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A B S T R A C T

The Southern Puna hosts active geothermal systems associated with various volcano-magmatic settings, among
which caldera-hosted systems stand out as promising targets for geothermal exploration. This study focuses on
two key calderas that currently exhibit active geothermal manifestations: Cerro Blanco Caldera (CBC), the
youngest caldera system in the region (4.2 ka), and Cerro Galán Caldera (CGC), the largest caldera system in this
sector of the Andes. The main objective was to decode the contributions of deep (hydrothermal) and shallow
(biogenic and atmospheric) sources to diffuse CO2 emitted from the soil, using a three-component mixing model.
The results revealed the presence of these three sources: deep hydrothermal, shallow biogenic, and atmospheric.
At CBC and CGC, high CO2 concentrations (>5000 ppm) and δ13C-CO2 values around − 5‰ (vs. V-PDB) indicate
a dominant hydrothermal contribution. In contrast, more 13C-depleted values (down to − 21.3‰) and lower CO2
concentrations suggest microbial or soil respiration origin. Analysis of profiles in the soil revealed considerable
variability, with deviations from the expected theoretical patterns in some cases. These anomalies are attributed
to a combination of factors, including atmospheric contamination during sampling in low-permeability soils,
isotopic fractionation under low gas flow conditions and local secondary processes, such as carbonate dissolu-
tion/precipitation. Despite these complexities, the combination of isotopic and concentration analysis robustly
confirms the presence of hydrothermal CO2 in the shallow soil gases in both calderas providing valuable insights
for geothermal exploration and volcanic monitoring in the Central Andes.

1. Introduction

Gases diffusively released from the soil in volcanic and geothermal
systems, which mainly consist of carbon dioxide (CO2), are mostly
invisible to the naked eye (Baubron et al., 1991; Chiodini et al., 1998).
Potential soil CO2 sources include: (i) deep volcanic-hydrothermal res-
ervoirs, (ii) biogenic activity, and (iii) air (Chiodini et al., 1998, 2008;
Capasso et al., 2001; Di Martino et al., 2016). The carbon isotopic
composition of this gas (hereafter δ13C–CO2) is widely used to distin-
guish and characterize deep volcanic-hydrothermal contributions from
other origins, making this geochemical parameter useful in geothermal

exploration and volcanic monitoring (e.g., Capasso et al., 1997; Chiodini
et al., 2008; Viveiros et al., 2010; Lamberti et al., 2021a; 2025). In many
cases, δ13C–CO2 signatures reflect mixing among these three sources;
however, they can also record secondary processes that overprint the
primary isotopic signal (Simmons and Christenson, 1994, and references
therein). These processes include isotopic fractionation associated with
gas diffusion, carbonate precipitation/dissolution, partial CO2 dissolu-
tion in shallow waters or soil pore waters, microbial activity and
methanotrophy (Cerling et al., 1991; Capasso et al., 2001; Gilfillan et al.,
2009; Barry et al., 2019; Vignoni et al., 2024; Wang et al., 2017). This
overlap between mixing and overprinting processes makes the
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Fig. 1. A) Regional geotectonic setting of the caldera Cerro Blanco. CVZ: central volcanic zone. ALT: Altiplano. PU: Puna. CGCV: Cerro Galán Volcanic Complex.
CBCV: Cerro Blanco Volcanic Complex. B) High resolution 3D image by Google Earth showing the main structural features and the location of the thermal area at
CBC. C) General view of CBa, site where the geothermal fumaroles and the alteration zone occur. Characteristic vegetation within the caldera is also observed. D)
Fumarolic vent at CBa. E) Panoramic view (toward SE) of the CBC, filled with block and ash flow deposits (BAF) and post-caldera lava domes (PCLD). F) Detailed
view of hydrothermal alteration.
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interpretation of isotopic values particularly challenging.
Several studies conducted in volcanic and geothermal environments

worldwide have successfully applied the combined analysis of soil CO2
flux, concentration, and δ13C–CO2. This approach provides an estima-
tion of the amount of deep-originated CO2 and an integrated picture of
the processes governing soil gas release. Such studies have been applied
in different contexts, including Italy (Vulcano; Capasso et al., 1997; Mt.
Etna, Vulcano, C. Calava, Camarda et al., 2007; La Solfatara volcano,
Federico et al., 2010; Vulcano, Di Martino et al., 2016, 2020; Solfatara,
Monterotondo Marittimo and Vulcano, Venturi et al., 2019), El Hierro in
the Canary Islands (Melián et al., 2014), and other volcanic areas such as
Long Valley Caldera (Lucic et al., 2015), among others. These works
highlight both the potential and the challenges of using isotopic tracers
in diffuse degassing studies, providing a broader framework for their
application to Andean geothermal systems.

The Nazca-South American convergent margin presents promising
opportunities for investigating the potential of unexplored geothermal
resources, being characterized by geotectonic conditions favouring the
occurrence of anomalous heat flux (>110 mW/m2; Lucazeau, 2019).
Despite the high geothermal potential, only one geothermal plant is
currently operating in this region (Cerro Pabellón, Chile; Aravena et al.,
2016). According to recent studies (Barcelona et al., 2017; Chiodi et al.,
2019, 2024; Filipovich et al., 2022), the most promising
high-temperature geothermal systems in Argentina occur in large size
silicic calderas (Stimac et al., 2015) pertaining to the
Neogene-Quaternary volcanic arc and back-arc of the Central and
Southern Andes Volcanic Zones, such as Cerro Blanco and Cerro Galán
calderas (CBC and CGC, respectively). Located in the southern Puna
(northwest Argentina), these two calderas show hot springs, fumaroles,
and areas marked by anomalously high diffuse CO2 degassing suggesting
the occurrence of well-developed hydrothermal systems, namely CBGS
(Cerro Blanco geothermal system) and CGGS (Cerro Galán geothermal
system) (Chiodi et al., 2019, 2024). Additionally, preliminary assess-
ments of their geothermal potential emphasise the regional importance
of these systems. For Cerro Blanco, calculations based on the volumetric
method yielded values of ~1.1 × 1019 J (Chiodi et al., 2019), while an
alternative approach considering the thermal energy associated with
diffuse degassing resulted in ~2.37 kJ/s (Lamberti et al., 2021b). For
Cerro Galán, volumetric estimations ranged between 2.09 MWe and
10.85 MWe, depending on the confidence level considered (Chiodi et al.,
2024).

Previous studies on diffuse CO2 fluxes from the soil at CBGS and
CGGS (Lamberti et al., 2021b; Massenzio et al., 2024), based on
Graphical Statistical Approach (GSA, Sinclair, 1974; Chiodini et al.,
1998), suggested that the origin of CO2 diffusively discharged from the
soil was related to both magmatic degassing and shallow sources (e.g.,
microbial activity). To support them, the present study focuses on the
composition of the stable carbon isotopes of CO2 in interstitial gases
from the soil as a key method to distinguish between deep and shallow
fluid sources. We use the CO2 concentrations and δ13C–CO2 values to
quantify the contributions of these sources through a three-component
mixing model. By integrating isotopic data with CO2 concentrations,
collected at different depths, together with the fluxes, and soil temper-
ature along soil profiles from CBC and CGC, we aim to elucidate both the
origin of the CO2 and the physicochemical processes controlling its
degassing in these volcanic systems.

2. Geological setting and hydrothermal activity

2.1. Cerro Blanco caldera (CBC)

Cerro Blanco Caldera (26◦S – 67◦W) is the best-preserved volcanic
structure of the Cerro Blanco Volcanic Complex (Fig. 1A), located in the
back-arc region of the Central Volcanic Zone (~4200 m a.s.l.) (Seggiaro
et al., 2000; Arnosio et al., 2005; Báez et al., 2020a, 2020b). It is ~4 km
in diameter and composed mainly of rhyolitic to rhyodacitic rocks

erupted from the Middle Pleistocene to Holocene. Its eruptive history
includes large ignimbrite-forming eruptions (VEI ≥6), among the most
significant of the Central Andes in the Holocene (Báez et al., 2015;
Fernandez-Turiel et al., 2019).

CBC hosts an active and blind geothermal system (Chiodi et al., 2019;
Lamberti et al., 2021b). Fumarolic discharges with outlet temperatures
up to 93.7 ◦C, anomalous CO2 diffuse degassing, and hydrothermal
alteration deposits provide evidence of ongoing fluid circulation at
depth. Fumarolic gases are dominated by H2O and CO2, with relevant
amounts of H2S, CH4, and H2. This activity takes place in a <1 km2

hydrothermalized zone within the central sector of the CBC (Fig. 1B, C,
D), named Cerro Blanco hydrothermal site (CBa). At this site, deposits of
dilute pyroclastic density currents, breccias produced by phreatic ex-
plosions, and a 40 cm thick fossil silicic deposit suggest the occurrence of
a more intense hydrothermal activity in the past (Fig. 1E and F; Vir-
amonte et al., 2005a, 2005b). The silicic deposit consists of boehmite,
kaolinite and alunite (Viramonte et al., 2005a). The hydrothermal
reservoir, hosted in basement rocks, is a Na-Cl (HCO3) aquifer with
estimated silica-based temperatures of ~135 ◦C, recharged mainly by
meteoric fluids but also receiving inputs from a degassing magma
chamber, evidenced by a significant contribution of mantle He (39 %)
and a δ13C–CO2 value − 5.23 ‰ in the fumarolic gas composition. The
unconsolidated, fine-grained Cerro Blanco ignimbrite acts as a cap rock,
with its low permeability enhanced by hydrothermal alteration, which
likely seals the system (Chiodi et al., 2019).

2.1.1. Soil CO2 diffuse degassing at CBC
Soil diffuse CO2 is emitted through a single Diffuse Degassing

Structure (DDS), mirroring a soil temperature anomaly up to 73 ◦C.
Fluxes measured at CBC raised up to 320 g m− 2 d− 1 and their distribu-
tion on a logarithmic probability could be modelled by combining two
log-normal populations, which according to the GSA suggests two
different CO2 sources (Lamberti et al., 2021b).

The high-flux population, constituting 12 % of the measured fluxes,
had a mean value of approximately 135 ± 16 g m− 2 d− 1. The low-flux
population had a mean value of 10 ± 0.7 g m− 2 d− 1, including the
remaining 88 % of the measurements.

It should be noted that the terms “low flux population” and “high flux
population” used in this study refer to local definitions, since soil CO2
flux values in the Southern Puna calderas do not correspond to the
conventional thresholds commonly adopted in other volcanic-
hydrothermal contexts (e.g., average biogenic background values of
~30–40 g m− 2 d− 1 and volcanic-hydrothermal values up to 103–104 g
m− 2 d− 1). For this reason, and to avoid misleading associations, we
follow the terminology previously adopted in our works and refer to low
and high flux populations rather than to background and anomalous
degassing.

An initial interpretation of this multiple sourcing of CO2 suggests
that the high-flux population is likely fed by an endogenous source
(Lamberti et al., 2021b), based on the magnitude of these fluxes and
their spatial correlation with the diffuse degassing structures (DDS) and
thermal anomalies (Chiodini et al., 2001, 2005), as well as the
geochemistry and isotopic composition of the fumaroles at Cerro Blanco
(CBC) (Chiodi et al., 2019). The low-flux population, on the other hand,
was recognized as “background” CO2, mostly deriving from soil
respiration.

Together, both log-normal flux populations contribute to a total
diffuse CO2 emission of 187 ± 17 kg d− 1 across the mapped area
(37,845.51 m2). However, if the high-flux population is of endogenous
origin, the geogenic CO2 output in this area would be approximately 22
kg d− 1 (Lamberti et al., 2021a). These low magnitude CO2 emission was
interpreted as resulting from an efficient sealing layer that limits gas
escape.

A. Massenzio et al.
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Fig. 2. A) High resolution 3D image by Google Earth showing the main structural features and the location of the thermal areas at GCC. Top left: regional geotectonic
setting of the caldera. CVZ: central volcanic zone. ALT: Altiplano. PU: Puna. CGCV: Cerro Galán Volcanic Complex. CBCV: Cerro Blanco Volcanic Complex. B) Site
within La Colcha’s thermal area where hot springs gush with temperatures around 85 ◦C. A travertine dome and salt deposits can be observed. C) Another thermal
site within La Colcha, featuring springs at the same temperature, is situated ~300 m from the previous site. Salt deposits are observed. D) Aguas Calientes thermal
area. Sector where thermal springs gush out at 26 ◦C. E) Another thermal site within Aguas Calientes where springs with temperatures around 65 ◦C. F) Piscinas
Burbujeantes thermal area. Bubbling pools and hydrothermal precipitates can be observed.
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2.2. Cerro Galán caldera (CGC)

Cerro Galán Caldera (Fig. 2; 25◦49′–26◦7′S, 67◦5′W) is one of the
largest resurgent calderas of the Central Andes, formed during a major
supereruption at ~2 Ma that emplaced the Cerro Galán Ignimbrite
(~630 km3; Folkes et al., 2011a). With dimensions of 27 × 16 km and
elevations up to 6000 m a.s.l., the CGC is structurally controlled by
regional and local faults that also influence present-day fluid circulation.
Several geophysical studies have imaged a partially molten body in the
mid-crust named as the "Cerro Galán magma body", indicating ongoing
magmatic input beneath the system (Bianchi et al., 2013; Calixto et al.,
2013; Heit et al., 2014; Liang et al., 2014; Delph et al., 2017; Ward et al.,
2017).

Three areas of surface thermal activity, known as La Colcha, Aguas
Calientes, and Piscinas Burbujeantes del Galán, occur within the CGC.
These areas host hot springs, bubbling pools and fumaroles (UNSa,
1982; Chiodi et al., 2024). At La Colcha and Aguas Calientes, the thermal
waters have a Na+-Clˉ composition with temperatures ranging between
25 and 85 ◦C and a slightly acidic to neutral pH (Fig. 2C, D, E y F).
Diffuse CO2 degassing from the soils occurs close to the thermal waters.
Additionally, significant salt deposits, mainly consisting of calcite and
halite, were recognized (Massenzio et al., 2023, 2024). The presence of a
phreatic explosion crater and travertine domes suggests that hydro-
thermal activity was more intense in the past. At Piscinas Burbujeantes
del Galán, acid–sulphate bubbling pools and geothermal fumaroles with
temperatures of 80 and 87.7 ◦C, respectively, occur (Fig. 2F). Siliceous
sinter deposits and fragments of the silicified Cerro Galán Ignimbrite
were observed in the elevated topographic regions (Chiodi et al., 2024).
Minerals such as kaolinite, hematite, boehmite, sulfates, sulfur, and
others were identified around the bubbling pools (Massenzio et al.,

2023, 2024).
The soils hosting the thermal emissions differ among the studied

areas. At Aguas Calientes, the hot springs discharge through fluvial
sediments forming terraced alluvial fans along the Aguas Calientes river.
These deposits are poorly sorted and consist of alternating coarse and
fine layers, with cross-lamination and planar lamination in the finer
sandy levels; clasts are derived from ignimbrites, lavas, and the igneous-
metamorphic basement. By contrast, the soils at La Colcha and Piscinas
Burbujeantes mainly originate from the weathering of the Cerro Galán
ignimbrite, forming terraced alluvial fans (Chiodi, 2015). Field obser-
vations during this study indicate that these deposits are also
fine-grained and poorly consolidated.

2.2.1. Soil CO2 diffuse degassing at CGC
Anomalously high CO2 fluxes, up to 21.66 g m− 2 d− 1, were measured

at La Colcha and Aguas Calientes thermal sites, except for Piscinas
Burbujeantes del Galán, where soil diffuse degassing is practically ab-
sent. Such high CO2 fluxes were coupled with soil temperature anoma-
lies, up to 35 ◦C. The log probability plot of the CO2 fluxes showed three
log-normal populations at La Colcha and two log-normal populations at
Aguas Calientes (Massenzio et al., 2024). At La Colcha, the high-flux
population was characterised by mean values of 18.63 g m− 2 d− 1,
whereas at Aguas Calientes, high-fluxes were characterised by mean
values of 11.65 g m− 2 d− 1. These high fluxes constituted 4% and 10% of
the measured fluxes, respectively. The low-flux populations were
defined by fluxes ranging from <0.01 to 2 g m− 2 d− 1.

According to Massenzio et al. (2024), the high-flux populations
originate from magmatic-hydrothermal sources, based on the spatial
correlation between DDS and thermal anomalies. The low-flux pop-
ulations were attributed to background CO2 levels, mostly produced

Table 1
Isotopic composition of soil CO2 sampled at CBC and CGC.

Thermal Site Profile Name Sample Name Depth (cm) ΦCO2 (g m− 2 d− 1) Tsoil (◦C) [CO2] (ppm) δ13C-CO2 (‰)

CBC
CBa CB1 CB1_V1 10 39.6 45.7 540 − 15.4

CB1_V2 20 750 − 15.2
CB1_V3 30 850 − 11.7

CB2 CB2_V1 10 27.9 36.6 >5000 − 5.6
CB2_V2 20 >5000 − 4.9

CB3 CB3_V1 10 22.5 48.2 >5000 − 5.2
CB3_V2 20 1300 − 11.6
CB3_V3 30 780 − 14.3

CGC
La Colcha LC1 LC1_V1 10 2.5 25.5 400 − 18.8

LC1_V2 20 550 − 19.6
LC2 LC2_V1 10 1.0 29.5 600 − 17.6

LC2_V2 20 550 − 17.8
LC2_V3 30 700 − 11.7

LC3 LC3_V1 10 9.1 23 400 − 19.7
LC3_V3 30 600 − 20.3
LC3_V4 40 650 − 13.2

LC4 LC4_V1 10 35.3 22.5 >5000 − 5.2
LC5 LC5_V1 10 0.78 22.7 1000 − 5.8

LC5_V3 30 700 − 9.8
LC5_V4 40 600 − 14.3

LC6 LC6_V1 10 0.95 24.1 600 − 15.7
LC6_V2 20 650 − 14.8
LC6_V3 30 600 − 15.1

Piscinas Burbujeantes PBG1 PBG1_V1 10 3.0 61 370 − 21.3
PBG1_V2 20 700 − 18.8
PBG1_V3 30 670 − 15.4

PBG2 PBG2_V1 10 0.97 31.1 710 − 13.3
PBG2_V2 20 680 − 14.6
PBG2_V3 30 630 − 18.8

Aguas Calientes AC1 AC1_V1 10 4.39 26 >5000 − 6.5
AC1_V2 20 370 − 17.9
AC1_V3 30 700 − 13.1

AC2 AC2_V1 10 3.63 21.3 600 − 17.6
AC2_V2 20 700 − 15.6
AC2_V3 30 700 − 15.9

A. Massenzio et al.
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within the soil.
The total diffuse CO2 output at CGC was estimated at 201.35 kg d− 1

± 22.14, whereas the endogenous CO2 outputs were 0.44 kg d− 1 in La
Colcha and 19.02 kg d− 1 in Aguas Calientes (Massenzio et al., 2024).
Low CO2 output was attributed to partial dissolution of CO2 in shallow
water bodies combined with low soil permeability, which hinders up-
ward gas transport (Massenzio et al., 2024).

3. Material and methods

Interstitial gas sampling from vertical profiles, three at CBC and ten
at CGC each extending up to 40 cm depth, were carried out to analyze
the concentration and carbon isotopic composition of CO2 at various
depths. At each gas sampling site, diffuse CO2 flux and soil temperature
were also measured (Table 1).

3.1. Soil CO2 flux and temperature

Diffuse CO2 flux (Φ) measurements were carried out according to the
accumulation chamber method (Chiodini et al., 1998), using a West
Systems portable flowmeter from GESVA - University of Buenos Aires. A

2.765 × 10− 3 L chamber was placed on the ground, and the pump in the
flowmeter continuously transferred gas from the chamber to a LICOR
Li-820 infrared spectrometer, which is based on a Non-Dispersive
Infrared (NDIR) technique and operates in the range of 0–20000 ppm
of CO2. After passing through the detector, the gas returns to the
chamber. This minimises any disturbance to the gas flow. An
Analog-Digital converter in the flowmeter allows flux results to be
viewed on a mobile device using the Flux Manager software. The
flowmeter was calibrated at the Argentine National Commission of
Atomic Energy (CNEA) laboratories. The measurement uncertainty is
around 10 % for CO2 fluxes ranging from 10 to 10000 g m− 2 d− 1

(Chiodini et al., 1998), though this uncertainty may increase for lower
fluxes (Carapezza and Granieri, 2004). Simultaneously with the ΦCO2
measurements, soil temperature was measured at a depth of 10 cm suing
a Hanna HI-935005 N digital thermometer with an accuracy of ±0.2 ◦C,
and a thermocouple operating between − 50 and 120 ◦C, with a reso-
lution of 0.1 ◦C.

3.2. Sampling of soil gases

During a survey performed in November 2022 at the CBC and CGC,

Fig. 3. A) Location of the diffuse degassing structure within the CBC. B) CO2 flux map at CBa (Lamberti et al., 2021b). Grey points mark the soil gas sampling points
from this work. Maps coordinates expressed in meters, UTM - WGS84, 19S.

A. Massenzio et al.
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Fig. 4. A) Location of the diffuse degassing structures within the La Colcha thermal site. B) CO2 flux maps at subsites within La Colcha (modified from Massenzio
et al., 2024). C) CO2 flux map at thermal site La Colcha 1 (Massenzio et al., 2024). D) CO2 flux map at La Colcha 3 (Massenzio et al., 2024). Grey points mark the soil
gas sampling points from this work (LC1, L2, L3, L4, L5, L6). Maps coordinates expressed in meters, UTM - WGS84, 19S.

A. Massenzio et al.
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Fig. 5. A and B) Location of the Aguas Calientes and Piscinas Burbujeantes del Galán thermal site. B) Detailed view of the thermal site Aguas Calientes. C) View
(toward W) of the Piscinas Burbujeantes del Galán thermal site. D) CO2 flux map at thermal site Aguas Calientes (Massenzio et al., 2024) E) CO2 flux map at Piscinas
Burbujeantes del Galán thermal site (Massenzio et al., 2024). Grey points mark the soil gas sampling points from this work (AC1, AC2, PBG1 and PBG2). Maps
coordinates expressed in meters, UTM - WGS84, 19S.

A. Massenzio et al.
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we collected 35 samples of interstitial soil gases, as follows: at CBC, 8
samples along three vertical profiles within CBa (CB1, CB2 and CB3,
Fig. 3A and B), and at CGC, 27 soil gas samples from 10 vertical profiles
(Fig. 4A and B and 5A,B,C). Among the latter, 6 profiles were carried out
at La Colcha thermal site (LC1, LC2, LC3, LC4, LC5, LC6; Fig. 4C and D),
2 profiles at Aguas Calientes thermal site (AC1, AC2; Fig. 5D), and 2
profiles at Piscinas Burbujeantes del Galán (PBG1, PBG2; Fig. 5E). Soil
gas samples were collected by inserting a stainless-steel tube with an
inner diameter of 0.4 mm, at 10, 20, 30, and 40 cm depths (Fig. 6),
except in some sites where soil conditions did not allow us to reach the
30/40 cm depths. We performed the sampling sequentially from the
surface downward, in order to minimize disturbance during perforation.
All samples belonging to the same profile were taken from the same hole
(Table 1). The different profiles corresponded to independent holes
located a few meters apart (Fig. 4C and D and 5D,E).

We connected the stainless-steel tube to a Multigas gas analyzer
developed by the ICES group from the CNEA (Argentina). This instru-
ment was equipped with three gas sensors: (i) a non-dispersive infrared
Gascard NG CO2 sensor (Edinburgh Sensors), operating in the range of
0–5000 ppm with an accuracy of 2 % and a resolution of 0.8 ppmv; (ii)
an electrochemical Alphasense H2S sensor, with a measuring range of
0–50 ppm, accuracy of 0.1 ppm, and resolution of 0.048 ppm; and (iii)
an electrochemical Alphasense SO2 sensor, with a measuring range of
0–200 ppm, accuracy of 0.1 ppm, and resolution of 0.19 ppm. The
system also incorporated a flux pump (1 L/min), ensuring a constant gas
flow through the sensors. At the outlet vent of the CO2 detector, we
connected a silicone tube to a 12 mL glass vial equipped with a
pierceable rubber septum (Labco Exetainer®), to collect gas samples for
isotopic analyses (Fig. 6B).

We analyzed the δ13C–CO2 values (expressed as ‰ vs. V-PDB) by
Cavity Ring-Down Spectroscopy (CRDS) using a Picarro G2201-i
Analyzer at the Fluid Geochemistry Laboratory, Department of Earth
Sciences, University of Florence (Italy). The instrument inlet line was
equipped with Drierite and copper traps to remove water vapour and
H2S. The analytical error was ±0.16‰ (Venturi et al., 2019; Tassi et al.,
2022).

4. Results

4.1. Soil CO2 flux and soil temperature

The three profiles at CBC (Fig. 3B) were conducted within DDS areas
and showed CO2 fluxes between 22.5 and 39.9 g m− 2 d− 1. Soil tem-
peratures were within a relatively narrow range (36.6–48.2 ◦C; Table 1).
These profiles were only collected within DDS areas due to time con-
straints during the field survey.

The ten profiles surveyed at CGC were conducted both within and
outside DDS areas (Figs. 4 and 5). CO2 fluxes measured at the profile
points were low (from 0.78 to 9.1 g m− 2 d− 1) and were associated with
moderate to high soil temperatures (from ~21 to 61 ◦C).

Soil CO2 flux measurements were always conducted on the dry soil
surface before inserting the sampling tube, reflecting the actual condi-
tions at the measurement point.

4.2. CO2 concentration and carbon isotopic composition of soil CO2 at
CBC

The concentrations of CO2 in interstitial soil gases at CBC ranged
from 540 to >5000 ppm, while the δ13C-CO2 values varied between
− 15.4 and − 4.9 ‰ vs. V-PDB (Table 1).

Soil gas composition along the three vertical profiles (Table 1)
showed different trends at increasing depth:

i) The CB1 profile is characterized by an increase in both CO2
concentration and δ13C-CO2 (540–850 ppm and − 15.4 to − 11.7
‰ vs. V-PDB respectively).

ii) The CB2 profile shows concentrations >5000 ppm at 10 and 20
cm depth, with δ13C-CO2 values of − 4.9 to − 5.6 ‰ vs. V-PDB,
respectively.

iii) The CB3 profile shows a sharp decrease with depth in CO2 con-
centration (from >5000 to 780 ppm), accompanied by an abrupt
depletion of δ13C-CO2 from − 5.2 to − 14.3 ‰ vs. V-PDB.

Fig. 6. A) Soil gas sampling at La Colcha. B) Details of the sampling elements.
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4.3. CO2 concentration and carbon isotopic composition of soil CO2 at
CGC

The CO2 concentration ranged from 370 to>5000 ppm and the δ13C-
CO2 values ranged from − 21.3 to − 5.2‰ vs. V-PDB (Table 1). Samples
collected from the DDS profiles at both La Colcha and Aguas Calientes
sites, with CO2 concentrations exceeding 5000 ppm, exhibit carbon
isotopic compositions of − 5.2 ‰ (LC4) and − 6.5 ‰ vs. V-PDB (AC1),
respectively (Δ = − 1.3 ‰, x = − 5.83 ‰ vs. V-PDB). At La Colcha, we
also obtained a sample within a DDS with CO2 concentrations below
5000 ppm but similar isotopic values (− 5.8‰ vs. V-PDB at 1000 ppm,
LC5; Table 1 and Fig. 8).

The CO2 composition of soil interstitial gases along the ten vertical
profiles at CGC can be described as follows:

i) The LC1 profile was characterised by CO2 concentrations from
400 to 500 ppm, whereas the δ13C-CO2 values ranged from − 18.8
to − 19.6‰ vs. V-PDB. Samples in this profile could only be taken
up to a depth of 20 cm due to soil characteristics that prevented
deeper sampling.

ii) The CO2 concentrations and δ13C-CO2 values in profiles LC2, LC6,
and AC2 showed only minor variations. In profile LC2, the CO2
concentration slightly increased from 600 to 700 ppm between
10 and 30 cm, and the δ13C-CO2 values were − 17.6‰ at 10 cm,
− 17.8‰ at 20 cm, and − 11.4‰ at 30 cm. In profile LC6, the CO2
concentration was 600 ppm at both 10 cm and 30 cm, while it
increased to 650 ppm at 20 cm. The δ13C-CO2 values were − 15.7
‰ at 10 cm, − 14.8‰ vs. V-PDB at 20 cm, and − 15.1‰ vs. V-PDB
at 30 cm. In profile AC2, the CO2 concentration was 600 ppm at
10 cm and 700 ppm at both 20 cm and 30 cm. The δ13C-CO2
values were − 17.6‰ vs. V-PDB at 10 cm, − 15.6‰ vs. V-PDB at
20 cm, and − 15.9 ‰ vs. V-PDB at 30 cm.

iii) The LC3 and PBG1 profiles showed an increase in CO2 concen-
tration with depth. The concentration ranged from 370 to 400
ppm to approximately 600–650 ppm. The δ13C-CO2 values
showed an increase from 10 cm to 40 cm depth: from − 19.7‰ to

− 13.2‰ vs. V-PDB at LC3 and from − 21.3‰ vs. V-PDB to − 15.4
‰ vs. V-PDB at PBG1.

iv) Only one sample was collected at 10 cm in the LC4 site, which
showed a concentration of >5000 ppm and a δ13C-CO2 value of
− 5.2 ‰ vs. V-PDB. Further sampling was not possible due to
water soil saturation.

v) In the LC5 and AC1 profiles, CO2 concentration decreases with
depth from over 5000/1000 ppm to 600/700 ppm, while in
PBG2, the concentration showed less variation, decreasing only
from 710 to 630 ppm. The δ13C-CO2 in the LC5 and AC1 profiles
becomes lighter, from − 5.8 and − 6.5‰ vs. V-PDB to ~ − 14 and
− 13 ‰ vs. V-PDB, respectively. In PBG2, the variation was
smaller, from − 13.3 to − 18.8 ‰ vs. V-PDB.

vi) The CO2 concentration and δ13C-CO2 values in the LC6 and AC2
profiles showed only minor variation. At LC6, the CO2 concen-
tration was 600 ppm at both 10 cm and 30 cm, but increased to
650 ppm at 20 cm. The δ13C-CO2 values were − 15.7‰ at 10 cm,
− 14.8‰ vs. V-PDB at 20 cm, and − 15.1‰ vs. V-PDB at 30 cm. At
AC2, the CO2 concentration was 600 ppm at 10 cm and increased
to 700 ppm at both 20 cm and 30 cm. The δ13C-CO2 values were
− 17.6‰ vs. V-PDB at 10 cm, − 15.6‰ vs. V-PDB at 20 cm, and
− 15.9 ‰ vs. V-PDB at 30 cm.

4.4. Three-component mixing model

We processed the CO2 concentration and δ13C-CO2 data following
the three-component mixing model described by Lucic et al. (2015) and
Di Martino et al. (2016), in order to estimate the relative contribution of
hydrothermal, atmospheric, and biogenic sources to soil gas composi-
tion. To calculate three-component mixing, we used the following
equations:

1= fH + fA + fB (1)

δ13Cobs = fH
(
δ13CH

)
+ fA

(
δ13CA

)
+ fB

(
δ13CB

)
(2)

Fig. 7. Plot of δ13C-CO2 values against CO2 concentration for soil gas samples at CBC. CO2 concentrations (green dots) are evaluated according to a mixing process of
three components (hydrothermal-air-biogenic). Solid black lines and the red line represent mixing paths between principal endmembers. The red line (Biogenic -
hydrothermal mixing) joins the hydrothermal endmember at δ13C-CO2 -5.23 ‰ vs. V-PDB and a CO2 concentration of 950000 ppm. Group A includes data points
where the CO2 is predominantly from a hydrothermal source. Group B includes data points with a higher biogenic CO2 contribution, and Group C includes data points
that fall within the mixing field with contribution from the three sources.
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1
CO2obs

=
fH

CO2H
+

fA
CO2A

+
fB

CO2B
(3)

where the subscripts H, A, and B correspond to hydrothermal, atmo-
spheric, and biogenic end-members, respectively. The parameter f rep-
resents the relative fraction for each source, δ13C represents the isotopic
composition in ‰, and CO2 corresponds to the concentration of gas in
vol %.

The CO2 concentrations of each end-member are reported in ppm
Figs. 7 and 8 for clarity; for the mixing calculations, these values were
converted to vol% (Supplementary Material 1). The end-member values
used in this study are:

• Cerro Blanco caldera: hydrothermal δ13CH = − 5.23‰ and CO2 H =

950000 ppm, atmospheric δ13CA = − 8.5 ‰ and CO2 A = 418 ppm,
and biogenic δ13CB = − 22.0 ‰ and CO2 B = 1300 ppm.

• Cerro Galán caldera: hydrothermal δ13CH = − 6.51 ‰ and CO2 H =

850000 ppm, atmospheric δ13CA = − 8.5 ‰ and CO2 A = 418 ppm,
and biogenic δ13CB = − 22 ‰ and CO2 B = 540 ppm.

Nearly all soil gas samples could be explained as mixtures of these
three components. The resulting relative contributions (fH, fA, fB) were
then calculated for all sampling points (Supplementary material 1).
Samples that did not fit the mixing model (i.e., yielding non-physical
results such as negative fractions) were not converted to relative per-
centages and are indicated with “–”. The rationale for selecting the end-
member values for each caldera is further discussed in Section 5.

5. Discussion

5.1. Origin of soil CO2 at CBC

The three-component mixing model was constructed using CO2
concentrations and δ13C-CO2 values from regional endmembers of the
three sources, based on previous studies conducted in and around the
area (Samec et al., 2015; Chiodi et al., 2019; Raegan et al., 2023).

(1) The CO2 of hydrothermal origin presents a concentration of
950000 ppm and a δ13C-CO2 of − 5.23‰ vs. V-PDB, measured in
fumarolic gases from the CBa hydrothermal site (Chiodi et al.,
2019). This value ranges in the magmatic CO2 values for the
Central Volcanic Zone from − 12.0‰ to − 1.2‰ vs. V-PDB (Barry
et al., 2022).

(2) The average δ13C-CO2 value for biogenic sources related to Puna
vegetation is − 25.4‰ vs. V-PDB (Samec et al., 2015), consistent
with the typical range for C3 plants (− 35 to − 20 ‰) that domi-
nate temperate and high altitude environments, such as those in
the southern Andes (Tieszen, 1991; Dawson et al., 2002; Panar-
ello and Fernández, 2002). In the CBC, the sparse herbaceous
steppe vegetation is dominated by Festuca spp. and uses the C3
pathway of photosynthesis, but is outside the hydrothermal zone
(Fig. 1B). Within the hydrothermal zone, where vegetation is
absent, isotopic values likely reflect microbial respiration. While
specific studies for the CBC are lacking, chemolithoautotrophic
microorganisms have been identified in similar geothermal sys-
tems in the Central Volcanic Zone of Argentina, such as Tocomar
and CGC (Raegan et al., 2023). Though isotopic data are un-
available for Tocomar and CGC, chemolithoautotrophic com-
munities in hydrothermal deposits, such as those at Solfatara
(Glamoclija et al., 2004), show 13C isotopic signatures between
− 27.39 and − 17.09‰ vs. V-PDB. Based on this information, we
select δ13C-CO2 = − 22 ‰ vs. V-PDB (the mean value of the
chemolithoautotrophic microorganisms’ range, as the endmem-
ber for soil respiration (biogenic CO2), as it closely approximates
the expected carbon isotope composition of CO2 in the soil gases
at CBC. Excluding concentrations above 5000 ppm, which are
associated with δ13C-CO2 values indicative of a hydrothermal
origin, the highest CO2 concentration measured at CBC (1300
ppm) is considered part of the soil respiration (biogenic CO2)
endmember. The selection of these values follows the same
criteria used in previous studies (Lucic et al., 2015; Di Martino
et al., 2016, 2020). They selected the highest CO2 concentrations
measured in the field (Vulcano), considering only those associ-
ated with the lowest δ13C-CO2 values, based on the assumption

Fig. 8. Plot of δ13C-CO2 values against CO2 concentration for soil gas samples at CGC. The CO2 is evaluated according to a mixing process of three components
(hydrothermal-air-biogenic). Solid black lines and the red line represent mixing paths between principal end-members. The red line (Biogenic - hydrothermal mixing)
joins the hydrothermal zone at 850000 ppm. Group A includes data points where the CO2 is predominantly from a hydrothermal source. Group B includes data points
where the CO2 is mainly from a biogenic source, and Group C includes data points within the mixing field between the three sources.
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that CO2 produced by soil respiration is more 13C-depleted than
hydrothermal.

(3) The atmospheric endmember is defined by CO2 concentration of
400 ppm and isotopic composition of δ13C-CO2 = − 8.5‰ vs. V-
PDB, according to Pieber et al. (2021).

The CO2 concentration and δ13C-CO2 values of the hydrothermal,

biogenic and atmospheric endmembers of the CBC were used to obtain
the three binary mixing curves shown in Fig. 7. From the scatter data in
this mixed model diagram, three main groups (A, B and C) at CBC are
recognized. Group A consists of three samples with the highest contri-
bution from the hydrothermal source (δ13C-CO2 range from − 5.6 ‰ to
− 4.9 ‰ vs. V-PDB, and >5000 ppm CO2). In one of these samples, the
mixing model indicates a hydrothermal contribution clearly >90 %.

Fig. 9. Vertical profiles of soil CO2 concentration and δ13C-CO2 values at CBC (see location of CB1, CB2 and CB3 in Fig. 3b). The green shaded box corresponds to the
biogenic δ13C-CO2 range between -30 and -17 ‰ vs. V-PDB. The light blue corresponds to the δ13C-CO2 atmospheric value, -8.5 ‰ vs. V-PDB. The red shaded box
corresponds to the hydrothermal δ13C-CO2 values ranging from -5.6 and -4.9‰ vs. V-PDB. The red stars mark the profiles conducted on a diffuse degassing structure.
The information provided by the colour references is detailed in subsection 5.1.
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However, two of these samples could not be reproduced by the simple
three-component mixing model, as it returned negative contributions for
one of the end-members. This suggests two possible explanations: (i) the
selected end-members, particularly the hydrothermal and biogenic ones,
may not fully represent the local variability, or (ii) secondary processes
induce isotopic fractionation. Among the latter, advective–diffusive
transport through porous media can preferentially release lighter 12C to
the atmosphere while retaining heavier 13C in the soil, a process
particularly common under low flux conditions when gas transport is
dominated by diffusion (Capasso et al., 2001; Camarda et al., 2007). This
interpretation is consistent with our dataset, where all sampling points
presents low CO2 fluxes (Table 1). Another possibility is the partial
dissolution of CO2 in shallow waters or soil pore waters (Ma et al., 2013,
2015, and references therein). In arid environments, abiotic processes
such as carbonate dissolution/precipitation and changes in CO2 solubi-
lity within soil water films can also influence CO2 fluxes. Specifically,
increasing temperature decreases CO2 solubility, promoting the exso-
lution of dissolved CO2 back into the gaseous phase. This mechanism
leaves the soil CO2 enriched in 13C, resulting in more positive δ13C
values (Shanhun et al., 2012). In agreement with this, our measurements
indicate relatively high soil temperatures at CBC, which would enhance
CO2 exsolution processes and thus contribute to the observed positive
δ13C shifts. We consider the first explanation more likely, because, as
previously noted, magmatic CO2 values in this region display a wide
compositional range (− 12 to − 1.2‰ vs. V-PDB, Barry et al., 2022). This
broad isotopic spectrum suggests that a single fixed end-member value
may not adequately capture the natural variability of the hydrothermal
source, and thus a range of magmatic compositions should be considered
when interpreting the mixing model. Similarly, the biogenic
end-member may also be poorly constrained, since no δ13C-CO2 values
from vegetation or microbial activity have yet been reported for the
caldera, as previously noted.

Group B includes soil gas samples in which CO2 is mainly of a shallow
biogenic source (δ13C-CO2 range from − 15.4‰ to − 14.3‰ vs. V-PDB,
and <800 ppm CO2). On average, the three-component mixing model
indicates contributions of 12.0 % hydrothermal, 38.8 % atmospheric,
and 49.2 % biogenic CO2, highlighting the predominance of the biogenic
source while also reflecting significant atmospheric mixing.

Group C includes soil gas samples characterized by a more balanced
mixture of the three sources, with average contributions of 37.4 % hy-
drothermal, 30.2 % atmospheric, and 32.4% biogenic CO2. Compared to
Group B, the main difference is the increase in the hydrothermal
contribution, highlighting the stronger influence of deep magmatic-
hydrothermal fluids.

5.2. Origin of soil CO2 at CGC

For the purpose of our three-component mixing model at CGC, the
local hydrothermal and biogenic δ13C-CO2 endmembers were defined
according to previous works at CGC (Raegan et al., 2023; Chiodi et al.,
2024; Massenzio et al., 2024):

(1) The δ13C-CO2 value of − 6.51 ‰ vs. V-PDB was defined as the
hydrothermal endmember, gases emitted from the bubbling pools
at the La Colcha thermal site (Barry et al., 2022; Chiodi et al.,
2024). This value was selected as a reference because the fluids
discharged at this site are representative of the deep Na+-Cl-

hydrothermal aquifer (Chiodi et al., 2024).
(2) The biogenic endmember δ13C-CO2 was the same as that selected

for CBC (− 22 ‰ vs. V-PDB); however, in this case, the highest

CO2 concentration measured—excluding values above 1000
ppm—was lower, at 710 ppm. This selected endmember value is
within the isotopic range of chemolithoautotrophic microbial
communities (− 27.39 to − 17.09 ‰), as reported by Glamoclija
et al. (2004) in the Solfatara hydrothermal deposits. The presence
of such communities at CGC is supported by Raegan et al. (2023),
who identified chemolithoautotrophs in all three hydrothermal
sites of the caldera. These microorganisms use CO2 to synthesize
organic matter, deriving energy from redox reactions that pro-
mote the formation of biominerals such as elemental sulfur, sul-
phides, sulphates, and iron oxides/hydroxides (Stetter, 2006;
Glamoclija et al., 2004). Many of these minerals were also iden-
tified at Piscinas Burbujeantes (Massenzio et al., 2024), sup-
porting the presence of similar microbial processes. Importantly,
Raegan et al. (2023) indicated that these microbial communities
survive by recycling organic matter derived from their own
necromass. This organic substrate, which accumulates in the soil,
likely acts as the source of biogenic CO2 detected in diffuse soil
emissions. Therefore, the selected δ13C-CO2 value (− 22 ‰)
reasonably represents this biogenic contribution within the
context of CGC.

(3) The third source, the atmosphere, maintains the aforementioned
values of 400 ppm of CO2 concentration and the isotopic
composition of δ13C-CO2 = − 8.5 ‰ vs. V-PDB (Pieber et al.,
2021).

As in CBC, the three endmembers were used to obtain three binary
trend mixing curves reported in the δ13C-CO2 vs. CO2 concentration
graph (Fig. 8). The data plotted show a dispersion ranging from a strong
hydrothermal signature with higher CO2 concentrations and δ13C-CO2
values, to more depleted values, indicating a predominant contribution
from the endmembers characterised by lower CO2 concentrations and
isotopically light CO2.

As with CBC, the scatter data at CGC were discriminated into three
groups (Fig. 8). Group A presents the highest contribution from the
hydrothermal source. These samples were collected from the two sites
where clear degassing structures are present (Figs. 4 and 5), highlighting
a spatial correlation between surface degassing features and a strong
hydrothermal signature. In contrast, at Piscinas Burbujeantes, no such
structures were observed (Fig. 5E), and the isotopic signature also does
not indicate a dominant hydrothermal contribution. One of the three
Group A samples shows a lower CO2 concentration (~1000 ppm), likely
due to greater mixing with atmospheric CO2. The samples fall outside
the model predictions. The interpretation for this group follows the same
reasoning as for Group A at CBC.

Group B consists of samples in which CO2 is predominantly biogenic
in origin (average ~74 %). Only three data points fall within the theo-
retical mixing field, plotting close to the atmospheric–biogenic mixing
line. All samples deviate from the biogenic–hydrothermal trajectory.
The absence of samples along this line can be explained by the extremely
arid conditions of the study sites, where scarce vegetation results in
lower rates of biogenic CO2 production. This interpretation is supported
by the lower CO2 concentration values observed at Piscinas Burbu-
jeantes del Galán and La Colcha (~400 ppm, Table 1), both sites where
vegetation is absent. This supports the use of a biogenic endmember
associated with microbial activity, rather than one derived from wet-
lands, as the more appropriate option for this setting.

Group C includes data that plot within the mixing field with con-
tributions from all three end-members, with averaged proportions of
45.5 % biogenic, 17.8 % hydrothermal, and 36.6 % atmospheric. This

Fig. 10. Vertical profiles of soil CO2 concentration and δ13C-CO2 values at La Colcha (see location of LC1,6 profiles in Fig. 4). The green shaded box corresponds to
the biogenic δ13C-CO2 range between − 30 and − 17‰ vs. V-PDB. The light blue corresponds to the atmospheric value, δ13C-CO2 -8.5‰ vs. V-PDB. The red shaded
box corresponds to the hydrothermal δ13C-CO2 values ranging from − 7.5 and − 5.2 ‰ vs. V-PDB. The red stars mark the profiles conducted on a diffuse degassing
structure. The information provided by the colour references is detailed in subsection 5.2.
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Fig. 11. Depth profiles of soil CO2 concentration and δ13C-CO2 values at Aguas Calientes (AC) y Piscinas Burbujeantes del Galán (PBG). See location of AC1,2 and
PBG1,2 profiles in Fig. 5. The green shaded box corresponds to the biogenic δ13C-CO2 range between − 30 and − 17‰ vs. V-PDB. The light blue corresponds to the
atmospheric value, δ13C-CO2 -8.5‰ vs. V-PDB. The red shaded box corresponds to the hydrothermal δ13C-CO2 values ranging from − 7.5 and − 5.2‰ vs. V-PDB. The
red stars mark that the profiles were carried out on a diffuse degassing structure. The information provided by the colour references is detailed in subsection 5.2.
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suggests that the observed CO2 reflects a combined influence of micro-
bial activity, magmatic-hydrothermal input, and air. Samples from all
three sites fall within this group, and interestingly, at Piscinas Burbu-
jeantes del Galán a minor hydrothermal contribution is still detected in
the soil, despite the absence of measurable diffuse CO2 emissions at the
surface.

While the three-component mixing model captures the main trends
at CGC, some samples from both La Colcha and Aguas Calientes fall
outside the model predictions. In these sites, where carbonate minerals
are known to occur (Massenzio et al., 2024), secondary processes such as
carbonate precipitation or dissolution may locally modify the isotopic
signal, respectively depleting or enriching the CO2 in 13C (Barry et al.,
2013; Vignoni et al., 2024). In addition, we cannot rule out that mi-
crobial activity itself may act as a secondary process locally modifying
the δ13C-CO2 signal in the three sites, potentially leading to either an
enrichment or a depletion in 13C (Blair et al., 1985; Wang et al., 2017).
Nevertheless, since no additional sampling for verification was carried
out, the reported δ13C values could also reflect instrumental error or
sample contamination. In addition, the uncertainties of the method-
—particularly high at low CO2 efflux values—may partly account for the
observed dispersion in the δ13C-CO2 data (Chiodini et al., 2008).

5.3. Variability of CO2 concentration and δ13C-CO2 in vertical profiles at
CGC and CBC

The vertical profiles analyzed in both the CBC and CGC areas
(Figs. 9–11) exhibit significant deviations from the theoretical CO2
concentration and δ13C-CO2 distribution patterns described in previous
studies. Camarda et al. (2007) and Federico et al. (2010) reported that,
in vertical profiles of volcanic-hydrothermal soils, CO2 concentrations
generally increase with depth, while δ13C-CO2 values progressively
approach those of the deep source, moving away from the atmospheric
compositions typically observed in the uppermost soil layer (<10 cm).

In the CBC area, the CB2 profile (Fig. 9), which includes samples
from 10 cm to 20 cm depths, both CO2 concentration (>5000 ppm) and
δ13C-CO2 values (− 4.9 to − 5.6 ‰ vs. V-PDB) remained relatively con-
stant. This profile reflects the hydrothermal characteristics, indicating a
stable contribution from the hydrothermal source. Meanwhile, the CB1
and CB3 profiles (Fig. 9) display direct correlations between CO2 con-
centration and δ13C-CO2. In the CB1 profile, both CO2 concentration and
δ13C-CO2 increased with depth, while in the CB3 profile, both variables
decreased with depth (Fig. 9).

Similarly, in the CGC area, most profiles also exhibit a direct corre-
lation between CO2 and δ13C-CO2, though with varying trends. Profiles
such as LC2, LC3 (Fig. 10); PBG1, and AC2 (Fig. 11) show increasing CO2
concentrations and δ13C-CO2 values with depth, while others (e.g., LC5,
AC1, and PBG2) display the opposite—decreasing values with depth.

Notably, the profiles CB3 (Fig. 9), LC5, and AC1 (Figs. 10 and 11)
show heavier δ13C–CO2 values at the shallowest sampled depth (10 cm),
which gradually become lighter at greater depths (20–40 cm). Contrary
to expectations, this pattern does not reflect natural vertical CO2 gra-
dients in the soil. Instead, the initial 10 cm measurement—collected
immediately upon insertion of the stainless-steel sampling tube—likely
captures the true deep hydrothermal signal. As the tube was progres-
sively buried to reach greater depths, air contamination probably
affected the samples, diluting the CO2 and producing artificially lighter
δ13C–CO2 values. Therefore, the shallowest measurements are consid-
ered reliable, while the deeper samples may be influenced by this
sampling artefact. Low soil permeability, as noted by Capasso et al.
(2001), can exacerbate this effect by promoting air intrusion during
sampling. Considering the difficulty of reaching depths beyond 20 cm at
several sites in both calderas and the soil characteristics detailed in
Section 2, this represents a major limiting factor for deeper
measurements.

6. Conclusions

This work presents the first comprehensive coupling evaluation of
stable carbon isotopes and CO2 concentrations in vertical soil-gas pro-
files at the southern Puna’s two largest silicic calderas, Cerro Blanco
(CBC) and Cerro Galán (CGC). By integrating isotopic data with CO2
concentration and flux measurements and applying a three-component
mixing model, we quantified the relative contributions from three
distinct CO2 sources -deep hydrothermal, shallow (biogenic), and
atmospheric-feeding the diffuse soil CO2 emissions in these volcanic
environments.

In CBC, high CO2 concentrations (>5000 ppm) and δ13C-CO2 values
close to − 5.2 ‰ (vs. V-PDB) indicates a dominant hydrothermal
contribution, aligning with isotopic values reported for fumarolic
emissions. Lower CO2 concentrations (540–1300 ppm) and more
depleted δ13C-CO2 values (− 15.4 to − 11.6‰) reflected the influence of
biogenic activity. Atmospheric contributions were minor but evident
with intermediate δ13C-CO2 values. In CGC, a broader range of δ13C-CO2
values (− 21.3 to − 5.2 ‰) and CO2 concentrations highlighted the
interplay between hydrothermal and shallow sources, mainly at La
Colcha and Aguas Calientes sites. Profiles from diffuse degassing struc-
tures (DDS) exhibited hydrothermal δ13C-CO2 values (from − 6.5 to
− 4.9‰), as expected for a higher-permeability zone that facilitates the
ascent of deep-sourced fluids. In contrast, areas lacking DDS displayed
lighter δ13C-CO2 signatures (from − 21.3 to − 11.7 ‰), indicating
dominant microbial CO2 production.

Soil gas profiles revealed a wide variability in δ13C-CO2 and CO2
concentrations values. In both calderas, some site vertical trends
partially deviate from the theoretical patterns of progressive deep δ13C-
CO2 enrichment. These deviations may result from multiple factors,
including sampling-induced atmospheric contamination in low-
permeability soils, low CO2 fluxes promoting isotopic fractionation
during diffusion, local secondary processes such as carbonate dissolu-
tion/precipitation or microbial activity, and methodological un-
certainties at low efflux values. Nonetheless, the combined
isotopic–concentration approach robustly confirms deep hydrothermal
CO2 contributions in shallow soil gases of CBC and CGC.

To further elucidate the mechanisms driving the observed isotopic
composition variability in soil profiles, future research should improve
the sampling device in low CO2 flux areas and expand isotopic studies to
other gases (e.g., CH4, O2, and N2). These efforts are essential to refine
our understanding of CO2 degassing dynamics and their implications for
geothermal exploration and volcanic monitoring in the Southern Puna,
Central Andes region.
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