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The Tolhuaca hydrothermal system is one of the few attested geothermal resources in Chile. While recent inves-
tigations provided some insights into the depth and temperature of the geothermal reservoirs and the chemical
and mineralogical evolution of the hydrothermal system, little is still known about the CO2 degassing of the sys-
tem and the local and shallow control of fluid pathways. Here, we document the soil CO2 degassing and soil tem-
perature distributions in the southern part of the Tolhuaca hydrothermal system and at one of its northern
fumaroles, and provide a first estimate of its total CO2 release. The surveyed area is responsible for a total CO2

emission of up to 30 t d−1. Hydrothermal CO2 emissions (~ 4–27 t d−1) aremostly restricted to the thermalman-
ifestations or generally distributed along NNW trending lineaments, sharing the same orientation as the volcanic
vents and thermal springs and fumaroles. Hydrothermal CO2 fluxes, fumaroles and thermal springs are generally
encountered in topographic lows, in close vicinity of streams and often in clay-rich pyroclastic units, highlighting
a relation between landscape evolution and the activity of the hydrothermal system. We suggest that glacial
unloading and incision of the stream inside the clay-rich units have likely enhanced locally the permeability, cre-
ating a preferential pathway for themigration of deeper fluid to the surface. As several hydrothermal systems in
the Andes are found on the flank of volcanoes hosting glaciers, we propose that they could have had a similar de-
velopment to that of the Tolhuaca hydrothermal system.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Chilean Andes host important, yet unexploited, geothermal re-
sources, with an estimated potential of ~16 GW for 50 years (Lahsen
et al., 2015; Aravena et al., 2016). About ~25% of these resources are lo-
cated in the Southern Andes Volcanic Zone, between 39°S and 46°S and
are spatially associatedwith twomajor fault systems: the Liquiñe-Ofqui
Fault system (LOFS) and the Andean Transverse Fault (ATF) (Lahsen
et al., 2010; Sanchez et al., 2013; Sanchez-Alfaro et al., 2015). The
LOFS is a ~ 1200 km-long intra-arc strike slip fault system,which accom-
modates part of the deformation imposed by oblique plate convergence
(Hervé, 1994; Cembrano et al., 1996; Lavenu and Cembrano, 1999;
on).

.V. This is an open access article und
Cembrano et al., 2000; Rosenau et al., 2006). The system is characterised
by a series ofmajor NNE-striking, right lateral strike-slip faults, offset by
secondary ENE-striking normal dextral faults (Lavenu and Cembrano,
1999; Rosenau et al., 2006; Pérez-Flores et al., 2016). Contrasting defor-
mations and kinematics are recorded along the LOFS (Melnick et al.,
2006). The southern segment (47°30–42°S) has been interpreted as
transpressive (Lavenu and Cembrano, 1999), whereas strike-slip defor-
mation is dominant in its central part (42–39°S) (Lavenu and
Cembrano, 1999; Cembrano et al., 2000; Rosenau et al., 2006). Fault
splays, graben formation and a negative horsetail-like structure define
a transtensional regime along the northern segment (39–37°50′S) of
the LOFS (Rosenau et al., 2006; Cembrano and Lara, 2009). The ATF is
represented by a series of discrete NW-striking faults that are
misoriented with respect to the prevailing stress field (Sanchez et al.,
2013). These faults are considered to be inherited from Pre-Andean
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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structures that have been reactivated as sinistral-reverse strike slip
faults during arc development (Rosenau et al., 2006; Cembrano and
Lara, 2009; Sanchez-Alfaro et al., 2016). Both fault systems record shal-
low (<25 km) seismic activity (Lange et al., 2008; Siefeld et al., 2019)
and control the chemistry of volcanic products, the distribution and
morphology of major stratovolcanoes (e.g. Copahue, Callaqui, Tolhuaca,
Fig. 1. a. Map of Chile with field location, b. Regional geological map of Tolhuaca-Lonquimay are
Fig. 2. Map coordinates are given inmetres (UTM-WGS84 19S). c. cross-section across the Tolhu
ified after Sanchez-Alfaro et al., (2016). Vertical exaggeration of 2. Cross-section location is rep
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Lonquimay, Llaima) and the ascent of deep-seated hydrothermal fluids
in the intra-arc zone (Cembrano and Lara, 2009; Sanchez et al., 2013;
Pérez-Flores et al., 2016; Siefeld et al., 2016; Tardani et al., 2016).

Within this tectonic setting, the Tolhuaca hydrothermal system
(Fig. 1) is one of very few Chilean systems that have been drilled
for geothermal exploration (Melosh et al., 2010; Melosh et al., 2012;
a (modified after Pérez-Flores et al., 2017), the black rectangle indicates the area shown in
ca and Lonquimay volcanoes and the Tolhuaca hydrothermal system. Inferred faults mod-
resented by a white line in b.
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Aravena et al., 2016) and represents an excellent natural laboratory to
investigate the relation between fluid flow and crustal deformation.
Although the control of both the LOFS and ATF systems on the develop-
ment of the hydrothermal system has been inferred in the field, a more
detailed spatial distribution of faults and their control in driving or
inhibiting hydrothermal fluid flow in the subsurface is still lacking.
Pérez-Flores et al. (2017) recently provided some constrains on the ori-
entation of veins and fractures from a ca. 1000 m deep borehole core
drilled at the Tolhuaca hydrothermal system (Tol-1, Fig. 2). Below 400
m, faults and veins display preferential NE to EW- striking and dips
larger than 50°. The EW-striking veins are consistent with the local
stress field, whereas the NE-striking veins agree well with the regional
stress field. However, in the first 400 m, no preferential orientation of
the faults and veinswas observed.Moreover, their studymostly reflects
the vertical variations of fracture distribution but does not account for
their lateral variations. Sanchez-Alfaro et al. (2016) proposed a concep-
tual model of the hydrothermal systemwhere fluid flow is restricted to
high permeability damage zones, likely related to the N60°E-striking
secondary faults of the LOFS, supported by a low resistivity anomaly at
depth. Yet, there is no evidence of these structures at the surface. Iden-
tification of tectonic structures in volcanic terrains that have been sub-
ject to glacial erosion, such as in Tolhuaca, may however be difficult.

We document here the soil CO2 degassing and soil temperature dis-
tributions to reveal hydrothermal circulation in the subsurface and
highlight the potential control by tectonic and topographic structures.
Chiodini et al. (1998) proposed a rapid and cost-effective technique
for the measurement of soil CO2 fluxes that have been widely used in
different fields of geological and environmental sciences (Hui Yim
et al., 2002; Lewicki et al., 2005b; De Bortoli Teixeira et al., 2011). The
method allows the identification and characterisation of CO2 flux anom-
alies that in volcanic settings are caused by hydrothermal circulation at
depth (Chiodini et al., 1998; Cardellini et al., 2003; Lewicki and
Oldenburg, 2005), providing a proxy for the permeability distribution
Fig. 2. Satellite image of the Tolhuaca Volcano and hydrothermal system (Google Earth)
with the main morphological features highlighted (location in Fig. 1). The white
rectangles indicate the two areas of the Tolhuaca hydrothermal system investigated in
this study. PS: Pablo Sola, TS: Tolhuaca South. Map coordinates are given in metres
(UTM-WGS84 19S).
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(Chiodini et al., 2001; Cardellini et al., 2017; Lamberti et al., 2019). The
total CO2 degassing gives an estimate of the minimum amount of geo-
thermal fluids involved at depths in the degassing processes, allowing
an evaluation of the geothermal potential from hydrothermal areas
(Chiodini et al., 2007; Mazot and Taran, 2009; Bloomberg et al., 2014;
Dionis et al., 2015; Bini et al., 2019; Viveiros et al., 2020). Although the
geothermal potential of Tolhuaca is already attested from drilling, the
current study also provides an estimate of the degassing of its surface
manifestations.

2. The Tolhuaca hydrothermal system

2.1. Tectono-magmatic context

The Tolhuaca hydrothermal system developed on the northwestern
flank of the volcano of the same name in a tectonically active area of the
Southern Andean Volcanic Zone. The Tolhuaca volcano is located just
~8 kmnorthwest of the Lonquimay volcano, at the intersection between
the northern termination of the LOFS and a NW-trending fault of the
ATF (Fig. 1). The NE-trending aligned volcanic vents at the Lonquimay
volcano and the fissure north of the Lonquimay volcano suggest a trans-
fer zone that connects two majors NS-NNE striking segments of the
LOFS (Fig. 1). North-east of the Tolhuaca and Lonquimay volcanoes, a
series of en-echelon NE-striking faults formed a horse-tail geometry
termination, where dilatation jogs were locally observed in zones
connecting these faults (Melnick et al., 2006; Rosenau et al., 2006;
Pérez-Flores et al., 2016). The influence of the ATF at Tolhuaca is inferred
from the NW trending alignment of volcanic vents and thermal springs
(Fig. 2). These two fault systems could have provided a long-lived
preferential pathway for the upflow of deep-seated fluids (Pérez-
Flores et al., 2016; Sanchez-Alfaro et al., 2016). Shallow seismic events
(<15 km) of Mw 3–4 have been recorded at the Lonquimay volcano
but not at the Tolhuaca volcano (Siefeld et al., 2019). There is also no re-
cord of seismicity along the NW-trending fault of the ATF at Tolhuaca.

The Tolhuaca volcano is a glacially scoured stratovolcano that
formed by eruption of lava and pyroclastic flows from at least ca.
290 ka (Ar/Ar method, Polanco et al., 2014). The volcano rises ~ 900 m
above its basement mostly composed of Oligocene-Miocene volcano-
sedimentary rocks andMiocene granitic rocks of the Patagonia batholith
(Fig. 1). The volcano-sedimentary rocks havehigh intrinsic permeability
and porosity favourable to the development of hydrothermal reservoirs
(Cembrano and Lara, 2009), whereas the batholith is relatively imper-
meable unless fractured (Suárez and Emparan, 1997). Lava and pyro-
clastic flows of the Tolhuaca volcano consist mostly of basaltic
andesites, with minor occurrence of basalt and dacites (Thiele et al.,
1987; Lohmar et al., 2012). The volcanic activity migrated from SE to
NW, as indicated by several NW trending aligned craters with different
degrees of preservation (Thiele et al., 1987). The unglaciated NW-
fissure and cone attest to volcanic activity after the last glaciation
(<24 ka) (McCulloch et al., 2000; Hulton et al., 2002; Kaplan et al.,
2008) but there is no record of historical activity (Thiele et al., 1987;
Suárez and Emparan, 1997; Lohmar et al., 2012). On the other hand,
the Lonquimay volcano records several historical eruptions, with the
most recent one in 1988 from the Navidad cone on its western flank
(Polanco et al., 2014; Pérez-Flores et al., 2017). Lonquimay is an andes-
itic basaltic stratovolcano that erupted since the Late Pleistocene
(ca. 100 ka).

2.2. The hydrothermal system

The Tolhuaca hydrothermal system consists of three main fumarolic
sites and numerous thermal springs that align in a NW trending
topographically elevated valley between Termas Malleco and the
summit of the Tolhuaca volcano (Figs. 1–2). The system has
been previously investigated for potential exploitation using field map-
ping, magneto-telluric surveys, fluid chemistry analyses and wells
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(Melosh et al., 2010; Lohmar et al., 2012; Melosh et al., 2012). Two slim
holes (Tol-1 and Tol-2) and two larger diameter wells (Tol-3 and Tol-4)
were vertically drilled down to 2117 m below the surface (Fig. 2).
Temperature logging and chemistry analyses on fluid samples from
the wells indicated the presence of a liquid-dominated geothermal res-
ervoir (>300 °C) at ca. 1.5 km with a strong meteoric component
(Melosh et al., 2010; Melosh et al., 2012). A shallow steam-heated aqui-
fer with temperature up to 160 °C has been identified between 120 and
320 m and is likely the source of the hot springs in the southern part of
the system. Detailed logging of the Tol-1 core highlighted threemain al-
teration zones (Melosh et al., 2012; Sanchez-Alfaro et al., 2016): a shal-
low (<300 m depth) argillic zone, characterised by clay minerals
(smectite, interlayered chlorite-smectite), iron oxide and stilbite,
2) an intermediate (300–670 m depth) sub-propylitic zone dominated
by interlayered chlorite-smectite and illite and finally 3) a deep
(670–1073 m depth) propylitic alteration zone defined by epidotes
and chlorites. Argillic and propylitic alterations occur at temperatures
below 200 °C and between 200 and 350 °C, respectively (Reyes, 1990;
Stimac et al., 2015). Detailed mapping of the Tol-1 core was performed
to identifymesoscopic veins and faults (Pérez-Flores et al., 2017). Pérez-
Flores et al. (2017) identified two fault zones at 310 and 360m that are
spatially associated with alteration zone boundaries. The authors also
identified three zoneswith contrasting fault and vein patterns that coin-
cidewith the alteration zonation along the core. In the first 400m, faults
and veins show a wide range of strikes and dips, while at larger depth
their orientations are predominantly NNE-ENE striking and 50° dipping
(Pérez-Flores et al., 2017). Sanchez-Alfaro et al. (2016) proposed that
the segmentation at depth of hydrological, structural and mineralogical
processes has affected the mechanical and petrophysical properties of
the host rocks, and thus controlled the evolution of the hydrothermal
system. In the clay-rich alteration zone, activation of shear faults is pro-
moted, while extensional fracturing that would increase permeability is
inhibited. On the contrary, high permeability conditions are sustained in
the deeper alteration zone, where formation of clay mineral assem-
blages is less prevalent (Sanchez-Alfaro et al., 2016).

We use here the locality names of fumaroles as in Stimac and
Lohmar (2013). We surveyed the Pablo Sola fumarole site and the
southern part of the Tolhuaca hydrothermal system, roughly from the
Jaime Muro (JM) fumarole to the Third Cascade spring that we refer to
here as Tolhuaca South (Fig. 2). The other main fumarole (Ganado
Afanado) and spring areas (e.g. Buena Vista, Dos Araucanias, Yerba
Buena) have not been investigated for logistic reasons. The Pablo Sola
(PS) area is characterised by several fumaroles, oriented SW-NE along
the stream, and several boiling pools. These thermal manifestations
are located in a ca. 20 m deep depression and cover a very restricted
area (see Supplementary Material for photographies, Tables 1–2).
Tolhuaca South (TS) is characterised by one fumarole site (Jaime
Muro), which is roughly circular in shape (~ 30m in diameter), and sev-
eral clusters of thermal springs just north and northwest of that site
(photographies in Supplementary Material). We refer here to these
clusters as Hotspring 1 (HS1) and Hotspring 2 (HS2), respectively. Fur-
ther in the text, Tolhuaca South, Jaime Muro, Hotspring 1, Hotspring 2
and Pablo Sola are referred to by their respective acronyms. Lava and
pyroclastic flowsweremapped in the surveyed area (Fig. 3) and are de-
scribed in the Supplementary Material. Near JM, three lava flows and
Table 1
Summary of sampling design and soil CO2 flux statistics. Hotspring 1, Hotspring 2 and Jaime M

Study area Surface Sample number Sample d
(m2) – –

Pablo Sola 3755 91 Random
Tolhuaca south 589,510 879 Random
Hotspring 1 60,869 182 Random
Hotsping 2 54,812 73 Random
Jaime Muro 5456 113 Random
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five pyroclastic flows could be identified on the basis of their morphol-
ogies and colours. Further north, distinction between these pyroclastic
units could not be clearly established due to glacial erosion and they
are referred as undifferentiated (Fig. 3, purple unit onmap). Surface hy-
drothermal alteration can be observed near the stream between JM and
HS1 as well as in the southern part of the surveyed area, and is spatially
associated with the yellow pyroclastic unit (Fig. 3). Our mapping pro-
vides information about the lithology and relative stratigraphy in the
surveyed area for the interpretation of CO2 fluxes but the units were
not correlated across the hydrothermal system and/or with existing
data as the absolute age of the units was not determined and is beyond
the scope of this study. Therefore, the units are named based on their
description rather than from the regional geological map that did not
provide such details.

3. Method

3.1. Soil CO2 fluxes and temperatures

During our field campaign (March 2019), wemeasured soil temper-
atures and soil CO2 fluxes at PS and TS (Fig. 2). Temperature was
measured with a thermocouple type K. For consistency between mea-
surements, temperature was recorded at the same depth of 30 cm,
which corresponds to the probe length, after it reached equilibrium
(5–10 min). Based on Fourier's law and assuming a thermal diffusivity
of 10−6 s2 m−1 (in the range of values for volcanic rocks), we estimated
that this depth is sufficient to ensure that measurements would not be
affected by daily temperature variations. In addition, having the entire
probe buried in soil also avoid thermal conduction that could happen
if the metallic probewas exposed to the sun, whichwould affect the re-
sults. However, due to the large variability of soil stiffness, temperature
could not always be measured at the same place as CO2 flux, which re-
sulted in more CO2 flux than temperature measurements (970 and
583 respectively, see Tables 1–2). This discrepancy is particularly large
for TS, where soil temperature has been mostly measured near the fu-
maroles and the springs. In addition, 76 spring and 16 stream water
temperature measurements were also taken at TS and PS using the
thermocouple.

Soil CO2 fluxes (ϕCO2) were measured more systematically every
30–50 m depending on the terrain type (e.g. soils, gravels, lava flow)
and with a finer spacing (up to 1 m), around springs and fumaroles
(Fig. 5) or when localised high ϕCO2 values were measured. The ϕCO2

was measured by the accumulation chamber method (Chiodini et al.,
1998), using an equipment developed and calibrated at the University
of Perugia (Italy). The equipment operates in a dynamic mode and con-
sists of 1) a metal cylindrical bowl (the accumulation chamber, AC),
2) an Infra-Red (IR) spectrophotometer, 3) an analog-digital converter
(ADC), and 4) a connected electronic device (e.g. tablet or smartphone).
The AC has a volume of ~ 2.5 L and is equipped with a perforated man-
ifold re-injecting the circulating gas to ensure the mixing of the air in-
side the AC. The IR spectrometer is a LICOR Li-820 gas analyser with a
detection range from 0 to 20,000 ppm of CO2. The gas is circulated
from the AC to the IR sensor (whose temperature is maintained con-
stant by the instrument) and vice versa by a pump, with a flow rate of
~1 L min−1. The CO2 concentration inside the AC is acquired every
uro are subsets of Tolhuaca South.

esign Min Mean Max
(g m−2 d−1) (g m−2 d−1) (g m−2 d−1)

0.29 958.6 14,534
0 107.1 11,969
0.06 188.7 11,969
0.11 120 4332
0.4 399.2 6076



Table 2
Summary of sampling design and temperature statistics. Hotspring 1, Hotspring 2 and JaimeMuro are subsets of Tolhuaca South. Erratic valuesweremeasured for temperatures near that
of the boiling point.

Study area Surface Sample number Sample design Min Mean Max
(m2) – – (°C) (°C) (°C)

Pablo Sola 3930 91 Random 10.3 50.5 At least 96.5
Tolhuaca south 579,961 492 Random 6.4 22.4 At least 95.5
Hotspring 1 48,664 65 Random 7.4 12.6 32.3
Hotsping 2 35,524 74 Random 8.2 12.7 30
Jaime Muro 5778 178 Random 6.6 42.4 At least 95.5

M. Collignon, C. Cardellini, S. Duprat-Oualid et al. Journal of Volcanology and Geothermal Research 417 (2021) 107316
250ms as analogical electrical signal (mV) from the IR, converted by the
ADC and transmitted to the electronic device, where themV vs. time di-
agram is plotted in real time. The increase rate of CO2 concentration in-
side the chamber (proportional to dmV/dt) was then used to compute
the ϕCO2, following the relationship:

ϕCO2 ¼ cf ∗dmV=dt,

where cf the proportionality factor between the concentration in-
crease rate (in mV/s) and the soil fluxes was determined before the
field work by dedicated laboratory tests. Imposed ϕCO2 from 12 to
12,000 g m−2 d−1 were measured over a synthetic soil made of dry
sand (10 cm thick) placed inside a plastic box with an open top. The
cf factor was then computed from the linear best-fit line of ϕCO2 vs.
dmV/dt. This approach allows us to avoid any pressure correction for
the computation of the CO2 concentration.

3.2. Soil CO2 fluxes and temperature data processing

Soil CO2 flux has been determined using both statistical and
geostatistical methods to characterise the sources feeding the gas
Fig. 3.Geological map of Tolhuaca south (TS, location in Fig. 2). The volcanic units (lava and pyr
Map coordinates are given inmetres (UTM-WGS8419S). JM: JaimeMuro, HS1: Hotspring1 and
only near JM. Platform refers to man-made reworked areas.

5

emission and to estimate the CO2 release from the Tolhuaca hydrother-
mal system. The ϕCO2 spans over more than six orders of magnitude,
with most of the values between 0 and 10 g m−2 d−1. Null ϕCO2 values
correspond to fluxes lower than 0.057 g m−2 d−1 that is the minimum
ϕCO2 measured reliably and is assumed as the detection limit of the
used accumulation chamber instruments in this work. Measurements
below the detection limits account for ~ 10% of the measurements at
TS. Soil CO2 fluxes in hydrothermal areas have frequently complex sta-
tistical distributions resulting from the mixture of different statistical
populations, which may reflects the coexistence of hydrothermal and
biogenic CO2 sources (Chiodini et al., 1998; Cardellini et al., 2003). In a
logarithmic probability plot, the measurements describe a curve with
n inflection points, which corresponds to the overlapping of n + 1
log-normal populations. Assuming each individual population has a
log-normal distribution, the log(ϕCO2) can be modelled by a Gaussian
mixture distribution (i.e. sumof Gaussianpopulations). The partitioning
of themixture distribution into n populations as well as their respective
proportion (fi), mean value and standard deviation can be obtained
using, at least, two different approaches. The first one is to generate au-
tomatically several Gaussian mixture models (GMM) that fit the
oclastic flows) in the legend are given from top to bottom indicating a relative stratigraphy.
HS2: Hotspring 2. Thepurple star represents a basal red pyroclastic unit that is outcropping
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mixture distribution for a given number of populations and that deter-
mine the proportion, mean value and standard deviation of each indi-
vidual Gaussian population of the mixture. The GMMs were run using
the functions of the MATLAB Statistics and Machine Learning Toolbox.
The number of populations characterising at best the mixture distribu-
tion is then determined by the model minimising the Akaike informa-
tion criterion (AIC, Akaike, 1973). While the model with the lowest
AIC represents the best statistical model, the obtained populations
may not always be straightforwardly geochemically and/or physically
interpreted. Therefore, field observations and inspection of probability
plots were also used to support the choice of the most reasonable
model. This approach was found particularly useful for GMMwith sim-
ilar Akaike numbers or when partitioned populations have close mean
values but different standard deviations. A second approach, referred
to as the Graphical Statistical Analysis (GSA, Chiodini et al., 1998), is
based on the Sinclair's partitioningmethod (Sinclair, 1974). The number
of individual Gaussian populations, as well as their respective propor-
tion, mean value and standard deviation are manually adjusted until
the resulting mixture model fits reasonably well the statistical distribu-
tion of measurements in the probability plots.

Wefirstly applied theGMM,which has the advantage to perform the
partitioning in an unsupervisedway, to all datasets. For both TS andHS1
datasets, the results were however either difficult to interpret in light of
the field observations or a reliable model could not be obtained. More-
over, these datasets have a significant number of measurements
below the detection limits (null ϕCO2), which may limit the use of
GMM for the partitioning of log-normal populations. In fact, excluding
these points in data interpretation or including them assigning a fixed
value may bias the result of the GMMmodel. On the contrary, because
the best-fitting model is not forced to fit point by point the values
below the detection limit, the GSA allows us to account for points
below the detection limit when determining the proportion of each
populations without introducing any artefact in the statistics of the
other populations. We thus secondly applied the GSA to all datasets
for comparison and to obtain a more satisfactory partitioning for TS
and HS1. The partitioning presented in Table 3 and Fig. 6 was done
with the GSA for TS and HS1 and with the GMM for JM, PS and HS2.
Both methods and limitations for this study and in general are later
discussed in the text.

Since the mean and standard deviation computed from the GMM/
GSA refer to log-transformed data, themean value and 90% interval con-
fidence for ϕCO2 were computed using the cox-method (Olsson, 2005),
adapted for a decimal logarithmic base. The results of GMM/GSA are
Table 3
Soil CO2 flux populations, proportion, mean and 90% confidence interval and total diffuse
Analysis (GSA,*) in Fig. 6. Hotspring 1, Hotspring 2 and Jaime Muro are subsets of Tolhuac

Name Population Proportion

Pablo Sola A (background) 0.65
B (hydrothermal) 0.35
Total

Tolhuaca South⁎ A (background) 0.125
B (background) 0.74
C (hydrothermal) 0.135
Total

Hotspring 1⁎ A (background) 0.095
B (background) 0.64
C (background) 0.14
D (hydrothermal) 0.125
Total

Hotspring 2 A (background) 0.945
B (hydrothermal) 0.055
Total

Jaime Muro A (background) 0.39
B (hydrothermal) 0.61
Total

⁎ Results obtained with the GSA.
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used to estimate the total CO2 release from the investigated areas. It cor-
responds to the sum of each population contribution that is computed
by multiplying the estimated mean fluxes (Mi) of each population by
their associated areas (Si). The population area Si is assumed as a frac-
tion of the total surveyed area (S), considering the relative proportion
of the population (Si = fi x S). As the area near the JM fumarole and ad-
jacent springs wasmore densely surveyed, the GMM/GSAwere first ap-
plied to the entire data set of TS and then to its three subsets: JM, HS1
and HS2. This statistical analysis provides an estimate of the CO2 release
and of its uncertainty based on the proportion of the different popula-
tions, but it does not consider the spatial distribution of the measured
values. This can lead to remarkable differences depending on the sam-
pling strategy. An alternative approach to estimate the CO2 release is
to compute an interpolated map (surface) of ϕCO2 from the scattered
measured values and integrate theflux over this surface. Among various
interpolation algorithms, the sequential Gaussian simulation (sGs)
method has often been employed tomodel theϕCO2 spatial distribution
as it often yields the most realistic representation, reproducing the his-
togram and variogram of the original data (Cardellini et al., 2003;
Lewicki et al., 2005a; De Bortoli Teixeira et al., 2011). This stochastic
method produces n equiprobable and alternative realisations of the spa-
tial distribution of the attribute (i.e. temperature and ϕCO2 in this
study). 200 simulations were performed using the sgsim algorithm of
the GSLIB library (Deutsch and Journel, 1998). Because the sGs method
assumes a multi Gaussian distribution of the attribute, a normal score
transform was applied to the original data to obtain a normal distribu-
tion. For each considered data sets, a modelled variogram, best repro-
ducing the experimental variogram of the normal scores, is used in
the sGs procedure to produce 200 realisations of the normal scores.
The results are then back transformed into the original space by apply-
ing the inverse of the normal score transform (Deutsch and Journel,
1998). Probability and averaged (E-type) maps were generated from
the 200 realisations for both ϕCO2 and temperature. Average maps
were obtained through a pointwise linear average of the n realisations
whereas probability maps show the probability, based on the n
realisations, that in each modelled grid cell the attribute value is higher
than a cut-off value. For each realisation, the total CO2 release is ob-
tained by integrating the ϕCO2 values over the modelled area. For
each dataset, the mean and standard deviation of the 200 values of the
total CO2 output are then assumed to be the characteristic values of
the total CO2 release and its uncertainty, respectively. The sGs procedure
was applied to datasets forwhich the experimental variograms could be
modelled with a well-defined model (e.g. spherical, exponential, etc.).
CO2 derived from the Gaussian Mixture Model (GMM) and the Graphical Statistical
a South.

Mean and 90% confidence Total diffuse CO2 and 90%
Interval (g m−2 d−1) Confidence interval (t d−1)

19.93 (14.37–27.64) 0.049 (0.035–0.068)
2804 (1819–4325) 3.69 (2.39–5.68)

3.74 (2.43–5.75)
0.047 (0.042–0.053) 0.0035 (0.0031–0.0039)
4.4 (4.04–4.79) 1.92 (1.76–2.09)
763 (497–1172) 60.7 (39.6–93.2)

62.6 (41.4–95.3)
0.13 (0.088–0.21) 7.88e-4 (5.07e-4-0.0012)
3.13 (2.74–3.57) 0.12 (0.11–0.14)
19.5 (19.4–19.6) 0.17 ± 0.001
846 (329–2177) 6.44 (2.5–16.56)

6.73 (2.78–16.87)
8.87 (5.53–14.25) 0.46 (0.29–0.74)
2038 (879–4631) 6.14 (2.70–13.96)

6.6 (2.99–14.7)
4.14 (3.24–5.31) 0.0088 (0.0069–0.011)
810 (450–1458) 2.70 (1.5–4.85)

2.71 (1.51–4.86)
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Soil temperature data was elaborated by sGs to produce maps of
temperature distribution reported as averaged (E-type) and to charac-
terise the extend of the hydrothermally affected areas based on proba-
bility maps. Because the experimental variograms of the temperature
normal scores for the TS dataset show an increase of the variance with
distance that subsequently decreased without establishing at an upper
limit first (sill), a reliable interpolation could not be obtained from the
sGs method for the TS area.

4. Results

We first present an overview of the thermal manifestation distribu-
tion in the Tolhuaca hydrothermal system and some spring and stream
temperature measurements collected during different field campaigns.
Fig. 4. a. Compilation of spring temperatures at the Tolhuaca hydrothermal system measured
circles: data collected for this study in 2019, and diamonds: data collected by Transmark in 20
study). c. Stream profiles with reported locations of the main thermal springs. JM: Jaime
temperature, following the colour bars in a. and b. The black dots (Termas de Vaca) only indic
in metres (UTM-WGS84 19S).
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We then report the results of our ϕCO2 analysis from north to south. Fi-
nally, we describe the soil temperature distribution and compare it with
the ϕCO2 pattern.

4.1. Spring and stream temperatures

Water temperature measured at springs and fumaroles range from
7.9 to 95.3 °C. The minimum temperature was recorded just south of
JM and the maximum at PS. Our temperature measurements are in
good agreement with previous and following field campaigns (Fig. 4).
The PS springs recordwarmer temperature than the JMones, with aver-
age temperature of 94.2 and 74.4 °C, respectively. With the exception of
the fumarole sites (PS and JM), most springs record temperatures be-
tween 15 and 50 °C (Fig. 4). Only one spring in the HS1 area and springs
during different field campaigns. Squares: data collected by GGE between 2011 and 2012,
20; b. Spring and stream temperatures measured in Tolhuaca South in March 2019 (this
Muro, HS1: Hotspring 1 and HS2: Hotspring 2. Spring colours on the profiles indicate
ate the location of springs but there are no temperature data. Map coordinates are given
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in theBuenaVista Terrace record temperature above 50 °C (Fig. 4). From
Buena Vista Terrace to Third Cascade, the spring temperature generally
decreases with local exceptions. It is generally above 50 °C near Buena
Vista Terrace, between 30 and 50 °C in the HS1 and HS2 areas and it
drops below 30 °C near Third Cascade. Further north, Dos Araucanias
and Gaucho springs record temperature around 30 °C. In Third Cascade
and the HS1 area, a positive and spatially restricted temperature anom-
aly, with respect to other springs, is recorded. This suggests a strong
local control on the upwelling of warm fluid. Most of the thermal
springs are found in the vicinity of two streams flowing northward.
Both the Ganado Afanado and PS fumaroles occur at the location of
prominent knickpoints (Fig. 4c) in topographic lows. The others springs
are also generally spatially related with local elevation minima (see
suppl. mat.). Stream temperatures, range from 11.2 to 28.4 °C, with
higher values found close to thermal spring, as could be expected.

4.2. Soil degassing

Soil ϕCO2 measured at the Tolhuaca hydrothermal system varies
from 0.29 to 14,534 g m−2 d−1 at PS and from 0 to 11,969 at TS
(Table 1). PS records higher values than TS with an average ϕCO2

value of 958.6 g m−2 d−1 and 67% of the measured points above
10 g m−2 d−1, against 107.1 g m−2 d−1 and only 23% of values above
10 g m−2 d−1, respectively (Fig. 5a, b). Even when comparing only the
two fumarolic areas, ϕCO2 is generally higher at PS than JM (Table 1).
HighϕCO2 values (>100 gm−2 d−1) at PS aremostly found in the vicin-
ity of the stream (Fig. 5a). High ϕCO2 values at TS are generally located
in the JM and HS1 and HS2 areas, and also there they follow roughly the
location of the streams (Fig. 5b). North and south-east of the HS2 area,
even if the measurements were less densely taken, the ϕCO2 were
mostly below the detection limit. More in general, 10% of themeasured
points in TS are below the detection limit and are generally spatially as-
sociatedwith pyroclastic units mapped in the area (Fig. 3). These points
may represent the lower tail of a low ϕCO2 population and should thus
be considered during the partitioning. As a zero value cannot be log-
transformed, these points were assigned the minimum measured
value of the dataset before to apply the GMM and GSA.

Results of the population partitioning, histogram distributions and
probability plots are presented in Table 3 and Fig. 6 for five datasets:
PS, TS and its three subsets, HS1, HS2 and JM, respectively. Partitioned
log-normal populations are shown as coloured lines, whereas the mix-
ture model is represented by a dashed black line in the histogram and
probability plots. Proportion, mean log(ϕCO2) and standard deviation
of the partitioned populations are reported in probability plots
(Fig. 6), while themeanϕCO2 and its 90% confidence interval estimated
with the cox-method is reported in Table 3 for all populations.

Themain CO2 origin of each populationwas interpreted as biological
background or volcanic-hydrothermal based on their mean flux
values (Table 3). This interpretation is crucial for the identification
of volcanic-hydrothermal degassing structures and the estima-
tion of the hydrothermal CO2 release. Background fluxes are related
to soil respiration, whereas hydrothermal fluxes refer to volcanic-
hydrothermal degassing. The latter generally results in ϕCO2

populations characterised by high mean ϕCO2 values (typically
102–103 g m−2 d−1) that are usually two to three orders of magnitude
higher than fluxes produced by biogenic activity in the soil (Cardellini
et al., 2003; Viveiros et al., 2010). For PS, JM and HS2, two distinct pop-
ulations, one background and one hydrothermal, could be identified,
whereas for TS and HS1, more than one background populations are
suggested (Fig. 6). The occurrence of different background populations
can be related to the variation in soils and vegetation in the surveyed
areas. About 10% of measurements at both TS and HS1 indicate that
ϕCO2were below the detection limits and are almost exclusively associ-
atedwith pyroclastic flows (Figs. 3 and 5). This could explain the lowest
background populations of 0.047 and 0.13 gm−2 d−1 at TS and HS1, re-
spectively. The highest background CO2 mean values for HS1 (pop A,
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19.5 g m−2 d−1) is representative of the presence of wet grass that
covers a large part of the subset area (see Fig. 2 Supplementary Mate-
rial). Despite HS1 being a subset of TS, a third background population
associated with wet grass could not be identified for TS. This can be ex-
plained by the fact that the areas covered by wet grass, and conse-
quently the number of measurements, remain limited when
considering the entire area of TS and the population associated with
wet grass become diluted into another background population. This
can also be observed in HS2, where the background population has a
mean value of 8.87 g m−2 d−1, which can be due to the presence
of wet grass but where the number of measurements on wet grass
is too low to identify them as a distinct background population. With
the exception of patches of wet grass locally distributed near the
springs, there is no vegetation in TS. The high background population
(19.93 g m−2 d−1) at PS can be explained by the dense vegetation
around the fumarole area that is located in the forest (Fig. 5 and Fig. 2
in Supplementary Material).

The total CO2 degassing estimated from the population partitioning
is 3.74 t d−1 and 62.6 t d−1 at PS and TS, respectively (Table 3), which
yield 66.34 t d−1 for the surveyed area of the Tolhuaca hydrothermal
system. HS1, HS2 and JM account for roughly 25% of the total CO2

degassing of TS. The 90% confidence interval of themean value is gener-
ally large, especially at HS1 and HS2where it almost varies by one order
of magnitude. These large uncertainties are imputed to the contribution
of the hydrothermal populations that themselves present large
degassing variations due to the low number of samples characterising
them. Indeed, the calculation of the 90% confidence interval is also func-
tion of the number of samples (Olsson, 2005). On the other hand, esti-
mates of degassing from the background populations show less
discrepancies as there are numerous samples and less variability in
the ϕCO2 values. The CO2 degassing related to background populations
(i.e soil respiration) is about 0.049 t d−1 at PS and 1.92 t d−1 at TS,
with a contribution of 0.29 t d−1, 0.46 t d−1 and 0.0088 t d−1, from
HS1, HS2 and JM, respectively. The degassing from hydrothermal popu-
lations at HS2 might be overestimated due to the low number of very
high values. PS records a larger CO2 degassing for a smaller area than
JM (3.74 t d−1 and 2.71 t d−1, respectively, Table 3).

The sGs procedure was performed tomap theϕCO2 distribution and
highlight potential tectonic or morphological structures responsible for
hydrothermal fluid pathways. Grid parameters and spatial models used
to generate the 200 realisations of ϕCO2 are reported in Table 4. The re-
sults of the sGs procedure are presented in Fig. 7 as probability maps,
where ϕCO2 values are expected to be higher than a cut-off value, sup-
posedly representing the threshold value for the biogenic (i.e. soil respi-
ration)ϕCO2. This threshold limit is defined as the 95th percentile of the
highest background population for each area and has thus been set at
15 g m−2 d−1 for TS and at 70 g m−2 d−1 for PS. A threshold limit of
26, 34 and 12 gm−2 d−1 has been adopted for theHS1, HS2 and JM sub-
sets, respectively.

The probability maps allow a more appropriate visualisation of dif-
fuse degassing structures (DDSs, Chiodini et al., 2001; Cardellini et al.,
2003) that are identified as the areas where the probability of the com-
puted ϕCO2 value being above than the cut-off limit is larger than 0.5
(white lines in Fig. 7). In addition, ϕCO2 E-type maps representing the
pointwise average of the 200 simulations are also presented in the Sup-
plementary Material, along with the experimental and modelled
variograms. At PS, a clear and well-defined DDS follows the river orien-
tation and corresponds to the location of the most active thermal man-
ifestations (e.g. fumaroles, muddy ponds, bubbly springs and spouters)
in the area (Figs. 5a, 7a). At TS, DDSs are strongly restricted to the ther-
mal springs and the fumarole or are characterised by highly localised
(i.e. at cell scale) influx of CO2 with a roughly NW trending distribution
(Fig. 7). At JM, the distribution of high ϕCO2 values (corresponding also
to the highest probabilities) are not located in the centre of the fumarole
site but rather form a rim, following the distribution of bubbly springs
(see Supplementary Material).



Fig. 5. Soil CO2measured at a. Pablo Sola (PS) and b. Tolhuaca South (TS). Soil temperaturemeasured at c. PS d. TS. Locations of areas in Figs. 2–3. JM: JaimeMuro, HS1:Hotspring 1 andHS2:
Hotspring 2. White polygons: areas considered for the statistical and geostatistical analyses in Tables 1–4 and Figs. 6–8. White lines: streams. Map coordinates are given inmetres (UTM-
WGS84 19S). Logarithmic scales.
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The sGs procedure results are also used to provide an estimate of the
total and hydrothermal CO2 release that considers the spatial correla-
tions among the measurements. For each of the 200 simulations, the
total CO2 release is computed by integration of the simulated ϕCO2

values over the area of themodelled grid. The hydrothermal CO2 release
is then obtained by withdrawing from the total CO2 degassing estimate
9

the background contribution, which is defined as the average of the
background populations (i.e. ∑MiXi, with Mi the mean value of the
background population and Xi its proportion after exclusion of the hy-
drothermal population). The total and hydrothermal CO2 releases and
their corresponding uncertainties are reported in Table 4. With the ex-
ception of HS1, the CO2 release estimates are generally lower (up to
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3.5 time lower for JM) than those obtained from the GMM/GSA, but re-
main in the same order of magnitude. The total CO2 degassing is esti-
mated at 3.13 t d−1 and 26.10 t d−1 at PS and TS, respectively
(Table 4). HS1, HS2 and JM now account for ~50% of the CO2 release at
TS. For the previous estimation, from the GMM/GSA results, the three
datasets accounted for ~25% of the CO2 release at TS (Table 3). The hy-
drothermal CO2 degassing represents between 85% and 98% of the
total degassing computed from the sGs, depending on the subset
(Table 4). With the exception of HS1 (85%), where the contribution of
the hydrothermal CO2 release is slightly lower, more than 90% of the
total CO2 emission can be imputed to hydrothermal CO2 release. These
proportions calculated from the sGs are similar to those obtained from
the results of the GMM/GSA (except for HS1, Table 3).

4.3. Soil temperature distribution

Measured soil temperature varies between 10.3 and at least 96.5 °C
at PS and between 6.4 and at least at 95.5 °C TS (Table 2). These maxi-
mum temperatures correspond to the highest equilibrated and stable
temperatures measured by the thermocouple. A few erratic values
were measured at both PS and JM fumaroles, likely when the tempera-
ture reached that of the boiling point. The boiling point temperature
could have been equal or slightly larger than the maximum recorded
values but is, in any case, expected to be below 100 °C at altitudes be-
tween 1500 and 2000 m. Unless fluids are locally over-pressured, the
soil temperature in the subsurface would not exceed that of the boiling
point. Soil temperature higher than 30 °C are generally spatially related
with high ϕCO2 values and restricted to fumaroles and thermal springs
(Fig. 5). Most of the measured points at PS are above 15 °C (Fig. 5c). As
the surveyed area at PS is mostly restricted to the fumaroles and adja-
cent thermal springs, measured temperatures are generally higher
than at TS, with an average temperature of 50.5 °C and 22.4 °C, respec-
tively (Table 2). Besides the hydrothermal areas (fumaroles and
springs), measured temperatures at TS are below 15 °C (generally be-
tween 8 and 12 °C, Fig. 5d). Surveyed areas at JM and PS are both spa-
tially restricted near the fumaroles and adjacent thermal springs. Yet,
the PS area seems more affected by heat conduction than the JM area,
where advection seems to be the dominant process for heat transport.
This is particularly visible in the soil temperature maps produced from
the sGs procedure that show a much sharper lateral thermal gradient
at JM than at PS (Fig. 8). The temperature spatial distribution resembles
that of ϕCO2 at PS (Figs. 7, 8). However, at JM, the ring-shaped pattern
delimited by the high ϕCO2 values is no longer observed in the temper-
ature distribution (Figs. 7–8 and Supplementary Material). During our
field campaign, the air temperature varied between 5 and 25 °C, with
an average temperature of 15 °C. Measurements were taken at 30 cm
depth, where daily temperature variations are expected to have little
to no influence. It is reasonable to assume that in absence of focused hy-
drothermal fluid, the background temperature at 30 cm depth should
not exceed the average air temperature (~15 °C). On the contrary, area
affected by hydrothermal fluids should record high temperature. As
for ϕCO2, we can identify different temperature populations with the
GMM on the basis of their mean value (see Supplementary Material
for further details). With the exception of the fumarolic sites (PS, JM)
that have a restricted area, a clear backgroundpopulation could be iden-
tified for TS, HS1 and HS2. The 95th percentile of this background pop-
ulation ranges from 12 to 14 °C. The spatial influence of the
hydrothermal activity can then be determined, by analogy to ϕCO2, by
the probability of the temperature being higher than a reasonable tem-
perature threshold of 15 °C (white line in Fig. 8). At PS, almost the entire
Fig. 6. left: histogram distribution and mixture models of log ϕCO2 and right probability plo
deviation). Red line: hydrothermal population. Green, blue or purple lines: background popu
(a–e) Investigated locations of the Tolhuaca hydrothermal system (location in Figs. 4–5). PS: P
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surveyed area is affected by hydrothermal activity, while at JM, HS1, and
HS2 this activity is strongly restricted to the thermal spring (Fig. 8).

5. Discussion

5.1. Uncertainties in ϕCO2 distribution analysis

Partitioning ϕCO2 in individual populations, quantification of CO2

emission and definition of DDSs may not have a unique solution but
rather depend on the adoptedmethod tomodel the data and on consid-
erationsmade by the different authors. This may yield strong variations
in the estimates of the hydrothermal CO2 release. We briefly discuss
below the approaches used for the population partitioning and some as-
sumptions for the quantification of hydrothermal CO2 release that may
affect our results.

5.1.1. Population partitioning
Both the GMMand GSAmethodswere applied to the five datasets of

the Tolhuaca hydrothermal system. A similar partitioning was obtained
with the best statisticalmodel of theGMM(i.e. with the lowest AIC) and
with the GSA for PS, JM and HS2, as well as for HS1 when the measure-
ments below the detection limit were excluded from the analysis. Con-
sidering measurements below the detection limits introduce a sharp
peak in the histogram distribution that the GMMmay try to fit as a dis-
tinct population or fail to produce a reasonable statistical partitioning.
Although a partitioning could be obtained for two populations with
the GMM, a model for three or more populations could not be deter-
mined at TS when considering the measurements below the detection
limits. The best-fitting curve in the probability plot, however, suggests
a model with three populations to account for the low CO2 values
(Fig. 6). A similar observation was done for HS1 when considering the
measurements below the detection limits. Furthermore, considering
themeasurements below the detection limits in the GMM is likely to in-
troduce some errors in the mean and standard deviation of the
partitioned populations because the measurements are assigned a
fixed value. The GSA, on the other hand, allows us to account for these
measurements when determining the proportion of each population
but does not introduce any artefact in the estimation of the mean and
standard deviation of the other populations because the best-fitting
model is not forced to fit point by point the values below the detection
limit. Therefore, we found that the partitioning presented in Table 3 and
Fig. 6, obtained with the GSA for TS and HS1 and with the GMM for JM,
PS and HS2 reconcile at best the data and the field observations. The
GMM is similar to the GSA in the sense that it partitions the data in a
sum of Gaussian populations. However, the GMM best result is evalu-
ated through the statistical AIC rather than through a solely graphical
comparison of the fitting between modelled and measured values in
the probability plots as for GSA. Therefore, the use of GMMmay reduce
someof the uncertainties inherent to the arbitrary choicemade byusing
the GSA, in particular in the partitioning and interpretation of ϕCO2 dis-
tribution at the tails (Chiodini et al., 2015). Statistically, themost robust
model is the one that can reproduce the general trend of data with the
minimum number of parameters. However, the number of populations
proposed by the best statistical model may sometimes be difficult to
geochemically and/or physically explain. We found that while the
GMM produces an automatic, reproductive and reliable partitioning of
populations for clear Gaussianmixtures, the GSA allowsmore flexibility
once the data deviates from a simple mixture or when a relevant num-
ber of values below the detection limit is present. We suggest that the
GMM could generally be used before the GSA to obtain a first objective
t of log ϕCO2 and statistics of the different populations (proportion, mean and standard
lations. Black dashed line: Gaussian mixture model. Grey lines: distribution probabilities.
ablo Sola, TS: Tolhuaca South, HS1: Hotspring 1, HS2: Hotspring 2 and JM: Jaime Muro.



Table 4
Grid and variogram parameters for the sGs simulations (Fig. 7) and estimates of the total and hydrothermal CO2 degassing for the different datasets of the Tolhuaca hydrothermal system.
Hotspring 1, Hotspring 2 and Jaime Muro are subsets of Tolhuaca South.

Site name Variogram model, Grid parameters: nbr. Cells; Total CO2 release (t d−1) Hydrothermal CO2 release (t d−1)
Nugget; range (m); sill Cell resolution (m) Mean ± std Mean ± std

Pablo Sola spherical; 0.4; 15; 0.95 150,000; 0.25 3.13 ± 0.47 3.06 ± 0.47
Tolhuaca South spherical; 0.4; 65; 1 182,575; 2.5 26.10 ± 4.01 23.9 ± 4.01
Hotspring 1 spherical; 0.55; 55; 1 84,100; 1 8.11 ± 1.33 7.78 ± 1.33
Hotspring 2 spherical; 0.35; 160; 1.2 75,600; 1 3.24 ± 0.94 2.76 ± 0.94
Jaime Muro spherical; 0.2; 40; 1.2 140,600; 0.25 0.77 ± 0.22 0.75 ± 0.22
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and reproductive partitioning of the data. If the data distribution de-
scribes a clear sum of log-normal populations, both the GMM and the
GSA should have very similar results. We also suggest that both
methods can jointly be used for datasets, where population partitioning
is not straightforward.
5.1.2. Hydrothermal CO2 release estimations and DDS definition
Although the estimates of CO2 release remain in the same order of

magnitude, they show large differences between the GMM/GSA and
sGs procedure for some of the subsets. The GMM and GSA evaluate
the contributing area of a population based on its proportion. However,
here, as ϕCO2 were densely measured on the fumarolic sites, it is likely
that the contributing area of hydrothermal populations and thus their
degassing were overestimated, in particular for TS.

We think that the sGs providesmore reliable estimates of theCO2 re-
lease compared to those obtained by the results of GMM/GSA results as
it accounts for the spatial distribution of data, as also previously
discussed in other works (Cardellini et al., 2003; Lewicki et al., 2005a).
The hydrothermal CO2 release of the HS1, HS2 and JM areas was esti-
mated from the respective subset E-type maps, modelled with the
local variograms and considering the local averaged background values.
This approach represents better the local variability of the ϕCO2 than if
the hydrothermal CO2 release of the subsets was extracted from the en-
tire E-type map of TS that is modelled with the general variogram, and
considering the averaged background value for the entire surveyed
area. Indeed, different background values were recognised for HS1,
HS2 and JM, with respect to that estimated from the entire TS dataset
(Fig. 6), as well as different local spatial structures of the CO2 flux.
More in detail, hydrothermal CO2 release is about twice less for HS1
but 26% and 33% more for HS2 and JM, respectively, when estimated
from the E-typemap of TS than from the local E-typemap of the respec-
tive subsets (see Supplementary Material).

A further uncertainty in the estimation of the hydrothermal CO2 re-
lease may arise if this is computed from the entire mapped area or con-
sidering only the DDS area, which practically is defined as the area
where the probability of the occurrence of deep CO2 degassing is higher
than 0.5. In fact, whereas a pointwise average of the n realisations can
yield values (significantly) greater than the cut-off limit for the biogenic
CO2 flux in some areas, the probability of the actual value being larger
than the cut-off limitmay remain lower than 50%.Whether a significant
number of cells with average values higher than the cut-off limit falls
out of the DDS area depends on howwell the modelled variogram cap-
tures the structure of the data (i.e. fits the experimental variogram). The
DDSs may thus have a limited area and therefore considering all cells of
the map to calculate the hydrothermal CO2 release may yield signifi-
cantly higher estimates than if only the DDSs were considered. While
the hydrothermal CO2 is only 10% higher at JM when estimated from
the entire subset area, it is more than twice higher at PS, about 10
times higher at TS and two orders of magnitude higher at both HS1
and HS2. The strong variations for HS1 and HS2, and to a lesser extend
for TS, can be explained by the size of the DDS areas, which for these
subsets represent less than 1% of the total area. The definition of DDS re-
lies on the interpretation of high or low ϕCO2 being associated to a
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hydrothermal or biogenic origin, respectively. While the small DDS
area in HS1 and HS2 is consistent with the low number and spatial dis-
tribution of highϕCO2 values and the generally high cut-off limit for the
biogenic CO2 flux, we cannot conclude in absence of isotopic composi-
tion data that the identified background populations have only a sole
biogenic origin. As DDS extents are partly determined by the cut-off
limit for the biogenic CO2, it may strongly vary whether they are identi-
fied from the general probability map of TS (Fig. 7b) or from the subset
probabilitymaps (Fig. 7c–e), using the local threshold based on the sub-
set population partitioning (Fig. 6). While the DDS area has similar size
at JM, it is two orders of magnitude smaller at HS1 and HS2 when iden-
tified from the subset probability maps rather than from the TS proba-
bility map (see Supplementary Material). In addition, the differences
in the variograms between the entire TS and its subsetsmay also control
the DDS extent, which in turn affect the estimate of the hydrothermal
CO2 release.

Therefore, we suggest here that the estimate from the subset DDS
areas represents the lower range of daily CO2 emission in the investi-
gated areas, whereas the estimate from the entire map corresponds to
its upper range. The hydrothermal CO2 release is thus estimated be-
tween ~ 4 t d−1 and ~ 27 t d−1 for the surveyed area (TS + PS). Our re-
sults also reinforce the observations previouslymade by several authors
(Cardellini et al., 2003; Viveiros et al., 2010; Chiodini et al., 2020) that
sampling should be adequately adapted to the size of the ϕCO2 anoma-
lies to obtain a reliable picture of the CO2 spatial distribution and a reli-
able estimation of the CO2 emission. We also suggest that providing a
range of hydrothermal CO2 release, obtained from both the DDS areas
and the total surveyed areasmay reflect the dominant transport process
(i.e. advective or conductive) at play in the hydrothermal system.

Uncertainties in the estimate of the total degassing may also arise
from the calculation of the surveyed area, which differs between soft-
wares (or authors) depending on the employed wrapping geometry
around the scattered data (i.e. concave vs. convex hull). Despite possible
overestimation of the hydrothermal CO2 release, we find that the sGs
with the specific model parameters (Table 4) presented here
reproduced at best the pattern of the data, which is the most relevant
for the identification of the DDSs and/or possible structural controls. Re-
gardless of the consideration for the hydrothermal CO2 release, a clear
distribution pattern, however, arises from theϕCO2 spatial structure, re-
vealing a possible structural and topographic control.
5.2. Structural and topographic control of the hydrothermal system

The hydrothermal ϕCO2 are aligned along a NNW-SSE orientation
(Fig. 9a). Fumaroles, springs and streams have a similar orientation.
This is also in good agreement with volcanic vents, from the summit
down to the NW flank of the volcano where a series of smaller volcanic
vents are also aligned in NNW-SSE direction (Fig. 9b). We identify sev-
eral lineaments that display a predominantNNW-striking orientation in
TS (Fig. 9a). It suggests an overall ENE-WSW tensional regime that dif-
fers from the local stress field described by Pérez-Flores et al. (2017),
who proposed a tensional regime with a vertically compression (σ1)
and a N- to NNW-trending tension (σ3), based on vein orientations at
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Fig. 8.Maps of soil temperature for the different datasets: a. Pablo Sola (PS), b. Jaime Muro (JM), c. Hotspring 1 (HS1) and d. Hotspring 2 (HS2). Associated experimental and modelled
variograms can be found in the Supplementary Material. White contour: contour line of pT>15°C = 0.5 (probability of T being higher than 15 °C), representing the area affected by
hydrothermal activity (see text and suppl. mat.). Map coordinates are given in metres (UTM-WGS84 19S). Associated experimental and modelled variograms can be found in the
Supplementary Material.
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depth. Indeed, Pérez-Flores et al. (2017) observed that faults and veins
were randomly distributed in the upper argillic (<400 m) alteration
zone, whereas they follow aweakly-defined NNE-ENE-striking arrange-
ment at greater depths. Yet, pre-existing structures or discontinuities of
different orientation (NE- or NW-trending) could be activated by local
hydrothermal or magmatic fluid overpressure (Pérez-Flores et al.,
2017), generating a local stress field that could dominate the regional
stress field. Both the location and orientation of our suggested linea-
ments are in good agreement with a central conductor at depth identi-
fied as a clay cap by previous magnetolleric surveys (Sanchez-Alfaro
et al., 2016; Melosh et al., 2012). This highlights the presence of higher
permeability structures in the near surface, allowing the ascent of
deeper hydrothermal fluids through the clay cap. The orientation of
Fig. 7. Probability maps of CO2 fluxes for the different datasets: a. Pablo Sola (PS), b. Tolhuaca S
values are set at 70, 15, 26, 34 and 12 g m−2 d−1 for PS, TS, HS1, HS2 and JM, respectively, ba
contours: limits of the diffuse degassing structures (probability = 0.5). White, roughly N-S or
Associated experimental and modelled variograms can be found in the Supplementary Materi
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these structures in the near surface yet contrasts with the one of deeper
structures as previously proposed (Sanchez-Alfaro et al., 2016; Pérez-
Flores et al., 2017). Sanchez-Alfaro et al. (2016) proposed a conceptual
model where the relatively shallow clay cap (~ 400m) compartmental-
ise the flow in the system, disconnecting the deep reservoir from the
surface. Fluid flow in the deep liquid dominated reservoir is focused in
high permeability faults and fractures that are likely related to the
N60E-striking subsidiary faults of the LOFS. Permeability heterogene-
ities due to these faults and fractures trigger convection cells that are
vertically limited by the clay cap and the crystalline basement at the
top and bottom, respectively and laterally by the extent of the perme-
ability conduit (Sanchez-Alfaro et al., 2016). The vapour phase is yet
supposed to percolate through the clay cap to form the shallow
outh (TS), c. Hotspring 1 (HS1), d. Hotspring 2 (HS2) and e. Jaime Muro (JM). The cut-off
sed on population partitioning results (Fig. 7, see text). Black dots: sample points. White
iented lines in a and b: streams. Map coordinates are given in metres (UTM-WGS84 19S).
al.



Fig. 9. a.Distribution of hydrothermal (> 15 g m-2 d-1) CO2 fluxes and capping pyroclastic units in Tolhuaca South (see geological map, Fig. 3). White line: simplified contour line of
pfCO2>15 g m-2 d-1= 0.1 (probability of CO2fluxbeinghigher than 15gm-2d-1, Fig. 7b). Dashedwhite lines: locations of profiles 1 and2.Dashedblack lines: inferred lineaments, related to the
ATF. JM: Jaime Muro, HS1: Hotspring 1 and HS2: Hotspring 2. Green patches: wet grass, corresponds to spring (cold or hot) location b. 3D bloc diagram of the Tolhuaca hydrothermal
systems showing the main structural elements (i.e. collapse, faults, moraines), surface hydrothermal manifestations (spring and fumaroles), eruptive centres and fluid flows (surface
and deep). Topography from Google Earth. Lithological units for lava flow and basement in b. and c. are based on Sanchez-Alfaro et al., (2016). The lateral end vertical extend of the clay
cap is uncertain (as materialised by a dashed line), but it is expected to thicken at the level of Pablo Sola (PS) based onmagneto-telluric data (see text) c. Interpreted cross-sections (not
to scale) across the main hydrothermal manifestations of the Tolhuaca hydrothermal systems (JM, HS1 and HS2, JM), showing the ascent of deep hydrothermal fluids along NNW –
trending faults (related to ATF) at the level of topographic minima. Upper pyroclastic units are represented as in a., whereas the other undifferentiated lava flows are represented with
the symbology of b. The uncertainties in the thickness and lateral extend of the clay cap is represented by the outer dashed line.
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steam-heated aquifer that feeds the fumarole and springs in TS that de-
velop in line with the NE-striking faults. Our ϕCO2 distribution rather
suggests that hydrothermal fluids preferentially ascend through
NNW-striking structures, at least in the shallower part of the system.
However, high ϕCO2 values spatially restricted to thermal springs and
fumaroles suggest strong permeability variations along the lineaments
and confirmed the limited lateral flow (Fig. 9a). Hydrothermal fluids
likely reach the surface through sub-vertical and narrow conduits.
This is further supported by the sharp lateral thermal gradient, recorded
near the JM fumarole (Fig. 8) suggesting that convective rather than
conductive processes dominate locally in the near surface. The area
near JM is also cooled down by the adjacent stream that drains melted
snow from the glacier on the summit of Tolhuaca volcano and by the up-
stream cold springs. Melosh et al. (2012) proposed a model with an
upflow of deep fluids just below Tol-2, providing steam to the shallow
reservoir that appears to be quenched as it laterally extends away
from the upflow zone, resulting in steam-heated liquids that fed the
thermal springs. This model is consistent with the generally decreasing
spring temperature from JM to Third Cascade (Fig. 3b) but does not ex-
plain the locally higher values aroundHS1, nor that the Buena Vista Ter-
races springs are generally warmer than the springs in the HS1 and HS2
areas, although they are further away from the upflow zone. Further-
more, Dos Araucanias springs record higher temperature than the
spring further south that are yet closer to the upflow zone. These posi-
tive temperature and ϕCO2 anomalies confirm that springs in TS are
not only laterally fuelled by the upflow zone at the level of the shallow
reservoir but also by deeper fluids through narrow high permeability
conduits as suggested by Sanchez-Alfaro et al. (2016) that would
15
connect the deep and shallow reservoirs. Based on chemistry data, the
northern fumaroles have been suggested to be connected to the deeper
reservoir and are located just above the clay cap that compartmentalises
the Tolhuaca hydrothermal system (Melosh et al., 2012). The generally
higher temperature and ϕCO2 and smooth lateral gradient, recorded at
Pablo Sola indicate a generally more conductive transport than for the
southern fumarole suggesting a larger accumulation of hydrothermal
fluid just below the clay cap and fumaroles. This is also supported by
the low resistivity conductor in theMT profiles shown in previous stud-
ies that deepens towards NWat the level of the Pablo Sola fumarole, in-
dicating large hydrothermal alteration further northwest of the system
(Melosh et al., 2010; Melosh et al., 2012; Sanchez-Alfaro et al., 2016). In
TS, hydrothermal ϕCO2 is generally distributed in low topographic
reliefs, mostly in the vicinity of the two main streams (Fig. 9a, Fig. 2 in
Supplementary Material). Between Tol-1 and Tol-2, hydrothermal
ϕCO2 is observed around the grey to purple pyroclastic units that fur-
ther extends to the northwest in direction of Tol-4 and that seems to
cap the upper part of the hydrothermal system, preventing any CO2

degassing, as indicated by the 0-flux population and generally low
ϕCO2 values (Figs. 5, 7, 9a). CO2 is then released from the sides of this
unit at local topographic minima, often in the altered yellow or red py-
roclastic units (Fig. 9a, Fig. 2a in suppl. mat.). Most of the thermal man-
ifestations in Tolhuaca developed in the close vicinity of the streams and
in local topographic minima (Fig. 3, Fig. 1 in Supplementary Material),
suggesting a relationship between landscape evolution and hydrother-
mal activity. The three fumaroles are spatially associated with promi-
nent knickpoints and are located in collapsed areas that could be
related to glacial erosion and/or volcanic activity (Figs. 2, 4, 9b) and
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above clay rich pyroclastic units (Figs. 3, 9a). Stream incision into the
low permeability clay-rich pyroclastic unit has likely increased the per-
meability locally facilitating the ascent of boiling fluids (Fig. 9c). Both
glacial and stream erosion would have incised in the pyroclastic flows
capping the upper part of the hydrothermal system thatwould have re-
sulted in a depressurisation in the reservoir and subsequent boiling
(Munoz-Saez et al., 2020), at least at Pablo Sola, which is supposedly
fed by the deep liquid reservoir. Previous numerical results show that
fast erosion could increase the discharge rate of thermal fluids and land-
slide events (Kiryukhin et al., 2012).

Finally, as previously mentioned there seems to be also a minor lith-
ological control of the ϕCO2. The thermal springs and fumaroles in the
southern part of the system aremostly emplaced at the level of a red py-
roclastic flow, where streams incised and high ϕCO2 values are gener-
ally measured at the level of an alterated yellow pyroclastic flow. On
the contrary, most of the measurements below the detection limit are
associated with two other pyroclastic units (upper red and grey in
Fig. 3) that are more consolidated and thus less permeable. Based on
the identified stratigraphy, these two units are more recent than the
red and yellow pyroclastic units, where high ϕCO2 values aremeasured.
They seem to cap a part of the systempreventing vertical leakage of CO2

that instead escapes laterally at the favour of topographic lows, which
results in the alteration of the pyroclastic units in the slopes (i.e. yellow
fine-grained unit, Fig. 3). Some of the other points below the detection
limits were measured on lava flows, in particular near the unglaciated
cone to the western part of the surveyed area of TS (Fig. 5b), reflecting
a low permeability of the unit. As attested from the low ϕCO2 values
at the Tolhuaca hydrothermal system, the permeability of the lava and
pyroclastic flows is generally low and also vary across the same geolog-
ical unit.

6. Conclusion

The Tolhuaca hydrothermal system is characterised by a roughly
NW-trending alignment of three small (< 5000 m2) fumarolic sites
and several thermal springs in a topographically elevated valley on the
northwestern flank of the Tolhuaca volcano. We documented here dif-
fuse CO2 degassing in the southern part of the system and at one of its
northern fumaroles. Deeply-originated CO2 is mostly restricted to the
thermal manifestations with up to ~ 3.05 t d−1 and ~ 0.75 t d−1 emitted
by the northern and southern fumarole sites, respectively. Besides ther-
mal manifestations, hydrothermal CO2 fluxes are generally distributed
along NW trending lineaments, following the same general orientation
of thermal springs and volcanic vents. Spring temperature in the south-
ern part of the system generally decreases towards north from the
southern fumaroles, which could indicate an upflow zone below the fu-
marole feeding the shallow reservoir and springs, as previously sug-
gested. However, strongly localised high values of CO2 fluxes together
with sharp increases of spring temperature in TS also suggest that hy-
drothermal fluids ascend through narrow high permeability conduits
that may crosscut both the deep and shallow reservoirs. Hydrothermal
CO2 fluxes, fumaroles and thermal springs are located in topographic
lows, in the close vicinity of the streams and often in clay-rich pyroclas-
tic units. Glacial unloading and incision of stream in the clay-rich units
have likely increased the permeability, favouring a pathway for deeper
fluids to reach the surface. The spatial distribution of thermalmanifesta-
tions in Tolhuaca highlights the control of tectonics and surface pro-
cesses in the development and activity of the hydrothermal system.
Several hydrothermal systems in the Andes developed in the vicinity
of volcanoes hosting glaciers and could have had similar development.
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