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Volatiles exert a critical control on volcanic eruption style and in turn impact the
near source environment and global climate. La Soufrière de Guadeloupe in the
Lesser Antilles has been experiencing volcanic unrest since 1992, increasing to a
peak in 2018. The lack of data available on volatiles from past eruptions, and the
well-developed hydrothermal system makes understanding deep-released
volatile behaviour challenging. In this study, we analyse new melt inclusions
and shed light on the volatile lifecycle and impacts at La Soufrière de
Guadeloupe. We focus on four eruptions: 1657 CE (Vulcanian), 1010 CE
(Plinian), 341 CE (Strombolian) and 5680 BCE (Plinian), and compare to the
well-studied 1530 CE (Sub-Plinian) eruption. The maximum volatile content of
these eruption melt inclusions are: 4.42 wt% H2O, 1700 CO2 ppm, 780 ppm S,
0.36 wt% Cl and 680 ppm F. We observe a decrease in S content over time
indicating the whole system is evolving by early separation of FeS, resulting in
a lower S content in younger magma. Using the CHOSETTO v1 model, we
modelled degassing paths related to decompression at low pressures,
suggesting the majority of S degassing has occurred during magma ascent. We
also calculate the SO2 emissions using the petrologic method, and while the
1657 CE, 1530 CE and 341 CE eruptions have negligible emissions
(0.0001–0.001 Mt of SO2), the 1010 CE and 5680 BCE eruptions (0.2 Mt and
0.3 Mt of SO2, respectively) are greater. Using the SO2 emissions and plume height,
we calculated the climate forcing associated with each event. The 1010 CE and
5680 BCE Plinian eruptions produced a peak global mean stratospheric aerosol
optical depth (SAOD) of 0.0055 and 0.0062, respectively. This suggests, that even
the largest eruptions of La Soufrière de Guadeloupe did not exert a significant
climate forcing individually, but are important contributors to the volcanic
stratospheric sulfate aerosol background resulting from relatively moderate but
frequent explosive eruptions. Overall, this study provides new insights into
degassing processes and climate forcing not only at La Soufrière de
Guadeloupe, but also for other basaltic-andesitic, magmatic-hydrothermal
systems. These new constraints are vital particularly if the volcano is currently
in a state of unrest and will contribute to improvingmonitoring crisis management
and long-term planning.
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1 Introduction

Volatiles are the driving engine of volcanic phenomena;
meaning the behaviour of volatiles are key in understanding
volcanic processes. Volatiles are chemical constituents of a
magma which are present in small amounts (on the order of a
few weight percent) and partition preferably into a gas phase at low
pressures (e.g., Edmonds and Wallace, 2017). The volatile phase is
usually predominantly made up of H2O, CO2, sulphur and halogens
(Cl and F) and plays a key role in eruptive dynamics. Indeed,
volatiles control the growth, size, abundance and overpressure in
bubbles, the growth and composition of crystal phases, magma
differentiation, ascent and convection, as well as, on reaching the
atmosphere, an impact on the environment and climate (e.g., Wilson
et al., 1980; Sisson and Grove, 1993; Roggensack et al., 1997; Sparks
et al., 1997; Wallace, 2005; Gurenko et al., 2005; Davidson and
Kamenetsky, 2007; Kelley and Cottrell, 2009; Balcone-Boissard et al.,
2010; Edmonds and Wallace, 2017; Marshall et al., 2022).

Volatiles can be derived from various depths or structural levels
of the magma pluming system according to where storage and
degassing of magma is occurring (e.g., Scaillet and Pichavant, 2003).
This is important to consider at arc volcanoes where magmatic
processes are hypothesised to occur across a wide range of pressures.
Volatiles can be present as both an exsolved, multicomponent
vapour phase (if the magma is vapour saturated) or dissolved in
the magma (if the magma is vapour undersaturated; e.g., Wallace,
2003). Vapour saturation occurs when the total partial pressure of
dissolved volatiles in the magma is equal to the confining pressure
(Edmonds andWallace, 2017). Magmas, particularly intermediate to
silicic magmas, become vapour saturated at low pressures due to
cooling and crystallisation and underplating by CO2-rich magmas
(e.g., Wallace, 2001; 2003; Edmonds and Wallace, 2017). Processes
such as magma crystallisation can result in volatile oversaturation
and subsequent exsolution and bubbles forming; this increases
pressure in the magma reservoir and may trigger an eruption
(e.g., Tait et al., 1989).

In addition to ash, during an eruption the injection of large
quantities of volatiles can result in important impacts on the near
source environment (e.g., Carlsen et al., 2021) and on global climate
(e.g., Marshall et al., 2022). In particular, volcanic sulphur form
volcanic sulphate aerosols which interact with Sun and Earth
radiation and modulate Earth energy balance and climate
(Robock, 2000). Stratospheric volcanic sulfate aerosols, formed
from volcanic sulphur injected above the tropopause (ca.
9–16 km altitude depending on the latitude and season
considered), have a lifetime of 1–3 years and spread globally
(McCormick et al., 1995; Macdonald and Wordsworth, 2017).
They backscatter solar radiation and result in a net surface
cooling, for example, the 1991 Mount Pinatubo injected ca.
15 Mt of SO2 at 25 km height (Guo et al., 2004) and resulted in a
global-mean cooling of 0.5°C for a year (McCormick et al., 1995).
Eruptions injecting on the order of 0.1–1 Mt of SO2 into the
stratosphere have much smaller climate impacts but are also
much more frequent, and collectively they have a discernable

footprint on forcing and large-scale climate metrics such as
global mean surface temperature (Solomon et al., 2011; Santer
et al., 2014; Schmidt et al., 2018).

Volatiles also play an important role at volcanic systems during
quiescent phases of activity, when they are passively degassed.
Volatiles in the exsolved phase are thought to be transported
through permeable bubble networks (Eichelberger et al., 1986), or
through the magma mush along quasi-brittle fractures at high gas
fractions and through viscous fingering which could allow relatively
fast migration (Gonnermann andManga, 2003; Edmonds and Herd,
2007; Cabrera et al., 2011; Huber et al., 2011; Castro et al., 2012;
Oppenheimer et al., 2015). It is particularly important to consider
mafic underplating of a more silicic magma, given the presence of an
exsolved phase (Annen et al., 2006). Indeed, the presence of a
volatile-saturated magma will favour the process of volatile
exsolution which in turn will trigger heating and remobilization
of the magma above (e.g., Bachmann and Bergantz, 2006). Crystal
mushes are also thought to ‘hold’ exsolved gases in melt layers which
in some cases, can contribute to rapid outgassing of volatiles (Huber
et al., 2011; Oppenheimer et al., 2015).

La Soufrière de Guadeloupe (hereby referred to as La Soufrière) in
the Lesser Antilles has been experiencing increasing unrest since 1992;
the unrest reached a peak in 2018 when an earthquake was felt by the
population (Moretti et al., 2020a). This volcano has a well-developed
hydrothermal system in which deep gases re-equilibrate and mix with
groundwaters (Brombach et al., 2000; Allard et al., 2014; Villemant et al.,
2014; Tamburello et al., 2019; Moretti et al., 2020a; Moretti et al., 2020b;
Moretti et al., 2021; Inostroza et al., 2022a; Inostroza et al., 2022b;
Moune et al., 2022). The hydrothermal system screens the actual input
of volatile components from the magma beneath and makes our
understanding of magma behaviour at this system difficult. Indeed,
hot magmatic gases infiltrating hydrothermal aquifers become partly
depleted in their most water-soluble acid components (SO2, HCl, HF)
because of cooling and scrubbing into deep circulating groundwater
(Hedenquist and Lowenstern, 1994; Symonds et al., 2001; Moretti and
Stefánsson, 2020). This leads to acid, relatively oxidized, and highly
reactive solutions that neutralize by reacting with wall rocks and
leaching cations which then boil. This liberates the geothermally re-
equilibrated steam-dominated vapors enriched in CO2, H2S, H2, CH4

and CO which feed surface fumaroles (Giggenbach, 1988; Giggenbach,
1997; Reed, 1997; Symonds et al., 2001; Moretti and Stefansson, 2020).
Given the ongoing unrest and the lack of data available on volatiles in
past eruptions of La Soufrière, it is important to understand and track
the release of volatiles in the magmatic system and their behaviour
during eruptions. Tomake progress, this study provides new insights on
the volatile life cycle at La Soufrière using melt inclusion data from five
eruptions (1657 CE, 1530 CE, 1010 CE, 341 CE and 5680 BCE).

2 Geological and magmatic setting

Guadeloupe is composed of several islands and is in the central
segment of the Lesser Antilles Arc. The Lesser Antilles were formed
due to the subduction of the American plate under the Caribbean
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plate at a rate of ~1.9 cm/yr (Macdonald and Holcombe, 1978;
McCann and Sykes, 1984; Jarrard, 1986; Rosencrantz and Sclater,
1986; Deng and Sykes, 1995; Dixon et al., 1998; DeMets et al., 2000;
Feuillet et al., 2011; Symithe et al., 2015). The eastern islands of
Guadeloupe (Grand-Terre and Marie-Galante) are associated with
the external arc, and the western island of Basse-Terre is associated
with the active inner arc (ca. 2.8 Ma, Plio-Pleistocene; Macdonald
et al., 2000; Komorowski et al., 2005; Boudon et al., 2008; Samper
et al., 2007; Kopp et al., 2011; Figure 1).

Basse-Terre is composed of seven eruptive complexes with the
Grande Découverte Soufriere complex (GDS) hosting the most
recent volcanic activity observed in Guadeloupe, including La
Soufrière, and occupies one-third of the island of Basse-Terre
(Komorowski et al., 2005; Figure 1). La Soufrière is a basaltic-
andesitic stratovolcano that was formed by a succession of lava
flows, domes, pyroclastic sequences from explosive eruptions with
sustained and collapsing plumes and explosive hydrothermal or
activity. These deposits are intercalated between the debris
avalanche deposits from a unique succession of at least nine
partial edifice collapse events that occurred in the last 9,150 years
(Komorowski et al., 2005; Boudon et al., 2007; Komorowski et al.,
2008; Komorowski et al., 2008; Komorowski et al., 2012; Legendre,
2012; Komorowski et al., 2013; Komorowski et al., 2022). On average
eruption products in the GDS have whole rock compositions
spanning a range of compositions from basaltic-andesite to
andesite (Metcalfe et al., 2022). However, the scoria cones of
Echelle and of La Citerne are mainly basaltic composition,
despite a mixed basaltic and andesite bimodal lava flow in the
central part of the Echelle scoria cone (Metcalfe et al., 2023).

Legendre (2012) and Komorowski et al. (2012, 2013) report
numerous, previously unknown explosive eruptions of La Soufrière
with the majority being multiphase eruptions. The plume heights
reported are calculated from isopleth data reported in Komorowski

et al. (2008), Legendre (2012), Esposti Ongaro et al. (2020) and
Komorowski et al. (2022), and are representative of the

Maximum plume heights above sea level (a.s.l.). Here, we
provide a brief summary of the five La Soufrière eruptions
discussed in this paper in order to contextualise the results and
implications (Table 1). Detailed stratigraphy, radiocarbon dating,
and eruptive deposit analysis available in Legendre (2012).

2.1 Relevant eruptive history of La Soufrière
de Guadeloupe

2.1.1 The 5680 BCE eruption
The 5680 BCE (GDS15) eruption is the first and most violent

magmatic eruption preserved in the geological record of the La
Soufrière with an estimated VEI 4 (Volcanic Explosivity Index;
Newhall and Self, 1982). This eruption generated a sustained
eruption column reached a maximum height of 10–25 km a.s.l.
and had a minimum estimated erupted volume of ~0.1 km3, with
scoria fallout found 7 km from the vent (Komorowski et al., 2012;
Legendre, 2012; Komorowski et al., 2013).

2.1.2 The 341 CE eruption
The next eruption studied is the scoria cone eruption of Echelle,

which is estimated to have occurred at 341 CE (GDS 6) (Boudon
et al., 1988; Komorowski et al., 2005). This eruption occurred as
magmatic activity migrated 0.8–1.4 km SE from the main La
Soufrière vent, with the Echelle scoria cone erupted in a
~N120 structural alignment with La Soufrière (Feuillet et al.,
2011). The Echelle eruption was a Strombolian-style eruption,
interpreted as VEI 2 event, with a minimum erupted volume of
0.001 km3 and an estimated 1–15 km a.s.l. eruption column
(Legendre, 2012).

FIGURE 1
Map showing Guadeloupe in the Lesser Antilles, La Soufrière is found in the south of the western island of Basse-Terre. The current dome
(photographs: Metcalfe et al., 2021a) was emplaced during the 1530 CE multiphase eruption.
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2.1.3 The 1010 CE eruption
The most recent Plinian eruption occurred at 1,010 ± 10 CE

(GDS 3) and is categorised as VEI 4 explosive eruption. As with the
5680 BCE eruption the eruptive volume was estimated at ~0.1 km3

and the eruptive column height estimated at 10–25 km a.s.l. Unlike
the 5680 BCE eruption, the 1010 CE eruption was a multiphase
eruption, also associated with a dome-building phase, which
produced a laterally-directed explosion (blast) and high-energy
pyroclastic density currents (Legendre, 2012).

2.1.4 The 1530 CE eruption
The most well-studied archetypal multiphase eruption of the La

Soufrière episode is the 1530 CE eruption (GDS 2) which began with
a partial edifice collapse followed by a phreatic explosive phase, a
paroxysmal sub-Plinian explosive phase and that ended with
emplacement of the current lava dome. This eruption is
described in detail by Boudon et al. (2008); Komorowski et al.
(2008); Komorowski et al. (2012); Komorowski et al. (2013);
Pichavant et al. (2018); Esposti Ongaro et al. (2020). The
eruption is categorised as VEI 3 with an estimated and revised
eruptive volume of 0,07 to 0.09 km3 (Legendre, 2012; Esposti
Ongaro et al., 2020), the maximum plume height is constrained
by Esposti Ongaro et al. (2020) at 16–18 km a.s.l., both based on
extensive field analysis.

2.1.5 The 1657 CE eruption
Finally, we studied the most recent magmatic eruption which

occurred in 1,657 ± 20 CE (GDS 1) (Komorowski et al., 2012;
Legendre, 2012; Komorowski et al., 2013; Metcalfe et al., 2021a;
Metcalfe et al., 2021b). This eruption was a small, explosive
Vulcanian eruption (VEI 2–3), with a minimum estimated
erupted volume of ~0.001 km3 and an eruptive column height
estimated at 1–15 km a.s.l., with no evidence for associated flank
collapse or dome activity reported.

2.2 Recent activity at La Soufrière de
Guadeloupe

Following the 1657 CE magmatic eruption, six phreatic/
hydrothermal non-magmatic explosions have occurred (Feuillard
et al., 1983; Komorowski et al., 2005; Hincks et al., 2014; Rosas-
Carbajal et al., 2016). The most recent sequence of 26 phreatic
explosions occurred during a phreatic eruption between July
1976 and March 1977. This changed the mechanical state of the
dome through the opening of newmajor fractures and widening and
deepening of existing fractures1 and craters and has had an
important effect on the evolution of the system (Komorowski
et al., 2005; Rosas-Carbajal et al., 2016; Moretti et al., 2020a).
The period of minimal activity ended in May 1992 when seismic
swarms and a new degassing phase began with summit fumarole
reactivation (Zlotnicki et al., 1994; OVSG-IPGP, 1999; Komorowski
et al., 2001; Komorowski et al., 2005).

Degassing has continued to evolve with new fumarolic vents
appearing and pre-existing fumaroles reactivating (temperature
range for these fumaroles: 96°C–110°C; Jessop et al., 2021), with
locally high-velocity degassing. Between April 2017-December
2018 unrest reached a maximum and the highest level sinceTA
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1976–1977 (Moretti et al., 2020a). Seismicity in particular was
observed to reach a peak on 27 April 2018 when a M
4.1 earthquake, located approximately 3 km below the surface
and 2.5 km NW of La Soufrière, was felt by the Basse-Terre
population. This was the largest volcanic earthquake in 42 years
(OVSG-IPGP, 1999; Moretti et al., 2020a).

2.3 Magma storage at La Soufrière de
Guadeloupe

Moretti et al. (2020a) proposed a model that describes the
magma reservoir based on the crystal mush model, used at many
similar systems to explain observations and activity (e.g., Cashman
et al., 2017). This was refined by Metcalfe et al. (2021a), Metcalfe
et al. (2021b); Metcalfe et al. (2022) to include a vertically and
laterally extensive mush system extending 6–9 km in depth, which
hosts relatively evolved magmas. A mush system is formed from
repeated intrusions from depth and is composed of an interlocking
framework of crystals with the presence of melt, containing
dissolved volatiles, distributed in varying volumetric proportions
within the network of crystals (e.g., Cashman et al., 2017).
Remobilization of this mush system to produce eruptible magma
may occur through the injection of mafic magma from depth into
the shallow system, resulting in magma mixing. Alternatively, in
eruptions where no mixing textures are observed (e.g., 1657 CE)
exsolved fluids and heat from magma at depth may allow
remobilization with no interaction with a mafic magma.
Investigation of major and volatile elements of melt inclusions
across several Holocene eruptions of La Soufrière shows the
composition of the storage zone has remained stable during this
time period (Metcalfe et al., 2022). Melt inclusions (MI) from La
Soufrière, and the neighbouring monogenetic cone of Echelle, range
from 58–79 wt% SiO2, with major elements showing no systematic
changes across the Holocene eruptions (Poussineau, 2005; Boudon
et al., 2008; Pichavant et al., 2018; Metcalfe et al., 2022; Metcalfe
et al., 2023).

Eruptions at the La Soufriere system have been shown through
diffusion timescale studies to occur <1 year following remobilisation
of the magma mush reservoir (e.g., by recharge of a more mafic
magma) (Pichavant et al., 2018; Metcalfe et al., 2021a; 2021b).
Understanding the trigger behind eruptive processes and the role
volatiles play in these processes is particularly important given the
short timescales. The rapid remobilisation of the mush system and
potential short period of volcanic unrest, which may rapidly
accelerate, makes crisis management and evacuation planning
very important (Metcalfe et al., 2021a; Metcalfe et al., 2021b). In
order to make volcanic surveillance and crisis management most
effective, we must understand clearly the processes leading to an
eruption, including degassing dynamics and processes.

3 Methods

3.1 Sample collection and preparation

The samples used for this study were collected between 2001 and
2019, from both distal and proximal outcrops around La Soufrière.

The units were sampled across the entire thickness of the layer
(channel sample) at constant depth to ensure the sample is
representative of the whole unit. Samples from the 1657 CE,
1010 CE and 5680 BCE were taken from pumice fallout units,
and the 341 CE sample was collected from a recent slump estimated
to be from the upper and outer parts of the cone. This rain-triggered
slump was found along the road at the base of the Echelle cone and
allowed us to obtain the least altered deposits (Metcalfe et al., 2021a;
Metcalfe et al., 2021b; Metcalfe et al., 2022; Metcalfe et al., 2023).
Detailed sample descriptions are available in Komorowski et al.
(2005), Komorowski et al. (2008), Boudon et al. (2008), Legendre
(2012) and Metcalfe et al. (2022), and for full stratigraphic context
Legendre (2012) should be referred to. Stratigraphic context for the
1530 CE sample is from Komorowski et al. (2005), Poussineau
(2005), Boudon et al. (2008), and Pichavant et al. (2018). All samples
were treated and prepared using the same methods.

A selection of pyroxene and plagioclase crystals, which had been
hand separated from the 500 μm sieved fraction, were also mounted
in crystal bond. These crystals were partially polished in order to
select crystals that hosted MIs. For Electron Micro-Probe analysis
(EMPA), MIs were mounted in individual epoxy filled rings and
polished individually using silicon carbide polishing pads
sequentially in the following grades: P-800, P-1200, P-2400 and
P-4000 and finished using 0.3 μm aluminium powder. The prepared
inclusions were then carbon coated for EMPA. In order to avoid
carbon contamination for CO2 determination via Secondary Ion
Mass Spectrometry (SIMS), a selection of MIs were prepared
separately (Rose-Koga et al., 2021). Plagioclase and pyroxene
crystals were mounted in crystal bond and polished using
aluminium powder (3 μm, 1 μm and 0.3 μm), and crystals with
melt inclusions were then pressed into indium and gold coated.
Following SIMS analysis, this coating was removed and re-coated in
carbon for major, F, S and Cl elements (EMPA, see section 3.2).
Groundmass glass was selected, mounted in epoxy, polished and
carbon coated using the same technique as for minerals and MIs
for SEM.

3.2 Sample analysis

EMPA of major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na and K)
and volatile (F, S and Cl) compositions of MIs, GM and minerals
were obtained using the Cameca SX-100 and SX-5 which are part of
the CAMPARIS platform at University Pierre and Marie Curie.
Minerals were analysed using a 15 KV accelerating voltage, a beam
current of 10 nA and a focused beam diameter of 1 μm. Glasses were
analysed using a 15 KV accelerating voltage, a beam current of
10 nA (for Si, Ti, Al, Fe, Mn, Mg, Ca, Na and K) or 50 nA (S, Cl and
F) and a defocused beam of 5 μm. In order to reduce the loss of Na,
this element was analysed first, with the beam regularly blanked with
a Faraday cup. The increased current and increased acquisition time
used for S, Cl and F insured minimal loss for the volatile elements.
However, the detection limit for F is relatively high at 150 ppm
(Rose-Koga et al., 2021), such that the F concentration was below the
detection limit for many inclusions. Moreover, F analysis is less
precise because of the overlap of the FKα peak by the FeLα peaks
(Lowenstern, 1994; Todd, 1996; Witter and Kuehner, 2004). EMPA
standards and errors are reported in Table S1.
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SIMS analysis was conducted using the Cameca IMS 1270 ion
microprobe at the Centre de Recherches Pétrographiques et
Géochimiques using a 10kv Cs+ primary beam of 3 nA. This was
used to measure H2O, CO2, S, Cl a F concentrations of the
inclusions. Samples were pre-sputtered in order to reduce surface
contamination reaching the mass spectrometer.

In addition to volatiles, we also measured deuteriumD) as a D/H
isotope ratio, in order to assess the degree of H+ diffusion which is
used as a proxy for H2O loss in ~40 representative inclusions. The
D/H ratio was calibrated using ETNA-0, TAN25-0, TAN25-2 and
values are reported as δD, which is the per mil deviation of the D/H
isotope ration from the D/H ration of Standard Mean Ocean Water
(δDSMOW).

3.3 Data processing

The petrologic method was developed by Devine et al. (1984)
and considers the volatile composition dissolved at depth and the
remaining volatile content following degassing during an eruption.
As this method does not involve direct measurements of emissions,
this leads to some uncertainties when using this method, including:
i) uncertainties in the volume of degassed magma, ii)
underestimation of the volatile content in magma at depth
determined by melt inclusions (MIs; Wallace, 2005; Moune et al.,
2007; Venugopal et al., 2020), iii) the separation and co-existence of
an immiscible sulphide phase and/or S-rich minerals, and iv) the
partition into a pre-eruptive vapour phase if the magma is vapour
saturated. Although direct measurements of emissions will always be
more accurate (e.g., using remote sensing, Carn et al., 2016), the
petrologic method is the only option to estimate emissions from past
eruptions:

For each eruption we use the maximum MI volatile content
(which represents pre-eruptive magma composition), the
groundmass (GM) volatile content (which represents the post-
eruptive magma composition; e.g., Moune et al., 2007; Zurek
et al., 2019) and the estimated mass of the eruption (from
Komorowski et al., 2008; Legendre, 2012; Esposti-Ongaro et al.,
2020):

X max .MI( ) −X av.GM( )( ) × volume × density � X emission( )

(Where X is a volatile species, e.g., S, Cl, F).
A minimum degassing must be assumed here because the

petrologic method does include volatile contributions from
unerupted magma at depth and the eruption masses are a
minimum estimate calculated by Legendre (2012) using VEI.

We used the SOLWCAD and CHOSETTO v1 models to
understand degassing processes in the magma of La Soufrière
(Moretti et al., 2003; Moretti and Papale, 2004; Papale et al.,
2006; Papale et al., 2022; see also Supplementary Table S2).
SOLWCAD (available at https://www.pi.ingv.it/progetti/eurovolc/;
last accessed on 5 December 2022) codes the Papale et al. (2006)
models the saturation surface of a H2O and CO2 in a melt of given
composition. Hence for a given constant FeO/Fe2O3 ratio along with
a precise assessment of the onset of exsolution pressures (≈PH2O+
PCO2), the total (gas +melt) amounts of these volatiles in the system
can be calculated. For such reason, it can be used in a reverse mode
to estimate saturation pressures back to the onset of exsolution from

sets of melt inclusion data (see Metcalfe et al., 2023 for application to
Lesser Antilles Arc magmas). CHOSETTO, extends SOLWCAD to
compute forward degassing of H2O, CO2, SO2 and H2S in magmatic
melts and also has the feature of consistently computing the relation
between oxygen fugacity (fO2) FeO/Fe2O3 redox ratio and how this
affects the amounts of sulphur dissolved as sulphide and sulphate
and so, the S-redox ratio. This allows us to expand the study of
H2O-CO2 degassing in order to understand the impact of S and the
role of total volatiles on the degassing trends. Based on sulphur plus
iron redox (Ottonello et al., 2001; Moretti and Ottonello, 2003; 2005;
Moretti, 2005) H2O+ CO2 models (Papale et al., 2006), the model
has proved useful to interpret degassing at many volcanic sites
spanning a quite large range of magma composition and
geodynamic contexts (Aiuppa et al., 2007; 2010; 2017; Edmonds
and Herd, 2007; Marini et al., 2011; Oppenheimer et al., 2011; Pino
et al., 2011; Moretti et al., 2013a; Moretti et al., 2013b; de Moor et al.,
2016; Moretti et al., 2018; Aiuppa et al., 2022). The program can be
downloaded from https://github.com/charlesll//chosetto (DOI: 10.
5281/zenodo.5554941).

To calculate the stratospheric aerosol optical depth (SAOD)
perturbation and radiative forcing produced by the studied
eruptions, we used EVA_H (Easy Volcanic Aerosol_Height), a
simple model of volcanic sulphate aerosol forcing (Aubry et al.,
2020). EVA_H is an empirical box model predicting the temporal
and spatial variation of aerosol optical properties given the
characteristics of a volcanic SO2 injection (mass, latitude,
altitude, and season). It was calibrated for the
1979–2015 eruption sequence using recent satellite based volcanic
SO2 emission inventories (Carn et al., 2016) and stratospheric
aerosol optical properties observations (Thomason et al., 2021).
The SAOD at 550 nm predicted by EVA_H is converted into an
effective radiative forcing at the top of the atmosphere using the
tropical eruption scaling from Marshall et al. (2019).

4 Results

4.1 Volatiles

For a full report of major element analysis for MI and GM please
refer to Metcalfe et al. (2022) and Metcalfe et al. (2022). A summary
of key geochemical data is provided in Table 1. MIs in this dataset
have not experienced any post-entrapment crystallization, and are in
equilibrium with their host mineral (Putirka, 2008). Additionally, no
bubbles were observed in the MIs.

To understand whether the volatile elements in the MI are
representative of the undegassed magma, particularly if any H2O
loss has occurred from the inclusions, we measured the D/H ratio of
the MI. The D/H ratio is expressed as δD (the permil deviation from
Standard Mean OceanWater (δDSMOW)). Slab fluids related to the
average upper MORB mantle fall in the range δD −20 and −80‰
and values below −150‰ are the upper limit of terrestrial mantle
values (Shaw et al., 2008).

The 1657 CE, 1010 CE and 5680 BCE MI all fall within this
δD −80 to −20‰ range, which indicates the trapping of variably
degassed melts has occurred rather than post-entrapment H2O loss
(Figure 2). However, the majority of the 341 CE eruption inclusions
have a large range of positive values (δD 50‰–290‰; Figure 2).
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Positive δD values indicate loss of hydrogen, either by secondary
degassing of H-bearing molecules or diffusive loss, addition of
seawater and/or secondary hydrothermal alteration (Kyser and
O’Neil, 1984; Hauri, 2002; Portnyagin et al., 2008; Shaw et al.,
2008; Métrich and Deloule, 2014). This shows the 341 CE
inclusions have experienced H2O loss, which explains the very
low H2O values recorded. This shows that we can use the
1657 CE, 1010 CE and 5680 BCE H2O data as these can be
interpreted as variably degassed melts, but the 341 CE data
cannot be used as they have experienced post-entrapment H2O
loss and do not represent the H2O content of the melt originally
trapped.

Here, we report the MI volatile dataset plotted against the
incompatible element K2O and also report the average GM value
for each eruption to understand the effects of crystallization and
degassing (Figure 3A). The H2O values measured for this study
range from 1.05–4.42 wt% (excluding values from 341 CE). The H2O
values for 1530 CE calculated by difference extend this range to
5.6 wt% (Pichavant et al., 2018) however, based on the SIMS data
from the other eruptions discussed here this is perhaps an
overestimate.

CO2 for this study ranges from 2070 ppm to below the detection
limit, with the highest CO2 values recorded in the 341 CE eruption
(Figure 3B). The upper values above 1700 ppm may be outliers with
most of the 341 CE CO2 data falling below 1,500 ppm, the H2O loss
observed from these inclusions also makes it unclear if CO2 has also
been affected. A clear trend of decreasing CO2 with increasing K2O
is observed, which could relate to ascent and crystallisation of the
magma, assuming incompatible behaviour (Blundy and Cashman,

2008). Alternatively, this could also relate to the effects of
decompression on magmas in a polybaric storage zone (Blundy
and Cashman, 2008). No distinction is made between CO2 and the
eruption style (Metcalfe et al., 2022); however, the 341 CE
Strombolian eruptions records distinctly higher CO2 contents.

The Cl data range from 0.10–0.36 wt% and the data are relatively
clustered in comparison to the other volatiles with no clear
correlation with K2O (Figure 3C). The GM values again generally
show lower K2O and lower Cl than the MI (0.16–0.18 wt%);
however, for the 341 CE eruption the GM Cl is notably lower
(0.02 wt%), with no overlap between MI and GM data (Figure 3C). S
data range from <780 ppm to below the detection limit and show a
weak positive correlation, with S increasing with increasing K2O
(Figure 3D). The average GM values range from 100–225 ppm and
fit into this trend, with lower K2O and lower S values than many of
theMI. F data range from 680 ppm to below the detection limit, with
values below 100 ppm considered to be below the detection limit
(Figure 3E). The data above the detection limit show a weak positive
correlation. Generally, the F values for the GM is ca. 100 ppm;
however, for the 341 CE eruption the GM shows similar F values to
the MI (410 ppm). The 1530 CE GM F content is also higher than
the other La Soufrière eruptions (200 ppm). No clear relationship is
observed between eruption style and halogen content.

4.2 Volatile emissions

In order to estimate the volatile flux from past eruptions, we
used the petrologic method (Devine et al., 1984) which compares the
dissolved volatile content inMI to the GM volatile content (Table 1),
scaled to the eruption volume with a rock density of 2,450 kg/m3 for
all eruptions (calculated using a linear inversion of gravimetric data
by Barnoud et al., 2016). As density values are not available for the
individual eruptions, we chose to use the same density value for all
eruptions. However, as the 341 CE eruption is more basaltic in
composition than the 1657 CE, 1530 CE, 1010 CE and 5680 BCE
eruptions this may increase the error on calculations for this
eruption. Estimated eruption volumes are calculated by Legendre
(2012) and are the main source of error in the calculation of volatile
emissions (Table 1). Volumes calculated by Legendre (2012) use VEI
(Newhall and Self, 1982) which integrates total volume of tephra
erupted, height of eruptive column and duration of event with
eruptive type, eruptive style to provide the relative size and
magnitude of the eruptions. Given the lack of outcrops and
erosion which has occurred this provides the best estimate of
volume; however, this leaves large uncertainties which are
difficult to assess. Legendre (2012) chose to report the minimum
erupted volume value, this means any estimates of volatile emissions
should also be considered a minimum. As discussed earlier; the
1530 CE sub-plinian eruption is the only one for which volumes
have a known range (ca. 0,07 to 0,09 km3).

Overall, the larger Plinian (VEI 4) eruptions have higher
emissions as expected (Table 2). The 1010 CE eruption has the
highest total volatile emissions (11.6 Mt) which is comparable to the
5680 BCE eruption (11.3 Mt), the 1657 CE and 341 CE eruptions
have considerably lower total emissions at 0.11 and 0.02 Mt,
respectively (Table 2). We also calculated total emissions for the
1530 CE using the H2O value calculated by difference from

FIGURE 2
δD −20 to −80‰ is typical of slab fluids, our δD and H2O
measured in the MIs indicates the majority of MI from the 1657 CE
(red), 1010 CE (green) and 5680 BCE (yellow) eruptions have
experienced noH+ loss formost inclusions. This is highlighted by
the 341 CE (dark blue) MI which nearly all have positive δD values
indicating diffusive H+ loss.
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Pichavant et al. (2018). This gives total emissions of 12.8 Mt, which
is higher than both Plinian eruptions studied and can be considered
an outlier, which could be explained by the method used to obtain
the water concentration. Indeed, the by difference method (e.g.,
Kilgour et al., 2016) is known to be less accurate and precise than
actual H2O concentration measurements.

As SO2 is one of the most important volatiles emitted due to its
impact on the climate, SO2 emissions have also been calculated. The
emissions of SO2 also constitute a relatively minor component in the
1657 CE, 1530 CE and 341 CE eruptions and ranges from
0.0001–0.002 Mt of SO2 (Table 2). When using a higher density
(2,685 kg/m3; Komorwski et al., 2008) to calculate emissions for the
more basaltic eruption we observe a negligible increase in SO2

emissions (increase of 6.7x10−6 Mt). SO2 emissions are higher in
the two Plinian eruptions, with the 1010 CE eruption emitting 0.2 of
Mt SO2 and the 5680 BCE eruption emitting 0.3 Mt of SO2. HCl
emissions are higher with the two Plinian (VEI 4) eruptions which
both emitted 0.3–0.4 Mt of HCl. 1530 CE also has a high HCl
emission at 0.4 Mt of HCl, in comparison to 1657 CE and 341 CE
eruptions which emitted 0.005 and 0.008 Mt respectively of HCl.
Finally, HF emissions are only a relatively minor component ranging
from 0.0003–0.08 Mt of HF, except in the 5680 BCE eruptions which
has a HF emission of 0.2 Mt of HF (Table 2).

5 Discussion

5.1 Degassing processes at La Soufrière de
Guadeloupe

5.1.1 SOLWCAD and CHOSETTO modelling
First, we investigated the H2O-CO2 degassing for the 1657 CE,

1010 CE and 5680 BCE eruptions, for which we have SIMS H2O and
CO2 measurements with no clear volatile loss observed. To
investigate H2O-CO2 degassing and the onset of exsolution the
SOLWCAD program is used, which calculates saturation isobars
and then open and closed degassing paths at various H2O(total) and
CO2 (total) during degassing (Figure 4) for a constant melt
composition, i.e., for a given FeO/Fe2O3 ratio. We started our
model at the highest H2O and CO2 contents analysed (a
5680 BCE MI with 4.2 wt% H2O and 900 ppm CO2). The
degassing paths highlight the spread in the MI data both across
all the eruptions studied and within the individual eruptions.
Though some data points, particularly from the 1657 CE
eruption lie close to the closed system degassing path scenarios,
it is unlikely that a simple closed or open degassing path can be used
to explain the variability in the MI data. Instead, these data is better
explained by the eruption being supplied from variably degassed

FIGURE 3
(A) H2O; (B) CO2; (C) Cl; (D) S; (E) F vs. K2O for melt inclusion (MI–circles) and average groundmass (GM–open squares) for the eruption series. The
341 CE inclusions have lost H2O so the data does not follow the trends of the La Soufrière MI. In comparison, the 341 CE CO2, S and Cl data appears to fit
with the trend from the other eruptions, F data however, is generally below the detection limit. 1530 CE data is supplemented with data from Poussineau,
2005; Boudon et al., 2008; Pichavant et al., 2018.
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melts within a mush system. In particular, degassing paths may
reflect the CO2-enrichment due to the fluxing of shallower magma
layers by the deep gas released from deeper levels in the magmatic
system (Figure 4). This effect is commonly observed in almost all
sets of melt inclusions from worldwide volcanoes (e.g., Métrich and
Wallace, 2008; Blundy et al., 2010; Caricchi et al., 2018; Moretti et al.,
2018), including those of the Lesser Antilles Arc (Metcalfe et al.,
2023).

To further understand degassing processes in the presence of
sulphur, we then use CHOSETTO v1, which is an extended version
of SOLWCAD in forward mode (Moretti and Ottonello, 2003;
Moretti and Papale, 2004). The average MI composition used
comes from the 5680 BCE eruption (which has the highest MI S
content) and is saturated with the highest total volatiles recorded
across the geochemistry series (CO2 is the highest repeated value
from 341 CE). We ran the same compositions and conditions at
multiple oxidation states (NNO+0.8, NNO and NNO-0.5) under
open and closed system conditions. This is important when
investigating S as the partitioning of sulphur depends on redox
conditions, with the sulphur partition coefficient increasing with
increasing fO2 (e.g., Scaillet et al., 2012). Although the degassing
paths under open conditions at NNO-0.5 conditions (Figure 5) fit
closer to the dataset, this does not produce the steep decrease in
sulphur over a small range of S contents (Figure 5) as long as the
highest S-content is taken as the initial (total) value (Figure 5A).TA
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FIGURE 4
H2O vs. CO2 plot for SIMS data (1657 CE–red, 1010 CE–green,
5680 BCE–yellow). Isobars and isopleths are calculated from the
SOLWCAD code (Papale et al., 2006). Open (dashed red line) and
closed (solid red - 0.5% excess vapour, solid blue–1% excess
vapour and solid green–3% excess vapour) degassing paths were also
calculated using the same code. These degassing paths highlight the
scatter in our H2O-CO2 data, however, some points particularly from
1657 CE lie close to the closed system degassing path. The degassing
paths show a simple H2O-CO2 degassing scenario is unlikely. The
arrow traced for an intermediate pressure between 50MPa and
200 MPa shows the shift of datapoints due to fluxing. In a mushy
system, fluxing can occur at many pressure steps or be polybaric.
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We then interpret the vertical drop in S over a constant H2O
across the different magmas as evidence for early S-separation. Such
a drop was also necessary to effectively model degassing at Mt.
Mazama (Marini et al., 2011) and Mt. Etna (Moretti et al., 2018). At
sulphide saturation, a S-bearing phase will separate from the melt
(e.g., as minerals such as pyrrhotite, chalcopyrite, anhydrite; as an
immiscible liquid and/or as a vapour phase). Given the range of
oxidation states adopted here and the evidence that FeS separation
occurs in many magmatic suites falling in this range (Luhr et al.,
1984; Williams et al., 1990; Andres et al., 1991; Gerlach and McGee,
1994; Wallace and Gerlach, 1994; Gerlach et al., 1996; Scaillet et al.,
1998; Collins et al., 2012; Mungall et al., 2015; Yao and Mungall,
2020), we opt for early S-loss due to FeS separation. No S-rich
minerals or sulphide globules are observed in the eruption products,
as they may have segregated at depth into cumulate layers due to
density differences or be resorbed during sulphur degassing.
Moreover, no bubbles are observed in the MIs, suggesting that
the hypothesis of the presence of a S-rich vapour phase could be
ruled out.

5.1.2 Fe-S separation
S is removed from the magma by loss of S2- via sulphide

separation as liquid FeS at magmatic temperatures (Marini et al.,
2011; Moretti, 2021):

S2− + Fe2+5 > FeS liquid or solid( )
Sulphide precipitation results in patchy sulphur distribution

through the magma and requires the calculation of the sulphur
budget (S dissolved in the magma, S dissolved in the sulphide phase
and exsolved S) over a large volume of the magma which cannot be
approximated by the limited volume involved in MI. Phase
separation is considered an important mechanism (Lester et al.,
2013), that allows many natural magmas to co-exist with an
immiscible liquid sulphide phase or pyrrhotite (Moretti and
Baker, 2008; Jenner, 2017; Yao and Mungall, 2020).

Sulphide saturation and separation is an important process in
arc magmas, which occurs within the mush zones prior to magma
ascent (Jenner, 2017). Due to the immiscibility of the FeOS liquid
and the silicate magma this can result in the concentration of FeS-
droplets, the resulting liquids separate due to density differences
(Collins et al., 2012). The Fe-S droplets are denser than the silicate
magmas and so settle with cumulate phases at the base of the system,
which prevents them from being readily sampled, including by melt
inclusions, as shown by the La Soufrière samples. Alternatively, the
interaction between Fe-S droplets and vapour bubbles may allow
their flotation. This could provide a mechanism to transport
sulphides through to shallower levels of the magma system and
account for the release of excess S if sulfide resorption occurs to
release S back into the melt+vapour system (Mungall et al., 2015;
Edmonds and Mather, 2017; Lee and Tang, 2020; Yao and Mungall,
2020). This increases the complexity of understanding the S budget
at this system, particularly when considering the S emissions at the
surface.

Our data show a systematic decrease in S over time which
indicates the whole system is evolving by separating FeS, which
results in a decrease in S content from the oldest magma suite to the
youngest. Understanding the values of sulphide saturation depends

on where in the system, and at which point of magma
differentiation, sulphide separation occurs. S solubility and
saturation vary between melt composition, particularly the FeO
content of the melt and pressure (Carroll and Rutherford, 1985;
Moretti and Baker, 2008). We therefore estimate the sulphur
concentration for the 1657 CE, 1010 CE and 5680 BCE magmas
using the equation presented by Liu et al. (2007) to estimate the
sulphur concentration of silicate melts at sulphide saturation (SCSS)
as the MIs are not water saturated (e.g., Moune et al., 2007). Liu et al.
(2007) constructed amodel to predict SCSS inmagmas ranging from
basalts to rhyolites with a range of water contents. This model
predicts SCSS in the 1657 CE, 1010 CE and 5680 BCE magmas
occurs between 0.15–0.3 wt% S. This is higher than measured in the
melt inclusions and indicates a larger S drop has occurred than
observed in the data.

At La Soufrière we will consider the system must experience
continuous FeS separation to produce the evolved magma batches,
which are characterized by different initial S contents. We therefore
initiate our degassing model after sulphur separation in the deeper
system, to understand the shallow system degassing behaviour. This
allows us to demonstrate degassing models from both high S
(900 ppm) and low S (<500 ppm) with the difference between
these two values produced by FeS separation (e.g., Marini et al.,
2011).

Our shallow degassing models investigate the average 1657 CE,
1010 CE and 5680 BCE MI composition; however there is only a
small variation in the average MI compositions, so this has a
minimal effect on the degassing paths produced. The volatiles
used for each scenario are shown in Supplementary Table S2. We
used the maximumH2O and CO2measured in each eruption, except
for the 1010 CE eruption which we used 900 ppm (as in the
5680 BCE scenario), as CO2 was too low to allow saturation.

5.1.3 fO2 behaviour
Each scenario was decompressed from the pressure calculated

from theMIs, as shown in Supplementary Table S2.We ran the same
compositions and conditions at multiple oxidation states
(NNO+0.8, NNO and NNO-0.5) under open and closed system
conditions (where NNO is the nickel-nickel-oxide buffer). The
upper limit oxidation state is taken from experimental results
conducted by Pichavant et al. (2018), while the lower limit is
required by the data. Decompression under these conditions
allows us to demonstrate the shallow degassing path of S.
Degassing occurring from a starting point of 450 ppm S under
NNO to NNO-0.5 fits the trend of our data well (Figure 5).
However, under more oxidised conditions (NNO+0.8) the
degassing path does not fit the trend observed in the data, with
the model showing S remaining relatively high decreasing with H2O
in comparison to the data (Figure 5). This is also observed starting
from 350 ppm S, with degassing paths at NNO-0.5 fitting the data
(Figure 5). At lower S contents (250 ppm), more oxidised degassing
paths appear more feasible (Figure 5).

Alternatively, we could adopt a unique relative oxygen fugacity
(i.e., constant ΔNNO value) and consider that CO2-enrichement
due to fluxing (Figure 4) would shift the degassing trend to low
H2O-contents, as proposed by Moretti et al. (2018) for Mt. Etna.
Nevertheless, our data do not allow a clear distinction between the
effects due to fluxing and those due to varying oxygen fugacity. We
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speculate that the heterogeneity of magma distribution within a
mushy plumbing system creates a variety of magma parcels each
ruled by its own initial volatile content and oxygen fugacity.

Overall, the model reproduces reasonable degassing paths
related to decompression at low pressures, suggesting the
majority of S degassing has occurred during magma ascent. The
results of this model indicate more reduced conditions than
proposed by Pichavant et al. (2018), which is expected if FeS
precipitation occurs. However, this may relate to variations
within the mush system, with the more oxidised conditions
modelled by Pichavant et al. (2018) relating to the deeper system
(e.g., Pichavant et al., 2018), whereas the more reduced conditions
modelled here would relate to shallower portions of the system. The
changes related to decompression degassing and sulphide separation
would result in a decrease in fO2 to more reduced conditions, as
modelled here and also reported by a wide literature Progressive
changes of oxygen fugacity during degassing have in fact been
modelled and observed for several systems (e.g., Anderson and
Wright, 1972; Candela, 1986; Carmichael and Ghiorso, 1986;
Burgisser and Scaillet, 2007; Métrich et al., 2009; Gaillard et al.,
2011; 2015; Oppenheimer et al., 2011; Kelley and Cottrell, 2012;
Moussallam et al., 2014; Moussallam et al., 2016; Brounce et al.,
2017). There is then consensus the fO2 of the magma after degassing
will not represent the fO2 of the initial melt, unless recent forward

models (Hughes et al., 2022) show that degassing begins near the
sulphur-solubility minimum, which is defined with respect to fO2

and represents an important boundary of some models (Moretti
et al., 2003; Cicconi et al., 2020; Hughes et al., 2022).

A decrease in fO2 from oxidised conditions to reduced
conditions has also been reported at Etna (Gennaro et al., 2020)
and Kilauea (Moussallam et al., 2017). The exact mechanism
promoting this change appears to be specific to each magmatic
setting. At Kilauea, this decrease was related to sulphur degassing
without the involvement of H2O and CO2 (Moussallam et al., 2017).
At Etna, the fO2 decrease was instead related to compositional
evolution, primarily dehydration, and decreasing pressure
(Moretti, 2022). A similar effect is modelled by Moretti and
Ottonello (2022) for the experimental ferri-basalts synthesized
and investigated by Botcharnikov et al. (2005), where water
represents the main compositional variable.

However, the interpretation of different fO2 behaviours depends
largely on adopted models, particularly the oxybarometers that are
used to obtain and extrapolate fO2 as a function of pressure,
temperature and melt composition (i.e., melt-driven interactions
related to its structure or polymerization state) frommeasured redox
pairs of iron and/or sulfur (Moretti and Stefansson, 2020; Moretti,
2021; Moretti, 2022). Despite magmatic differentiation and
dehydration increasing the nominal abundance of oxygen in

FIGURE 5
S vs. H2O graphs showing open system (grey) and closed system (black) degassing paths calculated by CHOSETTO at NNO+0.8, NNO and NNO-0.5.
(A)Decompression of 5680 BCEMI composition, this is unable to reproduce the vertical drop in S using simple degassing paths. Following initial sulphide
separation: (B) Decompression of 5680 BCE composition; (C) Decompression of a 1010 CE composition; (D) Decompression of 1657 CE composition.
(Square symbol = Maximum values recorded by MI, arrows showing the change in composition due to sulphide separation).
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magmas approaching the surface, the decrease of oxygen fugacity
reflects the increase of melt polymerization and then the decrease of
so called “free-oxygen” (i.e., O2-) (Moretti, 2022), whose activity is
proportional to oxygen fugacity (Moretti, 2005; Cicconi et al., 2020a;
Moretti, 2021; Moretti and Ottonello, 2022).

5.1.4 Comparison to present day degassing
Allard et al. (2014) suggest the magma feeding the system of La

Soufrière is open to basaltic replenishment at the base and to gas
escape from the top, which supplies the hydrothermal emissions
observed at the surface. The range of C/S(total) measured by the
Observatoire Volcanologique et Sismologique de Guadeloupe with
different methods (soda bottles, P2O5 bottles, MultiGas) across
several years (2012–2022; Tamburello et al., 2019; Moretti et al.,
2020a; Moretti et al., 2020b; Moune et al., 2022) ranges from 1 to 6,
with a mean of 4 (Figure 5B in Moretti et al., 2020b). The vertically
extensive plumbing system of La Soufrière involves the polybaric,
multistep or even continuous degassing of magma from the main
deep reservoir (ca. 5–9 km) up to the shallow reservoir (ca. 3 km)
(Villemant et al., 2014; Moretti et al., 2020a). Therefore, the gas
feeding the hydrothermal system at the top of the magma system
results from multiple contributions that integrated over a large
depth range.

We report the C/S(total) values from our CHOSETTO
v1 degassing simulations vs. depth in Figure 6. This shows large
C/S(total) ratios for the deep reservoir (8 km, 200 MPa), where the
fresh magma has C/S(total) varying from approximately 10 (NNO-
0.5) to approximately 100 (NNO+0.8 (Table 1; Supplementary Table
S2). For depths corresponding to the shallow reservoir (~3 km,
~75 MPa), C/S(total) varies from approximately 1.5 (NNO+0.8, with
open system degassing) to approximately 10 (NNO+0.08, with
closed system degassing). The bracketed shaded area corresponds
to the region at 3–6 km depth in which hydrothermal C/S(total)
(measured values range from 1 to 6; with a mean of 4; Moretti et al.,
2020b) is released, feeding the overlying hydrothermal system. Six
km is hypothesised to be the top of the main reservoir and above this
is a crystal mush, though it is unclear if this area of the system is
crystallised or in a mushy state. Considering that the gas released
should integrate contributions from various depths across this
vertically extended magma system, we also consider that the
C/S(total) hydrothermal values may be consistent with both
degassing and the mixing between the deep system (200 MPa,
8 km) and shallow system (~75 MPa, 3 km) residual magmatic
gases.

For the same oxygen fugacity mixing lines and closed system
degassing patterns nearly overlap. However, as discussed above, it is
highly plausible that a decrease in oxygen fugacity is observed with
decreasing depth. Therefore, we plot on Figure 6 mixing lines
connecting the gas composition from the deep oxidized (NNO
+0.8) reservoir to a shallow but reduced magma (NNO–0.5).
From Figure 6 we see that C/Stot values presently measured at La
Soufrière fumaroles are not compatible with degassing under
oxidized reservoir (NNO+0.8), which produces gases with C/Stot
ratios that are significantly higher than those expected to occur
within the shallow reservoir (grey rectangle in Figure 6). This
suggests the magma degassing at about 3 km depth must be
necessarily reduced (logfO2 < NNO). The present-day gas is
entering the hydrothermal system and then separating from a

magma emplaced and degassing under closed-system degassing
between 3 and 6 km depth (shown by the 1657 CE and
5680 BCE models, the 1010 CE eruption, however has values
consistent between 3 km and 5 km depth). Further mixing with
the gas released by the deep oxidized magma at NNO+0.8 may
contribute to the final composition in variable proportions.

These results should be taken cautiously, as they do not include
the role of hydrothermal scrubbing, which will increase the
C/S(total). These results also consider magmatic degassing driven
uniquely by decompression, without accounting for crystallization,
which in a mushy system leads to strong open system volatile
differentiation in absence of decompression (e.g., Moretti et al.,
2013a; Moretti et al., 2013b). Despite our approximations and
limits discussed, the fumarolic C/S match reasonably well with
those calculated from CHOSETTO for the magmatic gas input into
the hydrothermal system (Figure 6). This suggests that the
continuous flow-through of deep gas attains a steady state
condition, such that the output fumarolic C/S ratio can be well
approximated by the input magmatic C/S ratio. Under such a
regime, the hydrothermal buffering of sulphur involving pyrite-
like minerals (Giggenbach, 1988) does not alter significantly the
bulk sulphur budget, as already shown for other hydrothermal-
magmatic systems in a state of unrest such as Solfatara di Campi
Flegrei, Italy (Moretti et al., 2013a; Moretti et al., 2017). In terms of
monitoring, fluctuations of the fumarolic C/S ratio in the observed
one to six range can instead be used as an indicator of hot and
oxidized (CO2- and SO2-rich) gas pulses into the hydrothermal
system (Moretti et al., 2020a).

5.2 Volatile emissions and climate forcing at
La Soufrière de Guadeloupe

5.2.1 Volatile emissions at La Soufrière de
Guadeloupe

More intense VEI 4 eruptions have higher total volatile
emissions (Figure 7A). Eruptions with the same VEI have
comparable total volatile emissions; this is due to the petrological
method which requires scaling of the volatile concentration to
erupted volume. A notable outlier is the 1530 CE eruption,
which is due to the higher H2O content reported by Pichavant
et al. (2018) and estimated by difference. The diffusion timescales
calculated by Metcalfe et al. (2021a), Metcalfe et al. (2021b), shows
no correlation with the total volatile emissions of each eruption. The
1657 CE and 5680 BCE eruptions have comparable expected
diffusion timescales (Metcalfe et al., 2021a; Metcalfe et al.,
2021b); however, the total volatile emissions are very different
(Figure 7B). The groundmass glass plus microlites viscosity,
calculated by Metcalfe et al., 2022, correlates with the total
volatile emissions, with a higher groundmass glass viscosity
correlating with lower total volatile emissions (Figure 7C). This
suggests lower viscosity in the groundmass glass allows for more
degassing and higher volatile emissions. Faster ascent rates
(calculated by Metcalfe et al., 2022 to range from <1–12 m/s at
La Soufriere) correlate with higher total volatile emissions
(Figure 7D). However, this is not observed in all the eruptions
due to top-down effects, such as a reduction of permeability at the
surface due to hydrothermal activity (e.g., Cassidy et al., 2018),
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which have allowed slow ascending magmas to result in large
eruptions.

In order to contextualise our results, we integrate the La
Soufrière emissions into a global database of subduction zone
volcanoes (Figure 8). SO2 data are readily available, this is also
one of the most important volatiles emitted due to its impact on the
climate (Graf et al., 1997; Robock, 2000; Textor et al., 2003;
Oppenheimer et al., ,; Timmreck, 2012; Macdonald and
Wordsworth, 2017; Marshall et al., 2022). Hence, we focus on
SO2 emissions, comparing our data to other systems where the
petrologic method has been used to calculate SO2 emissions
(Figure 8). It is important to consider that SO2 calculated using
the petrologic method is usually lower than remote sensing
measurements as described in Section 3.3 (e.g., Wallace, 2003).
The collated data generally cover eruptions larger (>VEI 4) than
those studied here; however, some data also exist for eruptions of
lesser intensity. Although the petrologic method underestimates the
quantification of volcanic emissions, Scaillet et al. (2003) provide a
global database of SO2 emissions calculated using the petrologic
method but also include a thermodynamic estimation to estimate
the co-existing S-rich vapor phase at depth for intermediate to silica
magmas (improved petrological method; Figure 8). Scaillet et al.
(2003) demonstrate the SO2 emissions calculated closely agree with
independent estimates obtained from analysis of ice cores, optical-
depth measurements, and remote-sensing spectroscopic techniques.

The VEI 4 5680 BCE and 1010 CE eruption SO2 emissions
(0.3 and 0.2 Mt of SO2, respectively) are very comparable to
eruptions with similar magma volumes (e.g., Mount Unzen
1991 which emitted 0.25 Mt of SO2). Data available from the

Lesser Antilles eruptions Montagne Pelée 1902 (0.3 Mt of SO2)
and Soufrière St Vincent 1979 (0.5 Mt of SO2) also have comparable
SO2 emissions to those of the 5680 BCE and 1010 CE eruptions
(Figure 8). The eruption of 1995 Soufrière Hills volcano, Montserrat,
is less comparable due to a higher magma volume, but does give an
indication of what SO2 emissions could be expected from a larger
eruption from La Soufrière. It is notable that volatile emissions for
the voluminous eruption of the Roseau Tuff on Dominica are much
larger than those of any La Soufrière eruptions, despite being
neighboring systems. The agreement of these different eruption
SO2 estimates (Figure 8) indicates that our petrologic method using
our maximum S values, which correspond to the sulfur in the
magmas plus the separated sulfur phase (equivalent to the
improved petrological method from Scaillet et al., 2003), provides
reasonable minimum estimates of SO2 emissions at La Soufrière past
eruptions.

5.2.2 Climate forcing from La Soufrière de
Guadeloupe eruptions

Sulphur is considered the most important volatile emitted
during eruptions in terms of its climatic impact (Emiliani, 1966;
Van Donk, 1976; Marshall et al., 2022). Accordingly, we quantify the
climate forcing from the studied eruptions using the EVA_H simple
volcanic aerosol forcing model (Aubry et al., 2020; also see section
3). The eruption latitude is simply specified at that of La Soufriere
(16.04 oN). The other two critical inputs to EVA_H are the SO2 mass
and injection altitude, with the SO2 mass distributed vertically
following a Gaussian profile centered on the injection altitude
and a of width 1.2 km.

FIGURE 6
Model-based C/S(total) ratios resulting from closed-systemmagmatic degassing under different oxygen fugacities for the three eruptions considered
in this study. Also reported are the mixing lines of shallow and reduced with deep and oxidized gases. The bracketed shaded area corresponds to the
region at 3–6 km depth in which current hydrothermal C/S(total) (values are measured by multigas range from 1 to 6; with a mean of 4; Moretti et al.,
2020a; Moretti et al., 2020b) is released, feeding the overlying hydrothermal system.With 6 kmbeing the top of themain reservoir and above this is a
crystal mush which is unclear has been crystallised. the C/S(total) hydrothermal values may be consistent with the mixing between the deep system
(200 MPa, 8 km) and shallow system (~75 MPa, 3 km) residual magmatic gases.

Frontiers in Earth Science frontiersin.org13

Metcalfe et al. 10.3389/feart.2023.1143325

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1143325


We use the SO2 mass in Mt calculated using the petrologic
method and assume all sulphur is released as SO2. Despite the
occurrence of H2S in the present-day hydrothermal system (e.g.,
Moune et al., 2022) we assume during a magmatic eruption SO2

would dominate over any hydrothermal H2S input, due to higher
temperatures which favour SO2. We chose to run scenarios for both
the best estimate and the maximum estimate of SO2 based on the
calculated errors. However, as the petrologic method only provides a
minimum estimate of volatile emissions, the magnitude of the
resulting impact on the climate might be representative of a
minimum estimate.

Plume heights above sea level were estimated by Komorowski
et al. (2008), Legendre (2012), Esposti Ongaro et al. (2020) and
Komorowski et al. (2022) using each eruption isopleth maps (Carey
and Sparks, 1986), with a large uncertainty given the scarcity of
outcrops (Table 1). The upper estimate of the 1657 CE and 341 CE
eruption columns are 15 km a.s.l, which indicates sulphur may not
have reached the stratosphere (tropopause altitude in Guadeloupe:
16.58 km; Komorowski et al., 2008) when considering plume heights
lower than this upper limit. The Plinian eruption (1010 CE and
5680 BCE) columns are more likely to have reached the stratosphere
with plume heights estimated at 10–25 km a.s.l.

As a very large range of plume heights are estimated for La
Soufrière, we performed a sensitivity study and modelled SO2

injections at several altitudes, depending on the eruption. For the
VEI two to three eruptions (Table 1), we use SO2 injection altitude
between 10–15 km a.s.l. Given the recent re-evaluation of the
maximum plume height for the 1530 CE Sub-Plinian eruption

(16–18 km a.s.l.; Esposti-Ongaro et al., 2020), we also included a
scenario with a 17 km a.s.l. SO2 injection altitude, just above the
tropopause. For the VEI 4 eruptions, we tested SO2 injection
altitudes of 10–25 km a.s.l.

Using the SO2 injection source parameter discussed above
(latitude, mass and altitude), we ran the EVA_H model to
calculate SAOD perturbation at 550 nm following each eruption.
The modelled global mean SAOD time series show a steep rise over
6–9 months following each eruption, followed by a gradual decay
over 1–2 years to a peak followed by amore gradual decay (Figure 9).
For the 1657 CE, 1530 CE and 341 CE eruptions, the tropospheric or
tropopause-level SO2 injection altitude and small mass of SO2 result
in negligible peak global mean SAOD perturbation (<0.005; for
comparison global mean SAOD peaked around 0.11 after the
Pinatubo 1991 eruption). The corresponding global mean
effective radiative forcing for the 1530 CE and 1657 CE eruptions
and for the 17 km injection scenario is between
and −0.00017 to −0.00010 W/m2; in comparison effective
radiative forcing (ERF) from the 341 CE eruption is much lower,
between and −0.000004 and −0.00001 W/m2.

In comparison to the smaller VEI two to three eruptions, the
1010 CE and 5680 BCE Plinian eruptions (VEI 4) exert a larger
forcing effect. For the 1010 CE eruption, which is considered the
smaller of the two Plinian eruptions (Legendre, 2012), and for the
25 km injection scenario, the resulting peak global mean SAOD is
0.0054–0.0055 (Figure 9) and peak global mean ERF is
between −0.026 and −0.029 W/m2. The 5680 BCE Plinian
eruption records the greatest climate forcing with peak global

FIGURE 7
(A) Total Volatile Emissions (Mt) vs. VEI; (B) Expected Timescales; (C) Groundmass Viscosity; (D) Ascent Rate vs. Total Volatile Emissions (Mt) for the
1657 CE (red), 1530 CE (light blue), 1010 CE (green), 341 (dark blue) and 5680 BCE (yellow) eruptions. The 1530 CE eruption is an outlier due to the high
H2O value used which was calculated by difference by Pichavant et al. (2018).
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mean SAOD ranging between 0.0061 and 0.0062, and peak global
mean ERF between −0.042 and −0.044 W/m2 (Figure 9). As with the
smaller eruptions, no significant change from the background level
is recorded for plumes not reaching the stratosphere (<15 km). As
the plume heights represent an upper estimate of the SO2 injection
height, the forcing effect could be considered an upper bound
estimate; however, as the petrologic method underestimates the
SO2 mass injected, this results in a competing effect between the
overestimated SO2 injection height and the underestimated
SO2 mass.

To put the climatic forcing and impact of the studied eruption in
perspective, we use the Volcano-Climate Index (VCI) proposed by
Schmidt and Black (2022). The main criteria for VCI are decreases in
surface temperatures after an eruption, and the scale ranges from
VCI 0 (negligible climate effects) to VCI 6+ (long-lasting or even
catastrophic global disruption). As an example, the 1991 Mount

Pinatubo (VEI 6; 10 and 20 Tg of SO2; 25 km SO2 injection height;
Guo et al., 2004; Read et al., 1993; Carn et al., 2016), resulted in peak
local mean SAOD, ERF and surface cooling of 0.1 (Thomason et al.,
2021), −3 W/m2 (Schmidt et al., 2018) and −0.5°C (McCormick
et al., 1995) has a VCI of 3 (Schmidt and Black, 2022). In
comparison, based on our obtained SAOD values, all eruptions
studied are expected to have VCI 0–1 (negligible climate effects to
local and regional climate effects) and are very unlikely to have had
any significant footprint on global climate as individual events.
However, the reconstructed plume height (upper tropospheric-
lower stratospheric), SO2 mass (on the order of 0.one to one Tg
SO2) and SAOD perturbation (0.005–0.006) means that they are the
type of events typically contributing to the “background
stratospheric aerosol layer” variability (Solomon et al., 2011).
This variability is governed by relatively moderate-magnitude
volcanic events (like the 1010 CE and 5680 BCE La Soufriere

FIGURE 8
SO2 emissions for subduction zone volcanoes calculated from the petrologic method after Wallace, 2003; 2005 and Scaillet et al., 2003. Emissions
calculated for this study fit within the global trend, with the 5,680 Cal. BCE and 1,010 Cal. CE eruptions having volumes and emissions comparable to
Montagne Pelée and Soufrière St Vincent in the Lesser Antilles. The 341 Cal. CE eruption is outside of the trend, suggesting SO2 emissions have been
underestimated or magma volume has been over estimated. Agung 1963 (ag; Self and King 1996); Samalas 1257 CE. (sa; Vidal et al., 2016); Krakatau
1885 (kr; Mandeville et al., 1998); Pinatubo 1991 (pi; Westrich and Gerlach, 1992); Toba 71000 BP (tob; Scaillet et al., 1998; Zielinski et al., 1996b); Tambora
1815 (tam; Devine et al., 1984; Scaillet et al., 1998); La Soufrière de Guadeloupe 1657 CE (1,657); La Soufrière de Guadeloupe 1,010 Cal. CE (1,010); La
Soufrière de Guadeloupe 341 CE (341); La Soufrière de Guadeloupe 5680 BCE (5,680); Montserrat 1995 (shv; Scaillet and Pichavant, 2003); Mont Pelée
1902 (mp; Scaillet et al., 2003); Roseau Tuff 28000 BP (ros; Devine et al., 1984); Soufrière St Vincent 1979 (ssv; Devine et al., 1984; Devine and Sigurdsson,
1983); Unzen 1991 (u; Scaillet and Pichavant, 2003); Shinmoedake 2011 (shi; Mori and Kato 2013); Santa Maria 1902 (sm; Palais and Sigurdsson, 1989;
Rose, 1987); Pacaya 1972 (pac; Andres et al., 1991), Fuego 1974 (f; Rose et al., 1984; Roggensack et al., 1997); El Chichon 1982 (ec; Devine et al., 1984;
Carey and Sigurdsson, 1986; Krueger et al., 1995; Luhr et al., 1984); Ruiz 1985 (ru; Sigurdsson et al., 1990b); Lascar 1989 (ls; Andres et al., 1991; Matthews
et al., 1999); Rabaul (ra; Palais and Sigurdsson, 1989); Coseguina 1835 (cos; Palais and Sigurdsson, 1989); Huaynaputina (hu; Costa et al., 2003); Mount St
Helen’s 1980, 1800, 1,480 (msh; Gerlach and McGee, 1994; Palais and Sigurdsson, 1989); Bezymianny 1956 (bz; Palais and Sigurdsson, 1989; Zielinski,
1995); Redoubt 1989–91 (re; Gerlach andMcGee, 1994; Nye et al., 1994); Katmai 1912 (kt; Westrich et al., 1991); Minoan 3650 BP (min; Devine et al., 1984;
Sigurdsson et al., 1990a); Campanian (cam; Palais and Sigurdsson, 1989; Civetta et al., 1997); Stromboli 1980–93 (s; Allard et al., 2014); Tarawera 1886 (tar;
Palais and Sigurdsson, 1989); Taupo 181 Cal. CE. (tau; Palais and Sigurdsson, 1989).
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eruptions), but which occur on a multi-annual basis globally and
collectively result in significant radiative forcing (e.g., Solomon et al.,
2011; Schmidt et al., 2018) and impacts on large-scale climate
metrics, including surface cooling (e.g., Santer et al., 2015) and
Antarctic ozone hole healing (e.g., Solomon et al., 2016).

6 Conclusion

Using new analyses of melt inclusions, we have investigated the
volatile life cycle for five eruptions of La Soufrière de Guadeloupe.
We report maximum volatile concentrations in the melt inclusions
across the five eruptions as: 4.42 wt% H2O, 1700 CO2 ppm,
780 ppm S, 0.36 wt% Cl and 680 ppm F. Our data show a
systematic decrease in S over time which indicates the whole
system is evolving by separating FeS, which results in a decrease
in S content from the oldest magma suite to the youngest. The
changes related to decompression degassing and sulphide separation
result in a decrease in fO2 to more reduced conditions in the shallow
system.

We also quantify the total volatile emissions using the petrologic
method, with the 1010 CE and 5680 BCE eruptions having the
highest total volatile emissions (11.6 Mt and 11.3 Mt, respectively),

while the 1657 CE and 341 CE eruptions have considerably lower
total emissions at 0.1 and 0.02 Mt, respectively. The 1530 CE
eruption has a higher total emission (12.8 Mt), due to the high
H2O content reported for this eruption (Pichavant et al., 2018).
Though the petrologic method underestimates volatile emissions, we
show that SO2 emissions from the 1010 CE and 5680 BCE eruptions
are 0.2 Mt and 0.3 Mt of SO2, respectively.

Using the calculated SO2 emissions and plume height
constrained from isopleth data, we estimate that the two Plinian
eruptions in 1010 CE and 5680 BCE were associated with peak
global mean SAOD of 0.0055–0.0062, and peak global mean effective
radiative forcing of −0.022 to −0.035 W/m2 (VCI 0–1). They were
therefore, unlikely to exert significant climate disruption but
contributed to the stratospheric volcanic aerosol “background”
(Solomon et al., 2011). The other smaller La Soufrière de
Guadeloupe eruptions investigated exerted negligible climate
forcing owing to minor SO2 masses and tropospheric plume heights.

Overall, this study increases our understanding of La Soufrière
de Guadeloupe by providing insights into the volatile processes
occurring at depth, such as sulphide separation and sulphur
degassing with decompression. Documenting the change in
oxidation state in future efforts aimed at modelling the La
Soufrière system is a major issue for understanding deep magma
evolution and for the purposes of volcanic surveillance. We also
provide new insights into the climate forcing effect of volatiles from
La Soufriere de Guadeloupe eruptions. This will bring new
constraints on the volatile processes occurring at depth and
climate forcing effects of VEI two to four eruptions of basaltic-
andesitic, magmatic-hydrothermal systems.
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