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Abstract 

Pululahua is a potentially active andesite and dacite lava dome complex. This paper presents the 

results of a survey focused on carbon dioxide (CO2) diffuse degassing at Pululahua, which was 

conducted during the 2017 International Association of Volcanology and Chemistry of the Earth's 

Interior (IAVCEI) Commission of the Chemistry of Volcanic Gases (CCVG) 13th Gas Workshop. Our 

objective was to conduct a comprehensive investigation of CO2 diffuse degassing by employing 

standard methods for measuring CO2 flux and temperature, and data processing. These methods 

were applied to map the spatial distribution of the measured parameters, investigate the origin of 

CO2, and quantify the volcanic CO2 output within the surveyed area of Pululahua. We carried out a 

total of 350 soil CO2 flux and 329 soil temperature measurements and collected 12 gas samples for 

carbon isotopic composition analysis, surrounding the three youngest domes in the complex. In 

addition, seventeen CO2 flux measurements over a thermal water pool were performed. Our findings 

indicate that the diffuse emission at Pululahua's crater floor is fed by both biogenic and volcanic CO2. 

Fluxes from each source are similar in magnitude, with approximately 90% of the measurements 

falling into an intermediate flux range. The occurrence of volcanic CO2 emissions is supported by the 

carbon isotopic composition. Diffuse degassing distribution highlights a CO2 anomaly surrounding 

the younger domes within the crater. We estimated the CO2 diffuse emission using both statistical 

and geostatistical approaches over area of 3.36 km2, resulting in values of 154.2 t d-1 and 126.2 t d-1 

respectively. Based on the geostatistical quantification of the total CO2 emission from soil degassing, 

Pululahua's crater volcanic CO2 contribution is estimated between 59 and 97 t d-1. Finally, the 

potential hazards associated with the release of cold CO2 at Pululahua's crater are also discussed. 

Keywords: Pululahua volcano; CO2 diffuse degassing; CO2 sources; soil temperature; diffuse 

degassing map; CCVG Workshop. 

1 Introduction 

Every three years, the International Association of Volcanology and Chemistry of the Earth’s Interior 

(IAVCEI) Commission on the Chemistry of Volcanic Gases (CCVG) organizes a Volcanic Gas Workshop. 

These meetings allow the international scientific community to discuss state-of-the-art knowledge 

on magmatic volatiles, share case studies of volcanic emissions during eruptive, unrest, and 

quiescence periods, and share the most modern advances on measurement instruments and 

techniques. These workshops constitute a unique opportunity for scientists worldwide to gather in 
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the field and carry out observations, deploy remote sensing measurements of volcanic plumes, 

sample fumaroles and waters, and measure soil diffuse degassing, with the aim of comparing 

methodologies and techniques and finally integrate their results. 

The results of a comparative study of CO2 diffuse degassing at Masaya volcano, carried out at the 8th 

Volcanic Gas Workshop in Nicaragua and Costa Rica in 2003, was published by Lewicki et al. (2005). 

This study involved five groups measuring CO2 fluxes using the accumulation chamber method 

(Chiodini et al. 1998) at the same locations both in the morning and afternoon, to compare 

measurements under diverse daytime and meteorological conditions. They also compared different 

geostatistical methods to map CO2 flux and estimate the total CO2 emission, using a single data set. 

Among these, the sequential Gaussian simulation method (e.g., Cardellini et al., 2003) was found to 

yield the most realistic representation of the spatial distribution of CO2 diffuse degassing. They 

noted the high sensitivity of CO2 fluxes to temporal fluctuations, largely attributed to meteorological 

effects on gas flow through permeable pathways.  

More recently, Lopez et al. (2018) presented the main results of integrated sampling during the 12th 

Volcanic Gas Workshop held in Chile in 2014, at Lastarria volcano. On that occasion, the main goal 

was to estimate the total CO2 emitted to the atmosphere using different sampling techniques, as 

well as to refine the existing subsurface models for Lastarria volcano, and provide new constraints 

on its magmatic-hydrothermal system and total degassing budget. 

During the 13th CCVG Gas Workshop held in Ecuador in 2017 (https://ccvg.iavceivolcano.org/field-

workshops/workshop-2010-2017), the CO2 diffuse degassing CCVG working group carried out a joint 

campaign at Pululahua volcano (Fig. 1).  

Considering that, since the 8th CCVG Volcanic Gas Workshop, methods to investigate CO2 diffuse 

degassing have become more tested and widely used worldwide, the 13th CCVG Volcanic Gas 

Workshop provided an excellent opportunity for multiple research groups to leverage their 

instruments to conduct a detailed study of a volcanic area of interest, such as Pululahua. 

In the Pululahua survey, we used five different portable soil CO2 fluxmeter devices, belonging to IG-

EPN (Ecuador), University of Perugia (Italy), IVAR-University of the Azores (Portugal), Instituto 

Tecnológico y de Energías Renovables/Instituto Volcanológico de Canarias (ITER/INVOLCAN, Spain), 

and Babeș-Bolyai University (Cluj-Napoca, Romania) (Fig. 1-A).  

Pululahua is a potentially active lava dome complex (Hall, 1977), whose first hazard map was 

published by Hall and von Hillebrandt in 1988. Pululahua is composed of over a dozen lava domes 
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and a 13 km2 crater (Fig. 1-C&D). Its eruptive history during the Holocene was characterised by 

effusive dome building and explosive dome destruction eruptions, some of which of Plinian-type 

magnitude and being its last eruptive period in 2200 BP (Papale and Rosi, 1993; Pallini, 1996; 

Andrade, 2002; Volentik et al., 2010, Vásconez Müller et al., 2022). Over the last three decades 

Pululahua’s activity consisted of low levels of seismicity, a hydrothermal spring and some CO2 

degassing areas (IG-EPN-2016; Andrade et al., 2021), which all indicate that the dome complex is 

currently in a state of quiescence. Nevertheless, considering the proximity (~15 km) of Pululahua 

volcano to Quito, the capital city, the presence of critical infrastructure, the permanent population 

living inside the crater, and the large number of tourists yearly visiting this area, studies to evaluate 

its present volcanic activity are necessary. 

The first CO2 diffuse degassing survey at Pululahua was performed by Padrón et al. (2008). The 

authors performed 217 measurements, by using the accumulation chamber method, covering an 

area of about 27.6 km2. The highest CO2 fluxes were measured around the Pondoña and Rumiloma 

domes, the youngest domes of the volcanic complex (Fig. 1-C and D) and a CO2 emission rate of 270 t 

d-1 was estimated (Padron et al., 2008). 

In this work, we present the results of the collaborative field work and data analysis, performed in 

the framework of the 13th CCVG Gas Workshop, consisting of i) detailed maps of the soil CO2 diffuse 

degassing and soil temperature of the area around the youngest Pondoña and Rumiloma domes, ii) 

the quantification of the CO2 total diffuse emission from the study area and iii) a novel investigation 

of the origin of the CO2 at Pululahua, based on the carbon isotopic composition of released CO2. 

Finally, this study evaluates the potential hazards posed by CO2 at the inhabited Pululahua crater. 

This work provides valuable information about CO2 degassing at Pululahua Dome Complex, 

establishing a baseline for future monitoring efforts. 

2 Environmental setting 

2.1 Geological setting 

The Ecuadorian volcanic arc is characterised by the presence of more than 80 Plio-Quaternary 

volcanoes, 21 of which show a degree of activity (Fig. 1-B, Hall et al., 2008; Bernard and Andrade, 

2011; Santamaría et al., 2017; Ramon et al., 2021; Hidalgo et al., 2024). Volcanism in this segment 

occurs due to the subduction of the oceanic Nazca plate beneath the South American continental 

plate (Barberi et al., 1988; Gutscher et al., 1999; Bourdon et al., 2003). Pululahua is located on the 

Volcanic Front along with other active volcanoes, such as Chiles-Cerro Negro, Cuicocha, Guagua 

Pichincha, and Quilotoa (Hall et al., 2008, Bernard and Andrade, 2011; Ramon et al., 2021). 
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Regarding the tectonic setting, Pululahua is located in the Ecuadorian geologic province of the 

Western Cordillera (Hall and Beate, 1991; Eguez and Albán, 2017). The area in which this dome 

complex was emplaced is controlled by two main regional faults: the Quito fault system and the 

Nono fault (Alvarado et al., 2014; Fig. 1-C). The first one is an active, 40-km-long, reverse structure 

that terminates just east of Pululahua, while the second one is a dextral transpressive system. The 

Nono fault belongs to the Quito-Latacunga fault zone, a set of compressive structures located at the 

east of the major dextral system that governs the movement of almost the entire portion of the 

northern Andes (Ego et al., 1996; Eguez et al., 2003; Alvarado et al., 2014; Yepez et al., 2016). 

Pululahua is an extensive volcanic complex composed of sixteen dacitic-andesitic lava domes located 

inside and around a semi-rectangular depression (Fig. 1-C&D). Its geologic history is divided into 

three main stages: (1) a first period characterised by effusive lava dome growth (Units I and II, >18 - 

12 ka; Andrade et al., 2021), (2) a second period that initiated with a Plinian-type eruption (VEI 4, 

Papale and Rosi 1993) and continued with at least four phases of ephemeral dome growth and their 

subsequent explosive destruction, responsible for the formation of the sub-rectangular 3-km-wide 

depression (Unit III, 2.6 – 2.3 ka BP; Vásconez Müller et al., 2022), and (3) a final period 

encompassing partially explosive dome growth inside the depression (Unit IV, 2.2 ka BP; Andrade et 

al., 2021). 

The first stage, also referred to as the pre-Holocene period, is characterised by effusive eruptions of 

dacitic lavas. Its volcanic products are depicted in the map of Fig. 1-C as pre-crater domes and 

associated pyroclastic deposits (Andrade et al., 2021). The second stage is defined by the formation 

of the Pululahua crater, which is associated with several explosive eruptions and ignimbrites 

(Andrade et al., 2021; Vásconez Müller et al., 2022). The onset of this stage is characterised by 

discrete phreatomagmatic pulses, which are closely followed by the most voluminous magmatic 

Plinian-type eruption (Papale and Rosi, 1993; Andrade et al., 2021). The remaining deposits of this 

member encompass a sequence of Vulcanian ephemeral dome growth and Sub-Plinian to Plinian-

type dome destruction events (Vásconez Müller et al., 2022). These members are divided into four 

distinct eruptive phases by three quiescence periods that were long enough to form incipient soils, 

which then were buried by hot pyroclastic currents that transformed them into charcoal-rich layers. 

These volcanic products are depicted in the map of Fig. 1-C as syn-crater ignimbrites. Finally, the 

third stage is characterised by the extrusion of acidic-andesite lava domes within the crater 

accompanied by minor explosive events, which formed a crater at the top of Rumiloma domes (Fig. 

1-C&D). The cyclic construction/destruction of these three domes (Rumiloma I, Rumiloma II, and 

Pondoña) led to the formation of thick block-and-ash deposits (>70 meters) that fill the crater floor 
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(Fig. 1-C; Andrade et al., 2021). These volcanic products are identified in the map of Fig. 1-C and the 

photo of Fig. 1-D as post-crater domes and associated pyroclastic deposits. 

 

Figure 1. A.- World map showing the location of Ecuador, the workshop hosting country. The 

locations of the workshop participants (green circles) and of the teams participating in the CO2 

diffuse degassing survey (red squares) are also shown. B.- Local map of Ecuador with the geographic 

location of Pululahua volcano in South America (red star). The location of the Quaternary volcanoes 
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of the northern part of South America is also reported (blue triangles). C.- Simplified geologic map of 

Pululahua Dome Complex with its main structures and alignments, modified from Andrade et al. 

(2021). Map coordinates are expressed in meters, in WGS84 – UTM 17N. D.- Pululahua seen from the 

southwest with its main units and structures. Photo: Ramón, P. (reproduced with permission of the 

author). 

 

2.2 Hydrothermal activity 

Although there are no fumaroles inside the crater, some manifestations of the presence of a 

hydrothermal system have been reported (IG-EPN, 2016; Andrade et al., 2021). To the west and 

south of Pondoña dome, there are small depressions characterised by very high emissions of CO2. In 

fact, in those areas, small animals such as opossums and birds have been found dead, probably 

associated with asphyxiation due to the high air CO2 concentrations (IG-EPN, 2016). Additionally, the 

presence of a spring, named “El Pailón”, has been reported in the northwestern area of the crater, at 

the right margin of Río Blanco river (Fig. 1-D). The “El Pailón” spring water temperature is 25.7°C, 

which is ~6-7°C higher than that of the adjacent Río Blanco river (Andrade et al., 2021), has a pH of 

6.21, a conductivity of 2063 µS/cm (IG-EPN, 2016), and is characterised by the bubbling of gases, 

reaching CO2 fluxes of about 389 g m-2 d-1 (Inguaggiato et al., 2010; IG-EPN, 2016).  

 

2.3 Microclimates and flora 

The study area lies in the Pululahua Geobotanical Reserve. The flora and fauna of this area are 

particularly diverse (Cerón, 2004, MAATE, 2015). The Reserve is covered by eight microclimates, 

where the flora is generally composed of trees and shrub vegetation. The area where the diffuse 

degassing survey was conducted covers the following three microclimates: 1) the Humid Montane 

Forest located to the west, on Pondoña dome, boasts extraordinary flora diversity due to the high 

humidity brought in by the western coastal winds; 2) the Semi-dry Montane Forest located to the 

south of Pondoña and south and east of Rumiloma domes, between the flat part of the base of the 

domes and their summits, which results from the cold and dry winds coming from the Inter-Andean 

valley; and, finally, 3) the agricultural lands, where most of the measurement points of this study 

were conducted, and which have developed at the bottom of the crater and include livestock grazing 

and agricultural tillage, mainly for traditional crops such as corn and beans, among others (Fig. 1-D). 

3 Methods 

3.1 CO2 flux and temperature measurements 
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CO2 fluxes (ϕCO2) were measured on the 1st and 2nd of October 2017 with the accumulation chamber 

method (Chiodini et al., 1998), using five different portable fluxmeters. The fluxmeters were 

equipped with LICOR LI-800 or LI-820 infrared gas analysers operating in the range of 0 - 20,000 and 

0 – 2,000 ppm of CO2. Details on the different devices are reported in Supplementary Material 1. 

The repeatability of the ϕCO2 measurements by the accumulation chamber method was estimated 

to be around 10% for CO2 fluxes between 10 and 10,000 g m-2d-1 by Chiodini et al. (1998). Other 

studies report measurement uncertainties up to 25% based on measurements at low fluxes 

(Carapezza and Granieri, 2004). Furthermore, Evans et al. (2001) reported a systematic 

underestimation of flux (average of -12.5%) over an imposed flux range of 200 to 12,000 g m-2d-1. 

The instruments used in the current study were previously calibrated in each institution laboratory.  

Soil temperature was measured at ~10 cm depth using thermometers equipped with metallic 

probes. Soil gas fluxes and temperatures were measured around Pondoña and Rumiloma domes at 

350 and 329 locations, respectively, distributed according to a sampling pattern with a maximum 

spacing of ~100 m and covering an area of 3.36 km2 (Fig. 2-A). The number of temperature 

measurements is lower than that of ϕCO2 measurements due to technical problems with one of the 

thermometers. Due to the very dense vegetation, which hinders access, the dome area was not 

surveyed. 

Additionally, 17 CO2 flux measurements were taken uniformly on the surface of the water at the “El 

Pailón” thermal and bubbling pool. For this purpose, the accumulation chamber was replaced by an 

inverted funnel (volume of 0.0016 m3 and footprint area of 0.03 m2) connected to the flux meter of 

Babes-Bolyai University (Kis et al., 2017). The total CO2 emission of “El Pailón” was calculated by 

summing the fluxes measured at each point. 

Considering the relevant impact that weather conditions may have on the soil CO2 flux emissions 

(e.g., Viveiros et al., 2008; Oliveira et al., 2018), all measurements were done in periods under stable 

weather conditions. 

3.2 CO2 flux and temperature data analysis 

 

In this study, CO2 flux and temperature data were analysed using two well-established 

methodologies in the field of spatial data analysis. The Graphical Statistical Approach (GSA; Sinclair, 

1974; Chiodini et al., 1998) was used to characterise the statistical distribution of data to investigate 

the presence of multiple sources of the emitted CO2 and to quantify the CO2 output. The sequential 

Gaussian simulation (sGs, Deutsch and Journel, 1998; Cardellini et al., 2003, Lewicki et al., 2005) was 
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used to map the spatial distribution of both CO2 flux and soil temperature, and to quantify the CO2 

output. Although these methodologies have been extensively discussed in the literature (e.g., 

Sinclair, 1974; Chiodini et al., 1998; Deutsch and Journel, 1998; Cardellini et al., 2003; Viveiros et al., 

2010; Bini et al., 2019, and references therein), it is worth revisiting them to better understand their 

application in this specific field of study. 

Sinclair (1974) developed a statistical method for analysing mineral deposits, but it has since then 

been applied to a wide range of data. After that, Chiodini et al. (1998) used the same approach to 

analyse CO2 fluxes from soil diffuse degassing, conceiving the method today named GSA. In this 

approach, the data is plotted on a logarithmic probability plot where a single log-normal population 

plots as a straight line, while a more complex distribution (e.g., multi-modal distribution) plots as a 

curve with several of inflection points. The GSA consists of partitioning complex distributions into 

different log-normal populations and estimating the proportion, mean, and standard deviation of 

each population, following the graphical procedure by Sinclair (1974). The number of log-normal 

populations of a multi-modal distribution can be defined from the number of inflection points of the 

curve: n overlapping log-normal populations are characterised by a curve with n - 1 inflection points 

(Sinclair, 1974; Chiodini et al., 1998; Cardellini et al., 2003). The relative proportion between the 

combined population can be defined from the cumulative probability of the inflection points 

(Sinclair, 1974). Considering that the statistical parameters of the partitioned population refer to the 

logarithm of CO2 flux, the estimated mean values of the CO2 flux and its uncertainty were estimated 

by means of the Sichel’s t estimator (David, 1977). Finally, the CO2 output associated to each 

population is computed multiplying the mean value and the proportion of the population by the 

extent of the surveyed area (Chiodini et al., 1998). 

While the GSA can be a valuable tool, it has some limitations as noted by Cardellini et al. (2003). 

These authors point out that the results obtained through GSA can be influenced by subjective 

choices, such as assuming a log-normal distribution for ϕCO2 when the true distribution may be 

more complex, and that the partitioning procedure can lead to multiple solutions.  

To perform sGs, the sgsim algorithm developed by Deutsch and Journel (1998) was used in this 

study. The sgsim was run by using the WinGslib free toolbox of geostatistical software (available at 

http://www.statios.com/WinGslib). This approach generates multiple and equiprobable simulated 

spatial distributions of a variable of interest (i.e., realizations), based on a model of spatial 

correlation described by the variogram. The sGs method involves simulating values of a variable at 

each point in a grid, based on a Gaussian conditional cumulative distribution function defined on the 

basis of the experimental data. The multiple realizations are then post-processed to produce maps 
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and to estimate the total CO2 output and its uncertainty. For further details about this methodology, 

refer to Cardellini et al. (2003). 

3.3 Isotopic composition of the diffuse CO2 emission 

To support the characterization of the source/es of the diffuse degassing, the isotopic composition 

of the CO2 released by the soil was determined at six locations (Fig. 2-A) by collecting 12 gas samples 

using one of the portable fluxmeters adjusted for this purpose, according to the methodology 

described in Chiodini et al. (2008). Following Chiodini et al. (2008), we collected two samples of the 

gas inside the accumulation chamber at each measurement point. The fluxmeter was equipped with 

a valve in the gas line, placed just after the IR spectrometer, allowing the collection of the gas in the 

accumulation chamber during the CO2 flux measurement (Fig. 2-B). Samples were collected with a 

syringe and injected into 12 ml vials with a pierceable butyl rubber septum (Exetainer®). The first 

sample was taken shortly after placing the chamber to allow for gas homogenization, while the 

second sample was collected later at a higher CO2 concentration. The time interval between the first 

and second samples varied depending on the flux and was chosen to ensure a significant difference 

in concentration between the two samples. The isotopic composition of the diffuse CO2 flux (δ¹³C-

CO2) was then computed using a mass balance equation (for more details, see Chiodini et al., 2008). 

The analysis of the samples was conducted at the INGV-Naples (Osservatorio Vesuviano, Italy). CO2 

concentrations and carbon isotopic compositions were determined by coupling a gas chromatograph 

(Agilent Technologies 6890 N) with a continuous flow mass spectrometer (Finnigan Delta plus XP). 

The CO2 concentration standard error is ± 5% and for the δ13C is ±0.2‰. 

 

Figure 2. A.- Location of CO2 flux and soil temperature measurement sites (small yellow dots) and 

sampling sites for carbon isotopes (large magenta dots). B.- Photograph of gas sampling for the 

carbon isotope determination. 
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4 Results 

4.1 CO2 diffuse degassing 

CO2 fluxes ranged from ∼2 to ∼595 g m-2 d-1 (Supplementary Material 1). The measured ϕCO2 are 

reported in the logarithmic probability plot of Fig. 3 together with the results of the GSA analysis 

(Table1).  

Upon modelling the statistical distribution, we identified several combinations of three log-normal 

populations that well reproduce the multimodal statistical distribution of the data set 

(Supplementary Material 2). Solutions including a complete, or even very strong overlap between 

the log-normal populations, suggesting an underlying factor that impedes the complete distinction 

and independence of these populations (Rice, 2007), were excluded.  

The selected solution is reported in Fig. 3 that shows the good agreement of the model with the 

statistical distribution of the experimental data. The statistical parameters of the three populations 

of the selected model are reported in Table1. 

Considering the statistical parameters of the partitioned populations and the extent of the surveyed 

area (3.36 km2) the total CO2 output is calculated by GSA approach, i.e., by summing the 

contribution of each population, is 154.2 t d−1. 
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Figure 3.- Probability plot of Log ϕCO2 for Pululahua volcano and the result of the partition of the 

distribution into log-normal populations (straight lines). The red dashed curve represents the 

combination of the partitioned populations.  

 

Table 1.- Estimated statistical parameters of the partitioned CO2 flux populations. 

Population Average  

log CO2 
flux 

Standard 
deviation  

log CO2 flux 

% Average CO2 
flux* 

(g m-2 d-1) 

90% confidence interval of 
average CO2 flux * 

(g m-2 d-1) 

Population 
1 

2.36 0.25 3.8 269.9 210.2 - 408.5 

Population 
2 

1.50 0.28 90.2 38.9 28.7 - 43.7 

Population 
3 

0.85 0.27 6.0 8.57 6.92 - 11.64 

*Estimated by Sichel’s t estimator method.  

 

Table 2.- Relevant parameters of sGs application. 

Parameter 
Grid parameters 

Cell size, number of cells in X, Y 

Variogram model  

type, nugget, sill contribution, range 

CO2 flux 

10 m, 395, 260 

Spherical, 0.39, 0.6, 480 m  

Soil temperature  Spherical, 0.45, 0.56, 390 m 

The ϕCO2 map was obtained by applying the sGs algorithm, computing and modelling the 

experimental variogram of the normal scores of the flux data (Table 2 and Supplementary Material 

3). The resulting map, reporting at each cell the average ϕCO2 from 200 simulations, is shown in Fig. 

4-A. The sGs-computed total diffuse CO2 output over the mapped area (3.36 km2) is 126.2 ± 18.9 t 

d−1. 

Cardellini et al. (2003) evaluated how the number of measurements affects the uncertainty of 

estimating the total CO2 output from volcanic and hydrothermal areas. They found that the total CO2 

output uncertainty is correlated with the combination of sampling density and range of spatial 
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correlation of ϕCO2. By applying the empirical relation proposed by Cardellini et al. (2003), and 

considering the density of measurements in our survey and the range of the variogram of ϕCO2 

(Table 2), an uncertainty of the estimation of the total CO2 output of ~ 11% is obtained. 

To further review the adequacy of our survey design, we randomly removed from the original 

dataset, which includes 350 measurements, 20% and 40% of the data to create two sub-datasets, 

one with 80% (n. = 280) and the other with 60% (n. = 210) of them. We then used these sub-datasets 

to create maps of soil CO2 flux, that are compared to the map obtained with the entire dataset in Fig. 

S1 and S2 of Supplementary Material 4. The estimated diffuse total CO2 output ranged from 126.2 t 

d−1 for the 100% dataset as previously mentioned, to 131.1 t d−1 and 132.1 t d−1, respectively, for the 

80% and 60% datasets. These variations were small (around 5-6 t d−1), suggesting again that our 

sampling design can be considered robust to estimate the total CO2 output. 

 

4.2 CO2 flux at “El Pailón” 

The CO2 flux values from the pool ranged from ∼1,593 to ∼29,595 g m-2 d-1 (Supplementary Material 

1). A previous study reported an average CO2 flux value of 389 g m-2 d-1 for several measurements 

from the pool surface (IG-EPN, 2016), which is significantly lower compared to our results. This 

variation could be attributed to the different location of the measuring points and possibly also due 

to diverse meteorological conditions during the two surveys. Summing up the CO2 fluxes measured 

at the 17 sampled sites, which were uniformly distributed around the pool surface, we estimate a 

minimum emission of 3.6 kg d-1 of CO2 for the El Pailón pool.  

Although the magnitude of this emission is negligible if compared to the amount of CO2 released by 

soil diffuse degassing, the He isotopic composition of 2.72 R/Ra (sample obtained during this survey; 

Ionescu, personal communication), provides an indication on the deep origin of the released gas.  

Lages et al. (2021) and Inguaggiato et al. (2010) analysed noble gas isotope variation along the entire 

Andean Volcanic Arc and in the Ecuadorian volcanic arc, respectively. These authors state that in 

Ecuador, where the crust is approximately 50 km thick, volcanic ³He/⁴He ratios are around 7.4 R/Ra, 

which indicates crustal contamination by the addition of radiogenic crustal ⁴He to magma as it 

ascends through this thick crust. Nevertheless, for the low temperature (<100 °C), peripheral gas 

emissions reported in their works (n = 28), we computed an average R/Ra of 2.9, closely matching 

the ratio measured in the current study at El Pailón. This can be explained by secondary processes 

such as the dilution of magmatic fluids by crustal helium, lowering the original ³He/⁴He ratio. Thus, 
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we suggest that El Pailón pool reflects the typical helium isotopic composition of peripheral 

emissions from arc volcanoes in Ecuador, likely indicating a diluted magmatic helium signature due 

to the addition of atmospheric/crustal ⁴He. 

 

4.3 Soil temperature 

Soil temperatures were measured and found to range from 14.4°C to 31.8°C, with an average 

temperature of 20°C. Maximum air temperature was 24.4°C during the field activities. The soil 

temperature map was obtained by applying the sGs algorithm, computing and modelling the 

experimental variogram of the normal scores of the temperature data (Table 2 and Supplementary 

Material 3). The computation grid used is described in Table 2, and the resulting map is shown in Fig. 

4-B. 

Soil temperature and ϕCO2 are poorly correlated (Pearson's correlation coefficient between these 

two variables is near zero: -0.09). However, three distinct areas exhibit relatively higher temperature 

values (highlighted in orange in the map of Fig. 4-B).  
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Figure 4. A.- Map of the CO2 flux; B.- Map of soil temperature at Pululahua volcano. The maps report 

at each site the average of the parameter computed based in 200 simulations. Map coordinates are 

expressed in meters, WGS84 UTM 17N. 

 

4.4 Soil CO2 carbon isotopic composition 

We processed carbon isotopic data (Supplementary Material 5) following the approach proposed by 

Chiodini et al. (2008), to identify the different CO2 sources and define the biogenic CO2 background 

flux of the surveyed area. The computed δ13C of the released CO2 at the six investigated sites (Table 

3) ranges from -10.45‰ to -3.45‰.  
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Table 3.- Computed isotopic composition of the CO2 released by the soil and corresponding CO2 flux. 

Measuring point n. 


13C degassed CO2 
(‰ vs V-PDB) 

Soil CO2 flux 
(g m-2 d-1) 

309 -4.28 64.8 

319 -6.04 94.7 

326 -6.46 46.5 

359 -10.45 17.1 

383 -11.85 41.3 

390 -3.45 276.0 

In Fig. 5, the computed isotopic compositions of the CO2 released by soil degassing are compared 

with the theoretical values expected for the mixing between biogenic and isotopically heavier, i.e., 

volcanic CO2 sources (e.g., Chiodini et al., 2008, Viveiros et al., 2010). For the biogenic source, the 

mixing lines were computed assuming: i) an isotopic composition of carbon of - 20‰, resulting from 

the average between the δ13C for C3 plants (δ13C = -27‰) and for C4 plants (δ13C = -13‰) (Cheng, 

1996), as we did not characterise in detail the local vegetation and assumed both types of organic 

contribution could be present, and ii) CO2 fluxes of 4, 8.5 and 20 g m-2 d-1. For the possible volcanic-

hydrothermal endmember, because there are no fumaroles in the area, we considered the δ13C of 

the largest CO2 flux characterised for the isotopic composition (-3.45‰; Table 3). This value is 

compatible with the isotopic composition of four different samples of crater fumaroles of Guagua 

Pichincha volcano, an arc volcano located 27 km to the Southwest of Pululahua, collected during the 

same Volcanic Gas Workshop in which we carried out this work, which ranges from -4.9‰ to -3.43‰ 

(average of -4.1‰; Sierra, 2022).  
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Figure 5.- Carbon isotopic composition of soil CO2 efflux vs soil CO2 flux. δ13C-CO2, is expressed as ‰ 

vs. V-PDB. The ranges of isotopic compositions of biogenic CO2 (Cheng et al., 1996) and of Guagua 

Pichincha fumaroles (Sierra, 2022), and three theoretical mixing lines between biogenic and volcanic 

fluxes are shown. The mixing was computed considering an average δ13C-CO2 = -20‰ for the biogenic 

endmember and three ɸCO2 values for the potential biological flux (4, 8.5, and 20 g m-2 d-1), and a 

δ13C-CO2 = -3.45 ‰ for the volcanic endmember. See text for explanation. 

 

5 Discussion 

Soil CO2 fluxes, soil temperature and isotopic composition of the released CO2 are discussed to 

characterise the diffuse degassing around the youngest intra-crater domes of Pululahua volcano 

(Pondoña and Rumiloma I and II), to define the occurrence of a diffuse degassing structure and to 

quantify the emission of volcanic CO2. Finally, considerations about the hazard related to CO2 

degassing are also addressed.  

5.1 Sources of CO2 and diffuse degassing structures 

In this section, we discuss our approach to characterise the sources of diffuse degassing and the 

occurrence of a diffuse degassing structures at Pululahua Dome Complex. Diffuse degassing 

structures (DDS, Chiodini et al., 2001) are the areas releasing volcanic CO2. Statistical analysis of 

ϕCO2 (section 4.1) resulted in three log-normal populations (Fig. 3, Table 1), Population 1 (P1) is high 

(~270 g m-2 d-1), Population 2 (P2) is intermediate (39 g m-2 d-1), and Population 3 (P3) is low (8.5 g m-

2 d-1) average ϕCO2, respectively. High soil CO2 flux populations, i.e., fluxes higher than hundreds of g 
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m-2 d-1, are commonly indicative of a volcanic, or more in general of a geogenic, origin for CO2 

emissions. Lower flux populations, characterised by fluxes from few grams to tens of g m-2 d-1, are 

instead generally associated to a biogenic source of CO2, being these values in the range of fluxes 

reported in the literature for the biologic activity in the soil (e.g., Raich and Schlesinger; 1992; 

Norman et al., 1992; Bajracharya et al., 2000; Raich and Tufekcioglu, 2000; Nakadai et al., 2002). 

Furthermore, in order to define a threshold flux above which ϕCO2 can be considered to have a 

volcanic contribution, a frequently used approach is to use the 95th cumulative probability of flux 

population attributed to the biogenic source (e.g., Viveiros et al., 2010; 2020). 

The interpretation of the CO2 source of intermediate fluxes (i.e., of tens up to hundred g m-2 d-1) only 

on the basis of the magnitude of the flux, can be more challenging because, for example: i) the 

presence of both poorly and strongly vegetated soil in the same area can result in the coexistence of 

low and intermediate flux populations; ii) seasonal variation of the biologic activity can produce 

strong variations in the CO2 flux from the soil; iii) low levels of deeply produced CO2 degassing can 

result in fluxes of the same order of magnitude of the biological one. In addition, intermediate flux 

populations, or even low flux populations, were interpreted in several studies as representative of a 

mixed contribution from both volcanic and biogenic sources (e.g., Chiodini et al., 2008; 2015; 

Viveiros et al., 2010; 2020; Bini et al., 2019; Di Martino et al., 2020, among others).  

At Pululahua, P3 can be reasonably associated to the biologic activity on the basis of its average flux 

and considering that its 95th percentile is ~20 g m-2 d-1. At the same time, P1, representative of high 

CO2 fluxes (average of ~270 g m-2 d-1 and 95th percentile of ~590 g m-2 d-1), can be associated with the 

degassing of volcanic CO2. And P2, even if it is characterised by a relatively low average flux (~39 g m-

2 d-1), theoretically possible for the biogenic source, shows a quite high 95th percentile of ~90 g m-2 d-

1. In addition, the C-isotope data of CO2 released by the soil show fluxes in the range from ~40 g m-2 

d-1 to 65 g m-2 d-1 (Table 3) with an isotopic composition ranging from -8.83‰ to -4.28‰, suggesting 

a mixture between, the here considered, biologic (-20 ‰) and the volcanic (-3.45‰) CO2 

endmembers. This suggests that P2 cannot univocally be associate to a pure biological source 

different from that feeding P1 (e.g., to areas with more dense vegetation respect to those 

represented by P3) nor to areas of weak, but purely, volcanic degassing. In other words, P2 most 

likely represents a combination of biologic and volcanic ϕCO2. Unfortunately, the relatively low 

number of isotopic data of the degassed CO2 does not allow a more in-depth analysis. 

The spatial distribution of fluxes in the surveyed area highlights a clear radial pattern, with the 

highest ϕCO2 values concentrated around the perimeters of the young domes (fluxes in red in Fig. 

4A). This pattern underscores the presence of elevated diffuse CO2 degassing enveloping the 
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impermeable structure of the domes. This suggests that the young, central domes in the caldera act 

as a barrier to fluid ascent, forcing CO2 to reach the surface along the contact between the 

impermeable domes and the more permeable volcanic block-and-ash deposits that makes up the 

Pululahua crater floor. It is worth noting that, as it was mentioned in section 3.1, we did not survey 

the domes, hence our assumption of the low permeability of the domes is based in previous works 

performed in similar geologic scenarios. Lava domes’ geomorphic control over CO2 degassing has 

been reported in other degassing areas around the world, such as Cuicocha Volcanic Complex, in 

Ecuador (Sierra et al., 2020), around the dome of Showa-Shinzan volcano, in Japan (Hernández et al., 

2006), in Rotorua geothermal system, in New Zealand (Werner and Cardellini, 2006), or at Furnas 

volcano, in Portugal (Viveiros et al., 2010). 

5.2 Volcanic CO2 output  

The total CO2 output by diffuse degassing was estimated using two different approaches, GSA and 

sGs, resulting in 154 t d−1 and 126 t d−1, respectively. Since this amount includes both the biogenic 

and volcanic sourced CO2, to estimate the volcanic CO2 emission of the Pululahua it is necessary to 

exclude the biologic contribution. Due to the uncertainties discussed in the previous section, we 

cannot apply in a straight way the GSA approach, consisting in the computation of the output 

associated to each ϕCO2 population, mainly because P2 represents a mixture of biologic and volcanic 

CO2.  

For this reason, and because it is discussed in the literature that CO2 output estimation based on the 

results of the sGs can be considered more reliable than those obtained with the GSA, especially 

because GSA does not consider the spatial structure of the data (e.g., Cardellini et al., 2003; Frondini 

et al., 2004; Lewicki et al., 2005; Viveiros et al., 2020), we attempted to quantify the volcanic CO2 

emission by subtracting to the sGs estimated total CO2 output the biologic contribution, which was 

computed assuming a “typical biological flux” constant over the entire mapped area (Chiodini et al., 

2007; Viveiros et al., 2010; Chiodini et al., 2020; 2021; Li Vigni et al., 2022). 

The “typical biological flux” was estimated following two approaches, leading to two different 

estimates of the volcanic CO2 emission:  

1) Considering the average CO2 of P3 (8.5 g m-2 d-1) as the “typical biological flux”, given that P3 

population can be clearly associated to a biogenic source and this value allows to explain some of 

the available isotopic data shown in Fig. 5. This results in estimated biogenic and volcanic 

contributions of ~ 29 t d-1 and 97 t d-1, respectively. Probably, this assumption slightly overestimates 
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the volcanic emission, considering that it is not possible to fully characterise biological fluxes with 

the available data (see section 5.1).  

2) Considering as the “typical biological flux” a CO2 of 20 g m-2 d-1, which: i) represents the 95th 

cumulative percentile of P3, i.e., an upper limit for the only flux population that can be clearly 

associated to the biogenic source, ii) agrees with a possible upper limit flux of the mixing models 

reported in Fig. 5, and iii) it is a value similar to those found for the biogenic background in other 

surveys of volcanic-hydrothermal areas (Chiodini et al., 2008, 2015; Viveiros et al., 2010). With this 

assumption biogenic and volcanic contributions result in ~67 t d-1 and 59 t d-1, respectively.  

The volcanic CO2 contribution of the whole system likely lies between 97 t d-1 and 59 t d-1, depending 

on our definition of the “typical biological flux”: the average CO2 or the 95th cumulative percentile 

of P3. 

Our estimation of the total CO2 output (~126 t d-1) shows a stark difference compared to a previous 

study of the Pululahua Dome Complex performed by Padrón et al. (2008), who reported a CO2 

emission of 270 t d-1. This difference could result from the different extent of the surveyed areas and 

the different sample spacing. While our sampling pattern was quite regular and detailed (i.e., 350 

CO2 flux measurements over an area of 3.36 km2 around Pondoña and Rumiloma domes), Padrón et 

al. (2008) used a more irregular sampling pattern, including 217 CO2 measurements over a much 

larger area of 27.6 km2 that extended beyond Pululahua’s crater. 

To try to assess how Padrón et al. (2008) survey design affected the uncertainty of the CO2 output at 

Pululaha we applied the empirical relationship from Cardellini et al. (2003) (used above in section 

4.1). Considering the extent of the surveyed area (27.6 km²) and the number of measurements (217) 

from Padrón et al. (2008), combined with the spatial features of the CO2 flux resulting from our 

survey (i.e., the range of the CO2 flux variogram of 480 m), the empirical relation proposed by 

Cardellini et al. (2003) indicates an uncertainty of about 46% for the total CO2 output estimate. This 

suggests that the spacing between the measurements of Padrón et al. (2008) did not allow capturing 

the actual spatial structure of the CO2 flux, possibly leading to an overestimation of the CO2 

emission. 

Normalizing the two total CO2 outputs for the investigated area, Padrón et al. (2008) estimation 

suggests an emission rate of ~9.8 t d-1 km-1, while our data suggest 37.5 t d-1 km-1. We believe this 

substantial difference does not reflect an increase in Pululahua degassing between 2008-2017, but 

rather stems from discrepancies in the estimation of the CO2 emission due to the sampling pattern 
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and methodologies employed. Padrón et al. (2008) based their estimation on a wide area with 

sparse sampling points, encompassing regions we consider to have low permeability, such as the 

domes. Moreover, they included 'synthetic points' to complete the sampling pattern in inaccessible 

zones, whereas our focus was on the crater basin, which shows notably higher permeability.  

Despite disparities in estimations and differences in the sampled areas, the distribution of the CO2 

emitted around the young domes of the Pululahua Dome Complex in both studies show significant 

agreement.  

5.3 Soil temperature 

The spatial distribution of soil temperature at Pululahua shows a different pattern when compared 

to ϕCO2, contrary to what is commonly observed in numerous volcanic-hydrothermal diffuse 

degassing areas where CO2 degassing is associated to relatively shallow condensation of the steam 

that heats the soil (e.g., Viveiros et al., 2010; 2020; Melián et al., 2012; Cardellini et al., 2017; Bini et 

al., 2019; Lamberti et al., 2019; Chiodini et al., 2021). The ambient temperature strongly influences 

soil temperature, as evidenced by a correlation coefficient of 0.94. The highest soil temperature 

measurements were roughly 5°C higher than maximum ambient temperature (which was 24.4 °C on 

the days of our survey). These observations are probably justified by the insolation effect that 

resulted in higher temperature measurements where the soils are exposed (Blank et al., 2002), thus 

not allowing to consider the recorded soil temperatures as “anomalous”, i.e., as associated with 

uprising hot fluids from the hydrothermal system.  

In order to investigate the relatively high values of soil temperature registered, on October 12th, 

2023, IG-EPN members conducted a new exploratory temperature measurement campaign in the 

Pululahua crater basin to confirm, or not, the presence of the soil temperature anomalies. In this 

second survey, the highest temperature values highlighted by Fig. 4 B were not detected: 46 

measurements ranged between 17.3°C and 22.6°C, with an average of 20.2°C and a standard 

deviation of 1.3. This indicates the absence of deep origin for the soil temperature anomalies and 

therefore, suggesting that the soil temperature variations seem to be controlled by the types of soil 

and the effects of the sun radiation. 

The presence of cold diffuse CO2 emissions in volcanic systems can result from multiple causes. For 

example, slow gas transport or a deep gas source, distant from the surface, can cause a complete 

steam condensation deep in the ground, with no detectable heat anomaly at the surface 

(Giammanco et al., 2016). Furthermore, significant variations in temperature between the surface 
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and the subsurface may also exist due to factors such as heat flow, hydrothermal circulation, and 

groundwater movement (Ingebritsen and Ziagos, 1995). 

5.4 CO2 emissions and associated hazards  

CO2 is among the most abundant species in volcanic gases and it is usually diluted by the air when it 

is released from the soil. However, since this gas is 1.5 times heavier than air (at standard pressure 

and temperature conditions), at cold gas emission areas it can flow over the soil and accumulate in 

topographic depressions (e.g. Le Guern et al., 1982; Chiodini et al., 2010; Edmonds et al., 2015; 

IVHHN, 2016; USGS, 2016). High concentrations of CO2 are hazardous, as they reduce oxygen leading 

to health risks. Inhaling air with more than 3% of CO2 can quickly cause headaches, dizziness, 

increased heart rate, and shortness of breath. Concentrations of CO2 greater than 15% rapidly result 

in unconsciousness, with severe consequences (e.g., NIOSH, 1981; Blong, 1984; Baxter et al., 1999; 

Schlesinger and Cassee, 2003). 

Increasingly, volcanologists worldwide have begun to recognize volcanic gas emissions, including 

CO2, as relevant hazards (Farrar et al., 1995; Baxter et al., 1999; Hansell and Oppenheimer, 2004; 

Viveiros et al., 2009; 2016; Smets et al., 2010; Andrade et al., 2012; Auker et al., 2013; Mazot et al., 

2013; Edmonds et al., 2015; Williams-Jones and Rymer, 2015; Balagizi et al., 2018; Venturi et al., 

2019; Melián et al., 2021; Di Martino et al., 2022).Tragedies, such as six fatalities due to CO2 

inhalation in a small thermal spa of Tangalí, located ~30 km north of Pululahua, in January 2015, are 

a reminder of the hazard that volcanic gases can pose during quiescent periods of activity, also in 

Ecuador (Benalcazar, 2015; Sierra et al., 2020; Melián et al., 2021). 

Narratives from Pululahua report the death of small animals and even young livestock in topographic 

depressions and caves (IG-EPN, 2016; Fig. 6-A). CO2 fluxes >65,000 g m−2 d−1 were measured in a 

specific cavern located in the southwestern border of the Pondoña dome (Pillahuas zone; point 2 in 

Fig. 6) (IG-EPN, 2016). Fortunately, to date, no human losses have been reported in the study area. 

However, hazards associated with soil CO2 diffuse degassing at Pululahua need to be evaluated 

because: (1) of fatalities of small and large animals, (2) the surveyed area is home to approximately 

50 families, who use it for agriculture and/or touristic purposes (Andrade et al., 2012), and (3) the 

Geobotanical Reserve that receives thousands of national and international tourists annually. In 

addition to these factors mainly related with the exposure, it is essential to consider that diffuse 

ϕCO2 at Pululahua is emitted through cold soils that may result in the accumulation of high CO2 close 

to the soil, especially in depressions and poorly ventilated zones (Viveiros et al., 2009; 2016). 

Emissions are even more “silent” since hot soils can provide direct evidence of the presence of 
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volcanic fluids in the area. Eventual depressions should be identified in the area and any further 

action that includes excavations should consider the potential risk of CO2 accumulation in the 

identified DDS zones. 

Our detailed ϕCO2 map constitutes additional information for Puluahua’s volcanic hazard map (Hall 

et al., 1988; Vasconez, 2019), which provides an appropriate visualization of the soil CO2 emissions. 

Fig. 6-B shows a map that represents the probability of the simulated fluxes at each location to 

exceed the value of 40 g m-2 d-1, which, according to our isotopic data and to the GSA analysis, may 

represent, for the study area, a reasonable value for the occurrence of even low volcanic CO2 

contribution. In other words, this map highlights the areas affected by degassing of volcanic CO2 

(DDS). It is noteworthy that the location of the depressions where dead animals have been found are 

included in the DDS.  

Over the last decade, several researchers have focused on case studies that have highlighted a 

previously overlooked volcanic hazard: the indoor accumulation of hazardous concentrations of CO2 

in villages located on top of diffuse degassing areas (Viveiros et al., 2015; 2016; Venturi et al., 2019; 

Lamberti et al., 2021; Gurrieri et al., 2023). Although ϕCO2 measured in Pululahua currently remains 

relatively low across most of the crater basin, monitoring indoor CO2 concentrations could 

effectively prevent future potential issues, especially in case of a volcanic unrest. Additionally, for 

the very few buildings already emplaced, it might be recommendable to pay special attention in 

keeping the rooms ventilated and, if possible, to impermeabilize the ground floor to avoid gas 

infiltration. This type of recommendations should be potentially included in the building codes 

focused on populations settled on top of volcanic degassing areas worldwide. Because of our results, 

we believe that the map presented in Fig. 6 could be a useful tool for land use planning. Future 

studies should include not only evaluation of indoor CO2 concentrations, but also assess the physical 

vulnerability of the buildings, such as existence of basements, existence of permeable membranes 

and/or ventilation systems. 
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Figure 6. A.- 1 and 2. Small animal corpses (opossum and bird) found in the CO2 source zones, which 

suggest death by suffocation when exposed to the released CO2 (Photos: FJ. Vasconez). B.- Probability 

map of CO2 flux exceeding 40 g m-2 d-1 threshold selected to discriminate volcanic-hydrothermal soil 

CO2 degassing (i.e. > 40 g m-2 d-1). The two black crosses in the map mark the position in which both 

corpses were found (1 and 2). The base map is sourced from OpenStreetMap. 

  

6 Concluding remarks 

This work represents the collaborative efforts of an international group of researchers during the 

CCVG-IAVCEI 13th Gas Workshop held in Ecuador aimed at applying recognized and well-established 

methodologies to collect and analyse CO2 flux and temperature data.  

Pululahua, an active dome complex near Quito, the capital city of Ecuador, serves as a popular 

tourist attraction and is inhabited by several small communities. Given the current population and 

significant tourist influx in this area, it is imperative to gain a thorough understanding of CO2 

emissions within the area as well as to monitor the state of the volcanic system.  
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Our survey aimed to produce a comprehensive map of CO2 emissions specifically in the Pululahua 

crater floor. By using established methods of data analysis, we were able to provide a more robust 

estimation of CO2 emissions compared to the existing one, as well as to provide, for the first time, 

some constrain on the volcanic CO2 emissions at Pululahua based also on carbon isotopes data.  

The CO2 flux map showed anomalous values enveloping the domes, suggesting a significant control 

of the dome permeability on the gas transfer toward the surface. Soil temperature and CO2 flux data 

were poorly correlated, and the higher temperatures measured are probably explained by the soil 

exposure and insolation. 

We observed that in this case, where the biogenic and mixed volcanic-biogenic fluxes appear to be 

of similar magnitude, the GSA method could not effectively discriminate the sources of soil CO2 

degassing. For this reason, it was not possible with this method to define a reliable threshold for 

biogenic CO2 flux, a parameter that is frequently used to define the spatial extent of the DDS. 

To distinguish between volcanic, mixed, and biogenic sourced of ϕCO2 more accurately, we 

recognize the need for extensive soil CO2 sampling across our study area and a comprehensive 

analysis of δ13C-CO2. This study highlights the need to complement diffuse degassing studies with 

carbon isotopic data in order to discriminate between the different sources of CO2, and provide a 

deeper understanding of the complex processes underlying the origin and release of diffuse CO2, 

which should be considered in future works and in other case studies.  

This work allowed us to update the estimations of the carbon budget of the Pululahua volcanic 

Dome Complex and to provide for the first time an estimate of the volcanic CO2 emissions, ranging 

from 59 to 97 t d-1 from diffuse degassing. This estimation can be included in the MaGa database, a 

collaborative project aimed at gathering data on gas emissions from geological systems 

(http://www.magadb.net/), contributing to the efforts for the quantification of the Earth carbon 

budget. 

This study can be considered as a baseline for future investigations in Pululahua. Carrying out new 

campaigns in the area preserving a similar approach would be helpful to detect temporal and/or 

seasonal variations in the area and is crucial for a volcano monitoring programme.  
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Highlights 

 Pululahua emits volcanic CO2 diffuse degassing from its crater 

 Diffuse degassing structures form a circular shape around the youngest domes 

 Carbon isotopic composition of CO2 indicates both biological and volcanic sources 

 Volcanic output is 59 - 97 t d⁻¹, based on criteria for subtracting biological CO2 

 Probability map of fluxes above the biogenic threshold approximates a hazard map 


