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ARTICLE INFO ABSTRACT

Editorial handling by: Elisa Sacchi Current global catalogues of hydrothermal CO; emissions from quiescent volcanoes are manifestly incomplete,
primarily because of the shortage of available flux measurements. Fogo, a quiescent stratovolcano volcano in the
central part of Sao Miguel island (Azores, North Atlantic Ocean), is an emblematic example of such hydrothermal
systems that lack assessment of fumarolic gas fluxes. Here, for the first time, we characterize the COy flux
emissions from the main hydrothermal manifestations (steaming grounds, boiling pools and fumaroles) of this
volcano. For this, we use the results of a ground-based CO; profiling campaign, carried out using a portable
Multi-GAS unit. We find these hydrothermal manifestations to be very CO,-rich and HpS-Ha-poor, with CO5/H,S
and Hy/CO4 ratios of respectively 1600-80,700 and 2.10"*1t02:1073. We additionally show that these emissions,
although very modest at visual observation, still emit CO5 at levels of 1.3 to 95 tons/day, for a cumulative
fumarolic CO; flux of 232 + 140 tons/day for the volcano. This is ~6 times higher than the CO3 flux from diffuse
soil degassing in the Caldeiras da Ribeira Grande area, and of the same order of the CO5 flux sustained by crater
plume degassing at a typical medium-sized arc volcano. The contribution of weak hydrothermal manifestations
(steaming grounds, boiling pools and fumaroles) to the global volcanic CO, budget is undetermined, but may
have been overlooked so far.
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1. Introduction

Carbon dioxide (CO5) is the second most abundant volatile in
magmas (Wallace et al., 2015), and in the volcanic gases they emit by
degassing (Oppenheimer et al., 2014). The central role played by vol-
canic CO2 emissions on pre-industrial atmospheric COy levels
(Steinthorsdottir et al., 2025), and hence on climate evolution over
geological timescales (Sleep and Zahnle, 2001), have motivated efforts
to assess how much CO; is released by subaerial volcanism globally
(Gerlach, 1991). It has long been accepted that the volcanic CO5 budget
from subaerial volcanism is primarily sustained by a relatively small
number of large volcanic point sources (Williams et al., 1992). However,
recent progress achieved in the context of the Deep Carbon Observatory
(DCO) initiative (https://deepcarbon.science/) has partially revised this
view (Fischer and Aiuppa, 2020). It is now believed that, in addition to
the strong volcanic gas emitters (Aiuppa et al., 2019), a large fraction of
the CO5 budget is potentially contributed by less visible forms of
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degassing, such as volcanic lakes (Pérez et al., 2011), soils from vol-
canoes and nearby tectonically active regions (Burton et al., 2013;
Fischer et al., 2019; Werner et al., 2019; Wong et al., 2019), and weak
fumaroles/steaming grounds from dormant/hydrothermal volcanoes
(Fischer et al., 2019). This latter form of degassing is the subject of the
present work.

It is estimated (Fischer et al., 2019) that roughly one third of the
~900 Holocene volcanoes, registered in global volcano catalogues
(Syracuse and Abers, 2006; Global Volcanism Program, 2024), today
exhibit weak hydrothermal degassing activity from low-temperature
fumaroles, steaming grounds, and bubbling pools. These emissions
contain no, or little SO5, hence cannot be quantified (for flux) by con-
ventional UV spectroscopy (Oppenheimer et al., 2014). Yet the sparse
results available (Fischer et al., 2019; Fischer and Aiuppa, 2020) suggest
these hydrothermal volcanoes may daily release tens of tons of CO,
each, for a potential cumulative yearly CO2 output of 3-4 Tg. As this
cumulative flux is derived from extrapolation from the very limited
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existent data, and is hence subject to severe uncertainties, there is an
urgent need for more observations and data acquisition.

One volcano exhibiting this degassing activity style is Fogo (also
referred as Vulcdo de Agua de Pau). This relatively large (area, 132 km?;
elevation, 947 m) stratovolcano (Fig. 1a and b) occupies the central
region of Sao Miguel island, in the Azores (North Atlantic Ocean;
Fig. 1c), and has been recurrently active in the last 10 ka, including two
trachytic Plinian eruptions dated at 8-12 and 4.6 ka BP (Walker and
Croasdale, 1971; Wallenstein et al., 2015). This volcano has been
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dormant since the last two historical eruptions in 1563-1564 CE (Moore,
1990; Wallenstein et al., 2015) and it is today topped by a summit
caldera filled by a cold lake (Lagoa do Fogo) (Fig. 1b) (Andrade et al.,
2020). Current signs of activity include the recurrent seismic swarms
(Silva et al., 2012, 2020), episodes of ground deformation (D’Aratijo
et al.,, 2022), and a variety of surface hydrothermal manifestations,
concentrating essentially on the northern flank of the volcano (Fig. 1c)
mainly associated with the NW-SE-trending Ribeira Grande Graben
(Caliro et al., 2015; Viveiros et al., 2015a, 2023). These manifestations
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Fig. 1. a) Fogo volcano (also known as Agua de Pau). Picture of the southern flank taken from the sea. b) Fogo caldera with its crater lake. ¢) DEM from the eastern
side of Sao Miguel Island. The red square identifies the northern flank of Fogo volcano and corresponds to the area shown in Fig. 3. Location of the main hydro-
thermal manifestations at Fogo volcano. Yellow letters identify the fumarolic ground at Fogo volcano: PV — Pico Vermelho, CV — Caldeira Velha (and includes CVF
and CVS), and RG + RG4 - Caldeiras da Ribeira Grande + Ribeira Grande 4 (comprise RGF, RGP, RG4, and RG4L). Figure insect with the location of the Azores
archipelago in the Atlantic Ocean. Sao Miguel Island is black shadowed. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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are interpreted as the surface expression of a large geothermal system
(reservoir temperature, ~256 °C), exploited by several geothermal wells
in the so-called “Ribeira Grande geothermal field” (Carvalho et al.,
2006; Pereira et al., 2022). Fumaroles and steaming grounds exhibit
hydrothermal compositions and maximum temperatures of ~99 °C
(Caliro et al., 2015; Pereira et al., 2022; Matias et al., 2024). Soil
emissions are dominated by CO; and concentrate on the volcano’s
northern flank. However, recent work has also identified a diffuse
degassing structure in the southern flank of the volcano (Pimentel,
2024). CO4 soil fluxes in the Caldeiras da Ribeira Grande area - and their
potential public health implications - have thoroughly been investigated
by Viveiros et al. (2008, 2015a, b), and a daily output of ~40 (+1.4) tons

-
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CO4 has recently been estimated for the area by Viveiros et al. (2023). In
contrast, no similar information exists for the fumarolic COy output,
although numerical simulations (Viveiros et al., 2023) suggest this may
be in the order of ~174 tons/day. Quantifying this fumarolic CO; flux is
the purpose of this study.

2. Methodology

At mildly degassing hydrothermal volcanoes, measurements of the
fumarolic CO, emission rates is challenged by the absence of SO, in
these emissions (Aiuppa et al., 2017; Stix and de Moor, 2018), pre-
venting from use of spectroscopic techniques that use the interaction of

Fig. 2. Fogo volcano main hydrothermal manifestations. a) Caldeiras da Ribeira Grande Fumarole (RGF), b) Pico Vermelho steaming ground (PV), c) Caldeiras da
Ribeira Grande boiling pool (RGP), d) Ribeira Grande 4 Levadas (RG4L), e) Caldeira Velha Fumarole (CVF), f) Ribeira Grande 4 steaming ground (RG4).
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this gas with sunlight in the UV region (Oppenheimer et al., 2011). To
quantify the CO3 flux, one must then rely on profiling CO5 concentra-
tions over a cross-section of the fumarole’s atmospheric plume that, by
integration over the whole plume cross-sectional area, and after multi-
plication by the plume’s transport speed, can then yield a flux. For
relatively large emitters, this procedure can be realized by airborne
plume CO;, profiling via either fixed-wing aircrafts (Werner et al., 2009)
or Unmanned Aircraft Systems (UAS; James et al., 2020). However, for
small emissions, near-vent ground-based measurements remain the only
viable option.

In this study, we quantify the fumarolic CO; flux from the six most
visible natural hydrothermal manifestations of the Fogo volcano (Fig. 2)
following a methodology developed for Campi Flegrei volcano by
Aiuppa et al. (2013). The locations of the target manifestations are

RGF + RGP
RG4 :

RGAL

CVF+ CVS
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shown in Figs. 1c and 3a. As shown by Fig. 2, these manifestations take a
variety of forms, including steaming grounds (RG4 main area - RG4, RG4
Levadas - RG4L), bubbling pools (Caldeiras da Ribeira Grande pool —
RGP), boiling temperature fumarolic fields (Pico Vermelho - PV), and
boiling temperature fumaroles with adjacent boiling pools (Caldeiras da
Ribeira Grande Fumarole - RGF and Caldeira Velha Fumarole - CVF).
Caldeira Velha and Caldeiras da Ribeira Grande fumaroles show,
respectively, areas of 164 and 69 m? (totaling 277 m? with the adjacent
boiling pools). These emissions consist mainly of water vapor with COy
as the main gas in the dry phase, followed by HjS. Caldeira Velha’s
emissions are richer in CH4 compared to the Caldeiras da Ribeira Grande
(Pereira et al., 2022; Matias et al., 2024). Equilibrium temperatures for
the reservoirs feeding these fumaroles have been recently defined by
Matias et al. (2024) and are higher at Caldeiras da Ribeira Grande

Fig. 3. — a) Location of the study sites. E-type CO2 concentration maps for b) RG4 - Ribeira Grande 4, c) RGF - Caldeiras da Ribeira Grande Fumarole and RGP -
Caldeiras da Ribeira Grande Pool, d) RG4L - Ribeira Grande 4 Levadas, €) PV - Pico Vermelho fumaroles, f) CVF - Caldeira Velha Fumarole + CVS — Caldeira

Velha small.
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(240-262 °C) than at Caldeira Velha (223-232 °C). Caldeiras da Ribeira g2
Grande’s pool consists of an artificial tank where thermal fluids mix with é b5 B
rainwater. The maximum temperature measured by Carvalho et al. % % §§ % E § § § § § §
(2006) was 49 °C, and the pH varied between 2.66 and 5.53. CO; is the % 3 ) 3 S 3 3 g3 & g
main dissolved volatile in these waters (136-482 mg/L). The steaming '§4 E
ground (RG4 main area and Levadas) appeared after 2010 due to the £ % % :?
drilling of a geothermal well and show maximum soil temperatures of E = = E s 8 g9 S =& 8 <«
around 100 °C (Uchoa et al., 2023), with the main released gases being g 5 ) 3 S 3 3 S3 & g
water vapor and CO (Viveiros et al., 2023). Caliro et al. (2015) analyzed g g
the gases released in the RG4 main area and the equilibrium tempera- R 3 5 § § 33 E
ture obtained for the feeding reservoir was the highest of all the emis- S % a 8§ S 8 s 8§ 3
sions at Fogo volcano (272-278 °C). Pico Vermelho emissions are S ﬁ ? °o°° °orr
essentially water vapor with minor amounts of CO5. According to Per- g £ o R 8 SB 3
eira et al. (2022), the No/O5 ratio in these emissions reflects air addition Ti % a § E E § lé E lé
in the subsurface. T 3 ) 3 3 3 3 S8 3

In each of these manifestations, we estimate the CO, flux using a % ;
methodology (Aiuppa et al., 2013) that involves use of a portable g S a2 S B S 8% 8
Multi-GAS unit (same configuration as in Aiuppa et al., 2022) to mea- E § O & 50 D =
sure (by near-dispersive infra-red spectroscopy; sensor model NG Gas- ; E‘ o © 5 ® b
card from Edinburgh Sensors, calibration range, 0-300,000 ppm) the o4 2 2 2 § 22 g
spatial distribution of CO; concentrations over a horizontal cross-section § E a IS8 S we ¢
of the fumarole/pool/steaming ground atmospheric plume (Fig. 3). For 2 8N
this, during field operations, two operators are positioned on opposite g = - ] g @ g E § §
sides of the manifestation (Fig. 2a and b), with a graduated rope held by §° ks ‘é’w S & & S s 38 8
them that is used to manually and sequentially scroll the Multi-GAS inlet 5 % © - c ° °° °
from one end to the other, while the Multi-GAS is recording concen- N‘E’ g = o vao o
trations every second. A ~10 m long silicone tubing is attached to the g & o\N R g g 8 E § % §
rope and serves as the inlet for the Multi-GAS (the same tubing/rope g g o= ®
system was used at all sites). The use of this long inlet system was tested E E" RS
and verified at Campi Flegrei, providing an excellent correlation be- 2 é:f @ % § P & o e o8«
tween fumarole (from direct sampling) and plume (Multi-GAS) com- ;S % g -
positions, at least for the CO2/HsS and CO/H; ratios. Operations were 2 8% $ @ ° “ KR8 * S
synchronized (with a chronometer) so as to have the Multi-GAS inlet % § 5 “ -
sequentially stopped at nodes 1 m apart, where CO, concentrations were f{ g %
measured at a 1 Hz rate for 20 s, before moving to the next node. Doing g R w 2= «

. . =Ry S > ] — £ [oNTo) <) N
so, and with successive repositioning of the operators (see Aiuppa et al., < g £ gggg|® o < ]
2013), CO, concentration results were obtained along a regular hori- E g -
zontal grid with node spacing of 1 m x 1 m (note that the 20 concen- £z 2 2 Z § & a9 & ht
tration measurements at each node are averaged during 2 % 2 ° cec -
post-processing). Depending on the size of the manifestation, a full E 5 B —
grid, covering the entire plume cross-section, is completed in 8 ﬁ § Sy > o & 8 S - o~ ~
~30-~120 min. Where possible, each manifestation is profiled twice to T ?g E, o= - e ° s e~ 9 ~
test repeatability (see below). Care is taken to conduct these measure- §: & -% a - 8 o - n o
ments during calm wind conditions, to ensure the reconstructed hori- g E£5|° ° < ° S ed -
zontal cross-section is roughly perpendicular to the vertically rising o) %E -
atmospheric plume (Fig. 2). Concurrently with the Multi-GAS profiling ) N E
procedure described above, a video camera (GoPro Hero 2) was used to g Z:; 2| & ?‘ﬁ o o © P ~
record (at 25-100 frames/s) a sequence of images of the atmospheric ;c_:" 0 g“ mEa s < 9 e —-e o
plume itself. & % Sl <

During post-processing, the Multi-GAS dataset is treated by initially 2 % TS 7 n ©® ®©
subtracting the atmospheric background CO, concentrations (420 % g E ‘é: :Ef s a § E § § §
ppmv, from background measurements upwind from the hydrothermal g & o)
areas). Then, the background corrected CO; concentrations are inter- 5 E g 2 ©m 3 2 82 B
polated using the sequential Gaussian simulation methodology (Deutsch 2 % ol a § § S § & § s
and Journel, 1998). The variograms used for each site, to produce the g s g ’ °
100 simulations, are shown as Supplementary Materials (Supplementary 5 ﬁ % _

Fig. 1). The resulting e-type maps, i.e., the mean maps from the 100 § £2|5E g B 8 g g3 &
simulations (Deutsch and Journel, 1998), are shown in the maps of Se) B CT; E, R & X 5 BL% 2

Fig. 3. A 2D integration over the entire cross-sectional area returns the g (i | c & 8§ T -

CO;, Integrated Column Amounts (ICAs) for each manifestation, listed in % ﬁ = -

Table 1. These are then converted into fluxes by multiplying by plume’s % 'g S 3 § 2 § § S 2 E’
transport speed, which is estimated by manually processing (using the % g £ E E S E E g et % i S E 5
ImageJ software; https://imagej.net/ij/index.html) the sequences of Bz o s 8 %"3 £ §R% S %§ 3
images collected by the video camera. Here, transport speed is quanti- - :? S 5 § g § T8 E ) g E E 2sE @ o
fied by manually tracking the movement of individual gas puffs (a % E £ § = SE3 8 % C %é § 8 % é % e §
graduated pole is used to convert camera pixel dimensions in the images Eaé E e =E° SRS © 8
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into real distance, and the vertical component of the transport speed is
calculated in all cases). The geometry of these individual buoyant,
vertically rising puffs is easy to resolve and track, as the plume is
condensing (and hence optically visible) during atmospheric transport
(Fig. 2).

Uncertainty in the derived CO5 fluxes reflects propagation of errors
in (i) CO4 concentrations, (ii) profiling operations (iii) data processing,
and (iv) plume transport speed calculation. Laboratory tests with stan-
dard gas mixtures indicate that at the concentration levels measured in
the current area (typically several hundreds to thousands of ppmv above
atmospheric background, Fig. 3), uncertainty in individual CO, con-
centrations is < 5 %. This standard error level is confirmed by standard
deviations of measurements on the individual node points, which are
typically <5 %. Errors during field (profiling) and post-field (processing)
operations are more difficult to quantify, as they can arise from a variety
of causes (for example, incorrect positioning of the measurement nodes,
incomplete coverage of the entire plume cross-sectional area, errors in
the statistical analysis used for data interpolation). However, we can
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indirectly estimate a ~17 % uncertainty from comparison of ICAs
derived in replicated profiles obtained at some target manifestations
(Table 1 and Aiuppa et al., 2013). Finally, we take the standard devia-
tion of the derived transport speeds (~26 % on average) to quantify the
total uncertainty in the derived fluxes at <48 %.

In addition to CO2, the Multi-GAS is configured to measure the
concentrations of other gas species, including SO, (CiTiceL electro-
chemical sensor model T3STF), HsS (CiTicel electrochemical sensor
model T3H) and H, (CiTiceL electrochemical sensor model T3HYT). All
sensors were calibrated (in the 0-200 ppm calibration range) in the
laboratory prior to and after field work using certified standard gases. A
KVM3/5 Galltec-Mela sensor was also used for measuring temperature
and relative humidity and to indirectly estimate H>O concentrations in
the plume using the Arden-Buck equation (Buck, 1981). At the field
conditions encountered, the plume is always condensing (relative hu-
midity >90 %), rendering water condensation in the inlet (tubing) sys-
tem very likely. Hence, the derived HyO results underestimate the real
fumarolic H;0/CO, ratios. SO, is undetectable in all the six

B RGP, Caldeiras da Ribeira Grande Pool
ARG4, Ribeira Grande 4 Main site
®RG4L, Ribeira Grande 4 Levadas

mRGF, Caldeiras da Ribeira Grande Fumarole «CVF, Caldeira Velha Fumarole

¢ CVS, Caldeira Velha small
APV, Pico Vermelho

a FL, Furnas Lake

= FV, Furnas village
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Fig. 4. - Scatter plot of (a) CO, vs H,S and (b) CO, vs H, concentrations, as measured in the atmospheric plumes of the Fogo volcano hydrothermal manifestations, as
measured by the Multi-GAS. For comparison, similar composition results acquired at the Furnas hydrothermal site (east Sao Miguel island) are also shown.
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manifestations studies, consistent with their hydrothermal nature. HyS
and H are detected at all sites, and their concentrations exhibit strong
positive correlations with CO, concentrations (Fig. 4). The HyS/CO5 and
H2/CO;, ratios are hence inferred from the slopes of the best-fit regres-
sion lines, and hence multiplied by the estimated CO5 fluxes to convert
into HsS and Hj fluxes (Table 1).

3. Results

Fig. 3 illustrates the contour maps of CO, concentrations at the
studied manifestations, obtained after interpolation of field measured,
background-corrected CO5 concentrations using the sequential Gaussian
simulation methodology (Deutsch and Journel, 1998). These maps
convey information on the location of the most actively degassing spots
(peaks in COy concentrations), and on the in-plume concentration di-
versity. Broadly speaking, all maps contain a central core of high CO,
concentrations that spatially correspond to the most actively degassing
areas, surrounded by areas with close-to-background concentrations at
the margin of each manifestation. In the maps’ cores, CO5 concentra-
tions are typically several thousand ppm above background, with
maxima (9000-9500 ppm CO;) observed at CVF and RG4L (Fig. 3). At
the margins, COy concentrations remain tens to a few hundred ppm
above background. Even if the sampling strategy is the same in the
various study sites, variogram models and parameters are different
(Fig. S1 — Supplemental Material). These differences reflect the variety
of field conditions encountered, such as the dimension and shape of the
study site, permeability of the soil, and distinct topography.

Integration over the entire plume cross-sectional area allows calcu-
lating the CO ICAs listed in Table 1. By definition, the ICA is a combined
indicator that takes into account both the extension (as parametrized by
cross-sectional area) and vigor (as indicated by CO5 concentrations peak
levels and range) of each manifestation. For example, the largest ICA
(2.07+10° ppm+m?, or 3.6 kg/m at 30 °C temperature; this is the average
temperature of the atmospheric plume) is obtained for RG4, the largest
in size (although the weakest in terms of CO5 concentrations) degassing
area. The lowest ICA is obtained for site RGF (1.4+10* ppm+m?, or
0.025 kg/m) (Table 1), reflecting its relatively small cross-sectional area
and CO; concentration levels (Fig. 3).

The vertical component of the plume transport speed, as inferred
from processing of video camera frames, ranges between 0.3 and 3.7 m/s
at the different manifestations studied (Table 1). Correction for non-
verticality of the plume was only required at PV. By multiplying
plume transport speeds by the ICAs discussed above, we derive the CO,
fluxes listed in Table 1. These range from 0.02 to 1.1 kg/s (1.3-95 tons/
day). The total fumarolic CO3 flux from Fogo volcano is hence 2.7 kg/s
(232 + 140 tons/day), and is dominated by two manifestations (RG4
and CVF) that contribute 79 % of the total budget.

In addition to CO9, H3S and Hj are also detected in the atmospheric
plumes of all the manifestations studied at ppm to sub-ppm levels
(Fig. 4). The HsS concentrations are the highest (from <0.1 to 4.2 ppm)
at the Caldeira Velha sites (CVF and CVS). At the other sites, including
those in the Ribeira Grande area, HaS concentrations are systematically
less than 1 ppm. For comparison, the atmospheric plumes of Furnas
fumaroles (Furnas Lake - FL and Furnas Village - FV sites, two vigorously
degassing hydrothermal sites located in the eastern part of Sao Miguel
island; Ferreira and Oskarsson, 1999; Viveiros et al., 2010; Pedone et al.,
2015) are more HyS-rich, with peak in-plume concentrations of ~97
ppm (Fig. 4). The (molar) CO2/H,S ratios range from ~1600 (CVS) to
~80,700 (RG4) (equivalent to HyS/CO ratios of 6+ 10~% to 1.2:107%)
(Table 1). For comparison, the Furnas sites have 1-2 orders of magni-
tude lower COy/H,S ratios (of respectively 289 and 257 at FL and FV).
The Caldeira Velha sites are also the richest in Hp, with a peak con-
centration of 12.2 ppm at CVF. At the Ribeira Grande sites, Hy ranges
between 1.8 and 5.3 ppm. The Hy/CO, ratios range from 2+ 10~* (RG4)
to 2:10~3 (RGF). The upper range is close to the range of variability
observed at Furnas (1.8—1.9~10’3) (Table 1). We additionally report
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H50/CO4 ratios for the atmospheric plumes of all manifestations. These
range between 0.5 (CVF) to 17 (RG4L). Since the plumes were
condensing at measurement conditions, we advise these ratios should be
viewed as lower range estimates.

4. Discussion

The manifestations characterized in this study (Fig. 2) include
steaming grounds, bubbling pools, and mildly degassing fumarolic fields
(Fig. 2), and hence rank among the most inconspicuous forms of hy-
drothermal degassing encounterable at quiescent, hydrothermal vol-
canoes (Stix et al., 2025).

Compositionally, these manifestations are COj-enriched and
sulphur-depleted relative to high-temperature magmatic gases (Fig. 5),
as typical of low-temperature hydrothermal discharges formed by
boiling of hydrothermal aquifers at depth (Chiodini and Marini, 1998).
Comparison of our results with those of Caliro et al. (2015) and Pereira
et al. (2022) (Fig. 5) indicates that the atmospheric plumes we studied
are also compositionally more COo-rich and HyS-poor than the fuma-
roles that immediately source them (directly sampled and characterized
prior to atmospheric dilution by Caliro et al., 2015; Pereira et al., 2022).
For example, the observed CO»/H,S ratios in the Caldeira Velha plumes
are between ~1600 and 2800, while the directly sampled fumaroles
(Caliro et al., 2015; Pereira et al., 2022) exhibit lower CO5/H>S ratios of
~400-600 (Fig. 5). Similarly, at Caldeiras da Ribeira Grande, the
CO4/H,S ratios in plumes (1500-80,700; Table 1) are well higher than
those measured in the fumaroles (179-3800; Caliro et al., 2015; Pereira
et al., 2022). Plumes and source fumaroles also differ in terms of their
H»0/CO> ratios. According to the literature, the mean H,O/CO ratios in
the fumaroles are 10.7 + 2.9 (Caldeira Velha) and 14.3 + 3.0 (Caldeiras
da Ribeira Grande) (Caliro et al., 2015; Pereira et al., 2022), while our
atmospheric plumes are considerably less HyO-rich, especially at Cal-
deira Velha (HyO/COx ratios of 0.5-2.5). It is important to note that this
plume vs. fumarole compositional contrast is not observed at Furnas (see
Fig. 5), where fumaroles are far stronger in size and vigor. For example,
the CO2/H,S ratios (257-289) obtained for the FL and FV plumes are
within the range (127-449) reported in the literature based on direct
fumarole sampling results (Caliro et al., 2015; Pedone et al., 2015 ob-
tained a similar 150-353 range using the results of a Multi-GAS survey).
Considering that Furnas results (Figs. 4-5) were obtained using the same
instrument and during the same campaign, we can exclude that the
plume/fumarole mismatch seen in the Fogo manifestations (Fig. 5) is
caused by analytic artifacts (e.g., improper calibration/functioning of
the Multi-GAS). In view of the above, we ascribe the mismatch between
fumarole and plume compositions seen in Fig. 5 to a combination of (i)
steam condensation in the Multi-GAS inlet system, mostly affecting H»0,
and being caused by the condensing nature of the plume studied and the
relatively long tubing/inlet system used, and (ii) hydrothermal steam
condensation in the near-surface (soil) and pool environments, also
causing partial removal (scrubbing) of water-soluble HyS, and hence
leaving the residual gas (the atmospheric plume we sampled) relatively
enriched in less water-soluble CO,. This latter process is consistent with
the presence of sulphur in the pools (as dissolved sulphate) and in the
soil/sub-soils (where yellow-colored incrustations are common).

Despite their mild, apparently inconsistent nature, and very residual
(in terms of extent of hydrothermal processing) compositional signa-
tures, as discussed above, the Fogo hydrothermal manifestations do
represent non-trivial sources of volcanic CO,. We find that each of the
manifestations emits CO; at tons per day level (range, 1.3-95 tons/day;
Table 1). The cumulative fumarolic CO; flux from Fogo volcano is hence
estimated at 232 + 140 tons/day (Table 1). This is roughly equivalent to
the typical CO; flux sustained by crater plume degassing at medium-
sized, frequently active arc volcanoes worldwide, such as Asama
(Japan), Kudryavy (Kamchatka) or Santa Ana (El Salvador) (see
compilation of Werner et al., 2019). Hence, in analogy to what have
been found for the even more “invisible” and “silent” diffuse soil
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end of the hydrothermal gas population, here indicated by: (i directly samples fumaroles from the same Fogo and other localities in the Azores (small diamonds; data
from Caliro et al., 2015; Viveiros et al., 2020; Pereira et al., 2022; Viveiros, unpublished results); ii) directly sampled fumaroles from other localities in Macaronesia
(Pico do Fogo, Fogo island, Cape Verde archipelago, Aiuppa et al., 2020; Teide, Tenerife, Canary islands, Melian et al., 2012). The Caldeira Velha fumarolic plumes
exhibit the most CO4-rich and St-poor compositions, well beyond the compositional field of the same fumaroles that immediately source them (small red-filled
diamonds), indicating processing (H2O condensation and sulphur scrubbing) in the soil/thermal water pool shortly prior/during surface emission. For reference,
the compositional field of high-temperature magmatic gases globally is also shown (data from Aiuppa and Moussallam, 2023). (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

degassing (Fischer et al., 2019; Werner et al., 2019), our results suggest
that weak hydrothermal manifestations (boiling pools and steaming
grounds, including their adjacent boiling temperature fumaroles) can
rival, in terms of COy output, the far more spectacular crater plume
emissions. This relatively large CO, flux is a direct consequence of the
COq-rich nature of the gas emitted (Fig. 5) and hence does not extend to
other gases. For example, H,S and H» are present at minor/trace levels in
these manifestations (Figs. 4-5). If we therefore combine the inferred
CO», flux with the measured H,S/CO5 H5/CO> ratios, we obtain H,S and
Hj fluxes of only ~0.04 and 0.008 tons/day (Table 1). These are trivial
levels compared to those sustained by crater plume degassing at the
strongest volcanic gas point sources on Earth, for which a cumulative
output of ~3600 and ~600 tons/day (for respectively HoS and Hy) has
recently been estimated (Aiuppa and Moussallam, 2023).

Our results here bring some novel pieces of information to our un-
derstanding of CO5 emission budgets at both local and global scale. At
the local scale, e.g., in the specific case of Fogo volcano, our observations
contribute to an improved assessment of the total volcanic CO2 output
from the Caldeiras da Ribeira Grande hydrothermal zone. Previous work
(Viveiros et al., 2023 and references cited therein) has reported an
enlargement of the area of diffuse hydrothermal degassing at Caldeiras
da Ribeira Grande since 2010. From the results of a soil CO; flux survey,

Viveiros et al. (2023) identified in the area a diffuse degassing structure
(DDS) roughly stretching in a NW-SE direction, consistent with a pri-
mary tectonic/structural control on deep gas ascent and surface release.
By interpolation, the total diffuse CO5 flux from this DDS was estimated
at ~40 tons/day. However, from a comparison between measured CO4
concentrations in air (at 0.3-1.5 m height above ground) and model
results (the output of a CO5 dispersion model), Viveiros et al. (2023) also
claimed for the existence of an extra CO5 contribution (in addition to soil
degassing), which they identified in fumarolic activity. In particular, in
order to match the observed pattern of air CO, concentrations, the au-
thors estimated a necessary extra CO; flux from fumarolic activity of
~174 tons/day. Our observations here contribute to the first - although
indirect - experimental quantification of the fumarolic CO, flux Cal-
deiras da Ribeira Grande, which we assess at ~118 tons/day (Table 1).
This is roughly half of the total fumarolic CO; flux from Fogo volcano
(232 + 140 tons/day; Table 1). Importantly, our quantified ~118
tons/day flux overlaps within uncertainty (~30 %) with the fumarolic
flux estimated by Viveiros et al. (2023) based on physical modelling. Our
results therefore confirm that, in the specific case of Caldeiras da Ribeira
Grande, fumarolic activity sustained by steaming grounds/pools/fu-
maroles is the primary form of CO5 degassing, being a factor ~3 more
important the diffuse CO, output.
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Extrapolation/exportation of our Fogo results to other volcanic sys-
tems is not simple and straightforward. For example, while we find
fumarolic activity prevails over diffuse degassing at Fogo, the opposite
has been observed elsewhere (e.g., at Campi Flegrei, Aiuppa et al., 2013;
Cardellini et al., 2017). Without additional observations at other sys-
tems, it is therefore impossible to constrain whether the relatively high
fumarolic CO; flux determined at Fogo is unique to this system, or rather
common to many others. Fischer et al. (2019) compiled a list of 278
volcanoes globally categorized as “hydrothermal” in view of the exis-
tence (inferred from analysis of GVP database, observations, reports,
and photogrammetry) of hydrothermal manifestations of various kinds
(steaming grounds, boiling pools, mild fumaroles). From statistical
analysis, they inferred the characteristic CO flux from these hydro-
thermal volcanoes to be 0.013 Tg/yr (with confidence intervals of 5 %
and 95 % of 0.009 and 0.19 Tg/yr), which is equivalent to a daily output
of 36 tons (range, 25-52 tons/day). This is a factor >6 lower than the
Fogo volcano fumarolic flux inferred here. We notice that Fischer et al.
(2019) based their calculations on a subset of 45 volcanoes in hydro-
thermal stage of activity, 38 of which having co-determined CO; and
SO, fluxes. The frequent occurrence of SO in the hydrothermal emis-
sions catalogued by Fischer et al. (2019) implies these refer to a distinct
category of emission forms (that of relatively hot, SOo-rich crater fu-
maroles) than those studied here - boiling pools and steaming grounds
on the outer volcano slope. It is therefore well possible that this latter
subtle emission form, which is likely to be relatively common in the
peripheries/flanks of many active and dormant volcanoes, has
completely escaped cataloguing in previous volcanic COy emission in-
ventories so far (Burton et al., 2013; Werner et al., 2019; Fischer et al.,
2019; Fischer and Aiuppa, 2020). If extrapolated to all 278 hydrother-
mal volcanoes, the Fogo flux (232 tons/day) would imply a cumulative
global CO; flux from hydrothermal degassing of ~65,000 tons/day (or
~24 Tg/yr), emitted via steaming grounds and boiling pools (and the
mild fumaroles surrounding them). For comparison, crater fumaroles
and plumes from subaerial volcanoes globally are estimated to emit
~53-88 Tg/yr CO2 (Werner et al., 2019; Fischer et al., 2019; Fischer and
Aiuppa, 2020).

Our calculations here should only be viewed as illustrative and
qualitative. As noted above, it is unrealistic that one system alone can be
assumed as representative of global volcano behavior. Still, in addition
to claiming for the need of further measurements at other volcanoes, our
results suggest that hydrothermal degassing may ultimately account for
a non-trivial fraction of the global volcanic CO, budget.

5. Conclusions

We have characterized the CO2 emission budget from boiling pools,
steaming grounds and adjacent small hydrothermal fumaroles along the
outer flanks of the Fogo volcano on Sao Miguel island. Our results sug-
gest that such hydrothermal manifestations, although very modest in
size, still release CO, at levels of a few hundred tons per day, e.g., at the
same rate as a medium-sized arc volcano through its crater plume. Our
results indicate that hydrothermal fumaroles, boiling pools, and
steaming grounds emit ~232 + 140 tons/day of CO,. Comparison be-
tween the Caldeiras da Ribeira Grande fumarolic flux (~118 tons/day)
and the corresponding soil diffuse degassing flux (~40 tons/day) sug-
gest that fumaroles are the main gas emission form in the area. Data at
other volcanoes are needed to assess the potential global-scale CO5
contribution from this previously overlooked hydrothermal emission
category.
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