.58 180 310 219 

Hernández et al., 
2003 

Methana volcanic 
system, Greece 2.59 0.01 39 3900 259 

D'Alessandro et al., 
2008 

Poggio dell'Olivo, 
Italy 233.5 0.82 196 239 285 Cardellini et al., 2003
Hot Spring Basin, 
Yellowstone, USA 60 0.16 228 1471 387 Werner et al., 2008 
Mud Volcano, 
Yellowstone, USA 1730 3.50 410 117 494 Werner et al., 2000 
Liu-Huang-Ku, 
Taiwan 22.4 0.03 163 4794 659 Lan et al., 2007 
Teide Volcano 
(Summit), Spain 380 0.53 100 189 717 

Hernández et al., 
1998 

Horseshoe Lake, 
USA 104.3 0.13 313 2408 802 Cardellini et al., 2003
Solfatara 
Volcano, Italy 1500 1.00 333 333 1500 Chiodini et al., 2001 
Cerro Negro 
Volcano, 
Nicaragua 2800 0.58 220 379 4828 Salazar et al., 2001 

 






















	2010jb007555
	2010jb007555
	2010jb007555-t01
	2010jb007555-t02
	2010jb007555-t03
	2010jb007555-t04
	2010jb007555-t05

	2010jb007555-p01
	2010jb007555-p02
	2010jb007555-p03
	2010jb007555-f04
	2010jb007555-f05
	2010jb007555-p06
	2010jb007555-p07
	2010jb007555-p08
	2010jb007555-f09
	2010jb007555-p10

