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Abstract 

This study investigates the diffuse flux of carbon dioxide (ФCO2) and methane (ФCH4) from 

Capitão and Caiado lakes, on Pico Island (Azores archipelago, Portugal), aiming to 

characterize the spatial and temporal variability of greenhouse gas (GHG) emissions in 

volcanic lake systems. Field measurements were conducted using dynamic and static 

accumulation chambers for ФCO2 and ФCH4 during multiple seasonal surveys.  
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The study highlights that ФCO2 and ФCH4 in these volcanic lakes are mainly driven by 

biogeochemical processes rather than direct volcanic degassing. Total ФCO2 at Capitão Lake 

ranged from 0.10 t d-1 (4 t km-2 d-1) in spring to 0.08 t -1 (3.64 t km-2 d-1) in summer, likely due 

thermal stratification limiting CO2 release in the latter period. In contrast, Caiado Lake 

exhibited higher ФCO2, increasing from 0.31 t -1 (5.96 t km-2 d-1) to 0.40 t -1 (7.69 t km-2 d-1), 

possibly influenced by methane oxidation. Methane emissions were significantly lower than 

CO2 but showed notable seasonal variation. The ФCH4 at Capitão Lake increased tenfold from 

0.096 kg -1 (4 kg km-2 d-1) in warmer conditions to 0.96 kg -1 (40 kg km-2 d-1) in winter, likely 

due to water column mixing allowing methane to easily escape from oxidation. At Caiado 

Lake, ФCH4 increased from 1.39 kg -1 (23.96 kg km-2 d-1) to 2.67 kg -1 (46.03 kg km-2 d-1) in 

the same period. Carbon dioxide largely dominates GHG emissions in the studied lakes, even 

computing CH4 in terms of CO2-eq, being the ФCO2 2 to 3 orders of magnitude higher than 

ФCH4. 
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1. Introduction 

Methane (CH4) and carbon dioxide (CO2) levels in the atmosphere have been increasing 

significantly in the last decades, therefore contributing to global warming, because of rising 

emissions of greenhouse gases (GHG) fueled by human activities (Houghton, 2015).  

Lakes have been identified as important CO2 and CH4 sources to the air (DelSontro et al., 

2018; Saunois et al., 2025). The global carbon dioxide emission rate has been estimated as in 

the range of 2.44⨯102 to 5.83⨯102 Tg yr-1 (Cole et al., 1994; Holgerson and Raymond, 2016; 

DelSontro et al., 2018), despite higher computations ranging from 1.28⨯103 to 1.4⨯103 Tg yr-

1 (Tranvik et al., 2009; Raymond et al., 2013). Regarding methane, the global emission rate 

was estimated as in the range between 8 and 75 Tg yr-1 Smith and Lewis, 1992; Bastviken et 

al., 2004, 2011; Saunois et al., 2016, 2020; Johnson et al., 2022). Despite the lower CH4 

emission rate from surface water bodies relative to CO2, the global warming potential of 

methane is far greater, estimated at 27 times the one of carbon dioxide over a century-long 

period (Forster et al., 2021). 

GHG emissions from lakes mostly depend on their surface area and trophic state (Bhushan et 

al., 2024), and a seasonality effect has been identified in several studies (Lesley and Lewis, 
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1992; Eugster et al., 2020). For example, ΦCH4 variation along spatial and temporal scales are 

influenced by various factors, such as salinity (Liu et al., 2024), lake level and depth (Li et al., 

2021; Yuan et al., 2021), trophic state (Beaulieu et al., 2019) and temperature (Duc et al., 

2010). 

Lakes located within active volcanic areas are often affected by the interaction with magmatic 

systems (Varekamp et al., 2015 and references therein). Besides other endmember 

components, such as meteoric, hydrothermal and biogenic processes, magmatic volatiles are 

a main source of gases in volcanic lakes, which can even lead to hazardous processes 

(Christenson and Tassi, 2015). The overall CO2 emission rate from volcanic lakes was 

estimated at about 32 ± 5.2 Tg yr-1, 80% of which presenting a magmatic origin (Pérez et al., 

2011). No global estimation for CH4 emissions from volcanic lakes is available so far, 

nevertheless methane is a minor component in geothermal and volcanic emissions worldwide 

in comparison to CO2 (Etiope et al., 2019). To proceed with direct measurement of ΦCO2 

several methods have been widely used (Mazot and Bernard, 2015 and references therein), 

being the floating accumulation chamber a simple and low-cost method, able to provide 

meaningful results in low to moderate wind conditions (lower than 8 to 10 m s-1; Kremer et 

al., 2003). Regarding ΦCH4 several methods are also available, among which the widely used 

static floating chambers, that might lack sufficient accuracy to address the highly temporal 

variation commonly associated to CH4 emissions or ebullition pathways (Mu et al., 2022, 

2022). 

The present study was made at Pico, one of the volcanic islands belonging to the Azores 

archipelago, located in the North Atlantic Ocean between latitudes 37ºN and 40ºN and 

longitudes 25ºW and 31ºW, at approximately 1,500 km from mainland Portugal (Figure 1A). 

Pico Island covers an area of 447 km2, being the second largest in the Azores (Figure 1B). At 

Pico Island 28 lakes and ponds have been inventoried, about 32% of the lakes in the Azores, 

summing up a total area of about 0.16 km2 and approximately a storage of 2.32×105 m3 

(Porteiro, 2000). Excluding the small ponds spread at Pico, the six major lakes in the island 

(Capitão, Caiado, Peixinho, Rosada, Paúl and Seca) are located within scoria cones craters 

(33%), tectonic depressions (33%) and undifferentiated depressions (33%) (Cruz et al., 2006; 

Andrade et al., 2019c). The two studied lakes are the largest surface water bodies in the Island, 

being located at about 800 m a.s.l (Figure 1C). 

Several studies have addressed the impact of volcanic activity on lake water chemistry in the 

Azores (Martini et al., 1994; Cruz et al., 2006; Antunes, 2009; Andrade et al., 2024). Recent 
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research has established a comprehensive and representative dataset of diffusive ΦCO2 values 

from 45 lakes (Andrade et al., 2021 and references therein), being the total emission rate 

estimated as approximately 1.71×105 t d-1, from which 42% are of volcanic origin (~7.1×104 

t d-1; Andrade et al., 2021). However, diffusive ΦCH4 from the lakes of the Azores remain 

poorly studied, with the only relevant study addressing dissolved CH4 from selected lakes at 

São Miguel Island (Tassi et al., 2018). 

The current study aims to characterize both diffuse ΦCO2 and ΦCH4 in two lakes on Pico 

Island, considering a spatial and temporal perspective, thus allowing to identify the key factors 

driving the fluxes of those GHG from the studied water bodies.  

2. Study area 

2.1 Geological setting 

The studied lakes are located  in the western sector of Planalto da Achada Fissural Volcanic 

(also known as São Roque – Piedade Volcanic System). Planalto da Achada Fissural Volcanic 

System is one of the two active volcanic systems of Pico Island. It consists of an elongated 

triangular-shaped volcanic ridge broadly WNW–ESE-oriented that occupies the central and 

eastern sectors of the island. Its geomorphology is characterised by a central upland area 

(above ~600 m altitude, reaching a maximum elevation of 1,076 m a.s.l.) that extends from 

the eastern flank of Pico central volcano to the eastern tip of the island, which is marked by 

several alignments of scoria and spatter cones, spatter ramparts, and eruptive fissures. The 30 

km-long volcanic ridge is sided by steep slopes of up to 25°-30°, made by basaltic lava flows 

that extend to the north and south coastlines, occasionally forming coastal lava deltas and 

fossil cliffs (Cruz, 1997; Madeira, 1998; Nunes, 1999).  

Capitão Lake corresponds to a small sag pond, with a length of 350 m and a maximum width 

of 150 m, which occupies an elongated tectonic depression along the Capitão Lake fault scarp 

trending WNW–ESE (Madeira, 1998; Madeira and Brum da Silveira, 2003). This tectonic 

depression lies in an area of undifferentiated pyroclastic deposits. However, the neighbouring 

scoria cones belong to the Inferior Unit of the São Roque – Piedade Volcanic Complex, with 

an estimated age of over 50 ka (Nunes, 1999). Radiocarbon dates of paleosols from a nearby 

trench revealed ages between ~5,300 and 1,000 years BP (Madeira, 1998; Madeira and Brum 

da Silveira, 2003). Although the age of Capitão Lake is unknown, the earliest lake sediments 

recovered are dated at 2,118 cal years BP (Saez et al., 2025). 
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Caiado Lake is in the central sector of Planalto da Achada Fissural Volcanic System, lying in 

the central part of the WNW–ESE-oriented Capitão Lake fault zone. It fills a small, broadly 

circular, undifferentiated depression with gentle slopes, approximately 450 m by 400 m across. 

Caiado Lake fills a depression in an area of undifferentiated pyroclastic deposits. However, 

most of the neighbouring scoria cones belong to the Inferior Unit of the São Roque – Piedade 

Volcanic Complex, with an estimated age of over 50 ka. A few younger cones are also found 

in the vicinity, belonging to the Inferior Subunit of the Intermediate Unit, with an estimated 

age between 50 and 10 ka (Nunes, 1999). Although the age of Caiado Lake is unknown, the 

earliest lake sediments recovered are dated at 1,418 cal years BP (Saez et al., 2025).  

Secondary manifestations of volcanism at Pico Island comprises mostly steam emissions 

dominated by water vapor with minor concentrations of N2, CO2, O2 and Ar (Viveiros et al., 

2017). Few CO2 soil diffuse degassing anomalies were identified in the island associated with 

tectonic structures, and the most relevant are coupled with thermal anomalies in the summit 

of the stratovolcano (Viveiros et al., 2017). 

2.2 Hydrological setting 

The Azores archipelago experiences a high average annual precipitation of 1930 mm yr-1, 

which significantly exceeds the mean actual evapotranspiration of 581 mm yr-1, resulting in 

substantial surface runoff, though of torrential nature, estimated at 3.22×108 m3 yr-1 

(DROTRH-INAG, 2001). 

The average annual precipitation on Pico Island is strongly dependent on altitude, being 

estimated as in the range of 3,000 mm yr-1 to 3,500 mm yr-1 in the Capitão watershed and 

between 3,500 mm yr-1 to 4,000 mm yr-1 at the Caiado watershed (DROTRH, 2021). The same 

study estimated the average annual temperature in the coastal area of Pico Island as 18ºC, 

decreasing with altitude, following a gradient of about -0.9ºC for every 100 m-altitude 

increment, until the 400 – 600 m altitudinal range, above which the gradient decreases to -

0.5ºC per 100 m-altitude step. However, at Pico Island, and despite the precipitation 

exceedance over actual evapotranspiration, surface runoff is entirely of torrential nature and 

the geological conditions favors infiltration, thus enhancing aquifer recharge (Cruz and Silva, 

2001). 

Capitão Lake occurs within a tectonic depression, presenting a surface area of 2.4×10-2 km2 

and a maximum depth of 4.9 m (Table S1 - supplementary material). The respective storage 
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volume is estimated as 5.4×104 m3 and taking into account a runoff inflow equal to 3×104 m3 

yr-1 (DROTRH, 2021) a residence time is computed (1.8 yr). 

Caiado Lake, lying in an undifferentiated depression, has a surface area of 5.8×10-2 km2 and a 

maximum depth of 6.9 m (Table S1 - supplementary material). The respective storage volume 

is estimated as 1.5×105 m3, thus considering a runoff inflow equal to 4×104 m3 yr-1 (DROTRH, 

2021) a relatively higher residence time is computed (3.75 yr). The water level interannual 

variation is about ±2 m at Capitão Lake, and about ±2.5 m at Caiado Lake. 

The watersheds of studied lakes have an area equal to 0.15 km2 and 0.19 km2 at Capitão and 

Caiado lakes, respectively (Table S1 - supplementary material). Land use at both catchments 

is dominated by forest and wetlands, being the total nitrogen and total phosphorous loads to 

the water bodies as high as 14.7 kg yr-1 and 3.67 kg yr-1, respectively, at Caiado Lake 

(DROTRH, 2021). Nevertheless, nutrient loads are considered negligible nowadays. 

Most lakes in the Azores archipelago are suffering an ongoing eutrophication process, and 

research about the trophic state on these water bodies has been extensively researched 

(Porteiro, 2000; Santos et al., 2005; Ribeiro et al., 2008; Martins et al., 2008, 2012; Gonçalves, 

2008; Pacheco et al., 2005, 2010; Cruz et al., 2015; Malcata et al., 2022). Accordingly, both 

studied lakes have been designated as vulnerable zones following the EU Nitrates Directive 

(Directive 91/676/EEC) due to their trophic status. 

Capitão Lake is nowadays in poor ecological status according to the EU Water Framework 

Directive criteria due to the ongoing eutrophication, while Caiado Lake, currently in 

mesotrophic conditions, has been classified as in good ecological status. This status is 

particularly relevant as eutrophication influences ΦCO2 and ΦCH4 from surface water bodies 

(Beaulieu et al., 2019).  

3. Methodology 

3.1 Water chemistry 

The composition of the water of the studied lakes was characterized along vertical profiles 

made in different periods of the year, namely late spring (1st survey – May 2023), summer (2nd 

survey – August 2023), late autumn (3rd survey – November 2023) and winter (4th – February 

2024). Samples were collected at 1-m depth interval in selected locations at each lake (P in 

both lakes; Figure 1.D and 1.E), using a 1 L-capacity SEBA sampling bottle, resulting in a 

total of 19 samples at each lake water body. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

The pH, temperature, and electrical conductivity (EC), as well as titrations for the 

determination of the alkalinity and dissolved carbon dioxide content, following APHA-

AWWA-WPCF (1985) guidelines, were determined in the field. The sampling and analytical 

procedures used were applied in previous investigations made in lakes from the Azores 

archipelago and are described in detail by Andrade et al. (2016). 

For the determination of the δ13C-DIC aliquots were collected following the International 

Atomic Energy Agency guidelines (IAEA, 2017) at the surface and bottom of each water body 

along the 1st survey). Analyses were made using a continuous-flow isotope-ratio mass 

spectrometry system (Thermo Electron), interfaced with a Flash HT plus elemental analyzer 

and a Delta V Advantage mass spectrometer (Stable Isotope Laboratory of Estación Biológica 

Doñana, CSIC). The maximum error range for δ13C was ±0.15‰. 

3.2 CO2 flux 

The ΦCO2 measurements followed the accumulation chamber method (Chiodini et al., 1998), 

through portable equipment adapted to assure floatability (Mazot and Bernard, 2015). This 

approach was successfully employed in research made worldwide (e.g. Mazot and Taran, 

2009; Hernández et al., 2011), as well as in studies made over surface water bodies spread in 

the Azores archipelago (Andrade et al., 2021 and references therein). A detailed description 

of the field equipment being used along the present study, as well as of the measurement 

procedures, is available in previous papers (Andrade et al., 2016). 

ΦCO2 measurements were done at the water surface according to a grid kept uniform 

whenever possible, totalizing 72 and 61 determinations at Capitão Lake along the 1st (spring) 

and 2nd (summer) surveys, respectively, and 101 and 95 measurements at Caiado Lake. The 

accurate location of each grid node was recorded with a GPS, and the water depth 

measurements were performed using a Garmin ECHOTM 500c bathymetric probe. 

Statistical data processing methods were accomplished through the Graphical Statistical 

Approach (GSA) (e.g. Chiodini et al., 1998) and the sequential Gaussian simulation (sGs) 

(Deutsch and Journel, 1998; Cardellini et al., 2003). The description and expected outcomes 

from both methods were already comprehensively presented in previous research (Chiodini et 

al., 1998; Cardellini et al., 2003; Viveiros et al., 2010, 2017; Mazot and Bernard 2015).  

Similar approaches were used in numerous studies made to quantify ΦCO2 from surface water 

bodies spread in volcanic regions worldwide (e.g. Padrón et al. 2008; Mazot and Taran, 2009; 

Hernández et al. 2011; Mazot et al. 2011; Arpa et al. 2013; Mazot and Bernard, 2015; Sun et 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

al. 2017), including research made in the Azores archipelago (Andrade et al. 2021 and 

references therein). 

3.3 Methane flux 

3.3.1 ΦCH4 measurements 

Static accumulation chambers were used to collect gas samples along several transects at the 

surface of the studied lakes, thus allowing to proceed to diffuse ΦCH4 measurements. This 

approach is an adaptation of the static gas chamber system originally developed to perform 

gaseous diffuse fluxes measurements from surface to air (e.g. Livingston and Hutchinson, 

1995). 

To proceed with sampling collection, several static floating chambers (SFC) units were made 

from the lower sections of HDPE buckets, which were carefully cut to create cylindrical-

shaped containers with a diameter of 40 cm and a height of 14 cm. For buoyancy, an inner 

tube of a tire was inflated and used as the floating base (Figure S1 – supplementary material). 

The bucket container was placed securely inside the tube, ensuring no air could enter. When 

the system was placed in the water around 2 to 3 cm of the inner tube stayed submerged, 

sealing the container´s interior from the surrounding atmosphere. A small opening at the top 

of the container was fitted with a three-way valve, which was utilized to collect gas samples. 

The valve stayed closed until a syringe was attached for sample extraction. The samples were 

then injected into 12 mL glass vials with screw caps and pierceable rubber septa using a two-

needle system. These vials were pre-filled with slightly acidified deionized water (pH ~4) to 

avoid CO2 dissolution, which was displaced by the sample during injection.  

Samples are taken considering the increase of CH4 concentration over time inside a chamber 

of known geometry (Cole et al., 2010). For that purpose, samples were collected at each SFC 

at two different time intervals, three minutes after placing the chamber in the water and again 

after 30 minutes. 

The ΦCH4 was measured during both the 3rd and the 4th surveys, respectively along autumn 

and winter. Each transect comprised six SFC located at regular intervals along a straight line, 

and during the 3rd survey 2 transects were made in both lakes, while 5 transects were completed 

during the 4th survey, which location was selected to ensure representativeness. Alongside gas 

samples, lake water temperature, pH and dissolved oxygen were measured at each sampling 

location, as well as water depth and air temperature. Gas analyses were made by gas 
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chromatography (Department of Earth Sciences, University of Florence, Italy) following the 

procedure already described by Ghioldi (2021). 

Equation (1) was used to compute ΦCH4 in each SFC from the methane content in the vials 

(Tassi et al., 2013): 

Φ𝐶𝐻4 =
𝑑𝐶𝐻4

𝑑𝑡
×

𝑉

𝐴
                                                                             (1) 

 

Where:  

dCH4/dt, increment of the CH4 concentration inside the SFC chamber over time  

V, volume of the SFC chamber 

A, basal area of the SFC chamber 

3.3.2 Modeled ΦCH4 

The diffusive ΦCH4 across the water-air interface was also estimated from the measured 

dissolved concentration. For that purpose, the thin boundary layer model (Liss and Slater, 

1974) was used, being the rationale and the required mathematical equations summarized by 

Venturi et al. (2021). For that purpose, ΦCH4 results from multiplying gas transfer velocity by 

the difference between the measured and calculated CH4 concentrations. Briefly summarizing, 

gas transfer velocity was previously calculated using an expression that combines a gas 

transfer coefficient normalized at 600, considering local wind speed data, as outlined by 

Crusius and Wanninkhof (2003), and the Schmidt number, obtained according to the 

temperature by a fourth order polynomial (Wanninkhof, 2014). 

The dissolved gas content (CO2, N2, Ar, CH4, O2) was determined over water samples 

collected at each SFC location by filling 30-mL glass vials plunged just beneath the lake 

surface, preventing gas bubbles inside. The vials were filled by ¾ of their volume to make a 

headspace where dissolved gases equilibrate. Dissolved gases analysis through gas 

chromatography took place at the Department of Earth Sciences, University of Florence 

(Italy), following a methodology described in detail by Venturi et al. (2021). 

4. Results 

4.1 Water chemistry 
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Descriptive statistics for the main physico-chemical parameters and major-ion content are 

presented in Table S2 (supplementary material). Lake water temperature exhibited substantial 

variability across the different surveys. Higher temperatures are observed during the 2nd survey 

(summer), with values at surface as high as 26.7ºC and 22.6ºC, at Capitão and Caiado lakes, 

respectively, and in the former thermal stratification is observed, with a gradient between the 

surface and the bottom of -4.2ºC (Figure 2.A). Along the 1st survey (spring), water temperature 

ranged from 15.7ºC to 18.5ºC and between 14.7ºC and 16.7ºC. The lowest temperatures were 

recorded along the 3rd (autumn) and 4th (winter) surveys, during which values are 

homogeneous along the water column, ranging from 11.9ºC and 13.1ºC and between 12ºC and 

12.3ºC, respectively at Capitão and Caiado lakes. 

The pH values ranged from 6.69 to 8.76 at Capitão Lake, and from 6.98 to 8.06 at Caiado 

Lake. Most of the surveys reach values as high as 8.11, except for pH measurements made at 

Capitão Lake at the surface of the water body during the 2nd survey (max. = 8.76; summer). 

No major shifts are observed along the water column, despite a gradient between the surface 

and the bottom on the 1st survey (spring) at Capitão Lake that reaches 1.42 pH units (Figure 

2.B). The highest values at surface are observed during the 2nd survey (summer) at both lakes, 

made in August 2023, as well as during the 1st survey (spring) at Capitão Lake, corresponding 

to the more elevated water temperatures, suggesting the influence of CO2 removal through the 

enhanced biological activity (Finlay et al., 2019; Engel et al., 2019; Liang et al., 2017). At 

Capitão Lake, the deepest of the studied water bodies, this pattern could also reflect the 

stratification of the water column, with pH decrease with depth. Nevertheless, dissolved CO2 

profiles do not relate clearly to the pH variation along the water column (Figure 2.D), 

suggesting that besides pH other drivers seem to control the CO2 dissolved in water. Values 

are in the range of 1.2 to 4.7 mg L-1 at Capitão Lake, while at Caiado vary between 0.9 and 

2.3 mg L-1. 

EC measurements are very low, suggesting that lake waters have a very slightly dissolved 

content. Values range between 22 µS cm-1 and 28 µS cm-1 at Capitão Lake, and between 24 

µS cm-1 to 31 µS cm-1 at Caiado Lake, being almost constant along the water column during 

the several surveys made (Figure 2.C). 

The relative major-ion content is primarily dominated by Na+ and Cl-. Sodium ranges from 

16.54% to 31.45% of the major-ionic content, and chloride explains 27.05% to 42.07% at 

Capitão Lake. Values for Caiado Lake are similar, ranging from 18.85% to 29.68%  and from 

33.94% to 44.37%, in both surveys respectively. Bicarbonate only explains 10.24% to 18.96% 
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and 8.09% to 23.34% of the relative ionic content at Capitão and Caiado lakes, respectively. 

Therefore, lake waters are mainly of the Na-Cl type (Figure 3), showing that seawater spraying 

is a major driver of lake water chemistry, despite a very few samples that present a slight alkali 

earth enrichment. This process was already suggested by previous work (Cruz et al., 2006; 

Andrade et al., 2024).  

Despite the high altitude of the studied lakes, both are exposed to prevailing northern winds, 

facilitating sea salt deposition, and groundwater discharging from springs located at a similar 

altitudinal range and geographical also exhibits marine influence (Cruz and Silva, 2000). This 

influence is well documented in the Azores (Cruz and Amaral, 2004), and a similar effect was 

also described in the Madeira Island (Almeida and Romariz, 1984; Fernandes et al., 2020), 

even at high altitude areas. 

The dissolved gas content is shown in Table S3 (supplementary material). Along Figure 4 the 

dissolved gas content at the surface of the studied lakes is shown through a box plot. The 

dissolved gases composition is dominated by N2, that accounts for 63.5% to 68.6%, and from 

67.8% to 75.4%, at Capitão and Caiado lakes, respectively. The N2/Ar ranges from 36.1 to 

44.1, and from 36.7 to 43.1, in both lakes, thus in the range of the Air Saturated Water (ASW) 

that varies between 38 and 42. The relative abundance of CO2 ranges from 5.1% to 9.8% at 

Capitão Lake, being higher at Caiado Lake, ranging from 7.5% to 14.3%. Instead, CH4 relative 

abundance does not exceed 1% across both lakes. 

The N2/O2 molal ratio ranges between 2.5 and 3.0 at Capitão Lake, thus above the value for 

ASW (~1.9; Ghioldi, 2021), thus suggesting some O2 consumption. At Caiado Lake, this ratio 

is even higher, ranging from 3.63 and 6.55, supporting O2 depletion. This O2 consumption 

may derive from biological activity, namely methane oxidation caused by microorganisms, as 

further discussed. 

Along the 4th survey (winter) a positive correlation is observed among dissolved CO2 and CH4 

content at Caiado Lake, although weak (r = 0.354), suggesting a common process of release. 

A similar relationship was observed during the 1st survey (spring) made at Capitão Lake (r = 

0.848), although during the 4th survey (winter) an inverse linear relationship was observed (r 

= -0.163) in this water body. For both surveys a linear relationship was also observed between 

dissolved CH4 and Ar/O2 and despite been very weak seems to suggest that larger methane 

content may be associated to lower dissolved O2.   

4.2 GHG diffusive flux 
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The ΦCO2 measurements descriptive statistics are presented in Table 1, and the respective 

spatial distribution is depicted in Figure 5. Values are higher in Caiado Lake in both surveys, 

varying between 3.2 and 11.7 g m-2 d-1 and from 2.9 to 26.5 g m-2 d-1, respectively for the 1st 

(spring) and the 2nd (summer) field surveys. At Capitão Lake,  ΦCO2 values ranged from 1.9 

to 9.1 g m-2 d-1 and from 1.1 to 7.3 g m-2 d-1, during the same surveys, respectively. Values 

observed are in the same order of magnitude relative to previous studies made in Pico Island 

(Andrade et al., 2019).  

Two contrasting behaviors are observed, as from spring to summer ΦCO2 decreases at Capitão 

Lake but increases at Caiado Lake. Moreover, cumulative probability plots reveal that for 

Capitão Lake there is a single lognormal population of ΦCO2 values (population “A” on 

Figures S2.A and S2.B – supplementary material). Instead, for Caiado Lake two populations 

are depicted (Figures S2.C and S2.D – supplementary material), population “A” corresponding 

to very low ΦCO2 values, in the range of 2.9 g m-2 d-1  to 6.7 g m-2 d-1  and population “B” to 

slightly elevated measurements, varying between 4.2 g m-2 d-1  to 26.5 g m-2 d-1, observed in 

the section of the lake where the vegetation in denser.  However, for both lakes, values are 

lower than the 35 g m-2 d-1 threshold proposed in previous studies made in Furnas Lake 

(Andrade et al., 2016), under which ΦCO2 may be associated only to a biogenic source. The 

δ13C-DIC analysis performed further support a CO2 biogenic origin, with values ranging from 

-23,66‰ to -25,02‰ and from -22,04‰ to -23,02‰, at Capitão and Caiado lakes, 

respectively, which are well below the isotopic signature of atmospheric CO2 (~ -8.3‰; Clark, 

2015). As Pico is an active volcanic Island is also relevant that δ13C values are also lighter 

relative to typical mantellic values, that are on the range between -3.5‰ to -6‰ (Cartigny et 

al., 2001) (Figure S3 – supplementary material). 

Spatial analysis using variograms for ΦCO2 data revealed a spherical or exponential structure, 

with nugget values ranging from 0.28 to 0.6 for Capitão Lake (Figure S4.A and S4.B – 

supplementary material) and from 0.01 to 0.35 at Caiado Lake (Figure S4.C and S4.D – 

supplementary material). The spatial influence of each measurement point extended from 60 

to 75 m at Capitão Lake and from 70 to 110 m at Caiado Lake.  

The distribution of observed and calculated ΦCH4 data across the different transects for both 

surveys are shown by means of a boxplot, showing that theoretical estimates derived from the 

TBL model are in close agreement with field measurements made through the SFC (Tables S4 

and S5 – supplementary material). This outcome agrees with findings from Ghioldi (2021) 
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which compared field measurements with model predictions using three different approaches, 

showing that Crusius and Wanninkhof (2003) was the most accurate. 

At Capitão Lake, the measured ΦCH4 values during the two surveys ranged from 0.003 to 

0.006 g m-2 d-1 for the 3rd survey (autumn) and from 0.025 to 0.210 g m-2 d-1 (winter; Table 2). 

The interquartile range (IQR) was smaller in the 3rd survey (0.001 g m-2 d-1 compared to the 

4th survey (0.007 g m-2 d-1, indicating a slightly greater variability in the latter. 

For Caiado Lake, measured ΦCH4 values ranged from 0.021 to 0.029 g m-2 d-1 in the 3rd survey 

(autumn) and from 0.031 to 0.066 g m-2 d-1 in the 4th survey (winter; Table 2). Like Capitão 

Lake, the IQR for Caiado was lower in autumn (0.003 g m-2 d-1) compared to the winter survey 

(0.015 g m-2 d-1, indicating a greater variability in the latter. This variability is also evident in 

the boxplot comparison of the two surveys (Figure 6), as well as in the ΦCH4 distribution 

across the studied lakes (Figure 7), reflecting the spatial and temporal heterogeneity of 

dissolved methane in aquatic systems (Hoffman, 2013). Alterations in lake dynamics across 

temporal and spatial scales affect the spatial distribution and timing of methane production 

(Ward et al., 2020), and the balance between CH4 oxidation and formation is influenced by 

several factors, such as temperature (Duc et al., 2010) and the hydrological characteristics of 

the water body itself, that controls oxygen availability along the water column (Bastviken et 

al., 2002). 

5. Discussion 

5.1 ΦCO2 variation pattern and main drivers 

The CO2 emission rate estimated through the sGs method was equal to 0.10 t d-1 and 0.08 t d-

1 for the 1st (spring) and 2nd (summer) surveys made in Capitão Lake, respectively, which 

normalized by the area corresponds to a ΦCO2 of 4.00 t km-2 d-1 and 3.64 t km-2 d-1 (Table 3). 

Values for Caiado Lake were equal to 0.31 t d-1 (5.96 t km-2 d-1) and 0.40 t d-1 (7.69 t km-2 d-

1) along the 1st and 2nd surveys, respectively.  

Emission estimates based on the GSA method are consistent with the sGs data, with rates 

ranging from 0.10 t d-1 to 0.07 t d-1 and from 0.29 t d-1 to 0.45 t d-1 in the two studied lakes. 

These total ΦCO2 values are lower to those by Andrade et al. (2021) which reported CO2 

output values from 45 lakes in the Azores archipelago ranging from 0.43 t km-2 d-1 to 503.33 t 

km-2 d-1 (mean = 18.05 ±71.7 t km-2 d-1; median = 4.61 t km-2 d-1). Although, this dataset is 

biased as included two lakes that are clearly influenced by deep-seated CO2 input of volcanic 

origin, thus excluding this water bodies the range from Andrade et al. (2021) is much lower 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

(mean = 5.70 ± 6.04 t km-2 d-1; median = 4.51 t km-2 d-1), and values from Capitão and Caiado 

are aligned with this typical values for lakes where the CO2 is of biogenic origin. The biogenic 

dominance also explains how ΦCO2 in the studied lakes is much lower than the normalized 

average value for neutral volcanic lakes worldwide (201.2 t km−2 d−1; Pérez et al., 2011). 

As pointed out, the ΦCO2 at Caiado Lake are higher during summer compared to those 

measured during spring, which is likely linked to the increasing water temperature in the 

former survey (Figure 2.A). As water temperature is known to enhance photosynthetic activity, 

a reduction of the CO2 concentration maybe expected, thereby leading to a decrease in ΦCO2, 

explaining how shallow lakes may act as carbon dioxide sinks from the atmosphere (Balmer 

and Downing, 2011), which however is not occurring at Caiado Lake. In this water body the 

increase in ΦCO2 from the 1st (spring) to the 2nd survey (summer) may also be explained by 

methane oxidation (MOX), an aerobic process through which methanotrophic bacteria 

converts methane into CO2, but consuming O2 (Langenegger et al., 2022), which is consistent 

with the observed dissolved oxygen depletion compared to ASW. Methane oxidation has been 

described as effective in mitigating CH4 emissions from aquatic environments, although 

resulting in higher ΦCO2 (Sawacuchi et al., 2016).      

Regardless the higher water temperature during summer, ΦCO2 is slightly lower at Capitão 

Lake during this season relative to the spring survey. However, as shown by the temperature 

variation along the water column, the lake is stratified in the summer, thus most of the carbon 

dioxide is kept in the hypolimnion, limiting its diffusion to the atmosphere. A similar effect 

has been observed in the deepest lakes in the Azores, the ones that present a monomictic 

character, as for example at Furnas Lake, where the overall CO2 emission is equal to ~52 t d-

1 in the summer but reach values as high as ~600 t d-1 during winter full-mixing conditions 

(Andrade et al., 2016). Besides gas imprisonment in the hypolimnion, MOX efficiency at the 

epilimnion is expected to be lower, as oxidation is limited by reduced hydrostatic pressure and 

shorter gas transport paths leading to high gas transfer velocities (DelSontro et al., 2011; Li et 

al., 2020). 

Through 100 equiprobable sGs simulations ΦCO2 mapping was achieved for each survey, 

highlighting spatial variability across the lakes. Mapping for both field campaigns at Capitão 

Lake shows the effect of stratification along the water column in the 2nd (summer) survey as 

ΦCO2, previously depicting a heterogeneous pattern in the 1st survey (spring), are concentrated 

in the lower depth areas, mainly close to the southeast and southwest margins (Figure 8.A and 

8.B). Instead, when depth is higher ΦCO2 decreases as CO2 is kept in the hypolimnion. At 
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Caiado Lake, from spring to the summer survey is possible to show a shift in the spatial pattern, 

as in the latte ΦCO2 is especially higher in the southwestern most area of the lake, where the 

vegetation is much denser (Figure 8.C and 8.D). A similar relation was observed in other lakes 

of the Azores (Andrade et al., 2020), and elevated ΦCO2, as well as ΦCH4, are associated to 

vegetated habitats compared to unvegetated ones, especially at shallow lakes (Desrosiers et 

al., 2022). 

5.2 ΦCH4 variation pattern and main drivers 

Variations on ΦCH4 are controlled by several internal and external factors, and even 

interannual variations often exceed diel variability (Smith and Lewis, 1992; Eugster et al., 

2020). Within the internal factors being described in several studies worldwide, lake depth and 

surface area, hydrological behaviour, water level fluctuations and trophic state are the most 

common, summing up to external factors, such as climate and watershed characteristics 

(Bastviken et al., 2004; Duc et al., 2010; Sanches et al., 2019; Li et al., 2020; Li et al., 2021; 

Yuan et al. 2021; Zhang et al., 2021; Zhong et al, 2023). 

ΦCH4 are higher in the 4th survey (winter) compared to the 3rd survey (autumn), despite similar 

water temperature in both surveys (Figure 2.A).  Therefore, despite the control of temperature 

over methane production from lake sediment biota (Fuchs et al., 2016; Duc et al., 2010), this 

driver seems not explaining the much higher ΦCH4 values from the autumn to the winter 

survey. During winter at Capitão lake, there is a positive linear relationship between the ΦCH4 

values and depth, although weak (r = 0.304), suggesting that in full-mixing conditions in this 

lake, as no stratification is observed in the water column, CH4 is less able to avoid oxidation 

during ascent to the surface. Along the same survey at Capitão Lake there is a very weak linear 

relationship between dissolved CO2 and CH4 content, indicating that CH₄ oxidation may be 

limiting methane persistence in the water column. Instead, at the same water body, the 

dissolved CO2 and CH4 content are closely positively related during the autumn survey (r = 

0.848). 

At Caiado Lake, the ΦCH4 values versus depth present an opposite trend relative to that show 

by Capitão Lake, as both variables present an inverse linear relationship (r = 0.494), and the 

dissolved CO2 and CH4 content are positively related during the autumn survey (r = 0.354). 

Despite the lower biological activity expected due to the lower temperature, as Caiado Lake 

is deeper than Capitão Lake, CH4 should present low ability to escape to avoid oxidation. 

However, although not explored in the current research, the potential for CH4 production by 
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microbial production under aerobic conditions remains plausible. Moreover, in the studied 

lakes the water is oxygenated during autumn and winter when they are fully mixed due to their 

relatively low depths. This condition may support microbial CH₄ production in oxic waters, a 

process documented by Tassi et al. (2018) in lakes on São Miguel Island. This process involves 

microorganisms that metabolize methylated compounds, leading to the release of CH4 even in 

oxygenated environments (Grossart et al., 2011; Schroll et al., 2023; Ordóñez et al., 2023). 

Eutrophication of lake water bodies can also lead to relatively high ΦCH4 values (Bealieu et 

al., 2019; Zhang et al., 2021, 2024), since CH4 production is up to three times higher in 

eutrophic lakes relative to oligotrophic or mesotrophic systems (Casper, 1992; Ma et al., 2024; 

West et al., 2016; Yang et al., 2020; Zhang et al., 2021). This effect is particularly pronounced 

in shallow lakes, being characterized by a limited self-cleaning capacity (Havens et al., 2001; 

Li et al., 2020). Thus, the contrasting trophic state of the studied lakes may also influence the 

ΦCH4 values, and the Chl-a content can be a measure of the biological activity in lake water 

(DelSontro et al., 2018). Unpublished quarterly monitoring data from February 2022 to 

December 2024, produced by the Azores water authorities (Directorate Regional for Climate 

Action and the Environment), show that Chl-a is much higher at Capitão Lake (mean = 41.04 

± 24.83 µg L-1) relative to Caiado Lake (mean = 1.98 ± 049 µg L-1). Therefore, the expected 

CH4 enhanced production due to the trophic status is likely confined to Capitão Lake. 

The total CH4 emission from Capitão Lake, computed integrating the average flux by lake 

surface area, was 9.6×10-2 kg d-1 (4 kg km-2 d-1) during the 3rd survey (autumn), being 10 times 

higher along the 4th survey (winter).  Similar computation for Caiado Lake provides a total 

CH4 output of 1.39 kg d-1 (23.96 kg km-2 d-1) during the autumn survey, and 2.67 kg d-1 (46.03 

kg km-2 d-1) in winter. These estimates are falling below the mean ΦCH4 computed by 

Rosentreter et al. (2021) for a dataset of lakes with areas between 0.01 and 0.1 km2 (0.098 g 

m-2 d-1), although are like the median value of ΦCH4 from those water bodies (0.041 g m-2 d-

1). 

Methane is a very effective greenhouse gas (GHG), being the global warming potential 27 

times higher than CO2 on a 100-year time span (Forster et al., 2021). Nevertheless, carbon 

dioxide largely dominates GHG emissions in the studied lakes, even computing CH4 in terms 

of CO2-eq, being the former 2 to 3 orders of magnitude higher than the latter, 

5. Summary and conclusions 
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This study provides a detailed assessment of diffuse ΦCO2 and ΦCH4 from Capitão and Caiado 

lakes, on Pico Island, offering new insights into greenhouse gas (GHG) emissions in volcanic 

lake systems of the Azores. By analyzing both spatial and temporal variations, we identified 

the key factors influencing gas fluxes, including water temperature, lake stratification, 

biological activity, and trophic status. Main findings reveal distinct seasonal patterns and 

suggest that while biogenic processes dominate, eutrophication also plays a significant role in 

regulating GHG emissions. 

The CO2 emissions varied between lakes and seasons; at Capitão Lake, total CO2 emission 

was estimated at 0.10 t d-1 (4 t km-2 d-1) during the first survey and decreased slightly to 0.08 

t d-1 (3.64 t km-2 d-1) in the second survey. At Caiado Lake, emissions were significantly higher, 

increasing from 0.31 t d-1 (5.96 t km-2 d-1), in the spring survey, to 0.40 t d-1 (7.69 t km-2 d-1) 

during summer. The observed variations in ΦCO2 between seasons were closely linked to 

water temperature and stratification. During summer, Caiado Lake exhibited higher ΦCO2, 

potentially due to enhanced methane oxidation, which converts CH4 into CO2 while consuming 

oxygen, consistent with observed dissolved O₂ depletion. In contrast, Capitão Lake showed a 

decrease in ΦCO2 during the warmer months, likely due to thermal stratification preventing 

CO2 from escaping from deeper layers. 

Methane emissions, while much lower than CO2, showed considerable seasonal variation. At 

Capitão Lake, CH4 emission rate was 0.096 kg d-1 (4 kg km-2 d-1) in the third survey (autumn), 

but increased tenfold to 0.96 kg d-1 (4o kg km-2 d-1) in the fourth survey (winter), coinciding 

with full water column mixing, allowing methane to easily reach the surface before being 

oxidized. At Caiado Lake, values were significantly higher, increasing from 1.39 kg d-1 (23.96 

kg km-2 d-1) in the autumn survey to 2.67 kg d-1 (46.03 kg km-2 d-1) during winter.  Data 

suggests that biological processes, particularly methane oxidation and primary productivity, 

play a crucial role in controlling CH4 concentrations. Additionally, trophic status appears to 

be a key driver of ΦCH4, with Capitão Lake, which is in a poorer ecological condition due to 

eutrophication, showing a greater potential for methane production compared to the 

mesotrophic Caiado Lake. This aligns with previous studies indicating that eutrophic lakes 

tend to have higher ΦCH4 due to increased organic matter availability and microbial activity. 

Although both lakes are in a volcanic setting, the measured ΦCO2 and ΦCH4 align with values 

expected for lakes dominated by biogenic sources rather than deep-seated volcanic degassing. 

CO2 emissions from Capitão and Caiado lakes were well within the range observed for other 

surface water bodies in the Azores. However, the role of microbial CH4 production under 
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aerobic conditions remains an open question, as some recent studies suggest that methylated 

compounds may serve as precursors for methane formation even in oxygenated environments. 

From a broader perspective, this study provides valuable data for assessing the contribution of 

volcanic island lakes to regional carbon cycling. While CO2 emissions are dominant, the 

potential climate impact of CH4 should not be overlooked, given its global warming potential, 

which is 27 times greater than CO2 over a 100-year time scale. Even though ΦCH4 in the 

studied lakes are relatively low compared to highly eutrophic or anoxic systems, their 

variability over time highlights the need for continued monitoring, particularly in the context 

of climate change and potential shifts in lake trophic status. 

Future research should focus on the microbial mechanisms controlling CH4 production and 

oxidation in these lakes, as well as long-term changes in eutrophication and their effects on 

GHG fluxes, besides pursuing a denser measurement network, namely for the measurement 

of ΦCH4. Regarding specifically the ΦCH4 there is the need to make research about ebullition 

emissions, that were no studied in the present paper. Moreover, expanding similar studies 

across other lakes in the Azores would provide a more comprehensive understanding of how 

volcanic, hydrological, and biological factors interact to shape greenhouse gas dynamics in 

island environments. 
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Figures captions 

Figure 1 – Location of the studied lakes in Pico Iland (Azores archipelago). A, location of the 

Azores archipelago, about 1,500 km West from Portugal mainland; B, location of Pico 

Island (red) in the so-called central group of the Azores archipelago; C, Pico island (447 

km2), being the study areas outlined by red squares (main geological units: 1 – Montanha 

Volcanic System; 2 - Planalto da Achada Fissural Volcanic System; 3 – Topo - Lajes 

Volcanic System); D and E, Capitão and Caiado lakes, respectively.  

Figure 2 – Changes in the main physico-chemical parameters along the vertical profiles made 

in the studied lakes. 

Figure 3 – Durov-type diagram depicting the major-ion relative composition of lake water 

samples from the studied lakes. 
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Figure 4 – Boxplot of dissolved gas compositions at the lake surface for the various field 

campaigns (A, 3rd survey – Capitão Lake; B, 4th survey – Capitão Lake; C, 3rd survey – 

Caiado Lake; D, 4th survey – Caiado Lake). 

Figure 5 – ΦCO2 measurements from the surveys conducted at thew studied lakes (A, 3rd 

survey – Capitão Lake; B, 4th survey – Capitão Lake; C, 3rd survey – Caiado Lake; D, 4th 

survey – Caiado Lake). 

Figure 6 – Boxplot of ΦCH4 measurements from the different surveys at the studied lakes (A, 

3rd survey – Capitão Lake; B, 3rd survey – Caiado Lake; C, 4th survey – Capitão Lake; D, 

4th survey, Caiado Lake). 

Figure 7 – ΦCH4 measurements from the various sampling campaigns at the studied lakes (A, 

3rd survey – Capitão Lake; B, 4th survey – Capitão Lake; C, 3rd survey – Caiado Lake; D, 

4th survey – Caiado Lake). 

Figure 8 – ΦCO2 mapping for the studied lakes (A, 1st survey – Capitão Lake; B, 2nd survey – 

Capitão Lake; C, 1st survey – Caiado Lake; D, 2nd survey, Caiado Lake). 

 

Tables captions 

Table 1 – Descriptive statistics of ΦCO2 in the Capitão and Caiado lakes presented according 

to the measurement survey (n, number of measurements). 

Table 2 – Descriptive statistics of ΦCH4 measurements in the Capitão and Caiado lakes 

presented according to the sampling survey. 

Table 3 – Descriptive statistics of CO2 emissions in the Capitão and Caiado lakes presented 

according to the sampling survey. 

 

Electronic supplementary material 

Figures captions – supplementary material 

Figure S1 – (A) View of one of the static floating chambers (SFC) used to collect gas samples 

placed at the surface of Santiago Lake. At the top of the container a small opening was 

fitted with a three-way valve, which was utilized to collect gas when opened through an 

attached syringe; (B) and (C) transects made along Santiago Lake Each, each made by six 

SFC located at regular intervals along a straight line.  

Figure S2 – Cumulative probability plots of ΦCO2 measurements across the different 

campaigns in the lakes (A, 1st survey – Capitão Lake; B, 2nd survey – Capitão Lake; C, 1st 

survey – Caiado Lake; D, 2nd survey, Caiado Lake). 
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Figure S3 – δ13C-DIC (‰) versus dissolved inorganic carbon (DIC) relationship on a binary 

plot, supplemented by data from mineral waters on São Miguel Island (Ferreira et al., 

2023), river water also from São Miguel Island (Cruz et al., 2025) and other lake water 

bodies in the Azores (Andrade et al., 2024). DIC concentrations calculated using 

PHREEQC (Parkhurst and Appelo, 1999). 

Figure S4 – Modelled variograms for ΦCO2 data from the various surveys conducted at the 

studied lakes (A, 1st survey – Capitão Lake; B, 2nd survey – Capitão Lake; C, 1st survey – 

Caiado Lake; D, 2nd survey, Caiado Lake). 

 

Tables captions – supplementary material 

Table S1 – Main geomorphological and geological characteristics of the Capitão and Caiado 

lakes (data from Andrade et al., 2019a, except for the geological setting, from Cruz et al., 

2006). 

Table S2 – Descriptive statistics for the main physico-chemical parameters and major-ion 

content along the four sampling surveys made in Capitão and Caiado lakes (n, total 

number of water samples by lake). 

Table S3 – Dissolved gas content for the several transects made in both surveys at Capitão and 

Caiado lakes. 

Table S4 – Calculated and measured ФCH4 for the several transects made in both surveys at 

Capitão Lake. 

Table S5 – Calculated and measured ФCH4 for the several transects made in both surveys at 

Caiado Lake. 
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Table 1 – Descriptive statistics of CO2 flux in the Capitão and Caiado lakes presented 
according to the measurement survey (n, number of measurements). 
 

Lake Survey n 
Min. 

(g.m-2.d-1) 

Max. 

(g.m-2.d-1) 

Mean ± SD 

(g.m-2.d-1) 

Median 

(g.m-2.d-1) 

Capitão 
1 72 1.9 9.1 4.0 ± 1.6 3.8  

2 61 1.1 7.3 3.1 ± 1.4 2.7  

Caiado 
1 101 3.2 11.7 5.5 ± 1.7 5.2 

2 95 2.9 26.5 8.4 ± 5.0 6.8  
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Table 2 – Descriptive statistics of methane flux in the Capitão and Caiado lakes presented 

according to the measurement survey (n, number of measurements) 

 

Lake Survey n Type 
Min. 

(g.m-2.d-1) 

Max. 

(g.m-2.d-1) 

Mean ± SD 

(g.m-2.d-1) 

Median 

(g.m-2.d-1) 

Capitão 

3 12 
Meas 0.003 0.006 0.004 ± 0.001 0.003 

Calc 0.003 0.005 0.004 ± 0.001 0.004 

4 30 
Meas 0.025 0.210 0.040 ± 0.033 0.033 

Calc 0.025 0.230 0.041 ± 0.036 0.035 

Caiado 

3 12 
Meas 0.021 0.029 0.024 ± 0.003 0.024 

Calc 0.021 0.034 0.028 ± 0.004 0.030 

4 30 
Meas 0.031 0.066 0.046 ± 0.009 0.045 

Calc 0.026 0.062 0.045 ± 0.009 0.045 

 

 

 

 

 

 

  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

Table 3 – Descriptive statistics for CO2 emissions in both lakes according the sampling survey. 
 

Lake Survey 
Working Area 

(km2) 

CO₂ Flux 

(t.d-1) 

(sGs) 

CO₂ Flux 

(t.d-1) 

(GSA) 

CO₂ Flux 

(t.km-2.d-1) 

Capitão 
1 2.5×10-2 0.10 0.10 4.00 

2 2.2×10-2 0.08 0.07 3.64 

Caiado 
1 5.2×10-2 0.31 0.29 5.96 

2 5.2×10-2 0.40 0.45 7.69 
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Highlights 

 

 Mean ΦCO2 values are higher on Caiado Lake (5.5 to 8.4 g m-2 d-1) comparing to 

Capitão Lake (3.1 to 4.0 g m-2 d-1) 

  Mean ΦCH4 values ranged from 0.004 to 0.040 g m-2 d-1 at Caiado Lake and from 

0.024 to 0.046 g m-2 d-1 at Capitão Lake 

 ΦCO2 and ΦCH4 are driven by biological processes, not volcanic input 

 Stratification affects CO2 emission values (lower in summer in Capitão Lake) 

 Despite the much higher global warming potential comparing to CO2, in terms of CO2-

eq the ΦCH4 is 2 to 3 orders of magnitude lower than ΦCO2 



Figure 1



Figure 2



Figure 3



Figure 4



Figure 5



Figure 6



Figure 7



Figure 8


