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Santorini Island (Greece) is an active volcano which has alternated between
dormant and active periods over the last 650,000 years with the latest volcanic
unrest occurring in 2011-2012. Here we report a geochemical survey of
fumarolic gases collected at Nea Kameni islet located in the center of the caldera
over the period 2015-2022 in order to study the activity of the volcano and
changes in hydrothermal conditions. This period is marked by the absence
of significant geochemical anomalies compared to the unrest of 2011-2012,
implying that no new magma upwelling has occurred. This is evident from
the low CO,/CH, ratio and H, concentration of fumaroles. An increase of
the atmospheric contribution in gases after the 2011-2012 unrest suggests a
decrease of the deep gas flow and the chemical and C-He-isotope compositions
are compatible with a model of Rayleigh fractionation in which CO, dissolves
in water at decreasing temperatures over time. These results are consistent
with temperature estimates obtained using the H,/N, geothermometer, seismic
and geodetic evidences. This implies a slowing of the degassing of the
hydrothermal/volcanic system and a cooling of the magma injected at shallow
depth in 2011-2012. All these conclusions support a quiescent state of the
Santorini volcano over the period 2015-2022.

KEYWORDS

Santorini, volcano monitoring, fumarole geochemistry, He isotope composition, gas-
water interaction

1 Introduction

Santorini Island (Greece) is one of the most active and dangerous volcanic systems of
the South Aegean Active Volcanic Arc (SAAVA). The volcano has been active subaerially
for at least 650,000 years and volcanic activity follows a broadly cyclic behavior; 1.
Plinian/explosive eruption, 2. inter-Plinian/effusive edifice construction and 3. quiescence.
These cycles typically last 10,000-30,000 years (Druittetal., 2019). During the last
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350,000 years Santorini has experienced twelve explosive eruptions
and at least four caldera collapses (Druittetal., 1999). The last
Plinian eruption, referred to as the “Minoan’, occurred in the
Late Bronze Age (LBA) (~3,600 years ago) and caused catastrophic
damage across the southern Aegean (Bond and Sparks, 1976). Since
then the volcano has exhibited effusive dacitic activity with the
most recent eruption occurred in 1950 at Nea Kameni, in the
center of the caldera (Georgalas, 1953). After 60 years of quiescence
Santorini experienced intense seismic-geodetic-geochemical unrest
in 2011-2012. This has been interpreted as a response to new
magma intrusion into the shallow plumbing system (Newman et al.,
2012; Parksetal., 2012; Papoutsis et al., 2013; Tassietal., 2013;
Rizzo et al., 2015). Although no eruption occurred, the volcanic
hazard remains.

Knowledge of the dynamics of magma recharge in quiescent
volcanoes is essential for addressing the issues related to volcanic
hazards (Rosi et al., 2022). In this respect, the study and temporal
monitoring of volcanic/hydrothermal gases revealed helpful in
evaluating the volcano state of activity and the evolution of
these signatures can help understand the magmatic processes
occurring at depth, such as magma upwelling or crustal assimilation
(Caracausi et al., 2003; Chiodini, 2009; Caliro et al., 2014; Torres-
Gonzélez et al., 2020). In this work, we combine a new set of
gas geochemistry data that cover the period 2015-2022, with
published pre-2015 data to study the temporal evolution of the
chemical and C-He-isotope compositions of the gas from a
single fumarole at Nea Kameni. We use these data to monitor
the state of the volcanic system and study its influence on the
hydrothermal system.

1.1 Geologic setting and volcanological
background

Since the closure of the Tethyan Ocean at the end of the
Cretaceous, the convergence between Africa and Europe has
generated complex geodynamics in the Aegean domain (Jolivet
and Brun, 2010; Jolivet et al., 2013). The SAAVA (Figure 1) is a
500 km long curved chain of active Upper Pliocene-Quaternary
volcanoes, which extends from Greece to Turkey (Fytikas et al.,
1984). It results from the northward subduction of the African
plate (oceanic crust remnant) beneath Eurasia (continental Aegean
microplate), with the current convergent plate boundary (i.e., Ionian
trench) located south of Crete (Le Pichon and Angelier, 1979).
The southward slab retreat caused back arc extension and slab
segmentation in the Aegean and Anatolian domains (Piromallo
and Morelli, 2003; Biryol et al., 2011; Jolivet et al., 2013; Jolivet et al.,
2015; Sachpazietal, 2016; Bocchinietal., 2018; Hansen etal.,
2019). The Aegean arc is characterized by calc-alkaline to high-
K calc-alkaline volcanism, with rock compositions that evolve
from basalts to rhyolites developed on thinned (20-22 km thick)
continental crust (Francalanci et al., 2005; Grigoriadis et al., 2016).
Santorini is located in the central part of the arc and belongs
to the NE-SW oriented Christiana-Santorini-Kolumbo Volcanic
Field (i.e.,, CSKVF), an alignement of volcanoes that extends
from Christiana in the southwest to numerous small submarine
volcanoes in the northeast (=70 km) (Figure 2A) (Nomikou et al.,
2019; Preine et al., 2021). The position and orientation of the CSKVF
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are strongly controlled by the extensional tectonic regime of the
Santorini-Amorgos Tectonic Zone (i.e., SATZ), comprising NE-SW
oriented active faults and sedimentary basins (Bohnhoff et al., 2006;
Nomikou et al., 2018).

The Santorini archipelago is composed of five islands: Thera,
Therasia and Aspronisi form the walls of the caldera and are the
remains of the pre-LBA volcanic activity, whereas Nea Kameni
and Palea Kameni (i.e.,, NK and PK) in the center of the caldera
postdate the Minoan caldera-forming eruption (Figure 2B) (Fouqué,
1879; Druitt et al,, 1999; Pyle and Elliott, 2006; Nomikou et al.,
2014). The Meso-Cenozoic pre-volcanic basement of Santorini
is mainly composed of limestones, marbles and metapelites
metamorphosed up to the blueschist grade (Druittetal., 1999;
Lion, 2018 and reference therein). These rocks are exposed in
the southeast part of Thera and inferred at ~1.5 km depth below
Nea Kameni (Budetta et al., 1984). The volcano-tectonic activity is
concentrated along two major NE-SW structures (Nea Kameni and
Kolumbo lines) showing different seismic behavior (Barberi and
Carapezza, 1994; Pfeiffer, 2001; Dimitriadis et al., 2009; Stiros et al.,
20105 Parks et al., 2012; Heath et al., 2019; bbnet.gein.noa.gr). The
parental magmas of Santorini are generated by high degrees of
partial melting of an Aegean depleted mantle wedge (ADM)
that has been metasomatized by slab sediments and aqueous
fluids (Francalanci and Zellmer, 2019 and references therein;
Flaherty et al., 2022). The mantle source also reflects a contribution
of sub-slab enriched mantle (SSEM) that may have upwelled
through a tear beneath Anatolia in the down-going African
plate (Klaver et al., 2016). During their ascent, magmas evolve by
fractional crystallization and crustal assimilation, magma mixing
and mingling phenomena (Druitt et al., 2019 and references therein;
Pank et al.,, 2022). The submarine volcano of Kolumbo, located
~7 km northeast of Santorini is considered as the most active
volcanic system of the region and despite the strong geographical
and tectonic links between Santorini and Kolumbo, these volcanic
systems are characterized by significant geochemical and seismic
contrasts. This is evident for instance from the higher He isotopic
ratios measured in the gas emissions of Kolumbo (Carey et al.,
2013; Rizzo etal.,, 2016; 2019) or inferred from geochemical and
seismic data (Dimitriadis et al., 2009; 2010; Cantner et al., 2014;
Klaver et al.,, 2016; Nomikou et al., 2019 and references therein).
These contrasted behaviours seem to relate differences in the
plumbing systems rather than a variability of magmatic sources
and an asthenosphere mantle with *He/*He of at least 7 R, has
been proposed for both volcanoes (Rizzo et al., 2016). Nevertheless,
the possibility of local mantle heterogeneity is still being debated
(Klaver et al., 2016).

1.2 The 2011-2012 Santorini unrest

After the eruption in 1950, Santorini has been in a quiescent
state characterized by gas released at fumaroles and bubbling springs
mostly at the Nea Kameni and Palea Kameni islets. In 2011, GPS and
InSAR data highlighted a significant ground inflation, accompanied
by a seismic swarm at shallow depth (<6 km) within the caldera
(Newman et al., 2012; Papageorgiou et al., 2012; Parks et al., 2012;
Papoutsis et al., 2013). This implied that the Kameni line had been
reactivated (Feuillet, 2013). Changes in the composition of fumarolic
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FIGURE 1

Tectonic map of the Aegean Sea showing the location of Santorini. Slab features are also reported. KTF: Kephalonia Transform Fault. NAF: North

Anatolian Fault. Modified from Jolivet et al., 2013.

gas and condensates and soil CO, flux have been measured at
Nea Kameni since 2011. Increases in the CO,/CH,, N,/Ar and
the diffusive emission rate of CO, have been interpreted as an
input of deep volatiles into the hydrothermal system (Parks et al.,
2013; Tassietal, 2013; Rizzoetal., 2015). A sharp increase in
the H, concentration was attributed to the thermal dissociation
of H,O due to the heat pulse from the new magmatic body
(Tassi etal., 2013). The increase of hydrothermal temperature to
275°C has been proposed on the basis of CO/CO, and H,/N,
gas geothermometers (Tarchini et al., 2019). An increase in the He
isotopic ratio (Rizzo et al., 2015) has been attributed to upwelling
of fresh volatile-rich magma (~16 x 10° m®) to a depth of ~4 km
between Nea Kameni and Therasia (Figure 2B) (Newman et al.,
2012; Papageorgiou et al., 2012; Parks et al., 2012;2015; Lagios et al.,
2013; Papoutsis et al., 2013; Papadimitriou et al., 2015; Rizzo et al.,
2015). These changes led to the fear of an imminent eruption
because mafic magma input can trigger effusive eruption on
short time scales (e.g., in less than 1-month) (Martin et al., 2008)
whereas Plinian eruptions can result from several recharges of
a silicic magma reservoir in less than 100 years (Druittetal.,
2012). Both seismic activity and the ground deformation increased
progressively until 2012. This unrest was not followed by eruption
and gas compositions returned to levels observed before the unrest
(Rizzo et al., 2015; Bountzouklis, 2016; Papageorgiou et al., 2019;
Tarchini et al., 2019).
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1.3 Sampling and analytical techniques

Gas samples were collected from fumaroles located in the
center of the Nea Kameni islet (Figure 2B). These fumaroles are
characterized by weak gas emissions fed by a shallow hydrothermal
system and undergoing in-soil steam condensation together with air
contamination before reaching the surface. The low gas temperatures
measured at the vent discharges (~90°C) appear to be constant
over the years despite the temporal changes of the hydrothermal
temperature evidenced by the geothermometers (Tarchini et al.,
2019). Previous monitoring of fumarolic gases have been carried
out at the same sampling sites using a similar method (Nagao et al.,
1991; Chiodini, 1998; Shimizu etal., 2005; D’Alessandro et al.,
2010; Tassietal., 2013; Rizzo etal., 2015; Daskalopoulou, 2017;
Tarchini et al., 2019). Eight batches of sample were collected by the
INGYV, Sezione di Palermo (Italy), from a fumarole of reference
denoted by NK over the period of 2015-2022 at a frequency of
about one sample per year (Table 1; Figure 2C). For chemical and
C-isotopic measurements (§'*C-CQO,), two-way Pyrex bottles with
vacuum valves were used to store the collected gases. Noble gas
samples were collected in stainless steel tubes equipped with all-
metal Swagelok valves. Three batches of sample were collected
in January 2022 by the LFCR (Pau, France) from three different
fumaroles denoted by Nea 1, Nea 2, and Nea 3 (Table 1; Figure 2C).
Vacutainers were used for major gas and carbon isotope samples and
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Figure 4D. (C) Location of the sampled fumaroles at Nea Kameni.

annealed copper tubes for noble gas samples. A batch of samples was
generally composed by two to four samples for chemical and carbon
isotope analysis and one for noble gas isotope analysis. The sampling
was carried out by using an inverted funnel to channel the gas flow
into the appropriate containers. The sampling system was flushed
with fumarolic gases for several tens of minutes to minimize internal
atmospheric contamination.

The samples collected from the NK fumarole were analyzed for
chemical composition (N,, O,, CO,, CH,, H,, H,S) using a Perkin
Elmer Clarus500 gas chromatograph equipped with TCD and FID
detectors and argon carrier gas. Repeatability is typically <3% of the
measured values. The carbon isotope composition of CO, (§'*C-
CO,) was determined by a Thermo Fischer Delta Plus XP mass
spectrometer, coupled with a Thermo TRACE gas chromatograph
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and a Thermo GC/C III interface. The carrier gas was He and results
are given with uncertainties of +0.1%o with respect to the V-PDB
standard (Craig, 1957). The abundance of 4He and *°Ne, as well as
He isotopic ratio were determined using a Thermo Fischer Helix
SFT (for helium) and a Thermo Fischer Helix MC Plus (for neon)
following standard procedures (Rizzo etal., 2015; 2016). For the
“He and °Ne contents, uncertainties are ranging from 0.02% to
0.08% and from 0.01% to 0.02%, respectively. Uncertainties on the
He isotopic ratios range from 0.5% to 1.5% (Paonita etal., 2012;
Rizzo et al., 2015; 2016; Daskalopoulou et al., 2018).

Chemical and carbon isotope compositions of the LFCR samples
were performed by Isolab (Neerijnen, Netherlands). Chemical
compositions were measured by two Agilent 6890N/7890A/7890B
gas chromatographs equipped with TCD and FID detectors, with
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TABLE 1 Sample details and composition of fumarole gases from Nea Kameni.

10.3389/feart.2024.1366213

ID Sample ‘ Source ‘ Sampling date Latitude Longitude

1 NK INGV = 18/02/2015 36°24'16.40" N 25°23'45.09" E

2 NK INGV # 06/04/2016 36°24'16.40" N 25°23'45.09" E

3 NK INGV = 13/06/2017 36°24'16.40" N 25°23'45.09" E

4 NK INGV # 27/05/2018 36°24'16.40" N 25°23'45.09" E

5 NK INGV = 24/08/2018 36°24'16.40" N 25°23'45.09" E

6 NK INGV 06/07/2019 36°24'16.40" N 25°23'45.09" E

7 NK INGV = 13/02/2020 36°24'16.40" N 25°23'45.09" E

8 Nea 1 LECR * 20/01/2022 36°24'16.26" N 25°23'45.36" E

9 Nea 2 LECR * 21/01/2022 36°24'16.60" N 25°23'48.12" E

10 Nea 3 LECR * 21/01/2022 36°24'16.31" N 25°23'46.15" E

11 NK INGV # 16/07/2022 36°24'16.40" N 25°23'45.09" E

Air - - - -
ASSW! - - - -

CO, (% H, (ppm) CH, (pp

64.33 27.77 6.03 nm. 10100 300 n.m.

52.64 36.75 8.36 nm. 8,8105 264 0.3

49.96 37.69 8.53 n.m. 7,7489 252 nm.

51.97 36.63 8.22 nm. 6,6887 265 n.m.

49.60 39.78 9.18 nm. 5,5952 253 nm.

53.53 36.31 7.99 nm. 2,2834 278 0.0

46.22 4335 9.32 nm. 5,5849 387 nm.

25.30 58.80 15.20 0.72 529 129 0.8

6.67 72.80 19.60 0.89 b.dl 46 0.6

29.30 55.90 13.70 0.69 3,3860 174 0.8

41.52 47.95 10.60 nm. 5,5825 230 n.m.

0.038 78.08 20.95 0.93 0.53 1.7 -8.0

14 62.60 34.30 1.59 - 38 -

*He/*He Err. R/R, Err. “He “He/*°Ne

(R,) (+/-) (+/-)

2.96 0.015 6.99 0.0017 1.09 + 0.0005 3.77 0.06 2,2144 + 129 2.23E+10 +
9.93E+08

2.65 0.023 6.02 0.0023 0.92 + 0.0005 3.52 +0.07 1994 + 120 2.36E+10 +
1.14E+09

2.70 0.018 6.45 0.0024 1.12 + 0.0006 3.38 £ 0.06 1983 £ 119 2.05E+10 +
9.48E+08

(Continued on the following page)
Frontiers in Earth Science 05 frontiersin.org



https://doi.org/10.3389/feart.2024.1366213
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Bernard et al.

10.3389/feart.2024.1366213

TABLE 1 (Continued) Sample details and composition of fumarole gases from Nea Kameni.

SHe/*He Err. R/R, “He (ppm) CO,/CH, CO,/*He

(R,) (+/-)

2.89 0.021 7.51 0.0020 1.09 + 0.0004 3.67 £ 0.06 1961 £ 118 1.71E+10 +
8.00E+08

2.84 0.021 7.09 0.0018 0.88 +0.0003 3.88 £0.07 1960 = 118 1.76E+10 +
8.27E+08

2.86 0.043 7.00 0.0023 0.96 + 0.0004 3.78 £0.10 1926 + 116 1.91E+10 +
1.05E+09

2.32 0.029 8.54 0.0066 0.74 + 0.0007 3.33+0.08 1,1194 £ 72 1.67E+10 +
8.82E+08

1.42 0.076 9.22 0.23 0.43 +0.0238 2.65+0.46 1961 £+ 78 1.38E+10 +
1.49E+09

n.m. n.m. n.m. n.m. - - 1,1450 + 58 -

2.43 0.092 8.88 0.22 0.58 +0.0453 4.17 £ 0.85 1,1684 + 67 9.70E+09 +
8.91E+08

2.43 0.032 5.98 0.0027 0.75 + 0.0004 3.49 +0.08 1805 + 108 2.04E+10 +
1.08E+09

1 - 5.24 - 0.318 - 246.7 5.05E+07

1 - 2.30 - 0.237 - 3,3684 -

* INGV: istituto nazionale di geofisica e vulcanologia, Sezione di Palermo, Italy.
# LFCR: Laboratoire des Fluides Complexes et leurs Réservoirs, Pau, France.
!Data from Rizzo et al. (2019)

b.d.L: below detection limit.

n.m.: not measured.

-: not determined.

Ar as the gas carrier. The uncertainty on the chemical compositions
is about 2% of the measured values. Detection limits are 1 ppm
for hydrocarbons, 400 ppm for H, and, 100 ppm for CO,, O, and
N,. Carbon isotopic measurements were performed on an Agilent
7890A gas chromatograph interfaced to a Thermo Fischer MAT 253
isotope ratio mass spectrometer using a GC-Isolink or a Finigan GC-
C III interface using He carrier gas. Uncertainties on §'°C-CO, are
+0.1%o. The He-isotopic compositions were analyzed at the Noble
Gas Laboratory at SUERC. Gases were purified and analysed as per
previously published procedures (Gyore et al., 2015; 2021). The *He
and *°Ne concentrations and *He/*He isotope ratios were measured
using a MAP 215-50 mass spectrometer (Williams et al., 2005). For
the “*He and ?°Ne contents, uncertainties are ~3% (Table 1). The
He-isotopic ratio uncertainties vary from 3.8% to 5.4%.

2 Results

The gases are dominated by N,, CO, and O,, with
concentrations ranging from 28% to 73%, 7%-64% and 6%-20%,
respectively (Table 1). Ar was measured on three samples,
concentrations varying between 0.69% and 0.89%. H, concentration
ranges from below the detection limit to 10,100 ppm, while CH,
exhibits narrower range from 46 to 300 ppm. Other hydrocarbon

Frontiers in Earth Science

species (e.g., C,Hg, C¢*) and H, S are below the detection limits. CO
was occasionally present in low concentrations, but was considered
unreliable due to the sampling procedures and storage, which can
release CO and contaminate the samples. The §'*C-CO, range from
0.0%o vs. PDB to +0.8%o vs. PDB and the He-isotope composition
scales from 1.42 to 2.96 R, (where R, is the He atmospheric ratio
of 1.39 x 107%; Sano et al., 1998). 4He and 2°Ne concentrations vary
from 5.98 to 9.22 ppm and from 5.77 to 21.51 ppm, respectively.
Sample Nea 2 was not analyzed because the low *He/*’Ne ratio
implied high atmospheric contamination.

2.1 Discussion

2.1.1 Temporal evolution of atmospheric
contamination

The gas samples are characterized by high concentrations of
0O,, N, and Ar with respect to air values (Table 1), indicating
a significant contamination by atmospheric-derived gases. In the
CO,-N,-0, ternary diagram shown in Figure 3A, the data are
on a mixing line between air and a deeper gas that is rich in
CO,. This mixing can occur during sample collection, or may
represent air trapped in the fumarolic system. We quantified
this contamination and corrected the chemical composition using

frontiersin.org
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FIGURE 3
(A) CO,-N,-0O, ternary diagram showing the trend of air addition to a deep component rich in CO,. The ASSW endmember is also reported. (B)

Temporal evolution of the calculated percentage of atmospheric contamination (F). (C) Temporal evolution of the “He/?°Ne. The dashed square
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Rizzo et al,, 2015.
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TABLE 2 Restored chemical composition before addition of atmospheric-derived gases. The percentage of air contamination is also reported, as well as
the temperature obtained from H,/N, gas geothermometer, assuming a liquid phase.

Sample  CO, Temp. H,/N,
geothermometer (°C)
1 NK 90.4% 7.4 14195 421 7.70 28.9 242
2 NK 87.7% 9.2 13508 439 6.54 40.0 235
3 NK 84.4% 9.8 12653 425 7.28 40.8 230
4 NK 85.6% 9.7 11351 436 8.98 39.3 227
5 NK 88.4% 9.8 10614 450 8.54 43.9 225
6 NK 86.6% 104 4,588 449 8.09 38.2 196
7 NK 83.4% 154 10556 697 1120 446 210
8 Nea 1 92.7% 7.3 1938 469 19.83 72.7 180
9 Nea 2 - - - - - 93.8 -
10 Nea 3 85.0% 137 11203 502 15.81 65.6 215
11 NK 84.2% 16.9 11819 465 6.74 50.7 210
. . . . . . . *'H
Egs I, 2, and by assuming that O, was only derived from the = —— ratios in the sample and in air (ie, (=— ;
. *ONe *ONe / sample
atmosphere (Rizzo et al., 2019). He
(zr—) -0.318).
Ne / gir

([i]sumple - ([i]air * F))

[i]corrected = (1 _ F) (1)
[OZ]sumple
- [OZ]air (2)

These equations enabled calculation of the concentration of
a species denoted by i, before air addition in the system (ie.,
(eorrected) [sampler 1airs [O2)gampre and [O,],;, represent the
concentration of this species i and the O, content, in the sample
and in air, respectively. F is the fraction of atmospheric-derived
gases (expressed in %). Corrected chemical compositions are
presented in Table 2. The results show that CO,, N,, H, and CH,
were the main components before addition of air in the system.
An uncertainty in the correction must be considered because
some O, consumption may have occurred before gas emission at
the surface.

Noble gas samples are also affected by atmospheric
contamination, as shown by the low values of the *He/*’Ne ratio
(Table 1; Porcelli et al., 2002). We corrected the He content and
isotopic ratio (i.e., R/R,) by using Eqs 1-3, respectively (Craig et al.,

1978).
(B ()
(), (3),)

The He isotopic ratio corrected for contamination by

“He
20N

“He
20N

©)

‘He
20Ne

‘He
20Ne

atmospheric-derived component (i.e.,&> is obtained by

R

a

using the ratio of the sample i.e.,(i) and the
R, sample
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The low concentration of CO, in air (Table 1), compared to
the deep source identified in Figure 3A implies that atmospheric
contamination has a small or negligible impact on the measured
C-isotope composition (§'°C-CO,), even if the fraction of
atmospheric-derived gases is important in the sample. This isotopic
ratio has therefore not been corrected.

Figures 3B, C show the temporal evolution of F, the fraction
of air in the reactive gas samples, and the *He/*’Ne used to
study the contamination by atmosphere in the noble gas samples.
Figure 3B shows that the proportion of air in the gas mixture has
tended to increase continuously since the end of the 2011-2012
unrest. This is also evident in Figure 3C in which the *He/**Ne
decreases over the same period, indicating an input of atmospheric-
derived ?°Ne compared to the deep-radiogenic *He. As most of
the data from the literature and the 2015-2022 samples from the
INVG come from the same fumaroles (NK), we can assume that
this increase in air contamination is unrelated to the sampling.
In addition, the samples were taken at different periods each
year. The possibility of meteorological control seems unlikely, as
it should result in random variations rather than the general
trend observed over several years. We can therefore infer that
air-derived gas is present in the subsurface. As the samples
are admixtures between atmosphere and volcanic/hydrothermal
sources, the contribution of the latter is becoming decreasingly
important. The self-sealing process of the channels that carry the
deep gas upwards or the opening of air circulation conduits could be
the cause of these temporal anomalies. Nevertheless, the possibility
of a lowered flux of magmatic/hydrothermal gases seems the most
likely explanation.
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2.1.2 Geochemical monitoring of the fumarolic
activity between 2015 and 2022

In volcanic systems with a well-developed hydrothermal system,
periods of quiescence and unrest are tracked by CO,/CH, (Chiodini,
2009 and references therein). Increases of CO,/CH, are usually
attributed to CO, exsolution from a magmatic body and it
generally reflects periods of unrest during which the melt is
depressurized. Figure 4A shows the temporal evolution of the
CO,/CH, ratio for the fumaroles of Nea Kameni. From July
2010 to March 2012, a significant increase of this ratio was
interpreted as due to the upwelling of new and poorly degassed
magma (Rizzo etal, 2015). After this event, in mid-2012, the
volcano regained stability, with CO,/CH, attaining a value that
is similar to the pre-unrest period. Since then no significant
anomalies were recorded and our chemical data from 2015 to
2022 follows the same trend than the one measured after the
volcanic unrest.

N, concentrations corrected for atmospheric contamination
are plotted over time in Figure 4B. Similarly, when compared
to the CO,/CH, ratio evolution from July 2010 to March
2012, the N, concentration has dramatically increased, with
the highest values reached in July 2010 (up to 55%). The N,
is derived either from subducted sediment where it is fixed
as NH, or from the mantle (Sanoetal, 2001; Barry and
Hilton, 2016). The similarity between the high N, content
and the 2011-2012 unrest suggests that the magmatic body
was enriched in N,. This anomaly stopped around March
2012. The deep N,
over time although an uncertainty in the corrected values

concentration has slightly increased
must be considered as the fraction of air increased after
2012 (Figure 3B).

The temporal evolution of H, concentration for different
fumaroles of Nea Kameni are shown in Figure 4C. From March
2011 to February 2012 a sharp increase of H, has been detected in
a fumarole of Nea Kameni (Tassi et al., 2013). Based on studies of
geothermal gas equilibrium (Giggenbach, 1980) and the H,/H,O0,
Tassietal. (2013) attributed this change to: i) a primary H,
production by thermal dissociation of H,O from a heat pulse
and ii) a passive enrichment caused by steam condensation at
shallow depth. The origin of the heat pulse has been related to a
fresh magma injection or increase in rock permeability due to the
seismic swarm. The H, concentration has significantly decreased
after February 2012.

Figure 4D shows the number of earthquakes (M > 1; depth
<30 km) inside the caldera (cf. Figure 2B for location of the area),
represented as cumulative per year since 2008. The only period of
intense seismic activity was between October 2011 and February
2012 with few earthquakes recorded since. Moreover, several sources
of deflation were reported in the caldera between 2012 and 2017
(Papageorgiou et al., 2019).

Our geochemical data together with the seismic and ground
deformation data show that no new magma upwelling has occurred
since 2012. Indeed, the low CO,/CH, ratios and non-atmospheric
N, concentrations record an absence of input of deep gas (i.e., CO,,
N,) in the system while the low H, concentrations suggest the lack
of new significant thermal perturbations. Thus, the geochemical
signature records the evolution of the magma emplaced during the
last unrest.
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2.1.3 Origin of CO, and He

Figure 5A shows the He isotopic composition of the fumarole
gases plotted versus the *He/**Ne ratio. Most data plot on a mixing
curve representing a binary admixture between air (or air saturated
water) and a magmatic gas having He isotopic ratios between 3.3 and
3.9 R,. This overlaps the He isotope ratios measured in phenocryst
olivines from mafic enclaves (3.0-3.6 R,) include in the 1,570-1,573
and 1925-1928 dacitic lavas of Nea Kameni (Rizzo et al., 2015) and
implies that the fumaroles are directly tapping magmatic volatiles.
This contrasts with the higher *He/*He measured in submarine
thermal springs from the northern part of the Santorini caldera
(6.6 R,) and at the Kolumbo seamounts (7.1 R,) (Carey et al., 2013;
Rizzo et al.,, 2016; Moreira et al., 2019) (Figure 5A). If the Kolumbo
fluids truly represent the magmatic *He/*He, the lower values of the
Nea Kameni fluids imply there is a contribution from either *He-
rich fluid in the hydrothermal plumbing system or assimilation of
metamorphic basement by the magma that feeds the Nea Kameni
hydrothermal system (Rizzo et al., 2015).

CO,/*He and §'*C-CO, are used to constraint the source of
CO, (Marty and Jambon, 1987; Sano and Marty, 1995). CO,/*He
and §'*C-CO, seems to track a binary mixing between a limestone
(CO,/’He = 1x10"%; §"C-CO, = 0%o) and a mantle (CO,/*He
= 2x10% 613C—CO2 —4%o) endmember (Figure 5B). It could
imply that the CO, emitted at Nea Kameni is largely derived from

limestones either from the subduction of carbonate-rich sediments
and/or assimilation of the carbonate basement (Rizzo et al., 2015).
If we consider that the gases from Kolumbo and Santorini have a
common mantle origin in terms of CO, and He, then the Kolumbo
gases shows that the CO, prior to its dissolution in water has likely a
more pronounced mantle signature (CO,/*He = ~1.26x10'; §'*C-
CO, = ~-0.4%o0) than CO, discharged at Nea Kameni fumaroles
(COZ/SHe > ~1.84x10'%), as with He, although with some chemical
and §"*C-CO, fractionation (CO,/*He = 9.71x10°-3.34x10'%; §*C-
CO, = —0.87%0-0.80%o0) that we assume to be due to gas-water
interaction before emission (Rizzo et al., 2019) (Figure 5B).

2.1.4 Temporal evolution of He concentration
controlled by gas-water interactions

Figure 6A shows the temporal evolution of He isotopic ratio
corrected for atmospheric contamination (R./R,) for the fumarolic
gases of Nea Kameni. The He-isotope composition of volcanic
gases records the ascent and degassing of new volatile-rich
magmas (Caracausi et al., 2003; Rizzo et al., 2006; 2009; 2015; 2019;
Nuccio et al.,, 2008; Boudoire et al., 2020; Torres-Gonzalez et al.,
2020; Sandoval-Velasquez et al., 2023). This phenomenon was
observed at Santorini during the last unrest, when 3He/*He
increased from 3.62 R, in October 2007 to 3.94 R, in January
2012 (Rizzo et al.,, 2015). After this event the He isotopic ratio has
decreased albeit showing fluctuations (3.3-3.9 R,). The origin of the
variation is not clear but given the low and uniform CO,/CH, ratios,
H, concentrations and the lack of significant seismic activity inside
the caldera (Figures 4A-C), we exclude the upwelling of new batches
of magma.

The long-term variation of He concentration of the fumarolic
gases of Nea Kameni is shown in Figure 6B. It was relatively low
between 1988 and 2007, but increased from September 2009 to
January 2012. In May 2012, He concentrations dropped back to
lower values and since then gradually increased, until July 2022
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Temporal evolution of Nea Kameni fumarolic major gases, as well as seismic activity inside the caldera. (A) CO,/CH, ratio (x10%). (B) H, concentration.
(C) N, concentration corrected for air contamination. The dashed square corresponds to the 2011-2012 period of volcanic unrest at Santorini,
modified from Rizzo et al,, 2015 and references therein. Literature data are from Chiodini, 1998; D'Alessandro et al., 2010; Tassi et al., 2013; Rizzo et al.,
2015. (D) Cumulative number of earthquakes per year, recorded inside the caldera of Santorini (cf. Figure 2B). Data from bbnet.gein.noa.gr.
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when a slight drop occurred again. Given the low He content
in the air (5.24 ppm), the increase in atmospheric contamination
cannot explain the increase in He concentrations observed. This
trend is anti-correlated with the CO,/*He ratio (Figures 6B, C).
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For instance, during 2011-2012 the high He content and the
low CO,/*He were also accompanied by higher *He/*He and
CO,/CH, values that appear to be consistent with the arrival
of magmatic fluids (Figures 4A, 6A-C). As the increase of He
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FIGURE 6

Temporal evolution of He and CO, concentration in the fumarolic gases of Nea Kameni. (A) Corrected He isotopic ratio R./R,, (B) He concentration,
and (C) CO,/*He. The dashed square corresponds to the 2011-2012 period of volcanic unrest at Santorini, modified from Rizzo et al., 2015 and
references therein. Literature data are from Nagao et al,, 1991; Shimizu et al., 2005; D'Alessandro et al., 2010; Rizzo et al., 2015.

concentration after 2011-2012 unrest is not linked to magma
recharge, we suggest that the decoupling between He and CO, is
due to a preferential dissolution of CO, as the magmatic gases
rise to the surface through the aquifer (Rizzo etal., 2019). This
can strongly impact the chemical composition of fluids (e.g., He
concentration, CO,/CH,, C02/3He values) (Rizzo et al., 2019). In
addition, the CO, dissolution may also fractionate the carbon
isotope composition (§'*C-CO,) at some pH and temperature
conditions (Clark and Fritz, 1997).
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2.1.5 Model of CO, dissolution in water

Selective gas dissolution in water has been modeled at variable
temperatures (25°C-374°C) using a similar approach as the one
presented in Rizzo et al. (2019). We use this model to calculate the
theorical composition curve of the residual CO, (CO,/*He vs. §'*C-
CO,), once this gas preferentially dissolves in water. We have varied
the boundary conditions, such as temperature, pH and initial bulk
composition to fit the dissolution curves on our data and discuss the
reasons of the temporal decrease of the CO,/*He ratio (cf. section
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“Constraints on the hydrothermal temperature and variations of
the gas-water equilibrium conditions”). We made this model by
representing a condensation process under equilibrium condition.
We have considered an open-system in which the gas-saturated
parcels of water were continuously removed. The CO,/*He ratio has
been corrected by using Eq. 4 (Rayleigh, 1896):

R
= @

Yo

where R, is the ratio of interest (i.e., He/CO,), in the residual gas
phase, R, is the initial bulk ratio which has to be hypothesized
(i.e., residual gas fraction = 1), fis the residual gas fraction that
we vary from 0 to 1 and « is the fractionation factor determined
by the solubility ratio between the two species considered (i.e.,
kp_co,/kp-pe)- The Henry solubility constants were determined at
high temperature by using the equations presented by Fernandez-
Prini et al. (2003) and Harvey (1996). These equations require the
calculation of the saturated vapor pressure which has been calculated
by using the equation presented in Wagner and Pruss (1993). To
transform the instantaneous, He/CO, in the residual gas phase to
the CO,/*He, we used the average R_/R, value recorded over our
period of study (~3.6 R,).

As explained above, the CO, dissolution also affects the C-
isotope composition in the residual gas phase. To correct for this
effect, we used Eq. 5, presented in Clark and Fritz (1997):

§C-Co,=(6"C-C0,),+¢eIn(f) (5)
where §"*C- CO, is the C-isotope composition in the residual
gas phase, (6"°C-CO,), is the initial C isotopic ratio, ¢ is the
fractionation factor between DIC and gaseous CO, and fis the same
fraction of residual gas as the one presented previously. To calculate
the fractionation factor ¢ we used Eq. 6, presented in Zhang and
Quay, (1995) and Allegre, (2008):

[H,C0s ey, co,-coye + [HCOS Jenco;-coy * [CO§7]5c0§’-cozgg)
[H,CO,] + [HCO;] + [CO5]

€pIc-co,p =
(6)

The isotopic fractionation between CO, (g) and CO, (aq)
depends on the water temperature and on the molar fraction of the
different dissolved organic carbon species (i.e., H,CO;, HCO;™ and
CO,%"), which is directly correlated to the pH of the solvent that
we varied. Each single fractionation factor was determined at high
temperature by using the equation presented in Zhang and Quay,
(1995).

2.1.6 Constraints on the hydrothermal
temperature and variations of the gas-water
equilibrium conditions

We used the geothermometric functions based on the CO/CO,
and H,/N, ratios (Tarchini et al., 2019 and references therein) to
estimate the hydrothermal temperature over our survey period
(Table 2). As CO was considered unreliable in our samples,
we assumed a liquid phase and adopted the same FeO-FeO, 5
hydrothermal gas buffer than previously used at Nea Kameni by
Tarchini et al., 2019. The H,/N, geothermometer track the ammonia
dissociation and we therefore based our calculations on the
concentrations obtained after atmospheric correction (Table 2). The
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results presented in Table 2 suggest a decrease of the hydrothermal
temperature between 2015 and 2022 (i.e., from ~260°C to ~196°C).

We attempt to observe this temperature variations through
the C-He isotope compositions. As discussed earlier, the decrease
of the CO,/*He ratio over time is related to the process of
preferential CO, dissolution in water compared to He, rather than
CO, and He source changes or increase of air contamination.
We thus assume that the initial/pristine CO,/*He and §"*C-CO,
values do not change significantly over time, as present values
reflect a low level of magmatic activity comparable to pre-2011
unrest. To construct our models of CO, dissolution presented in
Figures 7A, B, we assume that this pristine CO, composition lies on
a Limestone-MORB binary mixing curve (Sano and Marty, 1995).
We use the hydrothermal temperature estimate (~260°C in a liquid
phase) determined by the CO/CO, and H,/N, geothermometric
functions in October 2012 to approximate the pH-dependent initial
compositions (Figures 7A, B; Tarchini et al., 2019).

In the first model presented in Figure 7A, we use a constant
pH of 5 (measured and assumed in the gas-water interaction model
at Kolumbo; Rizzo et al., 2019) and vary the gas/water equilibrium
temperature to fit the C-He isotope compositions measured in
April 2016 and July 2019. The theoretical CO, dissolution curves
are calculated for gas/water equilibrium temperatures of 260°C,
195°C, 100°C and 25°C. We highlight that at this pH value, the
variability in the CO,/*He and §'*C-CO, values could be explained
by a temperature decrease through time. This temperature decrease
favors the CO, dissolution, as shown by the decrease of the residual
gas fraction over time. However, temperature estimates based on this
model are unrealistic knowing that surface fumarolic gases are at
least 90°C.

In the plot of Figure 7B we use a second model that considers
a fixed temperature range between 260°C and 195°C, as estimated
in 2012 and 2019 from the H,/N, geothermometer. Assuming
the different pH-dependent initial compositions, we calculate the
corresponding CO, dissolution curves for pH values of 8, 6 and
4. The results show that for all the pH values in this range, the C-
He isotope data fit with a possible decrease of the hydrothermal
temperature. These temporal variations in gas/water equilibrium
temperature could also be accompanied by a drop in the pH of
the water but it seems unlikely over this period of few years. The
plot in Figure 7B also highlights that there is no way of fitting
the gas/water equilibrium temperatures in 2012 and 2019 with
the estimates given by the H,/N, geothermometer if we assume a
pristine composition on the Limestone-MORB binary mixing curve
(having a curvature coefficient R of 1). This may imply that: i) the
H,/N, geothermometer and the CO, dissolution model do not trace
the same temperatures within the hydrothermal system, due, e.g.,
to a multistep vertically-elongated system; ii) the temporal increase
in air contamination compromises the temperature estimations
given by the H,/N, geothermometer; iii) the composition of CO,
before dissolution is characterized by a lower §'*C-CO, and a
higher CO,/*He than the values hypothesized in our models (cf
Figure 7B). The latter hypothesis could more easily explain some
of the literature data, which seem to define a trend toward the
organic sediment endmember (cf. Figure 5B). These C-He isotope
compositions (obtained in 2013) could then be explained by slight
variations in equilibrium conditions, rather than a source change.
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from the H,/N, gas geothermometer in 2012 and 2019).
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Plot of CO,/*He versus the §"*C-CO, showing binary mixing between asthenosphere mantle and limestone (Marty and Jambon, 1987; Javoy and
Pineau, 1991; Sano and Marty, 1995). The path of selective gas dissolution in water, modeled by an open-system condensation process under
equilibrium conditions are represented for different pristine CO, compositions, equilibrium temperatures and pH of the water. Litterature data are from
D'Alessandro et al., 2010; Rizzo et al.,, 2015. (A) Model 1 of CO, dissolution in water at pH = 5 and equilibrium temperatures of 260°C, 195°C, 100°C and
25°C. (B) Model two of CO, dissolution in water for pH values of 4, 6 and 8, assuming a range of temperature between 260°C and 195°C (estimated

The results obtained from the H,/N, geothermometer and the
CO, dissolution models predict decreases of the hydrothermal
temperature over the period 2015-2022, which is consistent with
the absence of recharge of the magmatic reservoir. It is nevertheless
important to note that other parameters such as the equilibrium
pressure, the salinity of the water or the gas-water volumetric
ratio are not considered in the models. They may have an impact
on the chemical and isotope compositions. However, there are
no thermodynamic approaches that include these parameters for
calculating the evolution of the §'*C-CO, during CO, dissolution at
high temperature and it is thus impossible to quantify their effects.

3 Conclusion

The major gas and C-He isotope composition of fumarole gases
at Nea Kameni sampled between 2015 and 2022 record the quiescent
state of the Santorini volcano. Unlike the 2011-2012 unrest, this
period is characterized by low CO,/CH, and N,_,, concentrations
that reflect the lack of input of new magmatic volatiles. Low H,
concentrations suggest that there were no new heat pulses, and, in
addition, seismic activity inside the caldera has remained low over
the survey period. The atmospheric contribution to the gases tends
to increase with time consistent with a decrease of the deep gas
flux. Helium isotopic ratios show slight fluctuation without a clear
temporal trend.

The gradual increase in He concentration coupled to a
CO,/*He decrease is due to enhanced dissolution of deep CO,
in groundwater that can be modeled using open-system Rayleigh
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fractionation. The chemical and C-isotope compositions for the
preferential CO, dissolution show that the temporal decrease of the
CO,/*He ratio can be explained by a decrease of the hydrothermal
temperature, which is also observed using gas geothermometry.
These observations highlight the gas depletion and cooling of the
magma emplaced at ~4 km depth during the last volcanic unrest
of 2011-2012. This is consistent with the geodetic post-unrest
response and the deflation measured between 2012 and 2017 by
Papageorgiou et al. (2019).
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