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A B S T R A C T   

The Krafla geothermal system is located within a volcanic center that periodically erupts basaltic lavas, and has 
recently attracted an economic interest due to supercritical fluids forming near a shallow magma intrusion (~ 2 
km depth). Here, we discuss new soil CO2 flux and stable isotope data of the CO2 efflux (δ13C) and hydrothermal 
calcites (δ13C, δ18O) of drill cuttings to estimate both the current magmatic outgassing from soils and the thermal 
flows in the geothermal system. Soil CO2 emission is controlled by tectonics, following the NNE-SSW fissure 
swarm direction and a WSW-ENE trend, and accounts for ~62.5 t d− 1. While the δ18O of the H2O in equilibrium 
with deep calcites is predominantly meteoric, both the δ13C of the soil CO2 efflux and of the fluids from which 
calcite precipitated have a clear magmatic origin, overlapping the δ13C estimated for the Icelandic mantle (− 2.5 
± 1.1 ‰). Estimates based on the soil CO2 emission from the southern part of the system show that these fluxes 
might be sustained by the ascent and depressurization of supercritical fluids with a thermal energy of ~800 MW. 
Such significant amount of energy might reach 1.5 GW if supercritical conditions extended below the whole 
investigated area. Finally, we report an increase in the soil CO2 emission of about 3 times with respect to 14 years 
ago, likely due to recent changes in the fluid extracted for power production or magmatic activity. Pairing the 
soil CO2 emission with stable isotopes of the efflux and calcite samples has important implications for both 
volcano monitoring and geothermal exploration, as it can help us to track magmatic fluid upflows and the 
associated thermal energy.   

1. Introduction 

Carbon dioxide is one of the predominant gases emitted by active 
volcanoes and geothermal systems, and the quantification of its emission 
and properties is fundamental for volcano monitoring and global budget 
for climatology. Due to its abundance and low solubility in silicate melts, 
it is one of the first gas species that escapes the magma reservoir during 
degassing (Giggenbach, 1996) and enters the overlying geothermal 
system. There, heat loss from shallow magmatic intrusions drives fluid 
convection of predominant meteoric origin, boiling, and steam separa
tion (Hayba and Ingebritsen, 1997). The CO2 preferentially partitioned 

into this vapor phase flows towards the surface up to the atmosphere 
through fumarolic vents and from soils (Chiodini et al., 2021). 

The CO2 emitted through diffusion from volcanic and geothermal 
soils accounts for a large part of the global budget of volcanic emissions 
(Werner et al., 2019). Its measurement enables us not only to quantify 
the magmatic-hydrothermal C release, but also to map the fracture 
network of the volcanic edifice from which fluids preferentially ascend 
(Chiodini et al., 1998). Changes in both extent and amount of CO2 
diffuse degassing from the soils of magmatic-hydrothermal systems may 
imply phases of volcanic unrest, potentially caused by new intrusions or 
episodes of magmatic outgassing. For example, the soil CO2 emission 
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from the Campi Flegrei caldera (Italy) nearly quadrupled (from ~750 to 
2800 t d− 1) and the areal extent of degassing became two times higher 
between 1998 and 2016, revealing the escalation of an unrest phase 
(Cardellini et al., 2017). Nevertheless, variations in the natural soil CO2 
emission from productive magmatic-hydrothermal systems may also be 
observed after changes in the mass and enthalpy of fluids extracted for 
power production. This is mainly ascribed to pressure drawdown or 
buildup in the productive geothermal aquifer. For example, the Rey
kjanes geothermal system (Iceland) registered a ~ 4× increase in the soil 
CO2 emission from 2004 to 2013 (from 13.5 to 51.4 t d− 1), after 
installation of a 100 MWe geothermal power plant in 2006 (Óladóttir 
and Friðriksson, 2015). 

The amount of CO2 emitted into the atmosphere from soils can also 
be used to compute the mass and thermal flows in the subsurface of a 
hydrothermal system, thus resembling a useful indicator for geothermal 
exploration (Chiodini et al., 2021). Geothermal areas characterized by a 
good spatial correlation between soil temperature and CO2 flux reflect 
the evidence of boiling zones in the subsurface, from which geothermal 
vapors with CO2 separate. In these areas, the soil CO2 emission can be 
used together with fumarole gas/steam ratios to compute the mass flow 
of the separated vapor and the thermal energy released through sub
surface condensation (Chiodini et al., 2005; Fridriksson et al., 2006; Bini 
et al., 2019). Moreover, if the CO2 content in the liquid is known from 
exploratory or productive wells, from the CO2 emission we can also gain 
insights into the thermal energy of the upflowing liquid from which CO2 
separates through boiling (Chiodini et al., 2007; Bini et al., 2019). 

To better quantify and monitor the soil CO2 degassing, measuring the 
C isotopes of the efflux (δ13CCO2) can be fundamental (Chiodini et al., 
2008; Bini et al., 2020; Viveiros et al., 2020), as the very different iso
topic signature of the CO2 sources enables us to discriminate the effec
tive magmatic C contribution. Soil gas respiration produces a CO2 with 
very negative δ13C (mean δ13CCO2 ~ − 27 ‰ and − 13 ‰ for C3 and C4 
plants, respectively; Cheng, 1996), whereas magmatic degassing from 
divergent plate boundaries is thought to produce less negative values 
(upper mantle δ13CCO2 = − 5 ± 1 ‰, Marty and Zimmermann, 1999). 
Since C isotopes may fractionate during some processes occurring within 
the magmatic-hydrothermal system (e.g., magmatic degassing, calcite 
precipitation, mixing with surface water), the δ13C stored in deep cal
cites precipitated from the hydrothermal fluid may help us to better 
understand the magmatic source of the CO2 (Simmons and Christenson, 
1994; Chiodini et al., 2015a). Furthermore, if the hydrothermal calcites 
are recovered at increasing depth during geothermal well drilling, from 
changes in their δ13C one can gain new insights into the processes 
affecting the magmatic fluid upflow and the anatomy of the geothermal 
field. 

Most of the CO2 emitted from the magmatic-hydrothermal systems of 
Iceland is thought to reflect the decompression degassing of basaltic 
magmas as they ascend from the mantle to the upper crust (e.g., Ranta 
et al., 2023). This mantle CO2 has been estimated to have a δ13C of − 2.5 
± 1.1 ‰ (Barry et al., 2014), and it constitutes the predominant 
component in the geothermal fluids of Iceland (Sano et al., 1985; Poreda 
et al., 1992; Barry et al., 2014; Ranta et al., 2023). Secondary processes 
can partly change both the abundance and the isotopic composition of 
this magmatic CO2 in geothermal fluids, whereas fluids not associated 
with the active volcanic systems of Iceland exhibit a very wide range of 
δ13C. The variability of the δ13C values of the Icelandic groundwaters 
(from − 27.4 to +2 ‰) has been attributed to various processes, 
including air-water CO2 exchange at the surface, dissolution of partially 
degassed basaltic rocks, precipitation of carbonate minerals, changes in 
the speciation of aqueous species upon water-rock reactions, and the 
introduction of magmatic gas into groundwater systems (Stefánsson 
et al., 2016, 2017). 

The Krafla caldera (NE Iceland) hosts a geothermal system exploited 
since the 1970s in the vicinity of an active rift, which led to basaltic 
fissure eruptions and significant emissions of CO2 during the last rifting 
episode of 1975–1984 (Einarsson, 1991). Monitoring the soil CO2 

emission and investigating the magmatic fluid contribution to the hy
drothermal system is therefore fundamental for both volcanic surveil
lance and geothermal production. Since 1974, 43 geothermal wells have 
been drilled in that area, and together with geochemical and geophys
ical studies revealed insightful information about the geothermal fluid 
circulation in the subsurface (e.g., Mortensen et al., 2015; Árnason, 
2020; Scott et al., 2022). Recently, two wells intercepted rhyolitic melt 
pockets at shallow depth (around 2 km) and supercritical fluids,1 

sparking interest in their very high energy content (3200 kJ kg− 1; 
Ingason et al., 2014) for electricity generation. Since 1974, the 
geothermal resource is extracted for electric power production through 
two turbines for a total of 60 MWe (Mortensen et al., 2015). The pre
production natural degassing state of the system is unknown, but soil 
CO2 surveys carried out between 2004 and 2008 (Ármannsson et al., 
2007; Dereinda and Armannsson, 2010), and the budget of CO2 stored in 
hydrothermal calcites (Wiese et al., 2008), provided insights into the 
diffuse degassing from Krafla. Although changes in the geothermal 
productivity and the occurrence of a recent inflation-deflation of the 
ground (2018–2020) suggest possible variations in the subsurface fluid 
flow, the natural CO2 emission has not been investigated in detail since 
2008. 

In this study, we measured new soil CO2 fluxes with the accumula
tion chamber method (summer 2022) and analyzed stable isotopes of 
both efflux (δ13C) and hydrothermal calcites (δ13C, δ18O) to assess the 
current natural degassing of the geothermal field and the potential 
control of magma degassing on the CO2 emission. δ13C of the calcite 
samples recovered down to 1400 m depth from geothermal wells, 
including the two ones drilled into magma (IDDP-1 and KJ-39), shed 
light into the origin of geothermal C, which is consistent with that of the 
CO2 currently emitted into the atmosphere. By combining the CO2 
emission with the chemical composition of the supercritical fluids, 
tapped near shallow magma intrusions, we show that a significantly 
high amount of thermal energy might upflow from the root of the Krafla 
geothermal system and feed the soil CO2 fluxes. Finally, by comparing 
the CO2 emission with that measured in the same area between 2004 and 
2008, we found out an increase of about 3 times in 2022. The possible 
causes of this variation are discussed. 

2. Geologic setting and previous soil CO2 emission estimates 

The Krafla volcano has a diameter of about 20 km and is located in 
northeast Iceland over a 90-km-long NNE-SSW fissure swarm (Fig. 1). 
Krafla, together with four other active volcanoes (Kverkfjöll, Askja, 
Fremrinámur, and Theistareykir) forms the northern volcanic zone 
(NVZ), which reflects the neovolcanic rifting activity (Einarsson, 2008; 
Hjartardóttir et al., 2016). An 8–10 km-wide caldera formed in the 
Krafla volcano about 110 ka during explosive volcanic activity (Fig. 1), 
which produced silicic tuff layers (Sæmundsson, 1991; Mortensen et al., 
2015). Recent magmatic activity is predominantly basaltic, but rhyolites 

1 In this work, we use the term supercritical fluids for those fluids that exceed 
the supercritical temperature (Tc = 374 ◦C), despite their pressure can be lower 
than the supercritical pressure (Pc = 220 bar), such as the IDDP-1 fluids (440 ◦C 
and 140 bar; Heřmanská et al., 2019). These fluids are often referred to as 
superheated. This supercritical definition is in agreement with that previously 
adopted for Krafla fluids by Heřmanská et al. (2019), supporting that the su
perheated/supercritical differences can be semantic rather than physical and 
that fluid density must be taken into account (Driesner, 2021). Indeed, the state 
of water can change from superheated to supercritical on the same isocore 
(same density line) when temperature increases (Fig. 1 in Driesner, 2021), but 
no important changes in fluid properties have essentially occurred. In addition, 
since the fluid encountered during IDDP-1 drilling is a dilute fluid dominated by 
meteoric water, we can refer to the supercritical state of pure water at 374 ◦C. 
The addition of other constituents, such as NaCl, would instead generate sig
nificant changes in the T and P at which phase changes occur (Driesner and 
Heinrich, 2007; Driesner, 2021). 
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were also erupted in the past. The last events of basaltic fissure eruptions 
occurred within the caldera around the Leirhnjúkur area (Fig. 1) in 
1975–1984 and are often referred to as the Krafla Fires (Einarsson, 
1991). Recent drilling of the KJ-39 and IDDP-1 geothermal wells 
encountered rhyolitic melts at shallow depth (~2 km; Elders et al., 2011; 
Mortensen et al., 2010), overlying the deeper mafic reservoir of the 
magmatic plumbing system. The similar petrological data of these rhy
olites with those erupted in 1724, during the formation of the Viti maar 
(Montanaro et al., 2021; Fig. 1), suggest they extend throughout the 
center of the caldera (Rooyakkers et al., 2021). 

Near the latest basaltic products of the Krafla Fires in Leirhnjúkur, 
the central part of the caldera hosts an active geothermal system with a 

predominant spatial extent over the western and southern flank of 
Mount Krafla (Fig. 1). Permeability appears to be higher in the upper 
first km of the caldera fillings, alternating hyaloclastite and lava flows, 
whereas decreases at greater depths in correspondence of intrusive 
crystalline bodies (Scott et al., 2022; Fig. 2). In general, permeability 
mainly developed along the fractures that follow the main tectonic di
rection of the fissure swarm, NNE-SSW, and the WNW-ESE alignment 
(Fig. 1), along which the latest geothermal wells were specifically drilled 
(e.g., KT-40, K-41; Mortensen et al., 2015). Depending on the relation
ship between these fractures, the meteoric recharge flow, and the stra
tigraphy of the Krafla caldera, the geothermal system can be divided into 
5 subfields (Fig. 1; Árnason, 2020; Scott et al., 2022). Leirbotnar 

Fig. 1. Location of the Krafla geothermal field. The geothermal system developed in the 8–10 km-width caldera of Krafla (orange line), and is divided into 5 
subfields: Leirbotnar (Vitismor included), Suðurhlíðar, Vesturhlíðar, Hvíthólar, and Sandabotnaskarð (Árnason, 2020; Scott et al., 2022). Soil CO2 flux measurements 
were carried out over both the main production area of the geothermal field (Suðurhlíðar, Vesturhlíðar, and part of Leirbotnar) and Leirhnjúkur (green perimeter). 
The circles and lines reflect the geothermal well heads and subsurface paths (from Mortensen et al., 2015). The inset (modified after Árnason, 2020) shows the 
location of Krafla in the Northern Volcanic Zone (NVZ) of Iceland. WVZ and EVZ stands for Western and Eastern Volcanic Zone, respectively. The yellow areas reflect 
fissure swarms and the black contours are the main central volcanoes. Red dashed lines display spreading zones. Background is from ESRI imagery. Coordinates refer 
to the WGS 84/UTM zone 28 N. (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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(Vitismor included) is located to the west of the Hveragil fissure and is 
characterized by an isothermal zone extending in the first 1–1.5 km 
depth (e.g., IDDP-1 in Fig. 3). This sub-boiling zone is due to both a low 
permeability aquitard located along the lithological contrast between 
the caldera fillings and the intrusive bodies (Fig. 2), and the cooling 
effect of the NW-SE flow of meteoric water that preferentially recharges 
the system from the upper sequence of hyaloclastites and lava flows 
(Stefánsson, 1981; Darling and Ármannsson, 1989; Pope et al., 2016; 
Scott et al., 2022). Suðurhlíðar subfield is characterized by boiling 
conditions from the surface to ~2500 m depth (e.g., KJ-37 and KJ-39 in 
Fig. 3), reflecting one of the principal upflow zone of fluids not 
obstructed by the aquitard, which seems to interrupt after the Hveragil 
fracture (Pope et al., 2016; Scott et al., 2022; Fig. 2). Vesturhlíðar ex
tends on the western flank of Mount Krafla and east of the Hveragil 
fissure (Fig. 1), showing boiling condition with depth, but also a shallow 
sub-boiling zone similar to Leirbotnar in some geothermal wells (e.g., 
KT-40 in Fig. 3; Gudmundsson and Mortensen, 2015; Mortensen et al., 
2015). Hvíthólar is located in the southern part (Fig. 1) and appears to 
reflect the outflow zone of the hydrothermal fluid circulation, as sug
gested by the inversion of the temperature gradient with depth (Scott 
et al., 2022). Sandabotnaskarð is located to the south of Suðurhlíðar and 
east of Hvíthólar (Fig. 1). Despite the different thermal conditions in the 
first 1–1.5 km depth, the main production area shows common boiling 
zones and superheated/supercritical conditions at greater depth (Fig. 2), 
such as those tapped by wells KG-04, KG-25, KJ-36, KJ-39, IDDP-1 
(Mortensen et al., 2015). 

Evidence of degassing observed at the surface, such as fumaroles, 
boiling pools, and steaming grounds, suggest that the fluid upflow 
mostly occurs through the Suðurhlíðar, Vesturhlíðar, and Leirhnjúkur 
area. There, the diffuse emission of CO2 from soils was measured 

between 2004 and 2008 by Ármannsson et al. (2007) and Dereinda and 
Armannsson (2010). Ármannsson et al. (2007) carried out about 2559 
measurements of the soil CO2 flux with the accumulation chamber 
method over the entire Krafla caldera, but most of them covered a main 
area that included Suðurhlíðar and Vesturhlíðar subfields (1.1 km2), and 
Leirhnjúkur area (0.2 km2). The soil CO2 emission from the main area 
accounted for about 22 t d− 1, while Leirhnjúkur soils degassed about 33 
t d− 1 of CO2 (Ármannsson et al., 2007). Using clustering techniques 
(Sinclair, 1974; Chiodini et al., 1998), these authors grouped the soil 
CO2 flux data into a normal hydrothermal population with mean ~ 115 
g m2 d− 1, a background at ~6 g m2 d− 1, and a very low-flux population 
with a mean of ~1.6 g m− 2 d− 1 (Table 1). Later, Dereinda and 
Armannsson (2010) integrated the area investigated by Ármannsson 
et al. (2007) with new measurements carried out towards the north and 
west (~1 km2), covering 2.5 km2 with 3095 points. Due to the low fluxes 
measured from these new areas, the mean of the hydrothermal popu
lation calculated through clustering decreased to ~22.6 g m2 d− 1, while 
the background and low-flux populations are comparable to those esti
mated by Ármannsson et al. (2007), that is ~6.8 and 0.4 g m2 d− 1 

(Table 1) respectively. Soil CO2 fluxes were later monitored through 406 
and 360 measurements along the degassing lineaments revealed by the 
previous surveys in 2014 and 2017, respectively (Kristinsson et al., 
2014, 2017). No clustered population of soil CO2 fluxes were reported in 
2014 and 2017, and due to the absence of measurements distributed 
over an areal extent, the CO2 emission could not be calculated. 
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extracted from Fig. 6a (modified after Scott et al., 2022). Isotherms (black curve) are derived from measured temperatures in geothermal wells (blue traces). The 
upflow of magmatic-hydrothermal fluids and the soil CO2 emission (red curve) focus from the Hveragil fracture and Suðurhlíðar due to a low-permeability aquitard 
located at ~1 km depth in Leirbotnar. The two spikes in the soil CO2 emission reflect the spatial distribution of the two WNW-ESE degassing structures cut by the A-A’ 
line (Fig. 6a). The single-phase vapor or supercritical fluid region from which overlying boiling zones form through ascent and depressurization is also shown at the 
bottom of the model. Coordinates refer to the WGS 84/UTM zone 28 N. (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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3. Material and methods 

3.1. Soil temperature and CO2 emission 

Measurements of the soil CO2 emission and temperature were carried 

out over the main production area (561 measurements over 1.43 km2), 
including Suðurhlíðar, Vesturhlíðar, and partly Leirbotnar geothermal 
subfields, and at Leirhnjúkur (123 measurements over 0.19 km2; Fig. 1). 
We chose these locations according to both field observation and pre
vious CO2 flux campaigns available in the literature (Ármannsson et al., 
2007; Dereinda and Armannsson, 2010), adopting a regular sample grid 
of 50 × 50 m. A detail at 25 × 25 m was also carried out over Leirhn
júkur. Due to variable meteorological conditions, the measurements 
were performed from 19 to 23 June 2022 in the main area, and 1–2 July 
2022 in Leirhnjúkur, thus avoiding strong episodes of rain and winds. To 
measure the CO2 flux (g m− 2 d− 1) from the soil, we used two portable 
flux meters constructed by the West Systems (type A and B chambers) 
based on the accumulation chamber method (Chiodini et al., 1998), 
which briefly consists in measuring the increase of the CO2 concentra
tion over time in a cylindrical chamber placed on the soil (Fig. 4). The 
gas flows from the chamber to an infrared sensor (LI-COR Li-820), and 
then is reinjected into the chamber to avoid depressurization (Fig. 4). 
The temporal increase in CO2 revealed by the infrared sensor is pro
portional to the CO2 flux from the soil and is visualized in real-time on a 
smartphone (Fig. 4). Both portable flux meters were calibrated in the 
West Systems laboratory before their usage at Krafla. To measure the soil 
temperature, we inserted a k-type thermocouple at 15 cm depth. 

Fig. 3. Borehole temperature with depth (from Scott et al., 2022) and location 
of the calcite samples (circles) recovered from drill cuttings. The grey curve 
reflects the boiling point with depth curve (BPD), assuming an elevation of 500 
m. KJ-37 and KJ-39 were drilled in the Suðurhlíðar geothermal subfield, which 
is characterized by boiling conditions from the surface to downhole depths 
>2000 m. KT-40 shows a sub-boiling zone characterized by isothermal condi
tions, and then a step increase towards the BPD, likely due to shallow cold 
water recharge inflow in the Vesturhlíðar subfield. IDDP-1 shows a more 
extended isothermal condition, which characterizes the Leirbotnar subfield, 
reflecting the effect of the water recharge and the presence of an aquitard be
tween shallower hyaloclastites and lavas (~1 km) and deeper base
ment intrusions. 

Table 1 
Normal populations of the soil CO2 fluxes in 2022 (this study; section 3.2) 
compared to those estimated between 2004 and 2008 by Ármannsson et al. 
(2007) and Dereinda and Ármannsson (2010).  

Ármannsson et al. (2007): 
main production area 

Dereinda and Ármannsson (2010): 
main production area 

Source f 
[%] 

Mean soil CO2 

flux 
[g m− 2 d− 1] 

Source f 
[%] 

Mean soil CO2 

flux 
[g m− 2 d− 1] 

Background 10 1.6 Background 3.5 0.39 
Background 80 6 Background 71.5 6.81 
Hydrothermal 10 115 Hydrothermal 25 22.6   

This study: 
main production area 

This study: 
Leirhnjúkur 

Source f 
[%] 

Mean soil CO2 

flux 
[g m− 2 d− 1] 

Source f 
[%] 

Mean soil CO2 

flux 
[g m− 2 d− 1] 

Background 55 4.3 ± 0.3 Background 49 4.9 ± 0.5 
Intermediate 41 30.5 ± 2.3 Hydrothermal 51 117.7 ± 35.1 
Hydrothermal 4 1641 ± 614     

Fig. 4. Scheme of the fluxmeter coupled with a gas sampling apparatus for the 
measurement of the soil CO2 emission and analysis of the C isotopes of the CO2 
efflux (modified after Chiodini et al., 2008). After the accumulation chamber is 
placed over the soil, the gas is pumped through an infrared (IR) detector and is 
reinjected into the chamber. The concentration of the CO2 within the chamber 
measured by the IR detector is transmitted in real-time to a smartphone and 
increases over time. The slope (dC/dt) of such increase is proportional to the 
soil CO2 flux. For the analysis of the δ13C of the CO2 efflux, two gas samples are 
sampled from the tubing of the AC circuit through a T-connector and a syringe, 
and stored in glass vials. The first sample is collected at the beginning of the flux 
measurement (low CO2 concentration; black), and the second one after a few 
minutes (high CO2 concentration; red). The δ13CCO2 is then graphically deter
mined in Fig. 7 (section 3.3). (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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3.2. Statistical modeling of spatial data 

3.2.1. Clustering subgroups of soil CO2 flux and T data 
The gas emitted into the atmosphere from soil covering magmatic- 

hydrothermal systems generally reflect both biogenic and hydrother
mal sources, often resulting in a bimodal distribution of the data (e.g., 
Fig. 5a). The mean and standard deviation of each normal population 

can be estimated using clustering techniques visualized on histograms, 
probability plots (Sinclair, 1974, 1991; Chiodini et al., 1998) or Q-Q 
plots (Benaglia et al., 2009). The Q-Q plot shows the sample quantiles 
against the theoretical quantiles of a normal distribution with mean 
0 and variance 1. In this plot, n normal populations distribute along 
straight lines, and their mixing results in a curve with n-1 inflection 
points. To estimate the mean, standard deviation, and fraction of each 

Fig. 5. Density plot (left) and Q-Q plot (right) of the logarithm of the soil CO2 fluxes (g m− 2 d− 1) from the main area, modeled through 2 (a) and 3 (b) lognormal 
populations. (a) The distribution of the data (black curve and circles) is modeled with the overlap of 2 lognormal populations (A and B) by an EM algorithm (section 
3.2.1). A small fraction (f) of the data reflects a high-CO2 flux population (B, purple curve), while most of them (97%) are controlled by a lower CO2-flux population 
(A, orange curve). (b) The distribution of the data is modeled by three lognormal population, showing the same control of the high-CO2 flux population (B) on a small 
fraction of the data. The remaining part of the distribution is clustered in a low-CO2 flux population (A), and an intermediate-flux population (C). This low-CO2 flux 
population (A) reflects the soil biologic activity, and its 99th percentile (23 g m− 2 d− 1) is taken as the threshold above which soil CO2 emissions are considered 
nonbiogenic. This threshold enables us to spatially constrain the degassing of hydrothermal CO2 (see white contours in Fig. 6). The light blue circles in the Q-Q plot 
are 100 distributions sampled from the modeled A-B (a) or A-B-C (b) mixing distribution. The white circles are the CO2 fluxes correspondent to the magmatic- 
hydrothermal population of data, clustered on the basis of the C isotopes of the CO2 emission (section 3.3; Fig. 7b). Most of these overlap the population B, 
although a very few of them might overlaps with population C. (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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population contributing to the whole distribution, we used the ‘nor
malmixEM’ function of the ‘mixtools’ (Benaglia et al., 2009) package for 
R (R Core Team, 2023). This function uses an expectation-maximization 
(EM) algorithm for iteratively finding maximum likelihood estimates of 
the parameters (mean, standard deviation, and fraction) of each normal 
distribution. The advantage of using an EM algorithm is the unsuper
vised clustering of the normal populations, meaning that the function 
automatically fit the distribution. On the contrary, the graphical 
approach of Sinclair (1974) needs the parameters to be specified and 
therefore is affected by a greater degree of subjectivity. If the modeled 
distributions are lognormal, as in the case of the CO2 flux data (Fig. 5), 
their mean and standard deviation (in g m− 2 d− 1) is then estimated using 
a Monte Carlo simulation. 

3.2.2. Sequential Gaussian simulation (sGs) 
To estimate the total CO2 emission and the spatial distribution of the 

hydrothermal fluid upflow zones over the monitored areas, we need to 
simulate the CO2 flux over the unsampled locations of the grid using 
sequential Gaussian simulations (sGs; e.g., Cardellini et al., 2003). First, 
the data are transformed to a normal distribution with mean 0 and 
variance 1 (nscores), and used to model the spatial continuity of the CO2 
flux over the grid through the variogram (Fig. S1). Once the variogram 
model is calculated, the CO2 flux is estimated at each node of the grid (5 
× 5 m) through sGs. Here, nearby data and previously simulated data are 
used to construct the conditional distribution by kriging, from which the 
simulated value is drawn and assigned to the grid node. This procedure 
continues following a random path through the grid nodes until all of 
these contain simulated values, thus completing one realization. For 
both the main area and Leirhnjúkur, we constructed 1000 realizations, 
back-transformed the data from the “normal space” to continuous var
iables, and averaged the results in the center of each 5 × 5 m cell. This 
enabled us to construct soil CO2 flux and T maps (Fig. 6). 

This statistical procedure was performed using the ‘gstat’ (Pebesma, 
2004) package for R (R Core Team, 2023), following similar exploratory 
data analyses performed with GSLIB (Deutsch and Journel, 1998; Car
dellini et al., 2003). In particular, the variogram model is calculated 
with the ‘fit.variogram’ function, which iteratively finds the best fit 
through weighted least squares (Pebesma, 2004). This is a big advantage 
with respect to the visual fitting, which is manually performed by the 
user, and is thus affected by a degree of subjectivity. The conditional 
simulations were performed using the ‘krige’ function. 

3.3. Carbon isotope of the soil CO2 emission 

To define the C isotope composition of the soil CO2 efflux, we used a 
methodology described in Chiodini et al. (2008) and Bini et al. (2020), 
based on the sampling of the gas circulating within the accumulation 
chamber. We inserted a T-connector with a pierceable septum at the gas 
input of the flux meter for enabling gas sampling with a syringe (Fig. 4), 
and we carried out further 88 flux measurements over both the main 
area (n = 81) and Leirhnjúkur (n = 7). A few measurements over 
Suðurhlíðar were carried out outside the regular grid, in correspondence 
with altered argillic soils with dispersed fumarolic activity. During each 
CO2 flux measurement, we sampled the gas at the beginning (sample I; 
black circle in Fig. 4), when the CO2 concentration within the chamber 
was relatively low and predominantly atmospheric, and at the end, after 
the CO2 concentration has increased (sample II; red circle in Fig. 4). The 
two gas samples were then stored in 12-ml Labco Exetainer glass vials 
(Fig. 4) and analyzed in the laboratory of INGV Napoli, Osservatorio 
Vesuviano, within a week from the sampling. The C isotope contents (in 
‰ versus PDB) in the gas vials were determined using a continuous flow 
isotope mass ratio spectrometer (Thermo-Finningan Delta XP, He as 
carrier), connected to the Gasbench II, equipped with an autosampler 
(δ13CCO2 standard error ± 0.1‰). Each couple of gas samples (I and II) 
plotted in the δ13CCO2–1/CO2 space reflects a binary mixture (straight 
line) between a low- and a high-concentration CO2 endmember 

(Fig. 7a). Therefore, the extrapolation of δ13CCO2 at 1/CO2 = 0 from each 
linear regression model enables us to estimate the δ13CCO2 of the high- 
CO2 (i.e., pure CO2) endmember. These extrapolated δ13CCO2 are then 
treated with unsupervised clustering (section 3.2.1) for defining the 
δ13CCO2 of the hydrothermal and biogenic gas sources (Fig. 7b). 

3.4. Carbon and oxygen isotopes of hydrothermal calcite and water 

Carbon and oxygen isotopes were also determined on 24 samples of 
calcite rock cuttings recovered at specific depths during the drilling of 
wells KJ-37, KJ-39, KT-40, and IDDP-1 (Fig. 3). Calcite samples were 
hand-picked under optical microscopy, reduced to a fine powder using 
an agata mortar, and stored in 12-ml Labco Exetainer vials (1–5 g). C and 
O isotopes of these calcite samples were then analyzed with the same 
instrumental apparatus used for δ13CCO2 determination (section 3.3). The 
vials were flushed with He and partly filled with drops of H3PO4 to react 
with calcite and release CO2, which is then analyzed for δ13CCaCO3 (in ‰ 
versus PDB) and δ18OCaCO3 (in ‰ versus VSMOW) through mass 
spectrometry. 

Assuming that calcite precipitated through boiling and was in iso
topic equilibrium with the hydrothermal fluid, δ13CCaCO3, δ18OCaCO3, 
and formation temperatures can be used in the relevant fractionation 
factor dependencies with T to recalculate the C and O isotope of the 
hydrothermal fluid (e.g., Simmons and Christenson, 1994). In partic
ular, the δ18OH2O can be calculated according to the temperature- 
dependent O isotopic exchange between the fluid and calcite (T in K) 
expressed by Friedman and O’Neil (1977). 

δ18OH2O = δ18OCaCO3–2.78× 106/T2 + 2.89, (1)  

whereas the δ13CCO2 is calculated using the CO2-CaCO3 isotope frac
tionation factor determined by Bottinga (1968) for temperature between 
0 and 550 ◦C. 

δ13CCO2 = δ13CCaCO3–2.9880× 106/T2 + 7.6663× 103/T–2.4612. (2)  

3.5. Mass and thermal flow of the geothermal system 

The thermal energy of geothermal systems dominated by convection, 
boiling, and steam separation can be estimated using the soil CO2 gas 
emission and the CO2 concentrations in both liquid and vapor phases 
circulating in the subsurface (Chiodini et al., 2007, 2021; Bini et al., 
2019). When hydrothermal liquids boil, they generate a vapor phase 
that contains steam, CO2, and other non-condensable gases; the vapor 
ascends and then condenses as it approaches the surface (Fig. 8). 
Condensation of water in the shallow subsurface heats the soil, while the 
low-solubility CO2 escapes into the atmosphere (Fig. 8). The CO2 
emission can be used with the H2O/CO2 weight ratio of dry steams (e.g., 
fumaroles or dry vapor from boreholes) to calculate the mass flow rate of 
the condensed vapor 

ṁH2O,cond = ṁCO2 ×

(
CH2O

CCO2

)

V
(3)  

where ṁH2O,cond is the mass flow rate of the condensed steam in kg s− 1, 

ṁCO2 is the soil CO2 emission in kg s− 1, and 
(

CH2O
CCO2

)

V
is the weight ratio of 

H2O and CO2 (in mg kg− 1) in the dry steam. The energy release through 
subsurface vapor condensation is computed through 

ĖH2O,cond = ṁH2O,cond ×
(
hV,Tb − hL,Tb + hL,Tb − hL,Ta

)
× 10–3 (4)  

where ĖH2O,cond is the thermal energy flow rate due to steam condensa
tion in MW, hV,Tb and hL,Tb are the specific enthalpy of vapor and liquid 
H2O at the boiling temperature (2673 and 411.6 kJ kg− 1, respectively, at 
98.2 ◦C, corresponding to an elevation of 550 m), and hL,Ta is the specific 
enthalpy of liquid water at ambient temperature (42.02 kJ kg− 1 at 
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Fig. 6. Soil CO2 flux (a) and T maps (b) of the main area and Leirhnjúkur constructed by averaging the results of 1000 sGs over 5 × 5 m grids. The soil CO2 emission 
occurs from three diffuse degassing structures (DDS) in the main area, extending over Vesturhlíðar (N), Suðurhlíðar (S), and part of Leirbotnar (W) subfields, and one 
in Leirhnjúkur (white contour). These DDS are spatially constrained by the soil CO2 flux biogenic threshold of 23 g m− 2 d− 1 (white contour), corresponding to the 
99th percentile of the population A in Fig. 5b. Both CO2 emission and T of these DDS are predominantly controlled by the fissure direction (NNE-SSW) and a WNW- 
ESE trend, and are spatially correlated. The best CO2 flux-T correlation is in Suðurhlíðar and Leirhnjúkur. Soil CO2 flux measurements are displayed as black circles. 
Locations of the gas collected from the accumulation chamber (Fig. 4) and the correspondent δ13C of the CO2 emission (extrapolated values from Fig. 7a; section 3.3) 
are also shown as circles colored with a gradient from red to white (as δ13CCO2 decrease). Calcite samples recovered at increasing well depths for the determination of 
their δ13C and δ18O are shown as cyan squares. Eruptive fissures and explosion craters (red line), faults (black line; from Sæmundsson, 2008), well paths in the 
subsurface (cyan line; from Mortensen et al., 2015), and A-A’ section (from Scott et al., 2022; see also Fig. 2) are also shown for comparison. Background is from 
Google satellite imagery. Coordinates refer to the WGS 84/UTM zone 28 N. (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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10 ◦C). The energy release through condensation accounts for both the 
latent heat of condensation and the cooling of the condensed vapor to 
ambient temperature. 

Assuming that all the CO2 emitted into the atmosphere from soils was 
previously dissolved into the hydrothermal liquid, and separated 
through boiling (Fig. 8), we can calculate the mass and thermal flow rate 
of the liquid in the subsurface, through 

ṁH2O = ṅCO2

/

mCO2 (5)  

and 

ĖH2O = ṁH2O × h× 10–3 (6)  

where ṁH2O is the mass flow rate in kg s− 1, ṅCO2 is the soil CO2 emission 
in mol s− 1, mCO2 is the molality of CO2 in the liquid in mol kg− 1, and ĖH2O 
is the thermal energy flow rate of the liquid in MW. Since the boiling 
zones of Krafla are thought to form through depressurization of super
critical fluids located in the deep root of the hydrothermal system 
(Fig. 8; Heřmanská et al., 2019; Scott et al., 2022), Eqs. (5 and 6) can be 
used to calculate the energy and mass flow of these deep fluids by 
knowing their molality and enthalpy. 

Due to the assumptions of the model, mass and thermal flow esti
mates based on the soil CO2 emission can have large uncertainties. For 
example, if part of the soil CO2 emission was not dissolved in the original 
liquid, we might overestimate these flows. In contrast, if ascending CO2 
partly dissolves in shallow groundwater, both the soil CO2 emission and 
the water and heat flows will be underestimated. However, the uncer
tainty of these estimates can be reduced by applying this method to 
those areas where CO2 is emitted from hot soils (close to the water- 
boiling temperature), that is where condensation of the ascending va
pors occurs at a few meters depth. In these cases, the removal of CO2 in 

shallow groundwater is negligible and the method provides a plausible 
order of magnitude of both mass and thermal flows. 

4. Results 

4.1. CO2 emission from Krafla soils 

4.1.1. Main area (Suðurhlíðar-Vesturhlíðar-Leirbotnar) 
The soil CO2 flux measurements carried out over the main produc

tion area of the Krafla geothermal field (561 points over 1.43 km2) span 
the range from 0.01 to 5632 g m− 2 d− 1, extending over a regular grid of 
50 × 50 m (Fig. 6a). Their distribution reflects the overlap of two pop
ulations (Fig. 5a), suggesting a CO2 contribution from two separate 
sources. The population A (orange curve) predominantly controls (97%) 
the density distribution (black curve), showing CO2 flux of 19.1 ± 2.1 g 
m− 2 d− 1, while the population B (purple curve) only accounts for the 3% 
of the data but shows a significant CO2 flux of 1640 ± 428 g m− 2 d− 1 

(Fig. 5a). This bimodality is also in good agreement with the general soil 
T distribution, which is predominantly controlled (~90%) by a normal 
population with 9.6 ± 0.1 ◦C, and for a very small fraction by T close to 
that of water boiling (~96 ◦C). Notably, the usage of a third normal 
population for modeling the soil CO2 fluxes improves the goodness of fit 
particularly over the low values of the density distribution (Fig. 5b), 
potentially revealing the most likely background distribution (A = 4.3 
± 0.3 g m− 2 d− 1; 55% of the data). In this three-distribution-model, a 
small fraction of the data is controlled by the same high-flux population 
of the two-distribution-model (B), whereas the 41% reflects intermedi
ate soil CO2 fluxes (C = 30.5 ± 2.3 g m− 2 d− 1; Fig. 5b; Table 1). We used 
the 99th percentile of this background population (23 g m− 2 d− 1; 
Fig. 5b) as the biologic threshold above which soil CO2 fluxes are 
considered nonbiogenic. This enables us to spatially constrain the main 
diffuse degassing structures (DDS) of magmatic-hydrothermal CO2. 

Fig. 7. (a) Carbon isotopes of the CO2 efflux plotted against the inverse of the CO2 concentration (ppm) and (b) Q-Q plot of the δ13CCO2 extrapolated at 1/CO2 = 0. 
The black and red circles (7a) display the sample of the CO2 efflux collected at the beginning (sample I; low CO2 concentration) and at the end (sample II; high CO2 
concentration) of the measurement (see Fig. 4), respectively. The grey lines are linear regressions through each couple of samples (sample I and II) collected during 
each soil CO2 flux measurement, reflecting binary mixing between air and a higher-CO2 concentration endmember. The intercept returns the δ13C of the gas source 
entering the accumulation chamber. The gas distributes along two predominant trends, suggesting the occurrence of two endmembers with δ13CCO2 of ~ − 5 and − 25 
‰. Unsupervised clustering of the extrapolated values reveals that the two endmembers have δ13CCO2 of ~ − 4.7 ± 1.1 ‰ and − 18.7 ± 4.9 ‰, respectively. The 
former approaches the carbon isotopes of the fumarole (from − 2.4 to − 4.8 ‰; Barry et al., 2014) and borehole gases (− 3.3 ± 1.1 ‰; Ármannsson, 1998; Barry et al., 
2014; Beaudry et al., 2021), the latter that of the soil biological processes. (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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The spatial distribution of the soil CO2 emission, modeled with sGs 
using an exponential variogram model (Fig. S1), is grouped in three 
main DDS, extending over Vesturhlíðar (N), Suðurhlíðar (S), and part of 
Leirbotnar (W) subfields (Fig. 6a; white contour). The diffuse degassing 
of CO2 from these DDS spatially correlates with both the predominant 
NNE-SSW and secondary WNW-ESE fault directions cutting the 
geothermal system (Fig. 6a; black line). In particular, the Vesturhlíðar 
DDS is mostly controlled by the NNE-SSW direction, showing one 
evident anomaly where well drilling recently focused (KT-40, K-41; 
Gudmundsson and Mortensen, 2015), and a weaker emission close to the 
Hveragil eruptive fissure (Fig. 6a). The Suðurhlíðar DDS is characterized 
by two distinct WNW-ESE lineaments of CO2 emissions (Fig. 6a, 2), 
which might be cut by the continuation of the NNE-SSW-trending 
emission of Vesturhlíðar (Fig. 6a). This spatial continuity of such 
anomaly is also suggested by the soil T map (Fig. 6b), which correlates 
with the whole spatial distribution of the CO2 emission. Notably, the 
Vesturhlíðar DDS is characterized by a somewhat lower T than that of 
Suðurhlíðar DDS, which in contrast records very high T (close to water- 
boiling T) in correspondence with the two WNW-ESE CO2 anomalies 
(Fig. 6b). 

The entire emission of CO2 from the main area computed by aver
aging 1000 realizations (5 × 5 m) constructed with sGs (section 3.2.2) 
accounts for 68.7 ± 6.5 t d− 1, including both magmatic-hydrothermal 
and biogenic CO2 sources. Assuming that the population A of the 
three-distribution-model (~ 4.3 g m− 2 d− 1; Fig. 5a) derives from the soil 
biological activity, by multiplication by the areal extent (1,431,250 m2) 
we can estimate the background soil CO2 emission at 6.2 t d− 1. Hence, 
the magmatic-hydrothermal CO2 emitted into the atmosphere is about 
62.5 ± 6.5 t d− 1. 

4.1.2. Leirhnjúkur 
The distribution of the soil CO2 emission from the Leirhnjúkur area 

(123 points over 187,600 m2) varies from 0.9 to 1287.4 g m− 2 d− 1 and is 
explained for the 49% by a background population with mean and 
standard deviation of 4.9 ± 0.5 g m− 2 d− 1 and for the remaining 51% by 
a hydrothermal population of 117.7 ± 35.1 g m− 2 d− 1 (Fig. 9a; Table 1). 
This bimodality correlates with the soil T, whose distribution reflects the 
mixing of a 11.2 ± 0.3 ◦C population (43%) with a 36.5 ± 2.9 ◦C pop
ulation (57%; Fig. 9b). It is worth noting that the low-CO2-flux popu
lation (A) is practically the same of the main area, thus suggesting that 
~4.3 g m− 2 d− 1 is a reasonable value for the background CO2 emission 
at Krafla. On the other hand, the high- CO2-flux population of the two 
areas differ by one order of magnitude (Table 1). 

The emission of hydrothermal CO2 from the Leirhnjúkur area 
modeled with sGs appears to follow the predominant fissure-swarm di
rection, in proximity of the Krafla Fires eruptive fissure (Fig. 1, 6a). This 
high-permeability zone is also highlighted by the soil T, which is 
spatially correlated to the soil CO2 flux and even larger in extent. The 
total soil CO2 emission calculated with sGs, using spherical variogram 
models to explain the spatial continuity of the data (Fig. S2), accounts 
for 7.9 ± 0.9 t d− 1. Considering the same CO2 background value for the 
entire Krafla area, that is 4.3 g m− 2 d− 1 (population A, main area; 
Fig. 5b), the magmatic-hydrothermal CO2 emitted into the atmosphere 
would account for about 7.1 t d− 1. 

4.2. Carbon and oxygen isotopes of CO2 and CaCO3 reveal the sources of 
Krafla fluids 

The soil CO2 gas samples (88 × 2) collected within the accumulation 
chamber (Fig. 4; Table S1) reflect mixtures between air and two high- 
CO2-concentration endmembers with very different carbon isotopes, 
approximately pointing to δ13CCO2 ~ − 5 and − 25 ‰ (versus PDB), 
respectively (Fig. 7a). More specifically, unsupervised clustering of the 
computed δ13C of the CO2 efflux (extrapolated at 1/CO2 = 0; section 3.3) 
returns a distribution with δ13CCO2 = − 4.7 ± 1.1 ‰ (Fig. 7b), which 
accounts for the half of the data and approaches the C isotope compo
sition of borehole (− 3.3 ± 1.1 ‰; Ármannsson, 1998; Barry et al., 2014; 
Beaudry et al., 2021) and fumarole gases (from − 2.4 to − 4.8 ‰; Barry 
et al., 2014). The other predominant endmember most likely reflects the 
background CO2, being δ13CCO2 very negative (− 18.7 ± 4.9 ‰) and in 
the range of biological C production (Fig. 7b). Notably, the CO2 fluxes 
correspondent to the δ13CCO2 of the population B (Fig. 7b) overlap with 
those of the analogous population in Fig. 5, although a very few of these 
show lower values that might also overlap with population C (Fig. 5). 

The isotope composition of the hydrothermal fluids in equilibrium 
with calcite samples show a somewhat increasing δ13CCO2 and δ18OH2O 
values with depth (Table 2; Fig. 10). The δ18OH2O values display a 
predominant contribution from the δ18OH2O of the local meteoric water 
recharge (− 12.5 ‰; Sveinbjornsdottir et al., 1986; Darling and 
Ármannsson, 1989). A few of them overlap the δ18OH2O of the deep 
geothermal liquid reservoir (− 10.7 ± 0.9 ‰; Pope et al., 2016; Ricci 
et al., 2022), while at shallower depth they show more negative values 
(Fig. 10a). These data are overall in good agreement with those esti
mated using epidote samples (Fig. 10a) from Pope et al. (2016), which 
are stable at greater temperature-depth with respect to carbonates. 
However, calcites appear to record more magmatic condition at shal
lower depths with respect to these epidote samples (Fig. 10). The 
average carbon isotopes of the CO2 of the hydrothermal fluids from 
which calcite precipitated (− 2.8 ± 1.2 ‰) is very similar to both that of 
the borehole and fumarole fluids (− 3.3 ± 1.1 ‰; Ármannsson, 1998; 
Barry et al., 2014; Beaudry et al., 2021), and that of the Icelandic mantle 
(− 2.5 ± 1.1 ‰; Fig. 10b), estimated by Barry et al. (2014) through 
subglacial basaltic glasses. Notably, the deepest samples appear to re
cord more magmatic conditions (Fig. 10b). 

Fig. 8. Conceptual model of the hydrothermal fluid flow feeding the soil CO2 
emission in the Suðurhlíðar subfield (modified after Heřmanská et al., 2019). 
Supercritical fluids form in the vicinity of a shallow intrusion due to conductive 
heating of meteoric water, and their upflow and depressurization generates a 
vapor-liquid zone extending up to the surface (Heřmanská et al., 2019; Scott 
et al., 2022). Vapors and CO2 separated through boiling condenses as they 
approach the surface, releasing thermal energy. The low-soluble CO2 diffuses 
through the soil and is emitted into the atmosphere. The mass and energy flow 
rate of both supercritical fluids and condensed steam are calculated through 
Eqs. (3–6). 

G. Bini et al.                                                                                                                                                                                                                                     



Journal of Volcanology and Geothermal Research 447 (2024) 108032

11

4.3. The soil CO2 emission tracks the upflow of hydrothermal fluids with a 
significant thermal energy 

The magmatic-hydrothermal CO2 emission from the soils of the 
Suðurhlíðar subfield (green perimeter in Fig. 6) accounts for ~33.1 t d− 1 

(ṁCO2= 0.38 kg s− 1), and flows towards the surface together with 55 ±
15 kg s− 1 of vapor separated through boiling of the hydrothermal liquid 
(Fig. 8; Table 3). The condensation of this vapor in the subsurface 

releases a thermal energy of 144 ± 40 MW (Fig. 8; Table 3). These es
timates were performed through Eqs. (3–4), by using the H2O/CO2 ratio 
in the dry steams of Suðurhlíðar borehole (KJ-14, 19, 20, 30, 31; from 
Hauksson, 2019, 2020, 2021; Table 3) as representative of the vapor 
phase before condensation. The IDDP-1 drilling suggests that the boiling 
zones from which CO2-bearing vapor separated may form through the 
depressurization of an underlying parental fluid in a supercritical state 
(Scott et al., 2022). Assuming a similar fluid in the subsurface of 

Fig. 9. Q-Q plot of the logarithm of the (a) soil CO2 fluxes (g m− 2 d− 1) and (b) T (◦C) from the Leirhnukur. The distribution of the data (black circles) is modeled with 
the overlap of 2 lognormal populations (A and B) by an EM algorithm (section 2.2.1). Both datasets are almost equally clustered in a low-CO2 flux -and low-T- 
population (A, orange curve), and a high-CO2 flux -and high-T population (B, purple curve). The light blue circles in the Q-Q plot are 100 distributions sampled 
from the modeled A-B mixing distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Carbon and oxygen isotopes of calcites recovered from drill cuttings and of the hydrothermal fluids from which precipitate in isotopic equilibrium. δ13CCO2 and δ13CH2O 
are calculated through Eqs. (1),2 using the formation temperatures of each well at the specific depth of the cutting. Locations of the calcite samples are also reported 
and refer to the WGS 84/UTM zone 28 N.  

well Easting [m] Northing [m] elevation [m] T [◦C] δ18OCaCO3 

[‰ SMOW] 
δ18OH2O 

[‰ SMOW] 
δ13CCaCO3 

[‰ PDB] 
δ13CCO2 

[‰ PDB] 

IDDP-1 419,042 7,289,339 432 168 − 0.93 − 12.31 − 4.18 − 4.60 
IDDP-1 419,042 7,289,339 130 167 − 1.57 − 13.05 − 4.01 − 4.48 
IDDP-1 419,042 7,289,339 − 230 165 − 5.09 − 16.67 − 3.93 − 4.45 
IDDP-1 419,042 7,289,339 − 500 306 − 5.85 − 11.24 − 5.13 − 3.26 
IDDP-1 419,042 7,289,339 − 750 327 − 3.81 − 8.64 − 3.55 − 1.54 
KJ-37 420,100 7,288,186 − 106 256 − 5.91 − 12.96 − 3.60 − 2.25 
KJ-37 420,070 7,288,227 − 194 265 − 8.49 − 15.21 − 3.79 − 2.33 
KJ-37 420,021 7,288,291 − 326 277 − 2.07 − 8.38 − 2.67 − 1.07 
KJ-39 419,128 7,288,194 267 202 − 8.43 − 17.85 − 3.31 − 2.88 
KJ-39 419,128 7,288,194 261 204 − 13.21 − 22.55 − 4.60 − 4.13 
KJ-39 419,128 7,288,194 241 208 − 7.70 − 16.81 − 2.80 − 2.23 
KJ-39 419,141 7,288,196 54 240 − 9.32 − 16.99 − 4.08 − 2.95 
KJ-39 419,194 7,288,178 − 169 264 − 5.45 − 12.20 − 1.67 − 0.22 
KJ-39 419,259 7,288,143 − 315 276 − 4.95 − 11.28 − 2.54 − 0.95 
KJ-39 419,430 7,288,046 − 650 299 − 9.11 − 14.72 − 4.20 − 2.39 
KJ-39 419,505 7,288,000 − 806 308 − 7.24 − 12.60 − 3.96 − 2.08 
KT-40 419,858 7,289,335 588 100 − 1.01 − 18.08 − 0.80 − 4.18 
KT-40 419,858 7,289,336 540 140 − 0.56 − 13.95 − 2.71 − 4.12 
KT-40 419,860 7,289,337 416 191 − 2.04 − 12.05 − 4.42 − 4.23 
KT-40 419,860 7,289,336 361 202 − 4.28 − 13.70 − 3.08 − 2.64 
KT-40 419,886 7,289,313 71 210 − 8.09 − 17.11 − 3.77 − 3.16 
KT-40 419,938 7,289,260 − 118 249 − 3.03 − 10.34 − 3.66 − 2.40 
KT-40 419,969 7,289,222 − 211 279 − 3.67 − 9.89 − 3.05 − 1.42 
KT-40 420,042 7,289,115 − 468 288 − 6.76 − 12.70 − 5.00 − 3.29  
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Fig. 10. Oxygen and carbon isotopes of the hydrothermal fluids from which calcite precipitated at equilibrium with depth. The isotopic compositions are calculated 
through Eqs. (1) and (2), using O and C isotopes of the calcite samples recovered at specific depths during the drilling of IDDP-1, KJ-37, KJ-39, and KT-40 wells, and 
the correspondent formation temperatures (Fig. 3). O isotopes of the fluids in equilibrium with epidotes found in KJ-20, 26, and 34 from Pope et al. (2016) are also 
shown for comparison. δ18OH2O does not show any significant trend with depth and its composition approaches that of the local meteoric water recharge (− 12.5 ‰; 
Sveinbjörnsdóttir et al., 1986; Darling and Ármannsson, 1989). A few fluid samples show the same composition of the current geothermal liquid reservoir (− 10.7 ±
0.9 ‰; average of Pope et al. (2016) and Ricci et al. (2022) data), originating from a predominant meteoric component that reacts with basaltic rocks and/or mixes 
with magmatic fluids. Fumarole steam condensates (Darling and Ármannsson, 1989), the IDDP-1 rhyolite glass (3.2 ± 0.2 ‰; Elders et al., 2011), unaltered Krafla 
lavas (both rhyolitic and basaltic, 1.0–4.5 ‰; Nicholson et al., 1991; Pope et al., 2013; Troch et al., 2020), and primary magmatic water (5–10 ‰; Giggenbach, 1992) 
are also shown for comparison. δ13CCO2 is very similar to that reported from borehole fluids (− 3.3 ± 1.1 ‰; average of the data of Ármannsson (1998), Barry et al. 
(2014), and Beaudry et al. (2021)), and approaches that of the Icelandic mantle (Barry et al., 2014) as depth increases. Mixing with local meteoric water may partly 
affect the composition of shallower fluids in equilibrium with calcite. The range of fumarole gases (− 2.4 to − 4.8 ‰; Barry et al., 2014) and both the magmatic- 
hydrothermal and biogenic population of soil CO2 fluxes (Fig. 7b) are also reported. 

Table 3 
Mass flow and thermal energy released from steam condensation in the Suðurhlíðar subsurface. These are calculated through eqs. 3–4, using the H2O/CO2 weight ratio 
in the vapor phases discharges from the boreholes of Suðurhlíðar subfield (from Hauksson, 2019, 2020, 2021), which are practically dry steams (as shown by their 
enthalpy and liquid fraction f L calculated through enthalpy and mass balances). TS and PS are the sampling temperature and pressure, and h is the specific enthalpy of 
the fluid. The mass and thermal energy flows are calculated using the soil CO2 emission from Suðurhlíðar (green perimeter in Fig. 6), that is 33.1 t d− 1 (ṁCO2= 0.38 kg 
s− 1).  

well date TS 

[◦C] 
PS 

[bar] 
h 
[kJ kg− 1] 

f L (CH2O/CCO2)V ṁH2O,cond 

[kg s− 1] 
ĖH2O,cond 

[MW] 

KJ-20 12.06.2018 177.6 9.5 2700 0.04 83.9 32.1 84.5 
KJ-30 12.06.2018 177.6 9.5 2763 0.01 128.4 49.2 129.5 
KJ-31 12.06.2018 180.9 10.2 2787 0.00 212.6 81.5 214.3 
KJ-14 21.05.2019 175.4 9.0 2572 0.10 159.6 61.2 160.9 
KJ-20 21.05.2019 175.8 9.1 2722 0.03 110.3 42.3 111.2 
KJ-30 22.05.2019 186.8 11.7 2768 0.01 166.9 64.0 168.3 
KJ-31 22.05.2019 183.5 10.9 2789 0.00 124.2 47.6 125.2 
KJ-14 07.06.2021 184.0 11.0 2740 0.02 139.9 53.6 141.0 
KJ-20 08.06.2021 184.6 11.1 2627 0.08 88.4 33.8 89.1 
KJ-31 08.06.2021 188.6 12.2 2780 0.00 141.6 54.2 142.7 
KJ-30 08.06.2021 193.9 13.4 2713 0.04 160.8 61.6 162.1 
KJ-19 08.06.2021 180.1 10.0 2646 0.07 196.9 75.4 198.4 
Mean      143 ± 39 55 ± 15 144 ± 40  
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Suðurhlíðar, which is supported by the occurrence of shallow rhyolitic 
reservoirs in both areas and recent numerical simulations (Scott et al., 
2022), the molality of the fluids tapped by the IDDP-1 (from Heřmanská 
et al., 2019; Table 4) can be used together with the soil CO2 emission to 
estimate their mass and thermal flows (Eqs. (5–6)). Notably, the ascent 
of 243 ± 56 kg s− 1 of fluids with a thermal energy of 778 ± 180 MW 
(Fig. 8; Table 4) might feed the soil CO2 emission from Suðurhlíðar. 

5. Discussion 

5.1. Magmatic-hydrothermal CO2 emission from soils and thermal energy 
of the hydrothermal system 

The soil CO2 emission, T, and δ13CCO2 measured over the Krafla 
geothermal field in 2022 are grouped into magmatic-hydrothermal and 
biologic counterparts through unsupervised clustering (section 3.2.1), 
enabling us to better constrain the spatial distribution and emission of 
volcanic CO2. The biogenic production of CO2 accounts for ~4.3 g m− 2 

d− 1 (population A; Figs. 5b, 9a; Table 1) in both areas, consistent with 
that reported in the literature (~6 g m− 2 d− 1, Table 1; Ármannsson et al., 
2007; Dereinda and Armannsson, 2010), and dominates soils with 
background temperature of ~10 ◦C at 15 cm depth (Fig. 9b). In contrast, 
the average magmatic-hydrothermal CO2 emission is ~1640 g m− 2 d− 1 

from the main area and ~ 118 g m− 2 d− 1 from Leirhnjúkur (population 
B; Figs. 5, 9) and predominantly extends over soils characterized by 
intense argillic alteration, fumarolic vents, and temperatures close to the 
water boiling point. The main area also shows an intermediate popu
lation, likely ascribed to the mixing of the biologic and magmatic- 
hydrothermal CO2 (Fig. 5b). These two C sources are clearly discrimi
nated through the δ13CCO2, revealing that the high-CO2 fluxes have a 
magmatic-like signature of − 4.7 ± 1.1 ‰ (Figs. 5b, 7), whereas low 
emissions point towards negative values typical of soil respiration pro
cesses. Notably, most of the magmatic-hydrothermal CO2 fluxes 
discriminated through the δ13CCO2 (Fig. 7b) overlaps with those 
revealed by clustering (Fig. 5), therefore attesting to the consistency of 
these two techniques in deciphering the magmatic-hydrothermal gas 
source. 

The emission of magmatic-hydrothermal CO2 from the main area 
accounts for about 62.5 t d− 1 and is strongly controlled by tectonics, 
following the local normal faults parallel to the NNE-SSW axial direction 
of the rift and a WNW-ESE trend (Fig. 6a, 2). This amount of CO2 sep
arates through boiling of the hydrothermal liquid and is channelized 
towards the surface through these fractures together with a water vapor 
dominated phase. Approaching the surface, the steam condenses and 
heats the soil, while the relatively low-soluble CO2 escapes into the at
mosphere (Chiodini et al., 2005). This process is supported by the good 
spatial correlation between the high soil CO2 fluxes and temperatures 
(Fig. 6). In particular, the highest soil T and the best correlation with the 
soil CO2 flux is in the Suðurhlíðar subfield (Fig. 6), where boiling con
ditions are measured along the entire borehole depths, from the surface 
to ~2500 m, reaching 350 ◦C (KJ-37 and KJ-39 in Fig. 3; Mortensen 
et al., 2015; Scott et al., 2022). The lower soil temperatures measured in 

the Vesturhlíðar subfield (Fig. 6b) suggest that the subsurface vapor 
condensation may occur at deeper levels. The cause appears to be the 
mixing with cold recharge water, which predominantly flows along a 
NW-SE hydrological gradient (Pope et al., 2016; Scott et al., 2022), but 
also downflow from the slope of Mount Krafla. This cooling is also re
flected in the temperature measured downhole in the Vesturhlíðar 
subfield (e.g., KT-40 in Fig. 3), which sometimes shows a relatively 
shallow sub-boiling zone (Mortensen et al., 2015; Scott et al., 2022), 
similar to that observed in all Leirbotnar boreholes (e.g., IDDP-1 in 
Fig. 3; section 2). The heat subtracted from the system by the heated 
meteoric water outflow may therefore be substantial in the northern part 
of the main area (Fig. 6), and should be taken into account for modeling 
the total thermal budget of the geothermal system. In addition, we 
cannot exclude that part of the ascending CO2 is removed and trans
ported by the meteoric water outflow in Vesturhlíðar, whereas this 
process should be negligible in Suðurhlíðar, as suggested by the hot soils 
from which CO2 escapes. 

We therefore focused the mass and thermal flow computation (sec
tion 3.4) in the Suðurhlíðar subfield (green perimeter in Fig. 6), where 
soil CO2 flux and T are best correlated (Fig. 8) and dissolution of CO2 in 
shallow aquifers appears negligible. Considering a soil CO2 emission of 
~0.38 kg s− 1 (33 t d− 1), the mass flow of the condensed steam in the 
Suðurhlíðar subsurface and the correspondent energy release is esti
mated at 55 ± 15 kg s− 1 and 144 ± 40 MW (Table 3; Fig. 8). This amount 
of energy (224 W m− 2) is higher than the average thermal release esti
mated with the same technique in other worldwide volcanoes (131 W 
m− 2; Campi Flegrei, Ischia, Vesuvio, Vulcano, Pantelleria, Masaya, 
Yellowstone, Nisyros, Copahue, Furnas do Enxofre, and Peteroa; Chio
dini et al., 2021). Interestingly, the heat released from Reykjanes soils 
through subsurface steam condensation is higher (578 W m− 2; Fri
driksson et al., 2006) than that estimated from Suðurhlíðar. Above the 
shallow magmatic intrusions encountered at Krafla, the vapor and CO2 
separate from boiling zones that are thought to form through the ascent 
and decompression of underlying supercritical fluids (Fig. 8; Scott et al., 
2022). According to our estimates, the Suðurhlíðar subsurface might 
host an upflow and depressurization of 243 ± 56 kg s− 1 of fluids with a 
thermal energy of 778 ± 180 MW (Table 4; Fig. 8). This amount of 
energy is far high than that of the upflowing hydrothermal liquid 
feeding the soil CO2 emission in conventional hydrothermal systems. For 
example, the soil degassing process at the Nisyros caldera (South Aegean 
Volcanic Arc, Greece) is sustained by the ascent of liquids at 340 ◦C with 
a thermal energy of 130–270 MW (Bini et al., 2019). Such significant 
amount of energy may be located not only below Suðurhlíðar but also in 
Vitismór (IDDP-1 location; Fig. 1), where shallow magma reservoirs 
were encountered and supercritical fluids are thought to form through 
isobaric heating of meteoric water (Heřmanská et al., 2019; Scott et al., 
2022; Fig. 8). However, it is still not clear if these are isolated melt 
pockets or if a continuous shallow reservoir exists at shallow depth 
below the geothermal field. If supercritical conditions extended in the 
subsurface of all the main area investigated through soil CO2 flux 
measurements, the thermal energy could be on the order of 1.5 GW 
(Table 4). 

Table 4 
Mass flow and thermal energy of fluids feeding the diffuse degassing of CO2 from Krafla soils. The molality of CO2, H2O flow, and thermal energy are calculated through 
Eqs. (5–6), using the chemical composition of supercritical fluids from Heřmanská et al. (2019). TS and PS are the sampling temperature and pressure, and h is the 
specific enthalpy of the fluid. The mass and thermal energy flows are calculated using a soil CO2 emission of 33.1 t d− 1 (ṅCO2= 8.7 mol s− 1) for Suðurhlíðar, and 62.5 t 
d− 1 (ṅCO2= 16.4 mol s− 1) for the main production area.        

Suðurhlíðar  Main area 

Sample well TS 

[◦C] 
PS 

[bar] 
h 
[kJ kg− 1] 

mCO2 

[mol kg− 1] 
ṁH2O 

[kg s− 1] 
ĖH2O 

[MW] 
ṁH2O 

[kg s− 1] 
ĖH2O 

[MW] 

12-KRA-01 IDDP-1 440 140 3200 0.0479 182 582 343 1098 
12-KRA-02 IDDP-1 440 140 3200 0.0298 292 935 552 1765 
12-KRA-03 IDDP-1 440 140 3200 0.0341 255 817 482 1542 
Mean     0.0373 ± 0.0095 243 ± 56 778 ± 180 459 ± 106 1469 ± 340  
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5.2. δ13C of CO2 and CaCO3 reflects the magmatic source of the Icelandic 
mantle 

Magmatic-hydrothermal systems are characterized by complex pro
cesses that may alter the original elemental and isotopic composition of 
CO2 (Stefánsson et al., 2016), such as phase separation, calcite precip
itation, and mixing with surface water. Therefore, the C isotopes of deep 
calcite samples recovered from boreholes at different depths may help us 
to better understand the δ13C signature of the soil CO2 emission. Among 
the processes mentioned above, C isotopes positively fractionate (~2 ‰) 
during volatile exsolution from basaltic magmas at 1200–1400 ◦C, 
producing a more positive δ13C in the exsolved gas phase (Mattey, 
1991). At lower temperatures (>192 ◦C), akin to the hydrothermal 
environment, calcite precipitation also increases the δ13C of the CO2 
dissolved in the fluid, whereas below 192 ◦C the fractionation is reversed 
(Bottinga, 1968, 1969). The deepest calcite samples reveal that the fluid 
in equilibrium had δ13CCO2 values very similar to that of the Icelandic 
mantle (− 2.5 ± 1.1 ‰; Barry et al., 2014; Fig. 10b; Table 2), suggesting 
less negative values as depth increases. Interestingly, these samples were 
recovered from the two geothermal wells that encountered shallow 
rhyolitic melts (~2 km depth) during drilling operations, that is KJ-39 
and IDDP-1. This magmatic fluid composition is still predominant at 
shallower depths but appears to slightly decrease as the fluids approach 
the surface (Fig. 10b). These more negative δ13CCO2 values might be due 
to mixing with local groundwater, whose light carbon signature mainly 
derives from biological and atmospheric sources. However, the mean 
δ13CCO2 of all the calcites from different depths (− 2.8 ± 1.2 ‰) still 
overlaps the Icelandic mantle and the δ13CCO2 of the geothermal fluid 
composition of Krafla (− 3.3 ± 1.1 ‰; Ármannsson, 1998; Barry et al., 
2014; Beaudry et al., 2021; Fig. 10b). More generally, it also overlaps the 
average geothermal fluid composition of the Icelandic neovolcanic zone 
(− 3.1 ± 1.9 ‰; Barry et al., 2014). 

A few soil CO2 fluxes from the Suðurhlíðar subfield (n = 8) show the 
same δ13C signature of the Icelandic magmatic fluids recorded in the 
deep calcite samples (Fig. 6a). The remaining magmatic-hydrothermal 
CO2 fluxes are clustered in a population with δ13C values slightly ligh
ter (− 4.7 ± 1.1 ‰; Fig. 7b) than that of the magmatic endmember 
(Fig. 10b). This may be the effect of the cold recharge water, more 
pronounced in the Vesturhlíðar subfield with respect to the Suðurhlíðar 
area (see section 5.1). Since the clustered population also shows δ13CCO2 
slightly lighter than those of the geothermal fluids (fumarole and 
borehole; Fig. 10b), we cannot exclude some influence of shallower 
biogenic gas from soil respiration or transported by the groundwater. 
Despite slight modification due to these processes, the δ13C signature of 
the clustered population (− 4.7 ± 1.1 ‰; Fig. 7b) shows a clear pre
dominant contribution from the Icelandic mantle (Fig. 10b). 

Oxygen isotopes show that the predominant source of the fluids in 
equilibrium with calcite samples is the local meteoric water recharge, 
with a limited contribution from magmatic water (Fig. 10a). Similar to 
the δ13CCO2, the contribution of magmatic fluids appears to slightly in
crease with depth (Fig. 10a). In this context, it is worth noting that the 
deepest sample of IDDP-1, which was drilled into a shallow pocket of 
rhyolitic melt, shows the greatest magmatic contribution (together with 
a shallower sample of KJ-37; Fig. 10a), as also registered by its δ13CCO2 
(Fig. 10b). A few calcite samples appear to precipitate at equilibrium 
with the geothermal liquid (Fig. 10a), whose δ18OH2O is slightly positive 
with respect to the meteoric water due to fluid-rock interactions or 
magmatic fluid addition. However, the geothermal liquid fails in 
explaining most of the samples recovered at shallow depths, showing 
more negative δ18OH2O (Fig. 10a). These lighter values may reflect steam 
separation through boiling of deeper liquids, upflow, condensation, and 
mixing with shallower liquids, before calcite precipitation. This process 
was previously suggested by Pope et al. (2016) for explaining the light 
δ18OH2O of the fluids in equilibrium with epidote samples recovered 
from drill cuttings (white circles in Fig. 10a). Due to the extensive C 
isotope fractionation at low temperatures, this process may have 

stronger effects at shallow depths. The potential light signature of such 
steam, generated by the O isotope exchange between the liquid and the 
vapor phase during boiling, is also supported by the fumarole steam 
condensate data (Darling and Ármannsson, 1989; Fig. 10a). 

5.3. Increase in the CO2 emission from 2004-2008 to 2022 

The soil CO2 emission from the main area (62.5 t d− 1) is significantly 
higher than that measured in 2004–2008 (~22 t d− 1; Ármannsson et al., 
2007), while the geometry of the degassing structures has remained 
almost the same (Fig. 6a; see Fig. 2 in Ármannsson et al., 2007). In 
particular, the two WNW-ESE structures in the Suðurhlíðar area and the 
NNE-SSW structure in the Vesturhlíðar subfield appear to degas signif
icantly higher amounts of CO2. This is suggested by their greater extent 
(Fig. 6a) and the value of the hydrothermal population in 2022 (1641 ±
614 g m2 d− 1; Fig. 5; Table 1), which is one order of magnitude higher 
than that of 2004–2008 (~115 g m2 d− 1; Ármannsson et al., 2007; 
Table 1). A few soil CO2 fluxes measured along transects in 2014 and 
2017 (Kristinsson et al., 2014, 2017) overlap the hydrothermal popu
lation of 2022, suggesting that the soil CO2 increase might have occurred 
before. However, the spatial uncertainty associated with the monitoring 
of single-point alignments over different years, and the absence of soil 
CO2 flux measurements over an areal extent and their statistical elabo
rations (soil CO2 flux map, estimate of the CO2 output, and clustered 
populations of soil CO2 fluxes) in 2014–2017, prevent us from unam
biguously comparing these data with those of 2004–2008 and 2022. 
Hence, we focus the comparison between 2004– 2008 and 2022 periods. 
Since both areas were investigated with the same techniques over 
comparable spatial extents during the two campaigns, these variations 
cannot be ascribed to methodological bias or geometry conditions but 
appear to be related to other processes. 

The increase in the CO2 emitted into the atmosphere from Krafla soils 
between 2004– 2008 and 2022 suggests changes either in the magmatic 
dynamics or in the geothermal fluid utilization. These two causes were 
also suggested by Hersir et al. (2020) to explain a recent inflation- 
deflation sequence and changes in the seismic activity occurred be
tween 2018 and 2020. In this period, a vertical ground uplift was 
measured between Leirhnjúkur and the IDDP-1 well, together with a 
southward displacement, while seismic activity becomes less frequent 
but with larger events (Hersir et al., 2020). The CO2 concentration of the 
geothermal fluids (fumarole and borehole fluids) from the main pro
duction area shows an almost constant value between the two soil CO2 
campaigns (Óskarsson et al., 2019). Since CO2 concentrations registered 
a remarkable increase during the last eruptive activity of the Krafla Fires 
(Ármannsson et al., 1989) –– the CO2 concentration of the well KJ-7 
increased up to ~5.5% in 1976–1978, during a main eruptive phase of 
the Krafla Fires, and then slowly decreased down to pre-eruptive values 
of ~0.2% in 1984 –– this almost stationary trend does not suggest new 
magmatic activity. However, it is worth noting that chemical changes 
due to new intrusions or episodes of magmatic outgassing may need 
several months before being revealed at the surface (e.g., Ármansson 
1989, Chiodini et al., 2015b, Bini et al., 2022), depending on the 
thickness of the hydrothermal aquifer. 

Interestingly, both the total mass of fluid extracted from the 
geothermal system and the CO2 emission into the atmosphere from the 
power plant has decreased in 2021 (213 kg s− 1 and 68 t d− 1) with 
respect to 2004–2008 (277–361 kg s− 1 and 130–122 t d− 1; Baldvinsson 
et al., 2011; Hauksson, 2021; Arnarson, 2022). Part of this drop focuses 
on the 2018–2020 period, when production from low-enthalpy water- 
rich fluids was reduced for optimization reasons, the net amount of fluid 
extracted from the Leirbotnar subfield (production minus reinjection) 
decreased, and the pressure and water level in a monitoring well at 800 
m depth (KG-10) showed an increase of 2 bar and 25 m (Egilson, 2020; 
Hersir et al., 2020). Reinjection was also variable in time and space 
during this period (from wells KJ-26, 35, and 39), but generally slightly 
decreased over time, while no correlation between changes in 

G. Bini et al.                                                                                                                                                                                                                                     



Journal of Volcanology and Geothermal Research 447 (2024) 108032

15

reinjection and seismic activity was found (Blanck et al., 2020). A 
general decrease in the mass extracted from the main production area of 
the geothermal system may imply a reduction in the CO2 emission from 
the power plant and induce a pressure buildup in the reservoir, and 
consequently larger natural emission of CO2 from soils into the atmo
sphere. In particular, since the impermeable aquitard in the Leirbotnar 
subsurface tends to channelize the geothermal fluids through both the 
Hvergil fissure and the Suðurhlíðar subfield (Fig. 2; Ármannsson et al., 
1989; Pope et al., 2016; Scott et al., 2022), it is possible that the decrease 
in the fluid extracted from Leirbotnar increased the soil CO2 emissions 
from these areas. 

Local effects might have also contributed to the increase in the soil 
CO2 emission, but unfortunately the scarcity of published data make us 
unable to draw conclusions on their control on such variation. For 
example, the stop of reinjection through KJ-39 in summer 2021 was 
followed by an increase in both steam flows and boiling from the 
Suðurhlíðar subfield (Personal communication from Landsvirkjun, May 
2023), which might correlate with higher soil CO2 fluxes, and implying a 
subsurface heating. The increase in the CO2 emission from Vesturhlíðar 
might instead be related to fluid utilization from this area (from the 
eruptive fissure targeted by well KT-40; Fig. 6a) started in 2009, that is 
one year after the last soil CO2 flux survey. This control of the 
geothermal utilization on soil degassing is well documented in the 
Reykjanes geothermal field (Iceland). Yearly measurements of the soil 
CO2 flux over a target area of 220,000 m2 show that the diffuse emission 
gradually increased from 13.5 t d− 1 in 2004 to 51.4 t d− 1 in 2013, and 
inversely correlates with the CO2 emitted due to power generation 
(Óladóttir and Friðriksson, 2015; Fridriksson et al., 2017). Among the 
possible causes, these authors suggested a pressure drawdown in the 
system after a 100 MWe power plant was commissioned in 2006. In 
conclusion, all these indications may suggest a possible increase in the 
natural soil CO2 emission from the main production area of Krafla due to 
the variation in the production strategy. However, given the low fre
quency of the soil CO2 monitoring at Krafla, it is difficult to precisely 
discern a magmatic-hydrothermal or anthropogenic-induced cause. A 
more detailed comparison of the soil CO2 emission with the geochem
istry of the fluids, geophysical information, and geothermal utilization 
data is needed to better understand this variation. 

6. Conclusions 

The soil CO2 emission and temperature measured at Krafla in 2022 
shows that the hydrothermal fluid upflow is focused through the tec
tonic structures of the neovolcanic rift zone (Fig. 6a). This is in good 
agreement with previous knowledge about the hydrothermal fluid cir
culation at Krafla and its hydrology (e.g., Fig. 2). In particular, while the 
shallower part of the Vesturhlíðar subsurface appear to be cooled down 
by the meteoric water recharge flow, the Suðurhlíðar subfield is less 
affected by this process and shows boiling conditions everywhere in the 
subsurface. This is highlighted by the spatial correlation between soil T 
and CO2 flux in Suðurhlíðar, which in contrast is less evident in Ves
turhlíðar (Fig. 6). 

Calcite samples recovered at 1400 m depth below Suðurhlíðar record 
a clear δ13C magmatic signature of the Icelandic mantle (Fig. 10b), 
which likely outgassed from the shallow magma reservoir tapped a few 
hundred meters below during the drilling of KJ-39. The upflow of 
magmatic fluids through this subfield is also revealed at the surface by 
the δ13C of the soil CO2 emission (Fig. 6a). Given the evidence of su
percritical conditions forming in the surroundings of shallow magma 
reservoirs at Krafla (e.g., IDDP-1), the soil CO2 degassing of Suðurhlíðar 
might also be fed by supercritical fluids with a thermal energy estimated 
at ~800 MW (Fig. 8). Despite the strong magmatic C signature of the 
fluids circulating in this subfield, δ13C of the CO2 emission and calcites 
reveal a predominant magmatic origin in the whole area investigated. 
Hence, the hydrothermal fluid flow in Leirbotnar, Vesturhlíðar, 
Suðurhlíðar, and Leirhnjúkur might be driven by a common magmatic 

source. If the two melt pockets intercepted by IDDP-1 and KJ-39 wells 
reflected just a portion of a magma reservoir below the central part of 
the caldera, supercritical fluids may be more extensive than previously 
thought, and the thermal energy associated with their upflow could be 
remarkable (~1.5 GW below the main production area). 

Finally, we noted a significant increase in the soil CO2 fluxes in 2022 
with respect to 2004–2008 (62.5 vs. 22 t d− 1). This could be ascribed to 
variation in the geothermal production rather than new magmatic ac
tivity, and might have started concurrently with recent ground de
formations (2018–2020), or even before. New data and a more detailed 
comparison with geophysical, geochemical, and productivity informa
tion are needed to better distinguish the cause. The soil CO2 emission 
and the δ13C of both efflux and hydrothermal calcite have therefore 
important implications for both magmatic-hydrothermal monitoring 
and geothermal exploration, as can help us to quantify and track the 
upflow zones of magmatic gases and the associated high-enthalpy fluids. 
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Chiodini, G., 2006. CO2 emissions and heat flow through soil, fumaroles, and steam 
heated mud pools at the Reykjanes geothermal area, SW Iceland. Appl. Geochem. 21, 
1551–1569. 

Fridriksson, T., Merino, A.M., Orucu, A.Y., Audinet, P., 2017. Greenhouse gas emissions 
from geothermal power production. In: In Proceedings, 42nd Workshop on 
Geothermal Reservoir Engineering. Stanford University, Stanford, California.  

Friedman, I., O’Neil, J.R., 1977. Compilation of stable isotope fractionation factors of 
geochemical interest. In: US Geological Survey Professional Paper, 440. 

Giggenbach, W.F., 1992. Isotopic shifts in waters from geothermal and volcanic systems 
along convergent plate boundaries and their origin. Earth Planet. Sci. Lett. 113, 
495–510. 

Giggenbach, W.F., 1996. Chemical Composition of Volcanic Gases. In: Monitoring and 
Mitigation of Volcano Hazards. Springer, Berlin Heidelberg, Berlin, Heidelberg, 
pp. 221–256. 
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Mortensen, A.K., Gudmundsson, Á., Steingrímsson, B., Sigmundsson, F., Axelsson, G., 
Ármannsson, H., Hauksson, T., 2015. The Krafla geothermal system: Research 
summary and conceptual model revision (Tech. Rep. No. LV-2015-098). 
Landsvirkjun. 

Nicholson, H., Condomines, M., Fitton, J.G., Fallick, A.E., Gr Nvold, K., Rogers, G., 1991. 
Geochemical and Isotopic Evidence for Crustal Assimilation Beneath Krafla, Iceland. 
J. Petrol. 32, 1005–1020. 
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Ranta, E., Halldórsson, S.A., Barry, P.H., Ono, S., Robin, J.G., Kleine, B.I., Ricci, A., 
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