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ABSTRACT 

Cuicocha Caldera is the youngest eruptive center of Cotacachi-Cuicocha Volcanic Complex, 

located at the north of Ecuador. The caldera contains a lake of 3.95 km2 surface, and a 

maximum depth of 148 m. Cuicocha Lake is characterized by the presence of CO2 gaseous 

diffuse emissions, perceptible as bubbling zones. Since 2011, CO2 diffuse flux measurements 

have been performed in this lake using the accumulation chamber method. The data obtained 

from twenty surveys were processed by means of the Graphical Statistical Approach and the 

Sequential Gaussian Simulation. The results reveal that Cuicocha lake has released a total 

estimated amount of ~400 kt of CO2 in the period between March 2011 and May 2019, with an 

average rate of 135 t/day. Furthermore, the spatial and temporal analysis of the data made 

possible the understanding of the processes occurring in the lake: 1) Lake stratification caused 

by the seasons seem to favor CO2 accumulation in the hipolimnion and its posterior releasing. 

Minimum total flux values of ~50 t/day have been estimated during “warm” stratified periods 

and maximum flux values of ~170 t/day have been recorded during “cold” overturn periods. 

Additionally, at least two anomalous degassing episodes were identified in 2012-2013, 

seemingly associated to changes in the volcanic activity also detected through seismicity. 2) 

Cuicocha CO2 degassing seems to be controlled by the existence of diffuse degassing structures 

at the lake bottom, which correspond to high permeability zones resulting from the 

intersection between ~NE-SW and ~WNW-ESE oriented structures. We propose a conceptual 

model to explain the systematic apparition of CO2 anomalies on specific areas of the lake 

surface. 

1.-Introduction 

Volcanic monitoring includes the use of geochemical techniques applied to superficial fluid 

emissions to understand processes occurring inside the volcanoes (Fischer and Chiodini, 2015). 

The study of the spatial distribution of CO2 emissions has become a widespread monitoring 

tool for volcanologists around the globe in the last two decades (Andrade et al., 2016; Bernard 

et al., 2004; Cardellini et al., 2003; Hernández et al., 1998; Mazot, 2005; Mazot and Taran, 

2009; Viveiros et al., 2010). Several authors have demonstrated an effective application of this 

method in volcanic monitoring (Melián et al., 2014; Pérez et al., 2006; Rogie et al., 2001) and in 

the study and identification of structures related to hydrothermal systems (Andrade et al., 

2016; Chiodini et al., 2001; Giammanco et al., 1998; Lamberti et al., 2019; Sugisaki et al., 1983). 

Cuicocha caldera lake is the youngest eruptive center of the Cotacachi-Cuicocha Volcanic 

Complex (CCVC), located at the north of Ecuador, South America. Its surface activity is 

characterized by light gaseous emissions, perceptible as bubbling zones and scattered areas 

with dead vegetation (Padrón et al., 2008). Cuicocha volcano has been cataloged as potentially 

active (Almeida et al., 2019; Bernard and Andrade, 2011; Pidgen, 2014; Von Hillebrant, 1989) 

and it is monitored by the Instituto Geofísico de la Escuela Politécnica Nacional (IG-EPN) since 

1998. 

In 2010, the volcano showed an increase on its seismic activity; small earthquakes (magnitude 

<4.5, 10-14 km depth)(IGEPN, 2010), some of them felt by inhabitants near the volcano, were 

registered in the area (Ruiz et al., 2013). Since then, at least eight seismic swarms have been 
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recorded (IGEPN, 2019, 2018). Although the risk of limnic eruptions is low, the youngness of 

the caldera and the amount of water forming the caldera lake makes it suitable for a phreatic 

eruption, as pointed out by Gunkel et al. (2008). 

Padrón et al. (2008) mapped the CO2 diffuse emissions in CCVG for the first time in 2006, using 

the accumulation chamber method. These authors estimated a total flux of 53.1±2 t/d coming 

from the lake surface. Later, in 2011, the IG-EPN started periodic diffuse degassing surveys in 

the lake, incorporating this task to the volcanic monitoring routine. In this work we present the 

results of nearly a decade of CO2 diffuse flux measurements. We processed the flux data in 

order to: (I) map the spatial distribution of the diffuse emissions and quantify the daily amount 

of CO2 released from the lake surface; (II) identify the temporary and spatial variations in the 

CO2 diffuse emissions; (III) evaluate a possible link between volcanic degassing and tectonic 

structures; and (IV) discuss the results from a perspective of volcanic monitoring and eruption 

forecasting. 

2.- Tectonics and Geological Setting 

Volcanism in the Andean Northern Volcanic Zone (NVZ) results from the subduction of the 

Nazca oceanic plate beneath the continental South American plate (Guillier et al., 2001; Stern, 

2004). At the equatorial latitude, the convergence direction is slightly oblique with respect to 

the continental margin (Figure 1-A). The aseismic Ridge of Carnegie, originated from the 

Galápagos hot spot, subducts below Ecuador, generating a transpressive regime (Freymueller 

et al., 1993; Graindorge et al., 2004; Yepes et al., 2016). The Ecuadorian Andes, have an 

extension of ~650 km (Hall et al., 2008) and comprise at least 84 volcanoes and volcanic 

complexes (Figure 1-A) (Bernard and Andrade, 2011). Five of these volcanoes erupted in the 

last 3 decades: Tungurahua (Arellano et al., 2008; Hidalgo et al., 2015), Pichincha (Garcia-

Aristizabal et al., 2007), Cotopaxi (Bernard et al., 2016; Gaunt et al., 2016; Hidalgo et al., 2018), 

Reventador (Samaniego et al., 2008) and Sangay (Monzier et al., 1999). 
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Figure 1.- A) Geodynamical setting of the Ecuadorian Arc. Base Map (openstreetmap.org). Geographic Coordinates -
WG S84. Regional Geology (Eguez and Albán, 2017). Plio- Quaternary Volcanoes (Bernard and Andrade, 2011). 
Major Faults (Eguez et al., 2003). Geodynamical settings (Gutscher et al., 1999). Plate convergence rate (Nocquet et 
al., 2009). B) Simplified Geology for Cotacachi-Cuicocha Volcanic Complex (Almeida, 2016). UTM Coordinates 
WGS84-17N. C) Aerial view of the Cotacachi Cuicocha Volcanic Complex from the SW. Photography: M. Almeida. 

Many authors have suggested that the old continental accretion sutures and other tectonic 

structures oriented ~N-S (Alvarado, 2012; Guillier et al., 2001; Lavenu, 1995; Soulas, 1991) 

played an important role in the emplacement of some Ecuadorian volcanoes (e.g. Papale and 

Rosi, 1993; Samaniego et al., 2012; Tibaldi, 2005). These volcanoes are arranged forming 

alignments (Hall et al., 2008; Hall and Beate, 1991) which also exhibit systematic compositional 

variations from W to E. Based on these constrains, 3 volcanic domains have been defined: the 

Volcanic Front, the Main arc, and the Back arc (Bourdon et al., 2003; Hidalgo et al., 2012; 
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Samaniego et al., 2002). The nature of the basement of these domains is variable including the 

oceanic basalts, dioritic intrusions and pyroclasts of Western Cordilllera (Hughes and Pilatasig, 

2002; Vallejo et al., 2009), the metamorphic, igneous and metasedimentary rocks of the 

Eastern Cordillera (Aspden and Litherland, 1992; Pratt et al., 2005), and the volcanic origin 

units of the Interandean Valley (Hall and Beate, 1991) (Figure 1-A). 

Cotacachi-Cuicocha Volcanic Complex (CCVC) is located ~70 Km north of Quito, the capital city 

of Ecuador; comprised within the Volcanic Front, it covers an area of ~260 km2 (Figure 1-B) and 

it is surrounded by important urban centers like Cotacachi (pop. 8800) and Quiroga (pop. 

3200). The eruptive history of CCVC includes numerous stages, which resulted in different 

morphological expressions on the surface: a central stratovolcano surrounded by “satellite” 

domes and a volcanic caldera (Almeida, 2016; Almeida et al., 2019). The emplacement of the 

older main edifice (Cotacachi Volcano) started ~160 ka with two major stratigraphic units: 

Cotacachi-I and later Cotacachi-II (basaltic-andesite/andesite lava successions) (Almeida, 

2016). Later, the construction of the “satellite” domes occurred: Muyurcu, Loma Negra, 

Piribuela and Cuicocha (chronologically ordered). Around 3000 B.P., explosive eruptive 

episodes destroyed the Cuicocha dome and formed a volcanic caldera (Von Hillebrant, 1989). 

The caldera formation was accompanied by the emission of large volumes of pyroclastic 

products, whose deposits are widely spread covering vast areas, specially to the SE of the 

caldera (Almeida, 2016; Pidgen, 2014; Von Hillebrant, 1989). The last evidence of eruptive 

activity corresponds to the extrusion of intra-caldera acid-andesitic domes distributed in the 

Wolf and Yerovi islets (0,44km2 and 0,27km2, respectively) (Almeida, 2016; Almeida et al., 

2019; Padrón et al., 2008). 

Furthermore, the local tectonic settings are associated with Huayrapungo and Billecocha fault 

systems (Eguez and Yepes, 1993), which comprise a set of ~NE-SW faults coupled to the Major 

Dextral System (MDS) of the Ecuadorian Andes (Ego et al., 1996; Eguez et al., 2003; Soulas, 

1991). The MDS is responsible for the NE-ward displacement of the North Andean Sliver 

(Alvarado, 2012; Pennington, 1981). The stress state of the region is characterized by a 

maximum horizontal compressive axis oriented N80° (determined ~20 km NE from the CCVC) 

(Cordova, 2013). The morphology and the structural features of CCVC show the influence of 

these main fault systems (Almeida, 2016). 

Nowadays, the Cuicocha caldera has a lake, its origin has been attributed to the deglaciation of 

the main edifice in the Pleistocene, rain and hydrothermalism (Gunkel and Beulker, 2009). The 

resultant lake is separated into two different basins with a maximum deep of 148 m at the east 

and 78 m to the west (Gunkel and Beulker, 2009; Padrón et al., 2008). The lake has no 

superficial outflow, but ravines formed at the eastern side of the caldera suggest the existence 

of subsurface outflows. Only two small cascades act as inflow, in addition to moderate 

precipitations occurring throughout the years. The lake reaches an altitude of 3060 m.a.s.l., 

the water covers a surface of 3.95 km2 and has an estimated volume of 0,28 km3 (Gunkel and 

Beulker, 2009). 

3.-Methods 

3.1- Carbon dioxide diffuse degassing 

A total of 20 CO2 flux measurement surveys were performed on the caldera lake surface, 

carried out by IG-EPN staff as part of the routine monitoring activities. The surveys were 

randomly distributed in time (based on resources and logistic facilities) between March 2011 
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and May 2019, with a rate of 1 to 4 campaigns per year (see Error! Reference source not 

found.). 

Each campaign consisted of ~100 measurements (Error! Reference source not found.), 

forming almost-regular grids on intervals of 200-300 m (Appendix I), covering the total area of 

the lake. The sampling points were geolocated using a Garmin handheld GPS. The 

measurements were performed using the accumulation chamber method (Chiodini et al., 

1998; Parkinson, 1981), originally designed for soil emissions but also applicable for water 

surfaces (eg. Bernard et al., 2004; Mazot and Taran, 2009; Padrón et al., 2008). The 

implemented instrument was a portable West Systems flowmeter which is equipped with an 

infrared spectrometer (LICOR Li-800) operating in the range 0–20,000 ppm of CO2, an 

accumulation B-type chamber (volume 0.006186 m3) attached to a flotation device, and a 

palm-PC/tablet connected via Bluetooth which is used as data logger (West Systems, 2019). 

The uncertainty of the measurements has been estimated to be around 10% for CO2 fluxes 

between 10 and 10,000 g m-2 d -1 (Chiodini et al., 1998), although this number can be larger if 

fluxes are low (up to 24% for fluxes of 5.7 g m-2 d -1) (Carapezza and Granieri, 2004). Teams of 

2-3 operators performed the flux measurements sailing into the lake in a boat, each survey 

lasted approximately 3 working days. 

Since 2015, water temperature was taken at each measurement site. This variable was 

measured at a depth of 0.3 m by means of a Thermo Scientific Orion-5 multi-parametric 

device, equipped with a temperature cell model #013010MD designed for an operational 

range from -5 to 105 °C, displaying a resolution of 0.1 °C. 

In order to understand the origin of the CO2, the flux data were analyzed with the Graphical 

Statistical Approach (GSA) method. This probability plot technique is based on the partitioning 

of complex multimodal distributions into different log-normal populations (Sinclair, 1974; 

Tennant and White, 1959). It allows to distinguish different possible sources contributing to 

the CO2 flux; for example, the background emissions and the anomalies (generally attributed 

to biological and volcanic sources respectively). This method can be also used to estimate the 

total CO2 emitted in a particular area (Cardellini et al., 2003; Chiodini et al., 1998; Viveiros et 

al., 2010). It is important to mention that the reliability of the CO2 output obtained from the 

GSA could be affected by operator bias during the partitioning procedure (Cardellini et al., 

2003); another drawback is that the GSA does not consider the spatial distribution of the 

measurements, implicitly assuming a homogeneous sampling density (Cardellini et al., 2017). 

The datasets were modeled using the least possible amount of log-populations, with a 

maximum of 4 (Chiodini et al., 1998). Validity of models was checked through calculation of 

ideal combinations of partitioned populations (Appendix II), until a satisfactory agreement 

between ideal mixtures and real data was obtained (Chiodini et al., 1998). The mean and the 

95% confidence interval of the mean were computed with the Sichel t-estimator (David, 1977). 

For CO2 flux mapping, we used the Sequential Gaussian Simulation (SGS) (Cardellini et al., 

2003). This method presents advantages over the traditional interpolation methods (e.g. 

regular kriging), since it provides a set of equiprobable results to occur instead of producing a 

single representation that yields the minimum error variance at each location. The ensemble 

of these realizations is an approximate representation of the single, but unknown reality 

(Cardellini et al., 2003; Rautman and Istok, 1996). For every single campaign data set, we 

computed and modeled the experimental variograms of the normal scores (Appendix III). 

Then, the models were used in the SGS procedure to create 200 simulations of the normal 

scores, using the Sgsim program (Deutsch and Journel, 1998); setting a 25 m cell size same as 
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Padrón et al. (2008). The simulated normal scores were back-transformed to original data 

units, applying the inverse of the normal score transform. The mean flux value and the 

variance were calculated at every single cell and assumed as characteristic values (Cardellini et 

al., 2003). Finally, the total CO2 output was computed by summing up the products of the 

simulated value of each grid cell multiplied by the cell surface. 

3.2- Analysis of the structural control 

The structural analysis includes bibliographic data from the “Database and Map of Quaternary 

faults” (Eguez et al., 2003), the local Geological Map (INIGEMM - 1:50 000; Andrade and 

Guarderas, 2017), local volcanological studies in CCVC (Almeida, 2016), and the bathymetric 

data of the lake (Gunkel and Beulker, 2009). 

The main morpho-structural lineaments were manually interpreted, over an area of 200 km2, 

using a 12.5 m digital elevation models (DEMs) from ALOS Palsar RTC (https://asf.alaska.edu/) 

to characterize the geometric structural configuration of the study area. Lineaments are 

defined as linear observable features on the earth's surface which differ distinctively from the 

patterns of adjacent features and presumably reflect shallow depth phenomena (O’leary et al., 

1976). The directions of the identified lineaments were statistically analyzed to identify 

preferential orientations (Mardia, 1972) and represented as rose diagrams using “Angle 

Histogram”, an open source toolbox written in MATLAB (Trauth et al., 2007). This geometrical 

analysis offers suitable approach for identifying subtle evidence of structural control and 

possible damage zones, which could be related to the diffuse degassing. 

Additionally, in order to recognize the CO2 anomalous flux areas, potentially linked to diffuse 

degassing structures (DDS), we followed the criteria presented by Chiodini et al. (2001) and 

Lamberti et al. (2019). It is important to note that the areas with anomalous flows do not 

necessarily occur at the same place in every survey, so we identified areas where the 

anomalies are repeated over time. Using Quantum-GIS (QGIS Development team, 2015), the 

anomalous and non-anomalous degassing zones were manually delimited and transformed in 

matrices of ones and zeros; the GSA results were used as guidelines to define the threshold 

background/anomaly in every case. All the matrices were summed, and the resultant pixel 

values were normalized to percentage. Afterwards, they were plotted in a single “anomaly 

map” (25 m grid cell) showing the areas where a CO2 anomalous value is most probable to 

occur in the Cuicocha lake. 

Considering that lake-bottom structures cannot be directly observed due to the water body, 

inland tectonic features were extrapolated, as it was performed in the study of Furnas lake, 

Azores (Andrade et al. 2016). Finally, a conceptual model showing the possible relationship 

between CO2 anomalies and subaquatic DDS was constructed. 

4.-Results 

4.1-Surface water temperature 

During the 2015-2019 period, when water temperature measurements were performed, no 

substantial variations were observed in this parameter. Only minor seasonal changes were 

registered with the surface temperature of the lake showing a range between 15 and 18 °C. 

These small variations are attributed to the dry and rainy seasons in the area and to the sun 

light incidence throughout the day. In every survey, the temperature of the lake tends to be 

very stable without significant temperature anomalies, even in the areas characterized by 

anomalous CO2 fluxes. 
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In 2009, Gunkel and Beulker reported the existence of a hydrothermal inflow from the bottom. 

These authors characterize this inflow as a warm (23-26 °C), ion enriched (2880μS c/m) water 

detected in some specific points within the lake. However, due to the low flow, this ion 

enriched water rapidly mixes within the lake water and these manifestations are very difficult 

to observe from the surface, where the temperature and conductivity show the ranges of a 

natural lake (Gunkel et al., 2006). 

4.2- CO2 diffuse degassing 

The CO2 flux measurements are distributed in a range of values from 0.69 g m-2 d-1 up to 631.4 
g m-2d-1 (Error! Reference source not found.). All 1923 CO2 individual flux measurements 
collected from 2011 to 2019, have been homogeneously processed. The application of the GSA 
method allowed the modeling of our datasets as a combination of log-normal populations. 
The results of GSA application have been summarized in Figure 2, the logarithmic probability 
plot shows how each survey plot has its own particular distribution. Most of the curves for the 
period 2011-2019 present an almost flat shape with discrete inflection points in the central 
part and more pronounced breaks in the tails. All the datasets were modeled combining up to 
4 populations (Appendix II). Populations A were used to model the upper tail values, 
populations B and C model the central data (the bulk) and D populations were used to model 
the points at the lower tails (Figure 2). Populations A and B include the “high flux” values, 
displaying mean values generally rounding 20-70 g m-2 d-1. On the other hand, C and D 
populations comprise the “low flux” values with mean values among 5-40 m-2d-1 (Error! 
Reference source not found.). 

 
Figure 2.- Log probability plot of the CO2 fluxes. Grey dots show log CO2 flux data statistical distribution for all the 
surveys. The Mar-2014 dataset is shown as an example with red dots; the partitioned populations using GSA method 
are shown with blue lines (A and B for High Flow, C and D for Low Flow populations). The theoretical distribution 
resulting from the combination of the HF and LF populations are shown with the black dashed line, the 
correspondent proportions are 8 and 32 % for HF and 55 and 4.5 % for LF. 
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To characterize the spatial distribution of CO2 fluxes, data have been processed with SGS to 

produce 20 CO2 flux distribution maps. The resulting maps for each survey are shown in Figure 

3. The Cuicocha lake exhibits diverse degassing patterns over time. Some maps show scattered 

CO2 flux anomalies within the lake surface, in the zones corresponding to the deeper part of 

the eastern basin, the northern corner of Yerovi islet (the bubbling zone) and the NW corner of 

the lake (e.g. Mar 2014, Apr 2017, Feb 2018, Jan 2019). On the other hand, other maps show 

practically regular CO2 flux values over the entire surface of the lake. These regular values can 

be either low (e.g. May 2018, May 2019) or high (e.g. Aug 2017, Sep 2012). The systematic 

presence of some anomalies suggesting the existence of DDS feeding the Cuicocha caldera lake 

with deep-sourced CO2 will be discussed later. 

The total daily flux was also estimated by mean of GSA and the SGS methods. Both procedures 
reached remarkably similar results (Error! Reference source not found.). The results obtained 
by both methods in no case exceed 4% difference, supporting the validity of both estimations. 
The total daily fluxes range ~50-250 t/d, with the highest flux values occurring in 2012-2013. 

 
Figure 3.- CO2 diffuse degassing in Cuicocha lake during 2011-2019 period. The maps show the flux expressed in g m

-

2 
d

-1 
with a grid-cell of 25 m. The maps were plotted using the software QGIS (QGIS Development team, 2015). The 

lake border and 20 m contour lines were extracted from a 12.5m resolution DEM. Bathymetric contour lines 20 m 
(Gunkel and Beulker, 2009) have also been collocated for reference. 

4.3- Structural Features 

The local major structures were compiled in a map using QGis over a hillshade-layer based on a 

12.5 m DEM (Figure 4-A). The major Quaternary faults present in the area (red lines in Figure 
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4-A) show lengths greater than 20 km and present a ~NE-SW orientation. These major faults 

are part of the Billecocha and Huayrapungo fault systems (Eguez et al., 2003; Soulas, 1991). 

Structural boundaries between the Cretaceous and Paleocene geological units forming the 

Western Cordillera (blue lines) are also characterized as long traces with ~NE orientation. Their 

movement is also coupled to the kinematics of the MDS (Andrade and Guarderas, 2017). 

Additionally, minor local faults (orange lines in Figure 4) have been identified over the 

southern flank of Cotacachi (Almeida, 2016). Their traces have lengths are of about ~2 km and 

reach the northern border-wall of the Cuicocha Lake. 

 

Figure 4.- A) Morpho Structural Analysis of the region. B) Rose Diagram for morpho-structural lineaments length 
weighted C) Heat map based on the compilation of CO2 anomalous zones for the 20 surveys, the color scale shows 
the areas where an anomaly is most probable to occur. D) Zoom to figure A at Cuicocha Lake including the results of 
the compilation of anomalous zones showed on C. The probability of an anomalous flow is shown in 4 categories 
with thresholds at 30, 40, 50 and 80%. 

Moreover, almost a hundred of morpho-structural lineaments were identified in the area 

around the lake (black lines, Figure 4-A). The rose diagram on Figure 4-B shows the statistics of 

the lineaments azimuths (length-weighted with a bin of 10°). Two main trends could be 

observed ~WNW-ESE and ~NE-SW-orientated; also, a secondary trend ~ENE-WSW was 

recognized. These trends are not arbitrary, the ~NE-SW oriented lineaments seem to be 

parallel to the local and regional major faults; while ~NW-SE are parallel to other minor 

structural features like fold axes and faults, recognized by several authors (Andrade and 

Guarderas, 2017; Ujueta, 2001; Yepes et al., 2016). Finally ~ENE-WSW lineaments seem to be 

parallel to the plate convergence direction (Nocquet et al., 2009) and to the horizontal 

compressive axis calculated for this zone (Cordova, 2013). 

These evidences suggest a possible structural control in Cuicocha Caldera. In fact, some of the 

Caldera border-walls have very steep slopes (40– 90°) displaying quite straight traces parallel 

to both main lineament trends. The eastern basin lake-bottom and some of the borders of 

Yerovi Dome are also coincident with those orientations (Figure 4-D). 
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Figure 4-C shows the compilation of the anomalies registered for the 20 surveys of CO2 diffuse 

degassing normalized to percentage. The 'hotspots' for CO2 anomalies occur in the northern 

corner of the Yerovi Dome, the area corresponding to the bottom of the eastern basin (NW-

aligned), and the northwest and south corners of the lake. (Figure 4-D). These anomalous 

zones recognized in the lake surface and its possible relation with the tectonic features will be 

discussed in the next section. 

5.- Discussion 
5.1 The sources for CO2 emissions 
In volcanic environments, the presence of several log-normal populations that model CO2 flux 
polymodal distribution, (discriminated by means of the GSA method), can be interpreted as 
the existence of different gas sources. It can also be interpreted as the occurrence of different 
mechanisms of gas transport, different permeability in the soils/rocks, etc. (Cardellini et al., 
2017). In the same way, the absence of a clear polymodal distribution could be the result of 
the presence of a widespread low level degassing of deeply derived CO2 linked to the several 
degassing structures active in the area (Cardellini et al., 2003). 
The CO2 flux datasets were modeled up to 4 log-normal populations. In most of the cases two 
of them (C and D) likely correspond to the “background”, and the other two populations (A 
and B) describe the high flux probably coming from a deep source. Furthermore, Padrón et al. 
(2008) already applied the GSA method in Cuicocha lake achieving similar results, using the 
techniques proposed by Sinclair (1974) and Woodsworth (1971). Padrón et al. (2008) 
interpreted the existence of two populations: one of low flux (mean 4.1 g m-2d-1), and other of 
high flux (mean 17.3 g m-2d-1), presenting proportions of the whole data set of 29 % and 71 % 
respectively. 
Degassing via bubble plume and by diffusion through the lake can explain the different ranges 

in flux values (Mazot et al., 2014). The high mean CO2 flux values could be indicative of feeding 

by CO2 up-rising from the underlying hydrothermal system (e.g. Cardellini et al., 2017, 2003; 

Chiodini et al., 1998). High mean populations could also be attributed to the presence of sub-

lacustrine vents discharging CO2 into the lake (Mazot et al., 2014). In the same way, 

populations with atypically very-high means (corresponding to anomalous points in the upper 

tails) present in some data sets, could correspond to areas or places where the CO2 inflow has 

a very direct ascent path or comes from very shallow degassing zones. An example could be 

the bubbling zone located in the northern corner of Yerovi islet, where isotopic analysis have 

confirmed the presence of deep origin CO2 (Inguaggiato et al., 2010). 

However, the interpretation of the “low flux” populations could be more complex. It is widely 

accepted that the origin of these populations could be attributed to biologic activity. The mean 

value for biogenic CO2 flux from a wide variety of ecosystems ranges from 0.2 g m-2d-1 to 21 g 

m-2d-1 (Viveiros et al., 2010), however more recent studies reveal the biogenic sources could 

reach fluxes up to 45 g m-2d-1 (Viveiros et al., 2020). In 2014,  (Mazot et al., 2014) proposed a 

model to calculate the flux originating from diffusion at air-water boundary (Liss and Slater, 

1974) for their studies in Lake Rotomahana, New Zealand; this model considers a thin film 

between the water and the atmosphere, and uses an empirical equation similar to Fick’s Law 

(McGillis and Wanninkhof, 2006). The gas transfer velocity could be calculated as a function of 

wind-speed and water temperature (Mazot et al., 2014). We used the same equations with a 

temperature of 17 °C and average wind speed at lake level of 9 km/h (wind speed was 

estimated based on data registered at the nearest Meteorological Station “Inguincho”; 2011-

2019 INAMHI). Thus, the CO2 flux by diffusion to the atmosphere must be around 24 g m2d-1 for 

Cuicocha Lake. 
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Additionally, the presence of anomalous points in the lower tails results in populations with 

very low means. In volcanic lake environments it has been suggested that populations 

presenting very low means (~1 g m-2d-1) could be attributed to the absorption of CO2 via 

biological activity of algae thereby decreasing the CO2 diffusion to the atmosphere (Mazot et 

al., 2014). 

Based on the GSA calculations (Error! Reference source not found.) and considering the limits 

established for the biological activity proposed in the literature, we suggest that the threshold 

between the fluxes coming from volcanic origin emissions and those corresponding to the 

“background” (biological and other non-defined sources) must be around 20-30 g m-2d-1. 

However, this assumption is not conclusive, the application of combined methods including 

gas isotopic analysis (Bini et al., 2020) is required to get a better understanding of possible 

sources contributing to diffuse degassing in Cuicocha lake and their relative proportions. 

5.2 Temporal variations of CO2 degassing 

 The effect of the climatic conditions 

Due to the geographic position (near lat.0°), the oceanic currents, and the presence of the 

Andes, the weather in Ecuador has a particular behavior characterized by non-well defined 

seasons (Bendix and Lauer, 1992). The regional climate is determined by regular and intense 

air temperature oscillation (Gunkel, 2000). For the zone of Cotacachi/Cuicocha, the mean 

ambient temperature is ~15 °C, with a slight annual variation (less than 1°C). Nevertheless, for 

an ordinary day the thermal amplitude is relatively wide, oscillating between 9 ° and 22° C. In 

average, the coldest and also the driest month of the year is July (climate.org, 1982 - 2012). 

The climate causes important effects over the lake dynamics. Cuicocha has been described as a 

weakly thermal stratified lake (Gunkel and Beulker, 2009). From September to May, a high 

solar radiation input heating the surface of the water favors the thermal stratification (Gunkel, 

2000). During that period, the epilimnion stretches down to 40 m (Gunkel and Beulker, 2009). 

From June to August, the strong winds of the dry season (Gunkel, 2000), create a “cold 

period”, the temperature of the water body drops, and an overturn process occurs in the lake 

(Gunkel and Beulker, 2009). 

Carbon dioxide is regularly released through Cuicocha Lake all year long (Figure 5). However, 

some peak discharges have been registered in Jun 2012, Sep 2012, Sep 2013, Sep 2016, Aug 

2017 and Sep 2018 (Figure 5-A). All the CO2 flux peaks seem to occur, during or immediately 

after the “overturn months”; on the other hand, the lower values seem to occur out of the 

overturn periods. Additionally, if it is compared with water temperature (available from 2015-

2019 only), CO2 peaks show a good inverse correlation (Figure 5-A). 

As suggested by Padrón et al. (2008), during the stratified periods, no convective mechanisms 

are supposed to occur. Therefore, during these periods hydrothermal CO2 could remain stored 

in the depths of the lake. On the other hand, during overturn periods (due to the water 

cooling) the stratification disappears and a monomictic circulation reduces the accumulation of 

CO2 in the deep, favoring a maximum release at the surface (Gunkel et al., 2008; Gunkel and 

Beulker, 2009; Padrón et al., 2008). 
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Figure 5.- A) Left Y axis shows total CO2 flux estimations using SGS and GSA (see methods), Right Y Axis shows water 
temperature when available. Lake overturn-periods (Gunkel and Beulker, 2009) are highlighted in gray. B) Ambient 
temperature, monthly average Variation. C) Daily Temperature Values (Max, Mean and Min) softened with a 15-day 
moving average. Systematic decreases on daily temperature have been highlighted in light-blue. Weather data from: 
Inguincho Meteorological Station (INAMHI); located 5km SW from CCVC. D) Seismic event count: Volcano Tectonic 
(VT) and Long Period (LP) (IG-EPN). 

Another issue to consider is that the water stratification in Cuicocha has been suggested to be 

unstable even in the warmer seasons (Gunkel and Beulker, 2009). The slight temperature 

variations between surface and deep waters, added to the low temperatures recorded at 

night, could produce atelomixis (Gunkel and Beulker, 2009). To establish a comparison with 

local climatic patterns, the data for the nearest climatic station provided by the Ecuadorian 

National Weather Service (INAMHI) has been plotted on Figure 5-B, showing the monthly 

average. Also, Figure 5-C shows the daily maximum, mean and minimum ambient 

temperatures. The periods when temperature drops occur, are highlighted with a blue 

background since they could have caused monomictic circulation, leading to an increase in the 

CO2 emission rate. 

In the period between 2011-2016, coincidences between emission peaks and overturn periods 

are observed, but the sampling rate is lower (sometimes 1-2 surveys/year). The entire 

spectrum of temporary variation is not easy to observe due to this lack of data. On the other 

hand, the surveys performed in 2017-2019 have a higher sampling rate (3-4 surveys/year). The 

curve on Figure 5-A has an oscillatory repetitive pattern with almost the same peak and 

bottom values. This pattern could be consistent with the idea of CO2 flux fluctuations caused 

by seasonal variations. 
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 Changes in volcanic activity 

Some of the highest estimations for total CO2 outputs (recorded in 2012-2013) are almost 4 to 

5 times higher than the base-line values (ranging ~50-60 t/d; Figure 5) and significantly higher 

than the 2017-2019 peak values (Figure 5). The question is whether the climatic cycles 

affecting the lake could be responsible for those differences in the CO2 outflow or not. This 

kind of variations might not correspond to a climatic variation only, but could also be a 

consequence of deep origin processes probably associated to the hydrothermal system. 

Temporal variations in CO2 fluxes can be related to changes in the volcanic activity and may be 

important for volcanic monitoring and risk mitigation (Hernández et al., 2001; Notsu et al., 

2005). Figure 5 shows a comparison in a temporary series between A) the CO2 total flux of 

Cuicocha with D) VT and LP events number. Despite of the volcanic origin of the CO2, there is 

no clear correlation between diffuse emissions and seismicity. The highest peaks recorded in 

VT events (generally associated to rock fracture) do not seem to be accompanied by major 

degassing episodes; for LP events (generally associated to the movement of fluids inside the 

volcanic edifice), the correlation appears to be poor. However, it is remarkable that the highest 

peaks recorded for CO2 total emissions in the entire time series occur during and after 

episodes of high LP occurrence (2011-2012), and simultaneously to the seismic swarms of Mar 

2012 and Oct 2012 (Hidalgo et al., 2014; IGEPN, 2019). On the other hand, surveys 

corresponding to 2014-2019 (where the total fluxes are lower) occur in a time interval 

characterized by a relative absence of LP events (Figure 5-A and -D). 

The timescale presented in this work could be divided in two stages: 1) Pre-2014, when 

degassing shows anomalous peaks, also characterized by observed anomalies in seismicity 

with an increase in the number of LP events. 2) Post-2014, when the occurrence of LP events is 

practically null and the VT seismicity continues. For this second stage, the diffuse degassing 

peaks are lower. The sampling rate also increases, allowing the observation of repetitive cycles 

more consistent with seasonal variations. 

5.3 Degassing Structures 

Almeida (2016) suggested that the morphology of the CCVC is affected by regional faults 

coupled with the MDS of the Ecuadorian Andes. The Cuicocha caldera border also seems to 

respond to the regional tectonics, showing a parallelism with the major trends for morpho-

tectonic lineaments of the area. A very superficial interpretation, based on morphological 

expressions, as well as the control of tectonic structures in the area; suggest that pre-existing 

fractures/faults aligned ~NE-SW and ~WNW-ESE, could have played an important role in the 

evolution of the volcanic complex like in the caldera formation and/or the subsequent dome 

emplacements. 

Additionally, some of the anomalies in CO2 flux show a characteristic alignment and location, 

which are repeated over time (Figure 4-C); similar alignments had been previously reported by 

Padrón et al., (2008). Those findings suggest the existence of DDS in the lake bottom 

responsible of the CO2 emission. It is widely accepted that the intersections zones between 

cross-cutting structures may cause fracturing and reopening of fluid conducts (Curewitz and 

Karson, 1997; Martel and Boger, 1998; Sibson and Rowland, 2003), establishing 

vertical/subvertical high-permeability channels. Tectonic structures similar to those 

responsible of the caldera shape and dome emplacement, and their intersections could 

generate high permeability damage zones suitable for CO2 releasing. Making inferences and 

extrapolations from the structures observed inland, we present a conceptual model which 
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successfully resolves the presence of sub-lacustrine diffuse degassing structures where CO2 

anomalies have been observed through almost a decade (Figure 6). 

 

Figure 6.- Conceptual model of the structural scenario explaining the deep CO2 release at Cuicocha Lake. 

This model well explains the presence of CO2 flux anomalous zones in the lake, but some of the 

maps presented on Figure 3 present fairly uniform spatial CO2 distributions; where no punctual 

anomalies are easily identifiable (e.g. Aug 2017 with “high” generalized values and May 2019 

with “low” generalized values). It is unlikely to presume that in the periods in which the lake 

surface releases gas homogeneously, the entire lake floor releases CO2 homogeneously as well. 

These regular distributions, observable in some maps, must be caused by gas diffusion in the 

water body. Additionally, the storage of CO2 in the hipolimnion during stratified periods with 

the subsequent release at overturn could facilitate in some occasions a fairly homogeneous 

degassing through the water-atmosphere interface. 

5.4 CO2 Emissions to the Atmosphere 
Estimating the quantity of CO2 diffusively emitted from the Earth’s surface has important 
implications for volcanic surveillance and global atmospheric CO2 budgets (Bini et al., 2020; 
Fischer and Aiuppa, 2020; Werner et al., 2019). The total CO2 flux curve presented on Figure 5-
A was integrated to estimate the accumulated CO2 emission. During the time the surveys 
lasted (8.13 years), the volcano emitted ~400 kt of CO2, with an average rate of 49.3 kt/year 
and 135 t/d. The lowest values recorded during this period range ~50-60 t/d (Error! Reference 
source not found.), similarly to the total flux of ~53 t/d estimated by Padrón et al., (2008). This 
indicates that the baseline of the lake CO2 emission must be around 50 t/d, corresponding to a 
minimum value occurring during stratified periods. Variations caused by lake overturn periods 
and possibly the internal activity of the volcano can easily triple or quintuple this value. We 
have also established a threshold of approximate 170 t/d for “normal” peak degassing during 
overturn periods. This “normal peak degassing” was defined based on the time series showed 
on Figure 5A and the fact that from 2015 to 2019 no significant seismo-volcanic activity was 
detected in the volcano. The values exceeding this limit should probably reveal changes in the 
volcanic activity. 
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A comparison between lake-surface area and total CO2 fluxes for many volcanic lakes around 
the world is shown in Figure 7-A. Cuicocha presents a low emission when compared with 
similar area lakes. Figure 7-B shows the total flux normalized for area units (km2), Cuicocha 
presents similar degassing to that observed Furnas (Azores) and Monoun lake (Cameroon) 
(Andrade et al. 2016, and references therein). The CO2 global emissions for worldwide volcanic 
lakes have been estimated ~94-104 Mt/year (Burton et al., 2013; Pérez et al., 2011, Werner et 
al., 2019), which in turn correspond to about 18% of the subaerial volcanic emissions in the 
world (Burton et al., 2013). Cuicocha CO2 emissions correspond ~0.01% of the global 
estimation for volcanic emissions and ~0.05% for volcanic lakes. 

 

Figure 7.- A) CO2 flux estimated for various volcanic lakes of the world vs. the surface area of the water bodies. Data 
from Cuicocha average emission (present work) is shown with yellow dot (Modified from: Andrade et al. 2016, and 
references therein). B) The same data normalized to the area for all plotted lakes (Modified from: Andrade et al. 
2016 to actualize Cuicocha data). 

5.5 Implications on Risk and Volcanic Monitoring 

After the limnic eruption of 1986 in the lake Nyos (west of Cameroon), which caused ~1700 

human casualties and ~3500 livestock losses due to the releasing of more than 1.6 Mt of CO2 

(Fomine, 2011; Kling et al., 1987), the scientific community focused on the evaluation and 

monitoring of these kind of phenomena. CO2 can be a dangerous gas, a person should not be 

exposed more than 15 min to concentrations of 3%, since it can cause several health effects. 

Lethal concentrations for CO2 are usually reported above 10% vol. (Viveiros et al., 2016 and 

references therein). When it is released, as CO2 gas-cloud has a higher density than the 
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surrounding air, so it can spread out at ground level causing high risk of CO2 suffocation in 

zones with low topographies (D’Alessandro, 2006; Edmonds et al., 2015). 

The activity from Cuicocha has always been a concern for those who live or work nearby. The 

death of 6 people caused by CO2 inhalation in a small thermal-spa of Tangalí (located 5 km 

south from CCVC) in January 2015 (Benalcazar, 2015), has been a reminder to the Ecuadorian 

people about the danger that volcanic gases could pose. Fortunately, previous research in 

Cuicocha shows that a limnic eruption is not probable to occur (Gunkel et al., 2008). Most of 

the time, the gas flux is low and overturn periods seem to release major portions of the gas 

trapped in deep preventing long term accumulation. Additionally, physical and chemical 

analyses of the water presented by Gunkel et al. (2008) and Gunkel and Beulker, (2009) 

suggested that there are no high accumulations of CO2 at deep levels (0,03 l of CO2/l water). 

Diffuse emissions on Cuicocha are relatively low, with an open area and windy Caldera they do 

not seem to represent an imminent danger. Besides, the lake is part of the “Cotacachi-Cayapas 

Ecological Reserve”, where motorized and no-motorized water-sports are forbidden, also 

tourists are not allowed to swim. The access to Wolf and Yerovi islets is also restricted, visitors 

can only enter the lake over touristic boats, operated by the staff of the Municipality of 

Cotacachi. These actions not only favor the conservation of the natural reserve but also 

guarantee the safety of people visiting this touristic area. Despite this care, it is recommended 

to be cautious in those areas characterized by anomalous degassing, especially if changes such 

as increase in bubbling or changes in water temperature are observed. 

Besides, it is noteworthy that the CO2 being released so far, corresponds mainly to a 

background level, only two minor anomalous degassing episodes were registered in 2012-

2013. The amount of CO2 released in response to a real volcanic unrest event is still unknown 

and hence should be considered among the hazards posed by this volcanic lake. Importantly, 

having established the background CO2 emissions and their behavior due to seasonal changes 

in the lake will significantly improve geochemical monitoring allowing to easily recognize 

potential degassing anomalies in the future. 

6.- Conclusions 

This work contributes to the existing knowledge of Cuicocha Caldera Lake by providing a long- 

term analysis of CO2 diffuse degassing, probably the longest temporal CO2 series available on a 

crater lake worldwide. Furthermore, it includes an interpretation of the relationship between 

carbon dioxide diffuse degassing and the structural scenario of the CCVC. 

In the period between 2011-2019, Cuiococha lake has presented CO2 diffuse emissions ranging 

~50-250 t/d. During 8.13 years of periodic surveys, Cuicocha released more than 400 kt of CO2 

with an average rate of ~135 t/d. 

Degassing in Cuicocha lake shows a major influence from the lake dynamics. In the period 

~Sep-May the climatic conditions favor water stratification, this stratification allows gas 

storage in the deep layers, causing lower manifestations at surface. During the period ~Jun-

Aug, an overturn occurs in the lake and monomictic circulation releases the stored gas to the 

surface. 

Gas emission peaks registered in 2012-2013 are anomalous if compared with other peaks 

registered afterwards. Considering the anomalous seismicity occurring in the volcano during 

that period, we consider that the increase in CO2 flux must be related to deep origin processes 

affecting the hydrothermal system. 
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Degassing in Cuicocha lake is controlled by the presence of degassing structures. The proposed 

location for these structures corresponds to high permeability damage zones, caused by the 

intersection of ~NE-SW oriented faults, associated with the Billecocha-Hayrapungo system, 

and ~WNW-ESE oriented minor structures. 

Moreover, a baseline in CO2 degassing has been established for Cuicocha lake; with minimum 

total fluxes ~50 t/d registered during stratified periods and maximums total fluxes ~170 t/d 

registered for overturn periods. This baseline will significantly improve geochemical 

monitoring of the lake. 
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Max.  Min. Mean Std. 

Dev. 
FLUX 
SGS 

Lognormal Populations 

FLUX GSA 

Difference 
Between 
methods   A B C D 

Survey 
Date 

# of 
Points (g/m2/day) t/d 

Mean 
90% Conf. 

Inter. % Mean 
90% Conf. 

Interval % Mean 
90% Conf. 

Interval % Mean 
90% Conf. 

Interval % Total (90% conf) % 

16/5/2019 107 48.40 3.12 17.56 8.37 69.34 42.39 36.91 - 56.19 4 28.21 28.05 - 28.47 14 15.58 14.69 - 16.72 75 4.18 3.63 - 5.50 7 69.72 65.97 - 75.82 
0.3 

30/1/2019 108 313.00 5.98 30.61 35.53 116.86 72.75 69.60 - 80.19 4 35.44 32.71 - 39.44 46 16.47 15.27 - 18.23 44 13.36 8.50 - 37.63 6 107.85 99.15 - 125.14 4.0 

9/10/2018 110 76.65 2.55 16.20 10.63 64.02 72.00 62.69 - 95.43 3 22.60 21.62 - 24.03 19 13.85 12.70 - 15.43 63 9.40 8.09 - 11.76 15 65.64 60.15 - 74.84 1.3 

26/9/2018 105 159.37 6.31 45.30 31.87 175.08 

114.8

8 74.37 - 308.42 6 80.65 73.45 - 91.98 25 29.96 28.17 - 32.37 59 13.21 9.46 - 26.47 10 182.23 159.82 - 250.24 2.0 

30/5/2018 108 89.32 2.86 28.42 17.80 115.65 54.55 40.63 - 102.27 7 42.79 40.04 - 46.82 39 16.96 15.32 - 19.47 44 4.64 3.96 - 6.26 10 112.50 101.28 - 136.94 1.4 

28/2/2018 119 88.53 1.33 16.38 11.82 69.98 46.99 31.40 - 104.60 8 27.55 27.47 - 27.73 4 16.85 16.00 - 17.94 63 5.88 5.26 - 6.87 25 67.05 59.37 - 89.02 2.1 

28/11/2017 110 103.18 2.46 21.80 12.81 87.05 80.46 61.95 - 139.78 3 39.91 38.93 - 42.20 6 19.77 18.49 - 21.45 86 5.93 5.53 - 6.87 5 87.46 80.59 - 100.97 0.2 

16/8/2017 128 156.90 7.59 42.51 27.20 173.03 

158.4

9 147.75 - 183.81 2 43.74 39.82 - 49.14 89 15.87 15.70 - 16.24 7 7.94 6.67 - 11.36 2 171.59 156.81 - 192.98 0.4 

21/4/2017 104 218.20 0.69 26.55 26.86 105.20 77.09 62.05 - 114.27 9 27.63 26.13 - 29.70 42 16.44 14.33 - 19.76 43 3.89 2.41 - 11.88 6 102.27 90.47 - 126.49 1.4 

28/12/2016 110 160.20 0.91 13.29 15.55 51.78 19.18 18.03 - 21.73 8 13.85 12.62 - 15.57 70 5.38 5.25 - 5.69 6 4.45 3.10 - 8.37 16 48.53 43.86 - 56.65 3.2 

19/9/2016 117 119.99 2.46 33.88 19.19 134.15 53.87 49.99 - 59.77 20 39.28 37.96 - 41.03 35 23.77 21.08 - 27.96 35 5.33 4.70 - 6.52 10 132.05 123.19 - 145.41 0.8 

31/3/2015 85 377.34 4.52 31.39 42.22 110.82 58.43 49.81 - 78.82 10 27.63 26.32 - 29.33 67 13.94 13.23 - 15.02 19 5.16 4.81 - 5.99 4 107.65 100.19 - 121.19 1.4 

20/3/2014 92 121.57 3.54 30.51 15.94 119.63 58.56 37.23 - 165.17 8 41.43 39.23 - 44.62 32 22.98 21.86 - 24.44 55.5 5.89 3.81 - 15.80 4.5 122.50 110.14 - 165.26 1.2 

18/9/2013 103 184.93 4.99 57.34 26.10 229.36 94.91 88.50 - 105.10 19 50.89 48.09 - 54.55 74 21.90 21.66 - 22.46 4 12.40 6.47 - 62.93 3 225.28 211.52 - 249.76 0.9 

22/5/2013 112 80.39 1.71 13.91 10.56 52.53 20.61 19.70 - 21.94 24 12.86 12.37 - 13.54 38 8.16 8.01 - 8.38 29 3.80 3.02 - 6.01 9 49.62 47.57 - 52.95 2.8 

19/9/2012 110 147.62 2.82 64.02 28.62 254.74    74.78 71.33 - 79.19 69 45.30 34.97 - 67.18 31    259.72 237.64 - 298.60 1.0 

6/6/2012 110 303.20 4.49 64.37 36.08 249.77 

107.6

1 105.16 - 111.40 14 72.92 71.28 - 75.09 39 46.69 44.17 - 50.25 34 22.67 17.99 - 32.80 13 246.61 236.92 - 262.05 0.6 

6/3/2012 105 631.40 3.20 63.96 65.14 248.00 92.60 85.94 - 102.33 45 44.77 44.22 - 45.62 20 29.33 27.66 - 31.79 29 12.06 6.41 - 57.67 6 236.83 221.27 - 268.46 2.3 

7/12/2011 97 478.87 2.66 46.57 53.30 163.92 74.15 74.07 - 74.26 40 28.95 23.92 - 38.30 30 15.39 14.38 - 16.99 20 8.94 5.96 - 21.51 10 167.44 159.36 - 184.94 1.1 

31/3/2011 84 112.68 2.74 31.73 18.17 116.47 87.47 83.67 - 96.41 5 52.54 52.00 - 53.77 7 27.92 26.09 - 30.33 84 7.19 3.49 - 46.65 4 125.80 118.23 - 142.16 3.8 
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Highlights 

 Diffuse degassing monitoring is periodically performed at CCVC since 2011. 

 The Cuicocha Caldera Lake releases ~135 tons of diffuse CO2 per day. 
 The lake dynamics greatly influences the CO2 degassing of Cuicocha Caldera. 

 Long term monitoring permitted the identification of anomalous degassing episodes in 2012-2013. 

 Areas of high structural damage constitute favorable pathways for fluids flow. 
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