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Abstract. We performed experiments to constrain the effects of sulphur and oxygen fugacities  on magma 14 

chamber and outgassing conditions of the La Palma 2021 eruption. Based on a series of controlled 15 

experiments on basanitic products carried out at 1040°C and 200 MPa, we show that sulphur addition affects 16 

the stabilities of amphibole and olivine, in particular at high fO2 and elevated S contents which together 17 

inhibit amphibole crystallization. We also show that the overriding control on S systematics is oxygen 18 

fugacity, with melts capable of dissolving from 1000 up to 8000 ppm S, depending on fO2. Increasing the 19 

bulk S content increases the S content of the silicate melt up to ~ 2000 ppm for fO2<NNO+2, and 7000–20 

8000 ppm at higher fO2. Further increase in dissolved S is prevented by the buffering effects of either 21 

sulphide at low fO2 or anhydrite at high fO2. Modelling shows that the observed CO2/SO2 and H2O/SO2 ratios 22 

of volcanic gas emissions during the eruption imply a pre-existing > 5 wt% exsolved fluid in the reservoir, 23 

with fS2 at ~ 0.1 MPa at fO2 above NNO. Our work confirms that basaltic magmas may coexist with a 24 

significant amount of excess fluid which in turn holds an important part of the sulfur budget emitted to the 25 

atmosphere. 26 

Keywords: La Palma, sulphur solubility, basanite, sulphur degassing 27 

1. Introduction 28 

The 2021 Cumbre Vieja eruption on La Palma produced ~ 0.2 km3 of alkali basalt over a three month period, 29 

with devastating impacts on the built environment and agricultural land (Bonadonna et al., 2022; Del Fresno 30 

et al., 2023a; González et al., 2019; Ubide et al., 2023; Dayton et al., 2024). La Palma is made up of two 31 

volcanic centres. The oldest is the Taburiente centre in the north and the presently active Cumbre Vieja 32 

centre in the south of the island (Carracedo et al., 2001 and references therein). The volcanic activity of 33 

Cumbre Vieja area began about 123,000 years ago, and its complex extends from N to S being mainly 34 

composed of single eruptive centers spread along fissures. The eruptive products belong to the alkaline 35 

series, with emission of alkaline basalts, basanites, trachybasalts, tephrites and phonolites (e.g., Carracedo 36 

et al., 2001). Prior to the 2021 eruption, several eruptions have been recorded over the last 500 years (about 37 

8), all associated with explosive events on the summit, and effusive lava flows along the flanks (Carracedo 38 

et al, 2001). La Palma is part of the oceanic island basalt system of the Canary Islands, which is fed by a  39 

hotspot of presumed mantle origin probably influenced by the rotation of the African plate (e.g., Day et al. 40 

2022 and references therein). 41 
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The 2021 eruption was accompanied by vigorous degassing of CO2 and S gas species, which were measured 42 

intermittently using a variety of sensors (e.g., Burton et al., 2023). Estimates of the quantity of the total SO2 43 

emitted range from 1 to over 4 Tg (Albertos et al., 2023; Burton et al., 2023; Dayton et al., 2024; Hayer et 44 

al., 2022). Melt inclusion analyses reveal an average pre-eruptive S content of ~ 3000 ppm (Castro and 45 

Feisel, 2022; Burton et al., 2023; Dayton et al., 2024). Complete syneruptive degassing of this sulphur would 46 

yield over 3 Tg of SO2, i.e., an amount within the range of estimated emissions. However, estimates of initial 47 

CO2 contents lie in the range 3–5 wt% (Burton et al., 2023), which is more than sufficient to saturate a 48 

basanite magma (e.g. Jiménez-Mejías et al., 2021; Lo Forte et al., 2024) at crustal pressures (<1 GPa). Given 49 

the likelihood of a pre-eruptive gas phase in the reservoir (Sandoval-Velasquez et al., 2023; Zanon et al., 50 

2024; Dayton et al., 2024) raises the question of how much sulphur was partitioned into it? In silicic magmas, 51 

S is inferred to reside dominantly in the gas phase (e.g. Scaillet et al., 1998; Keppler, 1999).  52 

Critical to understanding the behaviour of S in magmatic systems is to constrain their redox state or oxygen 53 

fugacity (fO2), which exerts a major control on S solubility and partitioning (e.g., (Carroll and Rutherford, 54 

1988; Luhr, 1990; Scaillet et al., 1998; Jugo, 2004; Moretti and Ottonello, 2005; O’Neill, 2021; Boulliung 55 

and Wood, 2023; Hughes et al., 2023). Knowing whether S goes into the fluid/gas or not is crucial for 56 

interpreting the composition of volcanic gases at the surface, which are routinely measured for the purposes 57 

of hazard assessment.  58 

Our overall aim here is to develop understanding of S solubility and partitioning in mafic magmas with 59 

hotspot and ocean-island basalt (OIB) affinities through a set of experiments on La Palma 2021 basanite in 60 

which fO2 and the amount of S were varied. To this end, we reconstructed eruptive conditions at La Palma. 61 

In particular, we focused on the amount of sulphur and its fugacity at pre-eruptive conditions in the reservoir 62 

and in the fluid phase during eruptive outgassing. 63 

2. Experimental technique  64 

2.1 Starting material and apparatus 65 

Basanite lapilli (1 Top/27-9-2021) from the 2021 eruption of La Palma were selected as the starting 66 

material. The lapilli were finely ground using an agate mortar and then melted in a Pt crucible at 67 

1400°C for 4 h at atmospheric pressure. These steps were repeated to obtain an homogeneous and 68 

anhydrous glass. Homogeneity was verified using the Electron Micro Probe analyzer (EMPA). The 69 

composition of the glass is reported in Table 1. 70 

The experiments were performed with Internally Heated Pressure Vessels (IHPV) at the Institut 71 

des Sciences de la Terre d’Orléans (ISTO), using as pressure media either Ar or a H2-Ar mixture 72 

gas (Scaillet et al., 1992). Up to eight gold capsules were placed in a ceramic sample holder, which 73 

was suspended between two type-S thermocouples with a Pt or Rh wire, depending on the redox 74 

conditions. During the experiments, we maintained a thermal gradient of less than 10 °C between 75 

the top and the bottom thermocouples. All experiments concluded with a rapid drop quench with 76 

cooling rates of order 100°C/s (Di Carlo et al., 2006).  77 

 78 

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cl S Total 

44.11 

(0.26) 

3.83 

(0.10) 

14.42 

(0.13) 

12.22 

(0.26) 

0.18 

(0.05) 

7.49 

(0.05) 

10.92 

(0.11) 

4.05 

(0.08) 

1.73 

(0.10) 

0.97 

(0.07) 

0.01 

(0.01) 

0.01 

(0.01) 

97.75 

    Table 1 Composition starting material 79 
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2.2 Capsule preparation and experimental conditions 80 

The finely ground starting material was divided into three batches. Two S-bearing batches were 81 

prepared either by adding 2 wt.% native sulphur or 3 wt.% pyrrhotite (corresponding to 1.1 wt.% 82 

sulphur) and the third batch was left S-free. These bulk sulphur contents are above the sulphur 83 

solubility of basaltic melts under our experimental conditions (e.g. Moune et al. 2009; Luhr, 1990). 84 

Hence, when using the S-bearing batches directly (i.e. without mixing them with the S-free batch) 85 

as a starting material, the bulk content of sulphur should promote saturation in either sulphide or 86 

sulphate unless the coexisting fluid scavenges sulphur (see results). 87 

For each experiment, six to seven Au capsules were prepared (inner and outer diameter of 2.5–2.9 88 

mm, height of 1.5 cm). Gold was used to minimize the loss of sulphur and iron. Capsules were 89 

loaded first with 3 mg of deionized water to ensure fluid saturation of the system (corresponding 90 

to about 5 wt% dissolved H2O at 200 MPa at H2O saturation, e.g. Jiménez-Mejías et al. (2021)), 91 

then with 30 mg of silicate powder prepared by mixing S- or FeS-doped powder with S-free glass 92 

in various proportions to obtain different concentrations of sulphur (Table 2). In the following, we 93 

refer to these two series as S-doped or FeS-doped charges. The weight of the capsules was measured 94 

after welding, then after a test in an oven at 125 °C for at least 1 h, and finally after the experiment 95 

to check for volatile leaks. Only charges with a difference of less than 0.0003 g were considered 96 

successful. Considering the context of La Palma 2021 eruption as summarised above, it would have 97 

been interesting to add CO2 as a fluid component. This however would have needed to raise the 98 

temperature of the experiments which would have in turn prohibited the use of Au containers: 99 

Containers made of either Pt or of AuPd alloys are prone to significant alteration by sulphur, which 100 

severly complicates the interpretation of results. 101 

All the experiments were run at 1040 °C and 200 MPa but with variable fO2 (between NNO-0.48 102 

and NNO+4.1), controlled by sensors of NiPd for experiments above NNO and CoPd for 103 

experiments below NNO (Taylor et al., 1992; Table 2). The fS2 of pyrrhotite-bearing charges was 104 

calculated following Froese and Gunter (1976). 105 

On-going experiments aimed at determining pre-eruptive conditions of La Palma basalts (Andújar 106 

et al., submitted) suggest storage conditions of early erupted magmas at somewhat higher P and T 107 

(i.e., 300 MPa, 1060–1080°C). A number of petrological studies have shown that latter erupted 108 

magmas record higher pressures, >500 MPa, and temperatures above 1100°C (e.g., Castro and 109 

Feisel, 2022; Day et al., 2022; Ubide et al., 2023; Dayton et al., 2024). The reason of choice of our 110 

P-T conditions is essentially practical. As stressed above, the lower temperature allows us to use 111 

Au capsules, which considerably limits S loss from the melt+fluid towards the caspule (and also 112 

that of Fe loss), compared to either AuPd or Pt capsules, maintaining the physical integrity of 113 

containers. Such a low temperature is achieved by working with elevated melt water contents, 114 

which depress liquidus temperatures significantly in basaltic systems while maintaining the 115 

composition of near liquidus residual melts broadly basaltic (e.g., Sisson and Grove, 1993). 116 

Performing experiments at 300 MPa would have been possible, but the higher water content of the 117 

basaltic melts (>7 wt%) at this pressure renders those liquid poorly quenchable, even with drop 118 
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quench technique. Therefore, given the H2O-reach conditions of our experiments, we decided to 119 

perform the experiments at 200 MPa, with the objective of favouring the solubility of the sulphur 120 

and facilitating the quench of the glass. Nevertheless, we recognise the potential for this approach 121 

to result in differences with the natural system, in particular a higher proportion of amphibole 122 

relative to what is observed in the rocks. Higher temperatures will also affect the solubility of 123 

sulphur: for instance an increase of 50°C in the fO2 range NNO - NNO+1.5 increases the S 124 

solubility by 10-30%, if fS2 is kept constant (e.g., Boulliung and Wood, 2023). 125 

 126 

3. Analytical methods  127 

3.1 Analytical techniques  128 

Half of the recovered run products were embedded in epoxy and polished for optical inspection 129 

and, then carbon-coating, for scanning electron microscopy (SEM) using the Zeiss FEG of ISTO 130 

to identify phases, including those of quench origin. 131 

Glass and minerals were analysed using a Cameca SX FIVE EMPA (CNRS-Université d'Orléans-132 

BRGM). The analytical conditions were 15 kV, 10 nA and a peak count time of 10 s. Glasses were 133 

analysed with a defocused beam of 5, 10 or 20 µm, depending on the size of the available glass 134 

pools. Sulphur was determined using an LPET crystal and a 20 s counting time. A focused beam 135 

was used for the minerals. Sulphides were analysed during separate sessions with the following 136 

analytical conditions: 20 kV and 50 nA, using PET and LPETcrystals for S, an acquisition time of 137 

30 s, while Fe was analyzed with LIF and LLIF crystals. The Ni and Cu had acquisition times of 138 

10s. In addition, Si was used to detect possible glass contamination. At the beginning and end of 139 

the analytical session, two synthetic pyrrhotites of known compositions (as determined by X-ray 140 

analyses, (Clemente et al., 2004), Po5 and Po7, were analysed to check the stability of the 141 

calibration. 142 

Three glasses with different sulphur concentrations were synthesised at 1200°C using the same 143 

experimental apparatus and starting glass. The sulphur concentrations measured by the microprobe 144 

were found to differ by less than 100 ppm relative to the added amount, validating our analytical 145 

procedure for measuring S. 146 

The H2O concentration in the run products was estimated following Devine et al.(1995), analyzing 147 

at the beginning and end of each analytical session standard basanitic glasses of known water 148 

contents (F1c, F05, F3c2 and F2b, in Jiménez-Mejías et al. (2021)).  149 

3.2 Mass balance and ImageJ software calculations 150 

The proportion of each phase was calculated by mass balance using a constrained least-squares 151 

model with the propagation of analytical errors of the experimental phases (Albarède, 1996; Scaillet 152 

and Evans, 1999). The proportion of glass was also calculated by processing SEM images at 100 153 

μm magnification using ImageJ software, on a vesicle-free basis.  154 
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The amount of sulphur in the coexisting fluid phase was estimated by mass balance, i.e. by 155 

substracting the masses of S in sulphur-bearing phases (glass, sulphide, sulphate) from the initial 156 

mass of sulphur, taking into account the phase percentages as calculated above. The S wt% was 157 

then calculated by determining the amount of H2O in the fluid using the same method (Table 2).  158 

 159 
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 160 
Run P 

(MPa) 

T  

(°C) 

Time  

(min) 

ΔNNO log 

fO2 

log 

fS2 
(bar) 

H2O& S% and type 

loaded 

S 

wt% 
Glass 

S wt% 

Fluid 

Mineral 

assemblage 

lpm 1 200 1040 960 1.34 8.40 0.28 4.1 2%-native 0.22 

(0.02) 

9.2 Ol-Amph-Px-

FeS 

lpm 2      -0.24 1.8 1%-native 0.11 
(0.01) 

5.2 Ol-Amph-Px -
Mt-FeS 

lpm 33      - 4.0 0.5%-native 0.18 

(0.01) 

5.4 Ol -Amph - 

Px - Mt 
lpm 4      -0.24 3.1 1.12%-FeS 0.23 

(0.01) 

5.1 Ol-Amph-Px-

Mt-FeS          

lpm 5      - 4.1 0.56%-FeS 0.21 
(0.03) 

6.3 Ol - Amph-Px 
-Mt 

lpm 6      - 5.9 0.28%-FeS 0.10 

(0.02) 

3.5 Ol-Amph-Px-

Mt 
lpm 34      - 4.5 0%S - 

 

- Ol-Amph-Px-

Mt 

lpm 7 200 1040 960 2.38 7.37 - 3.8 2%-native 0.73 

(0.04) 

16.6 Ol-Mt-Ilm 

lpm 8      - 4.7 1%-native 0.86 

(0.06) 

3.6 Ol-Px-Mt 

lpm 9      - 3.9 0.5%-native 0.57 

(0.03) 

2.5 Ol-Amph-Px-

Mt 

lpm 13 200 1040 360 3.30 6.44 - 5.4 2%-native 0.75 
(0.04) 

21.1 Ol-Mt-Ilm 

lpm 14      - 6.3 1%-native 0.75 

(0.04) 

13.3 Ol-Px-Mt 

lpm 15      - 6.8 0.5%-native 0.65 

(0.09) 

-- Px-Mt 

lpm 16      - 2.0 1.12%-FeS 0.79 
(0.03) 

6.9 Px-Mt-Ilm         

lpm 17      - 6.1 0.56%-FeS 0.65 

(0.09) 

0.3 Ol-Px-Mt 

lpm 18      - 6.5 0.28%-FeS 0.33 

(0.03) 

1.7 Amph-Px-Mt 

lpm 19 200 1040 360 4.10 5.65 - 4.8 2%-native 0.68 
(0.05) 

- Ol-Px-Mt-
Ilm-Anhy 

lpm 20      - 5.6 1%-native 0.64 

(0.01) 

9.3 Ol-Amph-Px-

Mt-Ilm 
lpm 21      - 4.5 0.5%-native 0.58 

(0.05) 

3.1 Amph-Px-Mt 

lpm 22      - 5.2 1.12%-FeS 0.71 
(0.04) 

9.0 Ol-Px-Mt 

lpm 23      - 5.8 0.56%-FeS 0.65 

(0.03) 

3.1 Amph-Px-Mt 

lpm 24      - 6.4 0.28%-FeS 0.38 

(0.03) 

1.4 Amph-Px-Mt-

Ap 

lpm 25      - 4.6 0%S - 
 

- Amph-Px-Mt 

lpm 26 200 1040 360 -0.48 1023 -0.63 3.5 2%-native 0.12 

(0.01) 

3.7 Ol-Amph-Px-

FeS 

lpm 27      -1.59 2.4 1%-native 0.10 
(0.01) 

1.2 Ol-Amph-Px-
FeS 

lpm 28      - 3.1 0.5%-native 0.13 

(0.01) 

5.5 Ol-Amph-Px-

Mt 

lpm 29      -1.02 3.6 1.12%-FeS 0.19 

(0.03) 

6.7 Ol-FeS-Mt 

lpm 30      -0.75 3.1 0.56%-FeS 0.19 
(0.03) 

3.7 Ol-Px-FeS 

lpm 32      - 4.7 0%S - - Ol-Amph?-

Px-Mt 

Table 2 Experimental conditions, water and sulphur contents of quenched glass. H2O is calculated with the method of Devine et al 161 
(1996).  The fS2 is calculated using the method of Froese and Gunter (1976). Amph? = quench phase 162 

 163 

 164 
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4. Results 165 

The experiments generated different mineral assemblages, depending on fO2 and the amount of S 166 

added, as shown in Fig. 1.  167 

 

In the S-doped series, anhydrite crystallizes at high fO2 while pyrrhotite is present at low fO2. In 168 

detail, anhydrite is found only in the charge with 2 wt.% added S at NNO+4.1, while pyrrhotite is 169 

present with 1 wt.% and 2 wt.% S added at NNO+1.34 and NNO-0.48. Olivine occurs in almost 170 

every charge, except for those poorer in sulphur at high fO2. Apart from three charges with 2 wt.% 171 

S added at NNO+2.38, 3.3 and 4.1, pyroxene is present in all experimental charges. Amphibole 172 

distribution is more complex. It did not crystallise in charges with 2 wt.% and 1 wt.% S at 173 

NNO+2.38, in any experiments at NNO+3.3, in the charge at 2 wt.% S under the most oxidising 174 

conditions and in the S-free charge at NNO-0.48 (Fig.1a). 175 

The phase diagram of the FeS-doped series is broadly similar. The stability range of olivine is 176 

almost identical, except that Ol was also found in the 0.56 wt.% S charge at NNO+4.10. In the 177 

sulphur-rich experiment at NNO+3.3, Ol was not found but owing to its low abundance in other 178 

charges, it may have been overlooked. In the charge lpm 1-top+S17, olivine is present as inclusions 179 

in the pyroxene. Pyroxene is present in all charges, except for that with 1.12 wt.% S at NNO-0.48. 180 

FeS has a similar stability field to that identified by the S-doped series, however it is absent at 0.56 181 

wt.% S and NNO+1.34. The amphibole field is also similar in S-doped case, except that it is not 182 

found at NNO-0.48 (Fig.1b). 183 

 184 

 185 

 186 

 187 

Fig. 1 Equilibrium phase diagram at 1040ºC and 200 MPa for both S-doped (a) and FeS-doped (b) charges. Phases lie inside 

their stability field. Ol=olivine: Cpx= clinopyroxene: Amph = amphibole; Anhy = anhydrite; mt=magnetite. 
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4.1 Major element glass and mineral composition 188 

The major elements of glasses of both the S and FeS doped series (Table 3), show similar trends 189 

(Fig. 2). SiO2 increases regularly with fO2, from about 44 wt.% up to a of 56  wt.%, as does Al2O3, 190 

which reaches up to 20 wt.%, reflecting the absence of plagioclase crystallisation under the 191 

investigated conditions. Reflecting clinopyroxene crystallization, CaO shows the opposite 192 

 

Fig. 2 Variation of oxides with SiO2 of experimental glasses in S doped (coloured symbols) and FeS doped (open 

symbols) charges. When not shown, the error bars are smaller than the symbol size. 
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behaviour, decreasing with increasing SiO2 and fO2. The same trend is observed for TiO2 and FeO. 193 

The alkalies show no clear trends, with the possible exception of Na2O which increased slightly 194 

with SiO2. These fractionation trends reflect the effect of the main crystallising phases, but above 195 

all the increasing abundance of magnetite as fO2 increases (Fig. 1). 196 

The concentration of sulphur in the glasses does not differ between the S- or FeS-doped 197 

experiments (Fig.3). The charges produced at low fO2 are significantly poorer in sulphur than those 198 

at high fO2, the former having S concentration in the range 1000–2300 ppm, while the later have S 199 

contents ranging between 3300–8800 ppm.  Note however that the charge doped with 0.28 wt.% S 200 

using FeS yielded 0.8 wt.% dissolved S, which we attribute to an error in loading S to the charge. 201 

This individual run is not further considered. 202 

 203 

From inspection of the Mg# of the glass and of Fe-Mg minerals, the amount of sulphur added does 204 

not appreciably affect their composition at fixed fO2, though under reduced conditions 205 

Fig. 3. Variation of  S content of the glass with fO2 as a function of wt.% of sulphur added to the 

capsules. When not shown, the error bars are smaller than the symbol size. 
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(<NNO+1.5), charges with higher bulk S contents tend to have phases with higher Mg# (in 206 

particular for charges with 2 wt.% added S). At high fO2 the reverse is observed. Similarly, an 207 

increase in fO2 increases slightly the Mg# of the glass and olivine, as shown in figure in 208 

Supplmentary information (SIa). No clear trends with S appears for either amphibole or pyroxene 209 

compositions (SIa).  210 

 211 

 The measured S contents in glasses saturated in pyrrhotite can be compared to those calculated 212 

using the S-solubility model of Lesne et al. (2015), which was developped for hydrous alkali-rich 213 

basalts, using the fS2 determined by pyrrhotite (Table 2). We also calculated S contents using the 214 

model of Boulliung and Wood (2023). The results are shown in Fig. 4, illustrating a general good 215 

correspondence between calculated S contents with both models and those measured, though the 216 

Boulliung and Wood (2023) model tends to underestimate S contents. Discrepancies likely reflect 217 

analytical uncertainties in pyrrhotite composition as determined by EPMA, which translates into 218 

an uncertainty in calculated fS2 of order ±1 log unit (e.g., Whitney, 1984). For instance, increasing 219 

log fS2 of charge lpm 29 from -1.02 to -0.5 (Table 2) would increase the calculated S content from 220 

0.14 wt% to 0.19 wt%, the same as the measured amount (Fig. 4).  221 

  222 

Fig. 4 Comparison between the measured S content of experimental glasses saturated in pyrrhotite with that calculated 

using the models of Lesne et al. (2015, blue symbols) and Boulliung and Wood (2023, orange symbols). The arrow 

shows the effect of increasing fS2 by 0.5 log unit on the calculated S content of melt with the model of Lesne et al. 

(2015). 
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 ΔNNO SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 S Total* 

lpm 1 1.34 46.19 
(0.25) 

3.75 
(0.10) 

15.68 
(0.14) 

9.93 
(0.36) 

0.20 
(0.08) 

6.39 
(0.10) 

10.14 
(0.25) 

4.07 
(0.05) 

2.00 
(0.20) 

1.17 
(0.06) 

0.22 
(0.02) 

93.75 

lpm 2 47.93 

(0.98) 

3.10 

(0.15) 

17.22 

(0.39) 

10.06 

(0.19) 

0.31 

(0.07) 

3.72 

(0.15) 

8.46 

(0.62) 

4.81 

(0.62) 

2.34 

(0.700 

1.82 

(0.66) 

0.11 

(0.01) 

96.23 

lpm 33 46.81 

(0.45) 

3.60 

(0.21) 

16.17 

(0.07) 

10.27 

(0.34) 

0.20 

(0.07) 

4.52 

(0.25) 

10.62 

(0.37) 

4.61 

(0.25) 

1.61 

(0.25) 

1.19 

(0.06) 

0.18 

(0.01) 

92.59 

lpm 4 44.88 
(0.22) 

3.56 
(0.14) 

15.79 
(0.11) 

11.79 
(0.12) 

0.25 
(0.05) 

5.14 
(0.10) 

10.52 
(0.15) 

4.60 
(0.15) 

1.84 
(0.06) 

1.13 
(0.06) 

0.23 
(0.01) 

94.81 

lpm 5 45.43 

(0.40) 

3.40 

(0.16) 

15.25 

(0.21) 

11.58 

(0.28) 

0.20 

(0.09) 

5.76 

(0.57) 

11.24 

(0.72) 

4.42 

(0.16) 

1.17 

(0.34) 

1.07 

(0.06) 

0.21 

(0.03) 

93.74 

lpm 6 46.52 

(0.15) 

3.46 

(0.16) 

16.00 

(0.09) 

10.73 

(0.34) 

0.22 

(0.08) 

5.19 

(0.27) 

11.58 

(0.16) 

4.03 

(0.08) 

0.96 

(0.14) 

1.07 

(0.09) 

0.10 

(0.02) 

91.88 

lpm 34 48.42 
(0.27) 

2.98 
(0.11) 

17.42 
(0.21) 

9.17 
(0.30) 

0.19 
(0.05) 

3.58 
(0.09) 

9.08 
(0.22) 

5.54 
(0.25) 

2.40 
(0.10) 

1.18 
(0.02) 

0.00 
(0.01) 

92.60 

lpm 7 2.38 48.93 

(0.23) 

3.24 

(0.06) 

15.92 

(0.12) 

7.92 

(0.09) 

0.15 

(0.03) 

5.85 

(0.06) 

9.73 

(0.13) 

3.81 

(0.06) 

1.66 

(0.09) 

0.95 

(0.08) 

0.73 

0.04) 

93.55 

 
lpm 8 46.13 

(0.28) 

3.52 

(0.14) 

15.36 

(0.10) 

7.95 

(0.26) 

0.21 

(0.02) 

6.24 

(0.17) 

10.93 

(0.23) 

4.44 

(0.09) 

1.94 

(0.17) 

1.05 

(0.09) 

0.86 

(0.06) 

93.00 

 

lpm 9 48.78 
(0.15) 

2.97 
(0.10) 

17.36 
(0.21) 

6.71 
(0.21) 

0.20 
(0.07) 

4.61 
(0.18) 

8.66 
(0.22) 

5.50 
(0.07) 

2.38 
(0.14) 

1.38 
(0.13) 

0.57 
(0.03) 

94.81 
 

lpm 13 3.30 50.68 

(0.35) 

2.45 

(0.11) 

16.17 

(0.22) 

6.10 

(0.30) 

0.20 

(0.08) 

6.42 

(0.09) 

9.62 

(0.14) 

3.75 

(0.42) 

1.72 

(0.06) 

0.99 

(0.05) 

0.75 

(0.04) 

92.63 

lpm 14 49.60 

(0.21) 

2.47 

(0.16) 

17.28 

(0.22) 

5.29 

(0.19) 

0.24 

(0.09) 

5.53 

(0.32) 

10.32 

(0.42) 

4.65 

(0.12) 

1.48 

(0.13) 

1.20 

(0.12) 

0.75 

(0.04) 

91.99 

lpm 15 48.12 
(0.33) 

2.87 
(0.16) 

16.15 
(0.10) 

5.89 
(0.20) 

0.19 
(0.07) 

6.44 
(0.26) 

10.76 
(0.14) 

4.68 
(0.07) 

1.93 
(0.18) 

1.19 
(0.06) 

0.69 
(0.05) 

92.01 

lpm- 16 49.77 

(0.23) 

2.27 

(0.04) 

16.37 

(0.21) 

6.07 

(0.23) 

0.12 

(0.04) 

6.25 

(0.05) 

10.48 

(0.08) 

4.17 

(0.06) 

1.72 

(0.11) 

1.16 

(0.00) 

0.79 

(0.03) 

91.16 

lpm 17 49.79 

(0.169 

2.49 

(0.12) 

16.62 

(0.37) 

5.83 

(0.23) 

0.20 

(0.11) 

5.17 

(0.58) 

11.54 

(0.75) 

4.03 

(0.33) 

1.14 

(0.29) 

1.27 

(0.09) 

0.65 

(0.09) 

89.92 

lpm 18 51.87 
(0.31) 

2.29 
(0.30) 

18.26 
(1.05) 

5.17 
(0.52) 

0.26 
(0.07) 

4.07 
(0.90) 

9.96 
(0.46) 

4.39 
(0.45) 

1.58 
(0.23) 

1.46 
(0.10) 

0.33 
(0.03) 

89.41 

lpm 19 4.10 52.79 

(0.15) 

1.73 

(0.08) 

17.04 

(0.23) 

5.24 

(0.09) 

0.17 

(0.07) 

5.83 

(0.06) 

9.19 

(0.52) 

3.97 

(0.03) 

1.80 

(0.24) 

0.85 

(0.04) 

0.68 

(0.05) 

91.44 

 
lpm 20 51.66 

(0.09) 

1.89 

(0.07) 

17.67 

(0.10) 

4.74 

(0.07) 

0.22 

(0.04) 

5.52 

(0.34) 

10.07 

(0.42) 

4.32 

(0.05) 

1.37 

(0.12) 

1.21 

(0.10) 

0.64 

(0.01) 

90.53 

lpm 21 55.88 

(0.19) 

1.42 

(0.13) 

19.71 

(0.58) 

3.35 

(0.44) 

0.23 

(0.05) 

1.33 

(0.11) 

7.77 

(0.38) 

5.52 

(0.10) 

2.01 

(0.17) 

1.51 

(0.14) 

0.58 

(0.05) 

91.59 

 

lpm 22 51.50 
(0.19) 

1.69 
(0.08) 

17.57 
(0.39) 

5.13 
(0.19) 

0.25 
(0.07) 

3.71 
(0.53) 

12.64 
(0.63) 

4.20 
(0.11) 

0.65 
(0.08) 

1.22 
(0.04) 

0.71 
(0.04) 

90.99 

lpmS 23 55.01 

(0.17) 

1.35 

(0.11) 

19.49 

(0.71) 

3.51 

(0.52) 

0.26 

(0.10) 

1.71 

(0.95) 

8.59 

(0.81) 

5.17 

(0.14) 

1.89 

(0.24) 

1.64 

(0.22) 

0.65 

(0.03) 

90.14 

 
lpm S 24 56.03 

(0.45) 

1.52 

(0.13) 

20.19 

(1.25) 

3.74 

(0.47) 

0.20 

(0.09) 

1.68 

(0.64) 

6.69 

(0.70) 

4.98 

(0.29) 

2.76 

(0.13) 

1.38 

(0.13) 

0.38 

(0.03) 

89.50 

lpmS 25 53.38 
(0.12) 

2.00 
(0.11) 

18.85 
(0.21) 

4.62 
(0.22) 

0.27 
(0.11) 

4.28 
(0.05) 

7.89 
(0.07) 

5.28 
(0.11) 

2.33 
(0.10) 

1.05 
(0.08) 

0.01 
(0.01) 

91.49 

lpm 26 -0.48 46.28 

(0.12) 

3.88 

(0.06) 

16.78 

(0.22) 

8.89 

(0.11) 

0.22 

(0.09) 

5.88 

(0.06) 

10.28 

(0.06) 

4.45 

(0.05) 

1.77 

(0.10) 

1.24 

(0.12) 

0.12 

(0.01) 

92.87 

lpm 27 47.16 

(0.38) 

3.50 

(0.20) 

17.35 

(0.52) 

10.19 

(0.36) 

0.24 

(0.14) 

4.53 

(0.37) 

9.66 

(0.49) 

4.00 

(0.77) 

1.99 

(0.06) 

1.18 

(0.07) 

0.10 

(0.01) 

94.19 

lpm 28 45.26 
(0.07) 

3.86 
(0.15) 

15.22 
(0.32) 

11.65 
(0.26) 

0.21 
(0.05) 

5.77 
(0.07) 

11.31 
(0.17) 

3.72 
(0.19) 

1.57 
(0.06) 

1.13 
(0.10) 

0.13 
(0.01) 

93.35 
 

lpm 29 44.24 

(0.10) 

3.77 

(0.06) 

15.16 

(0.06) 

12.64 

(0.18) 

0.21 

(0.04) 

5.75 

(0.23) 

11.40 

(0.27) 

3.89 

(0.09) 

1.55 

(0.25) 

0.94 

(0.06) 

0.19 

(0.03) 

92.82 

lpm 30 44.59 

(0.14) 

3.93 

(0.12) 

15.02 

(0.23) 

12.36 

(0.26) 

0.20 

(0.05) 

5.34 

(0.14) 

11.83 

(0.23) 

3.89 

(0.09) 

1.42 

(0.11) 

0.95 

(0.08) 

0.19 

(0.03) 

93.35 

 

lpm 32 46.09 
(0.64) 

4.34 
(0.15) 

15.85 
(0.14) 

9.92 
(0.75) 

0.14 
(0.05) 

5.38 
(0.81) 

13.09 
(1.24) 

3.29 
(0.17) 

0.79 
(0.18) 

1.01 
(0.06) 

0.01 
(0.01) 

92.35 
 

Table 3 Major elements compositions, normalized to 100% anhydrous, and S contents of quenched glasses; *Original total. 223 

 224 
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4.2 Mass balance and ImageJ  225 

For most experiments, the volumetric percentage of glass obtained by mass balance is similar to 226 

that calculated using ImageJ (Table 4). The mass balance estimates indicate that amphibole content 227 

peaks at 40  wt.%, while clinopyroxene abundance is generally below 10 wt% and not higher than 228 

19 wt% (Table 4). Similarly, olivine proportion does not exceed 10 wt.%. The fact that amphibole 229 

proportion is higher than that in the rocks (<5 wt%, e.g. Ubide et al., 2023) reflects the lower 230 

temperature of our experiments. 231 

The calculated wt.% of glass correlates well with P2O5 abundance, as P is incorporated only by 232 

apatite (SIb). The dashed line in SIb  is calculated assuming perfectly incompatible behaviour of 233 

P2O5. Deviations from it signify apatite formation, which occurs after 20–30 wt.% crystallisation.  234 

 235 

 236 
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 237 
 Mass balance ImageJ 

estimation 

 Gl 

wt% 

Ol 

wt% 

Amph 

wt% 

Cpx 

wt% 

Fes 

wt%  

Anhy 

wt% 

Mt 

wt% 

Ilm 

wt% 

Ap 

wt% 

Gl 

vol% 

Sr Gl % 

lpm 1 75.6 
(0.02) 

<1 
(0.01) 

18.5 
(0.03) 

4.6 
(0.01) 

2.8  
(0.002) 

- - - - 79.4 0.22 86.5 

lpm 2 56.0  

(0.01) 

<1 

(0.03) 

33.4 

(0.03) 

8.2 

(0.01) 

1.1 

(0.01) 

- 1.7 

(0.01) 

- - 61.0 0.18 55.1 

 
lpm 33 75.1 

(0.03) 

3.6 

(0.01) 

15.9 

(0.04) 

3.0 

(0.01) 

- - 2.4 

(0.003) 

- - 79.1 0.41 72.2 

lpm 4 78.6 
(0.03) 

3.6 
(0.01) 

10.0 
(0.04) 

4.4 
(0.02) 

1.3 
(0.005) 

- 1.9 
(0.01) 

- - 82.6 
 

0.02 84.3 

lpm 5 86.6 

(0.03) 

2.5 

(0.01) 

7.8 

(0.03) 

0.2 

(0.03) 

- - 2.9 

(0.003) 

- - 89.5 0.53 72.2 

 
lpm 6 77.7 

(0.02) 

4.8 

(0.01) 

15.8 

(0.03) 

<1 

(0.01) 

- - 2.5 

(0.003) 

- - 81.4 1.22 77.4 

lpm 34 62.3 
(0.02) 

2.5 
(0.004) 

17.0 
(0.03) 

14.0 
(0.01) 

- - 4.3 
(0.003) 

- - 68.0 0.16 57.0 

lpm 7 90.1 

(0.01) 

3.3 

(0.002) 

- - - - 5.5 

(0.003) 

1.1 

(0.002) 

- 93.7 7.22 95.2 

lpm 8 87.4 

(0.01) 

1.5 

(0.003) 

- 5.1 

(0.009) 

- - 6.0 

(0.002) 

- - 92.4 1.20 99.3 

lpm 9 54.7 
(0.03) 

<1 
(0.01) 

26.1 
(0.05) 

11.8 
(0.02) 

- - 8.5 
(0.003) 

- - 77.9 0.08 68.2 

lpm 13 89.9 
(0.01) 

1.8 
(0.003) 

- - - - 12.2 
(0.004) 

<1 
(0.003) 

- 95.3 9.99 91.8 

lpm 14 76.7 

(0.01) 

2.1 

(0.003) 

- 12.7 

(0.01) 

- - 8.5 

(0.002) 

- - 84.6 6.15 78.7 

lpm 15 80.0 

(0.01) 

- - 11.6 

(0.01) 

- - 8.3 

(0.002) 

- - 85.8 1.59 70.6 

lpm 16 77.2 
(0.01) 

- - 9.8 
(0.01) 

- - 13.4 
(0.003) 

<1 
(0.003) 

- 84.5 0.80 84.5 

lpm 17 79.9 

(0.01) 

2.1 

(0.003) 

- 4.3 

(0.01) 

- - 7.0 

(0.003) 

- - 86.8 1.54 84.6 

lpm 18 51.5 

(0.01) 

- 37.1 

(0.03) 

1.6 

(0.02) 

- - 9.8 

(0.003) 

- - 60.8 3.10 72.3 

lpm 19 89.5 

(0.01) 

7.4 

(0.01) 

- <1 

(0.02) 

- 5.7 

(0.004) 

11.4 

(0.003) 

0.4 

(0.003) 

- 94.0 0.40 93.4 

lpm 20 56.8 

(0.02) 

<1 

(0.01) 

33.3 

(0.04) 

3.6 

(0.01) 

- - 12.1 

(0.004) 

<1 

(0.003) 

- 63.4 1.07 68.5 

lpm 21 43.0 

(0.01) 

- 39.7 

(0.02) 

9.0 

(0.01) 

- - 8.4 

(0.002) 

- - 48.57 0.96 59.8 

lpm 22 77.8 
(0.01) 

6.1 
(0.003) 

- 2.5 
(0.01) 

- - 13.6 
(0.002) 

- - 86.6 4.48 84.7 

lpm 23 47.6 

(0.01) 

- 27.9 

(0.01) 

13.8 

(0.01) 

- - 10.7 

(0.002) 

-  57.5 2.51 62.8 

lpm 24 45.1 

(0.01) 

- 31.1 

(0.03) 

12.0 

(0.04) 

- - 10.3 

(0.002) 

- 1.6 

(0.004) 

51.7 0.97 55.6 

lpm 25 57.3 
(0.01) 

- 14.4 
(0.01) 

18.8 
(0.01) 

- - 9.5 
(0.002) 

- - 67.2 1.27 66.4 

lpm 26 77.1  

(0.0) 

0.8 

(0.01) 

8.4 

(0.04) 

9.6 

(0.01) 

4.1 

(0.002) 

- - - - 81.5 0.26 72.3 

lpm 27 67.0 

(0.02) 

3.2 

(0.004) 

18.8* 

(0.04) 

<1 

(0.02)  

2.1 

(0.002) 

- - - - 71.7 1.22 82.5 

lpm 28 99.0 
(0.13) 

<1 
(0.01) 

<1 
(0.14) 

- - - <1 
(0.003) 

- - 99.0 1.19 94.8 

lpm 29 93.1 

(0.01) 

4.8 

(0.003) 

- <1 

(0.01) 

1 

(0.003) 

- - - - 95.0 0.20 89.5 

lpm 30 96.6 

(0.03) 

6.6 

(0.003) 

- <1 

(0.01) 

0.2 

(0.003) 

- 0.5 

(0.01) 

- - 97.5 0.53 86.5 

lpm 32 

 
80.0 
(0.12) 

9.3 
(0.005) 

17.5* 
(0.13) 

<1 
(0.01) 

- - 1.7 
(0.01) 

- - 83.1 2.96 97.8 

Table 4. Phase proportions calculated by mass balance and image analyses (glass, using ImageJ software). 238 

*Amphibole partly of inferred quench origin. 239 

 240 
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5. Discussion 241 

Our experiments emphasise the control of fO2 on the S-carrying capacity of silicate melts, as shown 242 

in many previous studies (e.g.,Carroll and Rutherford, 1985; Luhr, 1990; Scaillet et al., 1998; Jugo 243 

et al., 2005). The effects of sulphur on phase relations are subtle and complex, depending on the 244 

fO2 of the experiments. In particular, amphibole is unstable at intermediate fO2, between NNO+2.38 245 

and NNO+4.10, and S-rich conditions, while sulphide precipitates only below NNO+1.5. The 246 

minor differences noted between the S- and FeS-doped series may be explained by the presence of 247 

higher iron abundance in the latter case. Sulphur does not appear to affect significantly the 248 

composition of individual phases, except for  a tendency of FeMg silicate phases to become more 249 

Mg-rich with S addition. In contrast, oxygen fugacity does affect phase compositions, in particular 250 

olivine and glass, whose Mg# increases markedly under more oxidising conditions in both the S-251 

doped and FeS-doped experiments. 252 

The mass balance data also show no systematic effect of sulphur on phase proportions in the 253 

different experiments, aside from the obvious cases of sulphide or anhydrite. Here again, oxygen 254 

fugacity appears to exert the stronger influence. As expected, the amounts of oxides, both 255 

titanomagnetite and ilmenite, increase from reducing to oxidising conditions (Table 4). In detail, 256 

Fig. 5 Concentration of major element versus SiO2 wt.%. The experiments are compared to the water-

saturated, 1050°C and 200-300 MPa experiments of Moune et al. (2009) and the composition A 

(trachyandesite) performed at 1000°C, 200 MPa from Luhr (1990). 

 



15 

 

amphibole abundance increases slightly in more oxidised runs than in reduced ones, but with no 257 

clear difference between sulphur-rich and sulphur-poor charges. This confirms that oxygen 258 

fugacity, not the amount of sulphur in the system, exerts the stronger control on phase proportions. 259 

From the perspective of sulfur content in the residual glass, both sets of experiments show a 260 

consistent pattern of increasing sulfur content with elevated fO2. The changes in melt composition 261 

resulting from fO2 variation are perhaps best illustrated by changes in Ti and Fe contents: from 262 

NNO-0.48 to NNO+4.10, both the TiO2 and FeO abundances in the glass decrease by 75 wt%, 263 

reflecting substantial crystallisation of Fe-Ti oxides. This increase in crystallisation is accompanied 264 

by an increase in abundances of Al2O3  and SiO2  in the glass, owing to the lack of plagioclase 265 

crystallisation. These significant changes in melt composition do not, however, seem to affect the 266 

overall positive effect that fO2 has on S concentrations.  267 

Our results can be compared with sulphur solubility experiments performed at comparable P-T-268 

H2O conditions on hydrous basaltic-andesitic magmas erupted in contrasting geodynamic contexts: 269 

i) at Hekla volcano in 2000, which is taken to here represent mid-ocean ridge volcanism, though 270 

interaction with plume material is possible  (Moune et al., 2009); ii) the trachyandesite magma 271 

erupted at El Chichón volcano in 1982, which belongs to an arc setting (Luhr, 1990) though some 272 

rift related processes are likely (Arce et al., 2014). The water-saturated, 1050°C and 200–300 MPa 273 

experiments of Moune et al., (2009), and the composition A (trachyandesite) performed at 1000°C, 274 

200 MPa from Luhr (1990), are compared with our data in Fig. 5. At any given SiO2, differences 275 

in some oxide contents (e.g., CaO, Al2O3) are evident. These can be attributed to bulk 276 

compositional effects (Fig. 5) and to slightly different experimental conditions which impart 277 

different degrees of crystallization. The broad correspondences remain when oxygen fugacity is 278 

considered (Figure SIc). The TiO2 content of the andesitic charges of Moune et al (2009) and Luhr 279 

(1990) are lower than ours, reflecting the lower Ti content of the corresponding starting materials. 280 

This is particularly evident in the Luhr (1990) experiments, in which the concentration of TiO2 in 281 

the starting composition is so low that no difference exists between reduced and oxidised 282 

conditions. Based on these data, it appears that the presence of sulphur does not significantly affect 283 

the concentrations of the major elements of residual melts. Irrespective of geodynamic context, the 284 

factor that most influences melt composition is oxygen fugacity. 285 

As in many previous studies(e.g., Carroll and Rutherford, 1985; Liu et al., 2007; Moune et al., 286 

2009), our experiments reveal a significant difference in the amount of sulphur in the glasses 287 

between low and high fO2 experiments (Fig. 6). At low fO2, the sulphur concentrations in the 288 

glasses measured by Moune et al (2009) and Luhr (1990) are comparable to those found in our 289 

experiments, most falling in the interval 1000–2500 ppm. Furthermore, as noted by Moune et al. 290 

(2009), at fO2 between NNO-0.48 and NNO1.34, sulphur abundance in the glass increases in 291 

proportion to the increase of added sulphur, until bulk S exceeds 0.5 wt.% (Fig 6). Thereafter, the 292 

S content in the glass levels off at 2000±100 ppm. At fO2 above NNO+2.38, a similar pattern is 293 

observed with a positive trend up to about 1 wt.% sulphur added, at which point the dissolved S 294 

levels off at 0.7 wt%.  295 
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The experiments of Luhr (1990) carried out under oxidised conditions resulted in lower S 296 

concentrations in the glass than we obtained for the same amount of sulphur added. Anhydrite 297 

crystallization in the Luhr (1990) runs, which did not occur in our experiments under the same 298 

conditions, likely explains this. The levelling off of both trends at high bulk S contents likely results 299 

from the buffering effect of other S-bearing phases. In addition to fluid, under reducing conditions 300 

this would be sulphide, while under oxidising contions this would be anhydrite. Oxidised charges 301 

with less than 0.5 wt.% added S fall on, or close to, the 1-to-1 correlation line, which shows that 302 

under these conditions a significant proportion of S resides in the melt phase (those data that fall 303 

above the 1/1 line reflect the amount of crystallisation of charges).  304 

 305 

 306 

  307 

Fig.6 Sulphur concentration in the melt versus the amount of sulphur added in the runs. The experiments are compared 

to the water-saturated, 1050°C and 200-300 MPa experiments of Moune et al. (2009) and the composition A 

(trachyandesite) performed at 1000°C, 200 MPa from Luhr (1990). The dashed trendlines are calculated assuming 

an incompatible behaviour of S at 50%, 25% and 0% of crystallization. 
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5.1 Significance for understanding the La Palma 2021 eruption 308 

The pre-eruptive fO2 of Cumbre Vieja 2021 basanite has been broadly constrained from V 309 

systematics in olivine to fall between NNO+0.6 and NNO+1.3 (Day et al., 2022). We note however 310 

that a recent reassessment of V behaviour has concluded that current formulations of this 311 

oxybarometer tend to overestimate fO2 by up to 0.7 log unit in hydrous basalts (Erdmann et al., 312 

2024), which would bring the La Palma magma redox state into the NNO-NNO+1 range. 313 

Considering a NNO-NNO+1.3 range, our data indicate that under these conditions the bulk magma 314 

S content was ~2500–5000 ppm, a significant part of which was dissolved in the melt, broadly 315 

consistent with melt inclusion analyses (Fig.7) (e.g., Castro and Feisel, 2022; Burton et al., 2023; 316 

Dayton et al., 2024). Note that the highest S content so far measured in melt inclusions (4800 ppm, 317 

Burton et al., 2023) points to fO2 at the upper end of the range inferred from V in olivine (Fig. 10), 318 

or higher temperatures. The occasional occurrence of sulphides (as inclusions in phenocrysts) in 319 

erupted products (Andujar et al., submitted) is consistent with our experiments at NNO+1.34, 320 

although the absence of sulphide in the matrix glass suggests that the erupting magma was not 321 

saturated in sulphide. 322 

Our experiments show that to achieve the observed S content analysed in melt inclusions of La 323 

Palma 2021 basanite (around 3000 ppm S) at the inferred pre-eruptive fO2 between NNO+0.6 and 324 

NNO+1.6 (Day et al., 2022), the fS2 should be around 0.1–1 MPa, as recorded by the composition 325 

of pyrrhotite in our run products (Table 2).  326 

Fig. 7 Sulphur concentration in the melt versus logfO2. The experiments are compared to the 

water-saturated, 1050°C and 200-300 MPa experiments of Moune et al., 2009 and the composition 

A (Trachyandesite) performed at 1000°C, 200 MPa from Luhr, 1990; MI-La Palma (2021) = S 

wt% in melt inclusions (Castro and Feisel, 2022; Burton et al., 2023; Dayton et al., 2024).   
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Using these constraints, in what follows we have have carried out calculations aimed at modelling 327 

the fluid phase composition for three different scenarios: (1) we have first calculated the fluid 328 

composition at equilibrium with the basanite magma lying in the crustal reservoir, which is inferred 329 

to lie at ~ 300 MPa, based on seismic source locations and petrological arguments (e.g., D’Auria 330 

et al., 2022; Del Fresno et al., 2023b; Ubide et al., 2023; Dayton et al., 2024; Andujar et al., 331 

submitted). (2) We next perform calculations of magma degassing during uprise, starting at 300 332 

MPa with variable amount of exsolved fluid. (3) Finally, we simulate degassing from higher 333 

pressures (i.e. deeper levels) and higher temperature (about 1125°C), in keeping with the elevated 334 

CO2 dissolved contents (up to 1.2 wt%) retrieved from olivine inclusions (e.g., Zanon et al., 2023; 335 

Dayton et al., 2024) and seismic data (e.g., D’Auria et al., 2022; Del Fresno et al., 2023) which 336 

point to a mantle source at 400-800 MPa.  337 

(1) For the first step, we use the following constraints: a pre-eruptive dissolved CO2 content 338 

ranging from 3000–5000 ppm, and a dissolved H2Omelt of 1–3 wt%, drawing on melt 339 

inclusion analyses (e.g., Burton et al., 2023; Dayton et al., 2023). We perform calculations 340 

at 1080°C, which corresponds to the inferred temperature for the basaltic magma at 341 

equilibrium with amphibole ((González-García et al., 2023)González-García et al., 2023; 342 

Sandoval-Velasquez et al., 2023; Andujar et al., submitted), using an MRK equation of state 343 

for fluid coupled to the S solubility model of Lesne et al. (2015), calibrated for alkali-rich 344 
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basalt melts, and to the CO2-H2O solubility model of Jímenez-Mejías et al. (2021), 345 

calibrated for a basanite from the Canary islands. The calculation then yields the saturation 346 

pressure in H2O, CO2, SO2 and H2S fluid species.The key assumption is that of equilibrium 347 

between the fugacities of volatiles in the fluid with those in the melt (e.g., Lesne et al., 348 

2015). Given uncertainty in the magma redox state, and in its possible variation during 349 

decompression (e.g., Burgisser and Scaillet, 2007; Moussallam et al., 2016), we performed 350 

the calculations for a range of fO2 between NNO-2 and NNO+2. Fig 8a shows the variation 351 

of S content of the fluid in the reservoir at 300 MPa with fO2, calculated for three different 352 

fS2. This calculation gives the composition of fluids at the surface if they could leave the 353 

crustal reservoir on their own, i.e. without being accompagnied by melts, and traversing the 354 

crustal section unmodified. Although this scenario is possibly not directly applicable to the 355 

La Palma 2021 eruption, it provides context for the interpretation of gas monitoring during 356 

repose periods. In the range of fO2 inferred by Day et al. (2022), the S content of the fluid 357 

falls between 1 and 10 wt%, depending on fS2, comparable with S contents calculated for 358 

more silicic compositions (e.g., Scaillet et al., 2003) and to that calculated by mass balance 359 

Fig. 8 (a) Evolution of the S content of the excess fluid in the reservoir at 300 MPa 

with fO2. (b) Evolution of the ratio XCO2/XSO2 of the fluid with ΔNNO. The 

calculations have been made at three different fS2; The thick green line shows the 

XCO2/XSO2 ratio of volcanic gases measured at la Palma during explosive 

emissions (Burton et al., 2023). See text for details. 
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for most of our experiments (Table 2). The calculations further show that XCO2/XSO2 360 

progressively decreases as fO2 increases (Fig. 8b). In the fO2 interval NNO+0.7 to 361 

NNO+1.3, XCO2/XSO2 ranges from ~ 2 up to ~ 100, within the range of measurements of 362 

volcanic gas emissions during the 2021 La Palma eruption (Burton et al., 2023). Measured 363 

ratios range from to 35 for explosive activity down to less than 10 for effusive emissions 364 

(Burton et al., 2023), and the higher end is to be favoured as a characteristic of gas-rich 365 

magma, presumably of deeper provenance. 366 

(2) We next consider degassing during magma ascent, especially of S and H2O, which can 367 

exsolve and separate from the melt extensively near the surface (Oppenheimer et al., 2014). 368 

The full calculation should also take into account the possible role of an excess fluid in the 369 

crustal reservoir. For instance, the bulk CO2 content of La Palma magma has been estimated 370 

to be at 4±1.5 wt% based on the measured S emissions and the average XCO2/XSO2 ratio 371 

(Burton et al., 2023). Taking a conservative value of 3 wt% fluid (with 3 wt% H2O and 372 

3000 ppm CO2 dissolved in melt, which correspond to the volatile contents of a fluid 373 

saturated basanite at 300 MPa), we calculate as a function of oxygen fugacity both the total 374 

Fig. 9 (a) Evolution of total amount of SO2 degassed by 0.2 km3 of basanite magma with fO2 

expressed as ΔNNO. (b) Evolution of the XCO2/XSO2  ratio of the gas emitted at the vent with 

ΔNNO. The calculations have been performed at 1080°C. 
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amount of S released by the 0.2 km3 of erupted magma, and the XCO2/XSO2 ratio of the 375 

gas at the vent (i.e. melt+fluid), accounting for the 400– 600 ppm of S that remains in matrix 376 

glass (Fig. 12). With these constraints and assuming an fO2 of ~ NNO+1,  2-4 Mt SO2, we 377 

find that the pre-eruptive magma must have had an fS2 in the range 0.1-1 MPa (Fig. 9a). A 378 

fS2 significantly lower than 0.1 MPa will fall short in reproducing this figure. With respect 379 

to the final XCO2/XSO2 ratio (i.e. the one measured at the vent), the same set of calculations 380 

shows that such a ratio displays a bell-shaped pattern, with a maximum in between NNO 381 

and NNO+0.5 (fig.9b). For fS2 values in the range 0.1-1 MPa, the maximum possible 382 

XCO2/XSO2 ratio is about 30, lying slightly above NNO, i.e. at an fO2 more reduced than 383 

that retrieved from V systematic.  384 
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It is also interesting to consider the XH2O/XSO2 ratio, which was also measured during La Palma 385 

2021 eruption (Burton et al., 2023). The variation of this ratio with fO2 (as for XCO2/XSO2) with 386 

the amount of excess fluid in the reservoir is shown in Fig. 10b. Here the calculations are made for 387 

a magma at 300 MPa with 4000 ppm CO2, 2 wt% H2O and for fS2=0.2 MPa, at 1080°C, also 388 

consistent with available melt inclusion and phase equilibrium constraints for the top portion of the 389 

plumbing system (González-García et al., 2023; Sandoval-Velasquez et al., 2023; Andujar et al., 390 

submitted). As with the previous calculations, both ratios exhibit a similar bell shaped trend with 391 

fO2. They are both sensitive to the amount of free fluid: as it increases, so the XH2O/XSO2 ratio 392 

drops, while the XCO2/XSO2 increases, due to the contrasting H2O and CO2 contents in melt and 393 

fluid phases. Gas emissions during the most explosive phase of La Palma eruption had an 394 

Fig. 10. Evolution of the XH2O/XSO2 (a) and XCO2/XSO2 (b) ratios of gases vented at 0.1 

MPa with fO2, for different amounts of exsolved fluid in the reservoir at 300 MPa. (c) 

Evolution of the mass of SO2 produced for the three different amounts of fluid. In all panels 

the thick horizontal green dashed line indicates the measured value of the corresponding 

parameter. 
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XCO2/XSO2 of ~ 35 and an XH2O/XSO2 ratio of ~ 22 (Burton et al., 2023). For the conditions 395 

shown in Fig. 10, these ratios are reproduced at around NNO+0.5 to NNO+1 for 6 wt% excess 396 

fluid, broadly consistent with previous inferences. Clearly, the amount of SO2 released increases 397 

with the amount of pre-eruptive fluid in the crustal reservoir (Fig. 13c). For this set of conditions, 398 

fO2 in the range NNO+1 to NNO+1.5 are required to yield 4 Tg SO2. These calculations point 399 

therefore to the presence of a significant amount of free fluid in the plumbing system, as indicated 400 

by previous work (e.g., Burton et al., 2023; Sandoval-Velasquez et al., 2023; Zanon et al., 2024)).  401 

(3) The last set of calculations explores the deeper part of the plumbing system. As noted 402 

earlier, melt inclusions hosted by olivine record a range of dissolved CO2, up to 5000 ppm 403 

(e.g., Dayton et al., 2024). If account is made for the occurrence of exsolved fluid in the 404 

Fig. 11(a) Evolution of total amount of SO2 degassed by 0.2 km3 of basanite magma with fO2 

expressed as ΔNNO with increasing CO2 from 5000 ppm to 10000ppm. (b) Evolution of the 

XCO2/XSO2   ratio of the gas emitted at the vent with ΔNNO  with increasing CO2 from 5000 ppm to 

10000ppm.The calculations have been performed at 1125°C. In all panels the measured values of 

the corresponding parameter are in green dashed line (burton et al.,2023).  
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melt inclusions, the CO2 content rises up to 1.2 wt% (Dayton et al., 2024), underscoring the 405 

deep mantle provenance of some of the magma erupted during the eruption. We have 406 

therefore also carried out calculations using higher dissolved CO2, from 5000 to 10000 ppm 407 

(corresponding to pressures in the range 400-800 MPa). We keep the excess fluid at 3 wt% 408 

as in most calculations above and the amount of H2O dissolved at 3 wt% (hence the total 409 

amount of volatiles sums up to over 6 wt%). Results are shown on figure 11. In terms of 410 

XCO2/XSO2, increasing pressure makes high fS2 (1 MPa) less likely than a moderate one 411 

(0.1 MPa), since the familly of curves corresponding to fS2=1MPa does not allow to 412 

reproduce the observed XCO2/XSO2 ratio of vented gases. Note that for an fS2=0.1 MPa, 413 

the intersection happens at around NNO+1, which is an fO2 slightly lower than the one 414 

inferred by Day et al. (2022). 415 

 416 

For what regards the amount of SO2 released, a magma with an fS2 of 1 MPa would require an 417 

fO2 slightly over NNO, while that with an fS2 of 0.1 MPa would require slightly more oxidizing 418 

conditions, both fS2 being compatible with the inferred range of redox state of La Palma magma 419 

(Day et al., 2022). 420 

The above sets of calculations show that reproducing the observations reported for La Palma 421 

eruption, in particular the S content of melt inclusions, the gas composition, and the amount of S 422 

released, requires a subtle combination of fO2, fS2 and amount of fluid of the magma (in addition 423 

to T and P). Elevated S contents in the melt point to fO2 conditions above NNO (Fig.6). The fS2 424 

should be in the vicinity of 0.1 MPa in order to reproduce the amount of SO2 released (Fig 8a, 10c). 425 

An fS2 too high will not be compatible with the observed XCO2/XSO2 ratio, in particular if the 426 

majority of outgassed sulphur is sourced from magma of deep mantle provenance (Fig 11). The 427 

amount of fluid in the reservoir is also critical if the final fluid released is to have an XH2O/XSO2 428 

lower than XCO2/XSO2, as observed. According to our calculations, amounts of fluid significantly 429 

below 5 wt% (at 300 MPa) cannot satisfy this constraint (Fig. 10). An XH2O/XSO2 ratio of 22 and 430 

an XCO2/XSO2 ratio of 35 requires fO2 to be ~ NNO+0.6, which is lower than inferred, and which 431 

would not sustain elevated S content in the melt (Fig. 6). This illustrates the challenge of delineating 432 

conditions that satisfy all observations. Beyond model uncertainties, such discrepancies may also 433 

reflect fractionation of gases during magma ascent, either near the surface (Burton et al., 2023), or 434 

deeper in the plumbing system. Uncertainties in magma’s fO2 remain large also and more work is 435 

needed to refine La Palma redox state, given the importance of this parameter on S behaviour. An 436 

additional caveat is that observed gases at La Palma likely represent the mixture of volatiles sourced 437 

from magma already stagnating in the reservoir, possibly years before the eruption (e.g., Day et al., 438 

2022; Andujar et al., submitted), as well as mantle-derived volatile-rich magmas (Zanon et al., 439 

2024; Dayton et al., 2024), injected shortly before or during eruption. Such processes, likely in 440 

play, are not captured by our treatment. 441 

 442 

6. Conclusions 443 
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We have shown that the composition of the residual glass as well as the phase relationships and 444 

their proportions are primarily influenced by oxygen fugacity, but also by the amount of sulphur in 445 

the system, though to a lesser extent. Similarly, our experiments emphasise the considerable 446 

influence of fO2 on the solubility of S in silicate melts (Figs. 5,6). Between NNO-0.48 and 447 

NNO1.34, the maximum S concentration in the residual glass is 0.2±0.01 wt%, while at oxygen 448 

fugacity above NNO+2.38, the maximum value is 0.7–0.8 wt%. These limits are imposed by the 449 

buffering effect of sulphide/sulphate phases in addition to the fluid. 450 

Modelling of the fluid phase composition using an MRK equation of state for fluid and the models 451 

of Lesne et al. (2015) and Jiménez-Mejías et al. (2021) for volatile solubilities, shows that the S 452 

content of the fluid lies between 1 and 10 wt%, depending on fS2. Overall, the calculations show 453 

that in order to expel 2-4 Mt of SO2, the pre-eruptive magma must have had a fS2 at the 0.1 MPa 454 

level (Fig. 11a) with an  fO2 above NNO, in general agreement with the oxidised character inferred 455 

for hot spot basalts (Moussallam et al., 2019), and coexisted with a significant amount of exsolved 456 

fluid in the crustal reservoir. 457 

 458 
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