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A B S T R A C T   

We here present a 3D mapping of the dissolved CO2 at Lagoa das Furnas (São Miguel Island, Azores) obtained 
with an infrared-based probe that measures the partial pressure of CO₂ gas dissolved in liquids, and a multi- 
parametric probe to measure pH, ORP, conductivity, dissolved O2, and temperature. We interpolated the dis
solved CO2 at different depths and around the lake to calculate the total mass of CO2 dissolved as CO2 (aq) 
(109–176 tons). We identified different plumes of dissolved CO2 that spatially correspond to previously detected 
shallow anomalies of the diffusive CO2 degassing at the water-air (interface) and hydroacoustic signatures of the 
bubbling activity. Our result represents the first direct quantification of the total dissolved CO2 in a volcanic lake, 
opening new perspectives for volcanic lake monitoring and related hazard assessment.   

1. Introduction 

Degassing of CO2 at volcanic lakes is mainly linked to the sudden and 
potentially fatal “Nyos-type” gas release, i.e. by lake rollover upon CO2 
supersaturation in deep lake strata, or upon an external trigger (e.g. 
earthquake, landslide) (Sigurdsson et al., 1987; Kling et al., 1987; 
Kusakabe, 2015, 2017). Nevertheless, as CO2 is the most abundant dry 
gas species at degassing volcanoes – from purely magmatic to hydro
thermal systems – a myriad of alternative degassing mechanisms is 
possible, depending on the physical-chemical characteristics of the lake 
the gas is flushing through: (1) acid crater lakes (pH < 3.4) topping the 
most active volcanoes are chemically transparent to CO2, which will be 
released from the lake surface tal qual as it enters at the lake bottom 
(Rouwet et al., 2014; Tamburello et al., 2015; Shinohara et al., 2015; de 
Moor et al., 2016; Gunawan et al., 2017; Battaglia et al., 2019), (2) 
hyper-acid (pH < 2) and hyper saline crater lakes affected by high 
seasonal rainfall can “coat” the lake surface by cold, less dense and less 
acid waters to create CO2 accumulation under its “skin” to eventually be 
hazardously released as a gas beracun (e.g. Kawah Ijen, Caudron et al., 
2017; Rouwet, 2021), (3) shallow lakes, regardless of their pH, do not 
generate a sufficiently high hydrostatic pressure to keep the CO2 

dissolved, and (4) lakes in temperate regions, regardless of their depth, 
pair CO2 release with density driven lake roll over in winter (Chiodini 
et al., 2012). As CO2 is denser than air and hence tends to accumulate in 
depressions, a massive gas release can become hazardous in any of the 
above-mentioned release mechanisms. 

The CO2 efflux has been measured with the floating accumulation 
chamber method at many lakes worldwide (Mazot et al., 2011; Pérez 
et al., 2011; Jácome-Paz et al., 2015; Andrade et al., 2016, 2019; Melián 
et al., 2021), but the mechanism and velocity of CO2 migration from 
bottom to top through a lake water body remains poorly constrained. 
Moreover, echo-sounding surveys at volcanic lakes with various acidi
ties enabled localising the degassing vents and rising gas flares (Caudron 
et al., 2012; Hernández et al., 2017, 2021; Jolie, 2019), also on the study 
object of this study, Lagoa das Furnas, São Miguel Island, Azores (Melián 
et al., 2017). 

Here we scrutinize the generally accepted assumption of horizontally 
homogeneous layering and CO2 distribution in the water body of a 
volcanic lake. The proposed novel method is a 3D chemical tomography, 
probing the lake at various depths and sites, to obtain a snapshot 3D 
distribution of temperature, pH, electrical conductivity, redox state (Eh, 
dissolved O2) and, especially, dissolved CO2. The data are compared to 
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the diffusive CO2 degassing previously measured at the water-air 
interface. Lagoa das Furnas is particularly suited for this first test for 
being a shallow, relatively large lake with a clear manifestation of 
bubbling degassing from an adjacent and underlying hydrothermal 
system (Andrade et al., 2016). 

2. Lagoa das Furnas 

Lagoa das Furnas crater lake is located inside the more recent caldera 
of Furnas Volcano (10–12,000 years old, Guest et al., 2015), the east
ernmost of the three active central volcanoes that dominate the geology 
of São Miguel Island (Fig. 1a-b). The caldera is characterised by fault 
systems trending WNW–ESE, NE–SW, N–S and NNW–SSE. A minor 
WNW–ESE-oriented fault system is observed in Lagoa das Furnas mar
gins (Carmo et al., 2015). The lake has a surface area of 1.87 km2 and is 
elongated in an NNE-SSW direction (maximum length and width of 
2025 m ✕ 1600 m). The maximum depth recorded is ~15 m in the 
central-north sector (Andrade et al., 2016), but this depth may vary over 
time for the intra-annual and inter-annual fluctuations associated with 
climatic variability (Cruz et al., 2006). Furnas' volcanic activity is 
mainly related to four hydrothermal fumarolic fields that emit an H2O- 
CO2 rich gas mixture with minor H2S, H2, N2, He, Ar, CH4 and CO (Caliro 
et al., 2015), thermal and cold CO2-rich springs, and diffusive CO2 
emissions from both lake and soil (1082–1630 t⋅d− 1, Viveiros et al., 
2010; Andrade et al., 2016, 2021). Subaqueous fumaroles at the 
northern shoreline produce visible bubbling at the water surface. Other 
deeper fumaroles have been localized with an echo sounder in the 
central western sector with no bubbling at the water-air interface. 
Probably the gas dissipates by dissolution before reaching the surface 
(Melián et al., 2017). 

The isotopic composition of the dissolved CO2 in the lake (Andrade 

et al., 2021) reveals two main sources: i) a biogenic source from the 
degradation of organic matter accumulated at the bottom of the lake 
(δ13C ~ − 17.42 ‰ in the southern part), ii) a volcanic/hydrothermal 
source (δ13C -1.94 – − 7.18 ‰) observed in the CO2 degassing zones, 
which composition encompasses the pure hydrothermal CO2 end- 
member represented by the δ13C of the gases emitted by the subaerial 
Furnas fumarolic field fumaroles (− 4.21 ‰, Caliro et al., 2015). 
Nevertheless, the passive CO2 degassing at the surface (Brumberg et al., 
2021) and intense photosynthesis (Herczeg and Fairbanks, 1987) may 
also affect the isotopic composition of the dissolved CO2. 

3. Methodology 

We used two probes to measure the water physicochemical proper
ties of Lagoa das Furnas. The Pro Oceanus mini-CO2 probe is an infrared 
detector hosted in a cylindrical (length 28 cm, diameter 5.3 cm) acetal 
plastic body that measures the partial pressure of CO2 gas dissolved in 
liquids (pCO2 range 102–5⋅104 μatm, accuracy ±2% of max range, res
olution 0.1% of max range). The measurement requires a certain amount 
of time for the equilibration between the CO2 inside the probe and the 
dissolved CO2 separated by a hydrophobic membrane. The T63 of the 
probe is ~3 min and indicates how long the measurement takes to reach 
63% of the final value when there is an instant change in the variable. 
T63 is equal to the time constant for physical systems that behave 
exponentially under a sudden change, as for dissolved gas 
measurements. 

The mini-CO2 probe has an internal battery and data logger and can 
reach 600 m in depth. 

The equilibrated ratio of partial pressure to dissolved concentration 
(CO2(aq) in mol⋅kg− 1) is governed by Henry's law of solubility and its 
constant KH typical for each gas. Weiss (1974) suggests that for total 
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Fig. 1. a) São Miguel Island and location of Lagoa das Furnas. b) Satellite map of Lagoa das Furnas (Mapbox ©) with its bathymetry and the location of the main 
tectonic structures (magenta dashed lines, Guest et al., 2015; Carmo, 2013). Yellow stars show the position of the fumaroles and bubbling identified by Melián et al. 
(2017). Black circles show the sampling sites of this work. Purple lines and circles show the longitudinal transect with the measurements of pH and temperature (c 
and d). e) Plot of all the CO2(aq) measurements carried out at different depths and sites of the lake with the Pro-Oceanus probe. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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pressures near 1 atm, CO2 solubility can be written as follows: 
[
CO2(aq)

]
= KO⋅pCO2 (1) 

Where KO (mol⋅kg− 1⋅atm− 1) is a solubility coefficient that is a 
function of both the temperature and the salinity of the water, through 
the relationship from Weiss (1974): 

ln (KO) = − 60.2409+ 93.4517⋅
(
100⋅T− 1)+ 23.3585⋅ln(0.01⋅T)

+S
(
0.023517–0.023656⋅(0.01⋅T)+ 0.0047036(0.01⋅T)2 )

.
(2) 

Where T is the temperature (Kelvin), and S the salinity (‰, 
approximately equal to PSU). For non-saline waters, the fourth term of 
the equation becomes zero, leading to. 

ln (KO) = − 60.2409+ 93.4517⋅
(
100⋅T− 1)+ 23.3585⋅ln⋅(T⋅0.01) (3) 

Hence, we use Eqs. (1 and 3) to convert the measured CO2 partial 
pressure into dissolved CO2 concentration. 

The Hanna Instrument HI9829 multiparametric probe hosts an in
tegrated GPS system and an autonomous sensor for measuring pH, 
conductivity, redox potential, dissolved oxygen and temperature on a 

20 m cable, hence not representing depth limitations for the case of 
Lagoa das Furnas. 

A small boat was used to reach each point of measurement. The 
HI9829 probe was stationed at a constant depth every 2 m for a few 
minutes. The mini-CO2 was stationed with a rope at three different 
depths (shallow, midpoint, bottom) for a more extended period (10–15 
min, due to its slower response time) depending on the maximum depth 
of the measurement point. Following the work of Andrade et al. (2016), 
we selected the sampling points across the significant degassing anom
alies and the non-degassing areas to obtain a quasi-regular grid. We 
localized 19 points offshore and 15 points near-shore around the lake 
coast. We also carried out transects at shallow depths (1–2 m) at a higher 
sampling rate across the two main fumarolic bubbling areas in the 
northern part of Lagoa das Furnas and along the central axis of the lake. 
Additionally, we carried out a longitudinal north-south transect with a 
kayak and the HI9829 probe submerged at 1-m depth to explore the 
shallow variability of the physical-chemical parameters at high spatial 
resolution. 
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Fig. 2. Vertical profiles of pH, temperature, redox condition and dissolved oxygen at 5 representative sites of Lagoa das Furnas, from north to south.  
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4. Results and discussion 

The measurements were performed during one single field campaign 
between the 30th of August and the 3rd of September 2021 (summer 
time). Lake water temperature ranged between 14.4 ◦C (due to the 
inflow of a small spring on the western shore) and 27.2 ◦C (in the 
northern sector with bubbling fumaroles), and values for pH ranged 
between 6 and 9.2 (Fig. 1c and 2a). The longitudinal transect at 
approximately 1-m depth (Fig. 1c and d) shows these end-members' 
temperature and acidity transition. The vertical profiles along the lon
gitudinal axis of the lake (Fig. 2) show general decreasing (for pH, 
temperature and dissolved oxygen) and increasing (for Eh) monotonic 
trends with depth indicating a specific stratification of the lake during 
the study. At some sites, the bottom water layer shows a sudden varia
tion of the redox state toward more reducing conditions (lower Eh 
values) and low dissolved oxygen concentrations, probably pointing to 
the degradation of organic matter accumulated at the bottom of the lake 
(Bastviken et al., 2004; Woszczyk et al., 2011). Dissolved CO2(aq) ranged 
between 0.14 and 122 mg⋅L− 1 (Fig. 1e). The maximum concentrations 
are found in the northern bubbling sites at ~1 m depth. At higher 
depths, in the central and southern sectors of the lake, CO2(aq) increases 
up to ~50 mg⋅L− 1 near the bottom. The dissolved CO2(aq) reported in the 
literature (Cruz et al., 2006; Andrade et al., 2016; Melián et al., 2017) 
range from 1.5 to 28.8 mg⋅L− 1. We find good agreement with the pre
vious values if we exclude our measurements carried out in the intensely 
bubbling sites (0.15–43 mg⋅L− 1 below a latitude of 37◦45′43″). 

After the injection of fumarolic CO2(g) in the water, two subsequent 

reactions occur: 

CO2(g) ↔ CO2(aq) (4)  

CO2(aq) +H2O ↔ HCO3
− +H+ (5) 

Reaction 5 is pH-dependent. At the measured pH range (6–9.2), the 
dissolved inorganic carbon (DIC) is present as CO2(aq), HCO3

− and CO3
2− . 

CO2(aq) concentrations increase for pH < 7.5 (see red circles in Fig. 3a). 
The relationship between CO2(aq) and pH depends on the total alkalinity 
(TA in mg⋅L− 1 of HCO3

− ) given that, for the same CO2 input, high TA 
values tends to buffer the subsequent drop of pH (i.e. shown by more 
vertical dotted lines at high TA in Fig. 3a). Given the long operational 
times to sample every measurement point for its TA detection, and 
within the scope to provide of a snapshot view (days long) of the dis
solved CO2 content in the lake, we here used our measured pH and CO2 

(aq) concentrations to calculate TA values at shallow, midpoint, and 
bottom depths reached with both the CO2 and pH probes. This has 
provided us with a lower and upper TA to be used to calculate a range of 
CO2(aq), CALC concentrations for the intermediate depths covered only by 
pH measurements (every 2 m of depth per profile, see the sketch dia
gram in Fig. 4). In order to carry out these calculations, we used AquaEnv 
(Hofmann et al., 2010), an integrated R software package for aquatic 
chemical model generation that can describe pH, related CO2 air–water 
exchange, as well as aquatic acid–base chemistry in general for marine, 
estuarine or freshwater systems. Both the calculated ranges (CO2(aq), 

CALC) and directly measured (CO2(aq), MEAS) values of dissolved CO2 are 
shown in Fig. 3a. It is evident that the buffer capacity of the TA (and thus 

Fig. 3. a) Measured concentrations of dissolved CO2(aq) VS measured pH (red circles). The values are compared with the calculated CO2(aq) concentrations at 
different pH and alkalinity values obtained with AquaEnv (colored dashed lines). The vertical black segments show the calculated upper and lower CO2(aq) con
centrations obtained by combining the measured CO2(aq) and pH with the b) calculated total alkanity with AquaEnv (see text for explanation and Fig. 4). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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its controlling role) is relevant for pH < 7.5. Therefore, we obtained a 
lower and upper estimates of the spatial distribution of CO2(aq) con
centrations at Lagoa das Furnas. The CO2(aq) concentrations (both lower 
and upper estimates) at each depth have subsequently been spatially 
interpolated using multilevel B-splines (Lee et al., 1997; Finley et al., 
2017). We chose this methodology because of the low density of the grid 
points (not suitable for a variogram model) and because it reproduces 
the smooth spatial variations of water physicochemical parameters. For 
the interpolation, we used the mba.surf function of the MBA R package 
(Finley et al., 2017) set with a 100 × 100 grid (corresponding to a cell 
size of 15.18 m ✕ 20.12 m) and five levels in the hierarchical con
struction. We added complementary interpolations among the measured 
depth layers considering the points of both the upper and bottom layers 
(e.g. interpolation at 3 m of depth using the measurements at 2 and 4 m). 
These complementary interpolations also provided a vertically 
smoothened variability and decreased the noise. As a result, the lake is 
divided into a discrete three-dimensional grid of voxels (with a voxel of 
15.18 m ✕ 20.12 m ✕ 1 m) for a total volume of 1.5⋅107 m3 (as estimated 
by Andrade et al., 2021). 

The total CO2(aq) mass stored in the lake is eventually obtained by 
summing the CO2(aq) masses from each individual voxel. Our calculation 
yields a total dissolved CO2(aq) ranging from ~109 to ~176 tons (Fig. 5a- 
b). For comparison, Lake Monoun and Lake Nyos accumulated prior to 
and released during their limnic eruptions ~26,000 and ~ 650,000 tons 
of CO2 in the mid-80s, respectively (Kusakabe, 2015). We argue that the 
amount of CO2 stored in Lagoa das Furnas unlikely threatens the local 
population. This result is not surprising since Lagoa das Furnas misses 
the three essential requirements (well summarised by Kling et al., 2015) 
that can lead to a serious CO2 accumulation: i) being deep and large 
enough to contain a substantial amount of CO2 in solution and at high 
pressures; ii) being strongly stratified for many years to allow gas 
accumulation and avoid gas-discharge during annual turn-over; iii) 
having a substantial input of CO2 at depth. 

Our estimate of the total CO2(aq) stored in the lake allows us to infer 
the residence time of CO2 in the lake if the out flux is known. In summer 
(i.e. the period of this campaign), when lake stratification is more stable 
and hence CO2 storage capacity is higher, low CO2 fluxes (i.e. 52 t d− 1) 
were measured by Andrade et al. (2016). Considering a CO2 content of 
109–176 tons and given the reasonable assumption of continuous 
resupply of CO2 from rising bubbles or waters with higher contents of 
CO2(aq), the residence time of CO2 in the lake in summer ranges from 2 to 
3.4 days. The latter are minimum estimates given the buffering capacity 
of HCO3

− that can convert to CO2(aq), which then keeps degassing. In 
addition, HCO3

− contributes to the total carbon stored in the lake. If we 
consider for each voxel an amount of CO2 dissolved as HCO3

− ranging 
from 46.4 to 64.7 mg⋅L− 1 (measured by Cruz et al., 2006 and Andrade 
et al., 2019), we obtain an equivalent CO2 mass of 502–700 tons for 
Lagoa das Furnas. However, the water pH values at Furnas, especially in 

the shallow water layers (up to 9.2), suggest that a certain amount of 
carbon can also be stored as CO3

2− . There are no available estimates of 
CO3

2− in the literature. Hence, we used the direct pH measurements and 
the already estimated range of alkalinity to calculate with AquaEnv 
(Hofmann et al., 2010) the CO3

2− concentrations and interpolate the 
values across the lake volume following the same procedure adopted for 
CO2(aq) (see supplementary material). The CO3

2− concentrations follow 
an inverse spatial distribution than the CO2(aq) (Fig. 1S), with higher 
concentrations in the shallower and less acidic layers and very low 
concentrations in the deeper and more acidic layers. If we sum the 
interpolated CO3

2− concentrations across the whole lake, we obtain an 
equivalent amount of CO2 of 130–190 tons. Hence, the total carbon 
stored in the lake would range between 741 and 1066 equivalent tons of 
CO2 during our observation period. 

The 3D mapping of the CO2(aq) in Lagoa das Furnas reveals its het
erogeneous distribution across the lake's volume (Fig. 5b-c), which is 
also an effect of the more stable summer stratification. Such character
istics would be hardly observable with few vertical profiles as commonly 
used to study volcanic lakes (Tassi and Rouwet, 2014). We found a 
ubiquitous accumulation of CO2 at the bottom of the lake, probably due 
to the contribution of both organic degradation and volcanic degassing. 
We can better discriminate those sources at shallower depths, where the 
volcanic contribution creates rising plumes of dissolved CO2 (Fig. 5d-g) 
that are visible in correspondence with the identified fumarolic flares 
(yellow asterisks in Fig. 5a, Melián et al., 2017) and the diffusive CO2 
degassing at the water-air interface (Fig. 5a, Andrade et al., 2016). Such 
rising plumes reach shallower depths if we consider the upper limit 
(Fig. 5g) of the TA range used to calculate the CO2(aq) at different pH 
values. 

We argue that such plumes reach the surface only when the 
degassing at the bottom of the lake is strong enough (purple triangle in 
Fig. 5d-g) or the lake is shallow enough (bubbling sites in the northern 
sector). When the degassing is weak, the CO2 probably dissipates by 
dissolution before reaching the surface (green diamond in Fig. 5d-g). 
The weak degassing of the latter site is also demonstrated by the lack of 
an evident surface anomaly by Andrade et al. (2016). These deep 
degassing structures, only detectable through our 3D tomography, are 
aligned along the WNW-ESE direction, in agreement with the tectonic 
structures observed in the Furnas caldera rims (Fig. 1b, Guest et al., 
2015; Carmo, 2013). 

5. Conclusions 

This study investigated the physicochemical dynamics of Lagoa das 
Furnas during a summer field campaign in 2021. The lake exhibited 
varied temperature, pH, and dissolved oxygen levels, indicating a 
distinct stratification. Dissolved CO2 concentrations ranged widely, with 
higher values in the northern sector associated to fumaroles. The spatial 

Fig. 4. Diagram sketching the operations followed to calculate a range of CO2(aq), CALC concentrations for each measured pH value between the measured CO2(aq), 

MEAS concentrations. 
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distribution of CO2(aq) concentrations revealed heterogeneity across the 
lake, with accumulation at the bottom attributed to organic degradation 
and volcanic degassing. Total CO2(aq) mass was estimated at 109 to 176 
tons (741–1024 tons of CO2 if we consider the contribution of HCO3

− and 
CO3

2− ), posing no significant threat to the local population due to the 
lake lacking crucial conditions for serious CO2 accumulation. The 
research highlighted the importance of 3D mapping for accurate CO2 
distribution depiction, offering insights into rising plumes at shallower 
depths. We suggest applying the same 3D chemical tomography to other 
degassing volcanic lakes, as the distribution of dissolved CO2 in volcanic 
lakes might be less homogeneously distributed than previously thought, 
especially for shallow, and poorly stratified or overturning lakes. 
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