Abigail Metcalfe 
  
Fidel Costa 
  
Tim Druitt 
  
Hélène Balcone-Boissard 
  
Mike Cassidy 
  
Isabelle Martinez 
  
Stephan 
  
Samia 
  
Ipgp Mathilde 
  
Elisa Giulia 
  
Julien Kevin Nathan 
  
Séverine Moune 
  
Jean-Christophe Komorowski 
  
Geoff Kilgour 
  
David E Jessop 
  
Roberto Moretti 
  
Yoann Legendre 
  
  
Magmatic Processes at La Soufrière de Guadeloupe: Insights From Crystal Studies and Diffusion Timescales for Eruption Onset

   

Insights into the origin and dynamics of past eruptions

of La Soufrière de Guadeloupe from melt inclusions : implications for future unrest and environmental impact

LISTE DES ÉLÉMENTS SOUS DROITS

Liste de tous les éléments retirés de la version complète de la thèse faute d'en détenir les droits

Document à intégrer dans la version partielle de la thèse

Illustrations, figures, images...

Légende de l'image N° de l'image Page(s) dans la thèse Take from [START_REF] Hildreth | Gradients in silicic magma chambers: implications for lithospheric magmatism[END_REF] showing a zoned magma chamber model… Fig 1.2 6 Taken from [START_REF] Marsh | Solidification fronts and magmatic evolution[END_REF]. This schematic illustration of the magma chamber model illustrates two concepts of magma chamber crystallisation… Map fom Moretti et al. (2020) and OVSG-IPGP (1999-2021) of the main structures, sites of historical eruptive activity… iii

Abstract

La Soufrière de Guadeloupe in the Lesser Antilles has experienced increasing unrest over the last 25 years, especially since 2018. A magmatic eruption at this volcano has the potential to directly impact up to 80,000 people in Southern Basse-Terre. As La Soufrière de Guadeloupe has the possibility to produce magmatic eruptions of varying intensity, this thesis examines basaltic-andesitic to andesitic deposits from four explosive La Soufrière eruptions: 1657 Cal. CE (Vulcanian, VEI 2), 1010 Cal. CE (Plinian, VEI 4), 341 Cal. CE (Strombolian, VEI 2) and 5680 Cal. BCE (Plinian, VEI 4) and compare to the existing database for the 1530 Cal. CE (sub-Plinian, VEI 3) eruption. This allows us to cover a large range of explosive eruption styles, ages and magnitudes. We also investigate basalt deposits from the Monts Caraïbes complex found in southern of Basse Terre as a likely source for the primitive magma.

In order to better constrain the storage region and processes occurring below La Soufrière de Guadeloupe we analyse the geochemistry of pre-eruptive magmas using detailed analyses of volcanic glasses (melt inclusions and groundmass glass). We also use Fe-Mg diffusion in orthopyroxenes to constrain the timescales of magmatic processes occurring in the mush system. Specifically, using the outer most compositional zone, we calculate the timescale between the last recharge/mixing event in the magma system and eruption. We modelled these crystal timescale data as random processes whose probability distributions provide expected ("mean") timescales and the associated standard errors for each eruption. Finally, we investigate the impact on the climate the various eruptions will have by modelling the injection of SO2 over the estimate plume heights. Major element concentrations in whole rock (WR), groundmass glass (GM) and melt inclusions (MI) show a strong linear trend and are genetically linked by fractional crystallisation of the parental magma, which is comparable to the magma erupted during the Mont Caraïbes eruptive episode. The magmas investigated are produced from between 6 -9 Km and stored at an average temperature of 1000 o C. The variability observed within the eruption geochemistry and the different mineral populations can be explained by magma storage within a mush system. Through the diffusion timescale study, we find the expected timescales show new inputs into the La Soufrière de Guadeloupe magmatic reservoir ranging from 19 ±0.37 days to 361 ±0.4 days. This study shows that magmatic processes prior to eruption (even large VEI 4) can occur on relatively short timescales, with no clear distinction between eruption intensity and timescales observed. We also observe no direct link between major and volatile element composition and eruption intensity. Instead, we find ascent rates of >4 m/s to result in large eruptions (e.g., VEI 4) and ascent rates of 1 -4 m/s to result in smaller eruptions (e.g., <VEI 3). However, we also find sealing of the system, resulting from the capping dome and a reduction in permeability by hydrothermal alteration processes could favour the accumulation of gas and allow slow ascending (<1 m/s) magmas to erupt in large explosive eruptions (VEI 4). Finally, large eruptions (VEI 4) producing 15 -25 km plume heights, result in SO2 reaching the stratosphere with an effective radiative forcing (ERF) from -0.022 to -0.035 W/m 2 . This shows that large eruptions at La Soufrière de Guadeloupe have a discernible climate forcing effect and will contribute to the global sulphur aerosol injection and the resulting cooling. Overall, this thesis provides a new dataset from La Soufrière de Guadeloupe, a typical tropical subduction zone volcano, giving us an understanding of four eruptions from their source to their impact on the atmosphere. This will allow us to greatly improve early-warning system efficiency, forecast models, eruption scenario crisis response and long-term risk reduction planning.

Résumé

La Soufrière de Guadeloupe dans les Petites Antilles a connu une réactivation croissante au cours des 25 dernières années, surtout depuis 2018. Une éruption magmatique pourrait avoir un impact direct sur 80 000 personnes dans le sud de Basse-Terre. Ce volcan a produit des éruptions magmatiques d'intensité variable. Cette thèse examine les dépôts basaltiques-andésitiques à andésitiques de quatre éruptions explosives de La Soufrière : 1657 Cal. CE (Vulcanien, VEI 2), 1010 Cal. CE (Plinienne, VEI 4), 341 Cal. CE (strombolienne, VEI 2) et 5680 Cal. CE (Plinien, VEI 4) et les compare à la base de données de l'éruption de 1530 Cal. CE (sub-plinienne, VEI 3). Nous couvrons ainsi une large gamme de styles, d'âges et de magnitudes d'éruptions explosives. Nous étudions aussi les dépôts de basaltes du complexe des Monts Caraïbes, situé au sud de Basse Terre, candidat probable de la source du magma primitif. Pour mieux contraindre la région de stockage et les processus se produisant sous le volcan, nous caractérisons la géochimie des magmas pré-éruptifs en utilisant des analyses détaillées des verres volcaniques (inclusions magmatiques et verres matriciels). Nous utilisons également la diffusion de Fe-Mg dans les orthopyroxènes pour contraindre les échelles de temps des processus magmatiques se produisant dans le système de mush. De plus, en utilisant la zone de composition la plus externe, nous calculons l'échelle de temps entre le dernier événement de recharge/mélange dans le système magmatique et l'éruption. Nous avons modélisé ces données comme des processus aléatoires dont les distributions de probabilité fournissent les échelles de temps attendues ("moyennes") et les erreurs standard associées pour chaque éruption. Enfin, nous étudions l'impact sur le climat que les différentes éruptions peuvent avoir en modélisant l'injection de SO2. Les concentrations en éléments majeurs dans la roche totale (WR), le verre matriciel (GM) et les inclusions magmatique (MI) montrent une forte tendance linéaire et sont génétiquement liées par la cristallisation fractionnée du magma parental (comparable au magma des Mont Caraïbes). Les magmas étudiés sont produits entre 6 et 9 Km et stockés à une température moyenne de 1000 o C. La variabilité compositionnelle observée pour chaque éruption ainsi que pour les différentes populations minérales peuvent être expliquées par le stockage du magma dans un système de mush. Nous trouvons des échelles de temps attendues entre la dernière recharge dans le réservoir magmatique et l'éruption allant de 19 ±0,37 jours à 361 ±0,4 jours. Ces processus magmatiques précédant une éruption (même une VEI 4) peuvent se produire sur des échelles de temps relativement courtes, sans que l'on observe de distinction claire entre l'intensité de l'éruption et les échelles de temps. Nous n'observons également aucun lien direct entre la composition des éléments majeurs et volatils et l'intensité de l'éruption. En revanche, nous trouvons que des taux d'ascension de >4 m/s peuvent entraîner de grandes éruptions (p.e., VEI 4) et que des taux d'ascension de 1 -4 m/s peuvent entraîner des éruptions plus petites (p.e., <VEI 3). Cependant, nous trouvons que l'étanchéité du système pourrait favoriser l'accumulation de gaz et permettre aux magmas à ascension lente (<1 m/s) d'entrer en éruption lors de grandes éruptions explosives. Enfin, lors des grandes éruptions (VEI 4) avec des panaches de 15 à 25 km de hauteur, le SO2 a pu atteindre la stratosphère avec un forçage radiatif effectif (ERF) de -0,022 à -0,035 W/m 2 . Cela montre que les grandes éruptions de La Soufrière de Guadeloupe ont un effet de forçage climatique perceptible et contribueront à l'injection globale d'aérosols de soufre et au refroidissement qui en résulte. Dans l'ensemble, cette thèse fournit un nouvel ensemble de données sur La Soufrière de Guadeloupe, nous permettant de comprendre quatre éruptions depuis leur source jusqu'à leur impact sur l'atmosphère. Cela nous permettra d'améliorer considérablement l'efficacité des systèmes d'alerte précoce, les modèles et scénarios de futures éruptions, la réponse aux crises liées aux scénarios d'éruption et la planification de la réduction des risques à long terme. et al., 2007. The supply system includes a dyke feeder system from the mantle and temporary storage regions in the lower crust. The storage zone where magma may reside for years to centuries undergoing cooling and differentiation is fed by the supply system. The top of the storage zone is at a depth where magma becomes saturated in volatiles resulting in volatile exsolution and crystallisation. The conduit is the transport system connecting the storage system to the surface which is initially formed through a fracture network allowing magma to rise. Finally, the vent from which magma is erupted. ....... 5 Figure 1.2 Take from [START_REF] Hildreth | Gradients in silicic magma chambers: implications for lithospheric magmatism[END_REF] showing a zoned magma chamber model. This developed model illustrates the upward movement of magma which following injections of basaltic dykes. The magma fractionates as it moves up through the crust, in this case resulting in a zoned chamber. Magma generally rises through diapirs as shown in the upper crust. The upper liquid chamber experiences convection which enhances fractionation. The roof zone of the upper chamber may become stagnant due to the concentration of volatiles in this area. Though this model was widely used to explain many volcanic phenomena, the lack of evidence and questions on the longevity of large amounts of liquid in the crust has [START_REF] Marsh | Solidification fronts and magmatic evolution[END_REF]. This schematic illustration of the magma chamber model illustrates two concepts of magma chamber crystallisation. On the left the crystallisation occurs throughout the chamber and crystals accumulate at the base of the chamber, cooling occurs from the roof of the chamber and crystallisation from the base. On the right crystallisation occurs through mushy solidification fronts around the margin of the [START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF] who provided a unified view of the mush model. This schematic diagram shows a trans-crustal magma system which is vertically and laterally extensive beneath the volcano. Melts in the deep crust are transferred through the mid and upper crust. Liquid is generally thought to fractionate as it moves up resulting in more evolved melts hosted in the upper crust. The majority of the system is locked as a crystal mush with lenses of liquid melt distributed through. The vertical connectivity of the systems allows for successive remobilisation of mush and variations. The central arc (square symbols) generally extend to more evolved compositions than the northern and southern arcs which are typically less evolved. Guadeloupe (including La Soufrière and Mont Caraïbes, this study;[START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Pichavant et al., 2018); St Vincent [START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF][START_REF] Cole | Explosive activity of the last 1000 years at La Soufrière, St Vincent, Lesser Antilles[END_REF]; Dominica x (D'Augustine et al., 2020;[START_REF] Balcone-Boissard | Deep pre-eruptive storage of silicic magmas feeding Plinian and domeforming eruptions of central and northern Dominica (Lesser Antilles) inferred from volatile contents of melt inclusions[END_REF]; Martinique [START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF]; Montserrat [START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF]; St Lucia [START_REF] Lindsay | Volcanic stratigraphy and geochemistry of the Soufrière Volcanic Centre, Saint Lucia with implications for volcanic hazards[END_REF]; Kick 'em Jenny [START_REF] Camejo-Harry | Evolution in magma storage conditions beneath Kick-'em-Jenny and Kick-'em-Jack submarine volcanoes, Lesser Antilles arc[END_REF]; Saba [START_REF] Defant | Evidence suggests slab melting in arc magmas[END_REF]; St Kitts [START_REF] Baker | Geochemical evolution of St Kitts and Montserrat, Lesser Antilles[END_REF]; Grenada [START_REF] Arculus | Geology and geochemistry of the alkali basalt-andesite association of Grenada, Lesser Antilles island arc[END_REF] Soufrière is found in the Grande Découverte-Soufrière complex in the south of the island which host the most recent volcanism. (Adapted from [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Samper | Timing of effusive volcanism and collapse events within an oceanic arc island: Basse-Terre, Guadeloupe archipelago (Lesser Antilles Arc)[END_REF] Figure 2.4 Whole rock data for Basse-Terre covering most of the major complexes. Overall, the data ranges from basalt to dacite with the majority of the data falling in the basaltic-andesite to andesite range. GDS has been split to show the different volcanoes and though most data is basaltic-andesite to andesite Echelle and Citerne is basalt to basaltic-andesite in composition. The basaltic Mont Caraïbes is often considered to be the parental magma as it is the least evolved composition observed. Data compiled from [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF][START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF][START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF]Pichavant et al., 2018;Metcalfe et al., 2021;Villement (Unpublished) [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Boudon et al., 1988, schematic Pichavant et al., 2018, evolution of the La Soufrière prior to the 1530 Cal. CE eruption. An andesite magma body is remobilized by a basaltic magma with the white rectangles represent the phenocryst assemblage present. Following remobilisation a hybrid magma is formed with the interface between the unaffected magma and hybrid magma is marked by banded pumices. ............... 50 Figure 2.7 Map fom Moretti et al. (2020) and OVSG-IPGP (1999-2021) of the main structures, sites of historical eruptive activity and current hydrothermal activity of the La Soufrière dome (modified after [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Lesparre et al., 2012;and OVSG-IPGP, 1999-2019, with data taken from Hapel-Lachênaie et al., 1798;Peyssonnel and Maty, 1756;Lherminier, 1815;Lherminier, 1837aLherminier, , 1837bLherminier, , 1837c;;Jolivet, 1958;Barrabé and Jolivet, 1958;Sheridan, 1980;[START_REF] Le Guern | Soufriere of Guadeloupe 1976-1977 eruption-Mass and energy transfer and volcanic health hazards[END_REF][START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF][START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF]Komorowski et al., 2008;Nicollin et al., 2006;Feuillard, 2011;[START_REF] Brothelande | Fluid circulation pattern inside La Soufrière volcano (Guadeloupe) inferred from combined electrical resistivity tomography, self-potential, soil temperature and diffuse degassing measurements[END_REF][START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF][START_REF] Villemant | Evidence for a new shallow magma intrusion at La Soufrière of Guadeloupe (Lesser Antilles): insights from long-term geochemical monitoring of halogen-rich hydrothermal fluids[END_REF][START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF][START_REF] Rosas-Carbajal | Volcano electrical tomography unveils collapse hazard linked to hydrothermal system structure and dynamics[END_REF]. Legendre (2012) (e.g., SOU 1101 viA) began with mineral separation. Samples which were not bulk samples and instead individual clast samples had alteration removed and then were cut into sections, with a section crushed for powder and a section gently crushed to release crystals, this section was then sieved. ...................................... 66 Figure 3.4 Examples of the calibration curves used to calibrate H2O. Shown are the more evolved standards (orange) and less evolved standards (blue). This allowed us to ensure the standard composition was in the same range as the inclusions analysed. ................. 72 Figure 4.1 Schematic illustration of crystals experiencing re-equilibration, a plot is shown for each mineral showing the changes in the composition across a profile in the mineral, along with schematic atoms which illustrate the changes. Also shown are SEM images of orthopyroxene from this study to show how this appears in real samples (adapted from [START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]Rosen, 2017). Crystal (A) is the initial crystal prior to interaction with a new magma composition, this is relatively Mg rich in comparison to the magma injected. The pyroxene interacts with the new magma and grows a lower Mg (higher Fe) rim (B). The schematic atoms show initially a sharp boundary is formed, however, the longer the crystal spends in the reservoir the more diffuse this boundary will become, with the profile becoming modified through diffusion over time (C). If the diffusivity of Mg/Fe in pyroxene is known diffusive re-equilibration can be modelled to calculate the time between the crystals first interaction with a new magma composition and eruption when diffusion is stopped. A crystal may record multiple mixing/recharge events shown through multiple compositional zones. A population of erupted crystals may also record a range of timescales or show different populations of timescales which relates to how the recharge magma has interacted with the reservoir and the different lenses of magma Bower and Woods, 1996. Schematic of magma moving through the volcanic system (not to scale). The conduit is shown as a constant radius up to the vent. Many studies show the conduit actually narrows down to the magma storage zone, for xii simplicity in calculating the ascent rate the conduit will be taken as having a constant [START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF]Pichavant et al., 2018). (B) Schematic map of Guadeloupe which is made up of two islands: Grand-Terre associated with the older, inactive, outer arc and Basse-Terre with the active inner arc. La Soufrière de Guadeloupe, the current active vent, is located in south Basse-Terre. (Adapted from [START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF]Pichavant et al., 2018). (C) Annotated photo crosssection (Photo: Metcalfe, 2020) showing the key features of La Soufrière and the surrounding vents. This highlights the composite nature of La Soufrière de Guadeloupe, with some of the different sequences of lava flows and collapses labelled [START_REF] Blanc | Corrélations chronologiques et géochimiques des formations volcani-ques du sud de la Basse-Terre de Guadeloupe (Petites Antilles)[END_REF][START_REF] Carlut | Paleomagnetic directions and K/Ar dating of 0 to 1 Ma lava flows from La Guadeloupe Island (French West Indies): Implications for timeaveraged field models[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF]. The current dome is 5.2 Schematic cross section depicting the mush system beneath La Soufrière de Guadeloupe (adapted from [START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF][START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF]Moretti et al., 2020, pressures and temperatures from Pichavant et al., 2018). Based on bulk rock compositions, the crystal mush zone is hypothesised to extend from La Soufrière de Guadeloupe to Echelle and Citerne. Basaltic magma is injected from depth into the system at temperatures ranging from 975-1025 o C (Pichavant et al., 2018), this magma interacts with the deep mush system, allowing heat and fluids to ascend to shallow depths. Recharge events mainly affect the deep parts of the mush system, where regular magma interaction is recorded by zoning and compositional changes in the crystals. The mush zone is made up of crystal rich lenses with crystal rich and melt rich lenses. Melt can episodically move up in the system leading to mixing and amalgamation, resulting in lenses of varying compositions and crystal populations through the system. [START_REF] Sparks | Dynamic magma systems: implications for forecasting volcanic activity[END_REF]. Crystal and liquid evolution in the mush zone creates Schematic crystals are shown with their zoning patterns and amount of resorption depending on the frequency and volume of magma interaction. Important processes occurring in the La Soufrière de Guadeloupe mush system include mafic recharge, magma mixing, fractional crystallisation and the ascension of heat, gas and fluids from depth into the hydrothermal system. The mush system and developed hydrothermal system allow buffering of eruption causing processes, such as recharge and mixing, as shown by the 2018 period of unrest, until a [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]. Sampling location are marked and correspond to stratigraphic log, excluding the ~341 Cal. CE (C) which was sampled from a slump off the Echelle monogenetic cone. A mix of proximal and distal outcrops were samples, depending on the quality and accessibility of the outcrop. Stratigraphic logs show the range of erupted products recorded at each location, in each case the sample used is labelled as well as any dated palaeosol's which allow us to date the outcrops. (Adapted from [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Legendre, 2012) this dark zone has a thin, pale zone within it. This may be a result of melt composition variation which results in small variation in the zoning patterns. If the crystal is surrounded by a relatively Fe-rich melt which diffuses into the crystal, the melt will become relatively Fe-deficient. This is also reflected in the ImageJ grey scale profile. (C) Profile produced by ImageJ, a steep decline in greyscale at the boundary of the sharp zone is seen, this then increases again in the separation between the dark zones before decreasing again. The sudden rise in grey value at the end of the profile is an effect of the SEM creating a bright, white rim at the edge of the crystal. (D) EMPA transect across the crystal rim, confirming the crystal composition and the correlation between Fe-Mg and greyscale value. A similar shape is observed in both the ImageJ and EMPA profiles. (E) Greyscale profile with fitted timescale curve, used for timescale calculation. This curve is calculated based on temperature, diffusivity and oxygen fugacity. ......................... 126 Figure 5.5 SEM greyscale intensity as a function of traverse location extracted from the SEM image for a sample from the 1010 Cal. CE eruption (blue dots), the data selected for fitting by the model (red dots), and the model solution (black line). Also shown are the fitted parameters (timescale, diffusion coefficient, D, and effective temperature), the theoretical profile midpoint (μ-grey line), and the "goodness-of-fit" (R). The grey shaded area represents the mean +/-1 std dev of the selected data. ................................. 127 Figure 5.6 (A) Total alkali-silica diagram of ICP-MS whole rock data and groundmass glass compositions from the range of eruptions studied. Whole rock data is basaltic to andesitic in composition and the groundmass glass is more evolved, ranging from andesitic to rhyolitic. The older eruptions, 5680 Cal. BCE. and ~341 Cal. CE. show less evolved compositions in comparison to the younger eruptions, 1010 Cal. CE. and 1657 Cal. CE. (Le [START_REF] Maitre | Igneous Rocks. A classification and Glossary of Terms[END_REF]. (B) Ternary diagram showing the proportions of pyroxene endmembers Wollastonite (Wo), Enstatite (En) and Forsterite (Fo). The orthopyroxenes studied are enstatite rich and show little compositional variation between eruptions. (C) Groundmass glass SiO2 variation diagrams for (i) Al2O3, (ii) CaO, (iii) Na2O, (iv) TiO2, (v) MgO, (vi) FeO, (vii) K2O and (viii) MnO for the eruptions studied. 1530 Cal. CE is also included to provide a more complete picture of La Soufrière de Guadeloupe (Boudon et al., 2008;Pichavant et a., 2018). All these glass compositions were determined to be in equilibrium with the nearest crystal, with the KD(Mg/Fe) melt /(Mg/Fe) mineral between 0.23 -0.35, the accepted equilibrium values for melt-pyroxene crystals [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF]. .... 128 Figure 5.7 Schematic representation of the five different crystal types with zoning, along with high magnification SEM images of crystal rims showing representative zoning for the crystal type. Type-1 crystals are simple and have a single sharp zone. Type-2 crystals are also simple with single zone but the zones are diffuse and a sharp boundary is not observed. Type-3 Crystals have multiple zones, there are generally two or three zones which are sharp and often vary in composition. Type-4 crystals are more complex and have been partially resorbed, the crystals still have a distinct core with an undulating resorption surface and a thick rim. The crystal core shows patchy zoning in some samples and varies in size depending on the amount of resorption the crystal has under gone. The resorption rim has multiple zones, which are significantly finer than multiple zones in the simply zoned crystals. Zoning is more complex and records a longer history than simple crystals with multiple zones. Type-5 crystals are fully resorbed crystals with no remaining core. They are characterised by patchy zoning in the centre of the crystal. The crystal rims have similar styles of zoning as Type-4, with multiple zones of variable thickness. up of a different proportion of each crystal type, and not all crystal types are present in each eruption. 1657 Cal. CE is composed of entirely simple crystals showing no resorption, with unzoned crystals making up the largest crystal population. 1010 Cal. CE is also entirely composed of simple crystals and is predominantly composed of crystals with diffuse zoning. This crystal type is the most abundant in the 1010 Cal. CE eruption, with only one or two crystals observed in other eruptions. The ~341 Cal. CE eruption is also mostly composed of simple crystals with small populations of fully resorbed and partially resorbed crystals. The 5680 Cal. BCE eruption has the largest populations of resorbed crystals and only small populations of simple crystals. This highlights that the complex, resorbed crystals are only found in the older eruptions and are not observed in *1530 Cal. CE data from [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF][START_REF] Bourgeoisat | Spatio-temporal dynamics of the magmatic reservoir at the origin of the 1530 AD eruption of La Soufrière of Guadeloupe[END_REF]Pichavant et al., 2018 The La Soufrière de Guadeloupe mush system prior to eruption, this study suggests intrusions begin a between a minimum of 134 days and 4503 days prior to eruption. (B) In the case of 1657 Cal. CE and 5680 Cal. BCE, the expected value shows that the majority of the system could be affected by an intrusion 34 and 41 days prior to eruption respectively. The intrusion moves through the system rapidly, in the case of 5680 Cal. BCE crystals are erupted from deep in the mush system which re-equilibrate during smaller intrusion events which do not destabilise the mush system. The 1657 Cal. CE eruption only samples simple crystals and unzoned crystals. (C) The ~341 CE expected value shows that the majority of the system could be affected by an intrusion 102 days before eruption. This intrusion has also moved relatively rapidly through the system and variation in intrusion location, results in destabilisation and eruption from the Echelle vent. Both complex and simple crystal populations are erupted. (D) Processes resulting in the 1010 Cal. CE eruption occurred slower than the other eruptions with the expected value showing the majority of the system could be affected by an intrusion 848 days prior to eruption. The very long delay time suggests that magma may have stalled in the midupper mush system, crystals with the diffuse zoning have spent the longest time in contact with the intrusion. (E) System destabilisation results in eruption of populations of simply zoned and unzoned crystals perhaps from the upper lenses. ................... 135 Figure 5.12 Maximum, minimum and average timescale values for the different crystal populations recorded in each eruption. For single points, only one crystal was identified. The largest range of values are observed in the simple crystals Type-1 and Type-2; however, this may be a reflection of population size. Type-1 is found in all eruptions and records the shortest timescales. Type-2, is mainly found in the 10101 Cal. CE eruption and records the longest timescales and a large range of timescales. Type-3 has the fewest number of crystals and shows the smallest range of values. While the 1657 Cal. CE, ~341 Cal. CE and 5680 Cal. BCE eruptions show similar averages, the 1010 Cal. CE shows a higher average and 5.13 Global database of diffusion timescales (adapted from [START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF], for relatively evolved composition eruptions. The majority of studies are done on pyroxene with two examples of olivine studies. This shows the wide range of timescales that can be calculated through diffusion methods, from hours to centuries. Systems uncomparable to La Soufrière are marked with an asterisk (*), these systems generally record the longest timescales and are more typically observed in evolved caldera forming systems. 1530 C.E., 1657 Cal. CE and 5680 Cal. BCE (whole rock estimated) record some of the shortest timescales for systems in a similar compositional range, with timescales most similar to Bezymianny and Novarupta, Alaska, which show similarly short timescales. [START_REF] Davydova | The Timescales of Magma Mixing in the Plumbing System of Bezymianny Volcano (Kamchatka): Insights from Diffusion Chronometry[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Pichavant et al., 2018;[START_REF] Singer | The timing of compositionally-zoned magma reservoirs and mafic 'priming' weeks before the 1912 Novarupta-Katmai rhyolite eruption[END_REF][START_REF] Ruth | Crystal and melt inclusion timescales reveal the evolution of magma migration before eruption[END_REF][START_REF] Costa | Petrological insights into the storage conditions, and magmatic processes that yielded the centennial 2010 Merapi explosive eruption[END_REF][START_REF] Weber | A Recurrent Magmatic Pattern on Observable Timescales Prior to Plinian Eruptions from Nevado de Toluca (Mexico)[END_REF][START_REF] Chamberlain | Timescales of mixing and mobilisation in the Bishop Tuff magma body: perspectives from diffusion chronometry[END_REF][START_REF] Costa | Decadal time gaps between mafic intrusion and silicic eruption obtained from chemical zoning patterns in olivine[END_REF]Fabbro et al., 2019;[START_REF] Barker | Rapid priming, accumulation, and recharge of magma driving recent eruptions at a hyperactive caldera volcano[END_REF][START_REF] Flaherty | Multiple timescale constraints for high-flux magma chamber assembly prior to the Late Bronze Age eruption of Santorini (Greece)[END_REF][START_REF] Kilgour | Timescales of magmatic processes at Ruapehu volcano from diffusion chronometry and their comparison to monitoring data[END_REF][START_REF] Gamble | A fifty-year perspective of magmatic evolution on Ruapehu Volcano, New Zealand: verification of open system behaviour in an arc volcano[END_REF][START_REF] Saunders | Linking Petrology and Seismology at an Active Volcano[END_REF][START_REF] Fabbro | Evolution of the crustal magma plumbing system during the build-up to the 22-ka caldera-forming eruption of Santorini (Greece)[END_REF][START_REF] Bourgeoisat | Spatio-temporal dynamics of the magmatic reservoir at the origin of the 1530 AD eruption of La Soufrière of Guadeloupe[END_REF]. 138 Figure 5.14 In the original article, there was a mistake in **Figure 5 (Legendre, 2012), K -1657 Cal CE (Legendre, 2012), L -1530 Cal CE (light glass) (Martel et al. (in prep), M -1530 Cal CE (dark glass) (Martel et al. (in prep), N -1530 Cal CE (homogenous glass) (Martel et al. ( [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF], (B) Pressure (Papale et al., 2006, errors calculated based on model error and volatile analysis error), (C) Viscosity (groundmass (GM) and groundmass with microlites (GM+X), Mastin, 2002), (D) Ascent Rate (Mastin, 2002) (VEI 4): eruptible melt from 9 km depth begins ascending in the conduit at max. 1 m/s. The slow ascent results in feedbacks between degassing and crystallization increasing viscosity and slowing ascent further. Sealing of the conduit from the top-down due to the presence of a dome results in exsolved volatile accumulation and pressure increases, until the overpressure exceeds the strength of the confining rock and the seal fails resulting in a Plinian eruption. (B) 1010 Cal. CE (VEI 4): eruptible melt from 6 Km depth begins ascending in the conduit at max. 12 m/s. Volatile exsolution has prevented a large viscosity change but increased buoyancy allowing the magma to rise. Disequilibrium closed system degassing has driven magma still coupled to the melt from the bottom up allowing fast ascent resulting in a Plinian eruption. (C) 1530 Cal. CE (VEI 3): magma from the supply system moves up into the storage zone resulting in magma mixing. Eruptible melt from 7 Km depth begins ascending in the conduit at 2-4 m/s, with microlite textures reveal a complex ascent history. A flank collapse has rapidly released the edifice load resulting in a downward propagating pressure change which affects the decompression rate of the magma resulting in fragmentation a sub-Plinian explosion. (D) 1657 Cal. CE (VEI 2): eruptible melt from 8 Km depth begins ascending in the conduit at max 3 m/s, the slower ascent compared to the 1010 CE eruption and without influence from top down processes, has resulted in a Vulcanian explosion. The dome did not collapse during this small eruption. 7.11 SO2 emissions for subduction zone volcanoes calculated from the petrologic method after [START_REF] Wallace | From mantle to atmosphere: magma degassing, explosive eruptions, and volcanic volatile budgets[END_REF]2005 andScalliet et al., 2003. Emissions calculated for this study fit within the global trend, with the 5680 BCE and 1010 CE eruptions having volumes and emissions comparable to Mont Pelée and Soufrière St Vincent in the Lesser Antilles. The 341 CE eruption is outside of the trend, suggesting SO2 emissions have been underestimated or magma volume has been over estimated. Agung 1963 (ag;[START_REF] Self | Petrology and sulfur and chlorine emissions of the 1963 eruption of Gunung Agung, Bali, Indonesia[END_REF]; Samalas 1257 (sa; [START_REF] Vidal | The 1257 Samalas eruption (Lombok, Indonesia): the single greatest stratospheric gas release of the Common Era[END_REF]; Krakatau 1885 (kr; [START_REF] Mandeville | Open-system degassing of sulfur from Krakatau 1883 magma[END_REF]Pinatubo 1991 (pi;[START_REF] Westrich | Magmatic gas source for the stratospheric SO2 cloud from the June 15, 1991, eruption of Mount Pinatubo[END_REF]; Toba 71000 BP (tob; Scaillet et al.,1998b;Zielinski et al., 1996b); Tambora 1815 (tam; [START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF]Scaillet et al., 1998b); La Soufrière de Guadeloupe 1657 CE (1657); La Soufrière de Guadeloupe 1010 CE (1010); La Soufrière de Guadeloupe 341 CE (341); La Soufrière de Guadeloupe 5680 BCE (5680);Montserrat 1995 (shv;[START_REF] Scaillet | Experimental constraints on volatile abundances in arc magmas and their implications for degassing processes[END_REF]Mont Pelée 1902 (mp;[START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF]; Roseau Tuff 28000 BP (ros; [START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF]; Soufrière St Vincent 1979 (ssv;[START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF][START_REF] Devine | The liquid composition and crystallization history of the 1979 Soufriere magma, St. Vincent[END_REF]; Unzen 1991 (u; [START_REF] Scaillet | Experimental constraints on volatile abundances in arc magmas and their implications for degassing processes[END_REF]; Shinmoedake 2011 (shi; [START_REF] Mori | Sulfur dioxide emissions during the 2011 eruption of Shinmoedake volcano, Japan[END_REF]Santa Maria 1902 (sm;[START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF][START_REF] Rose | Santa María, Guatemala: bimodal soda-rich calc-alkalic stratovolcano[END_REF]Pacaya 1972 (pac;[START_REF] Andres | Excessive sulfur dioxide emissions from Chilean volcanoes[END_REF]), Fuego 1974 (f;[START_REF] Rose | Volcán El Chichón, Mexico: pre-1982 S-rich eruptive activity[END_REF][START_REF] Roggensack | Sizing up crystals and their melt inclusions: a new approach to crystallization studies[END_REF]El Chichon 1982 (ec;[START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF]Carey and xviii [START_REF] Carey | The 1982 eruptions of El Chichón volcano, Mexico (2): Observations and numerical modelling of tephra-fall distribution[END_REF][START_REF] Krueger | Volcanic sulfur dioxide measurements from the total ozone mapping spectrometer instruments[END_REF][START_REF] Luhr | Sulfur isotope systematics of the 1982 El Chichón trachyandesite: An ion microprobe study[END_REF]Ruiz 1985 (ru;Sigurdsson et al., 1990b);Lascar 1989 (ls;[START_REF] Andres | Excessive sulfur dioxide emissions from Chilean volcanoes[END_REF][START_REF] Matthews | The Piedras Grandes-Soncor eruptions, Lascar volcano, Chile; evolution of a zoned magma chamber in the central Andean upper crust[END_REF]; Rabaul (ra; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF]; Coseguina 1835 (cos; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF]Huaynaputina (hu;[START_REF] Costa | Diffusion coupling between trace and major elements and a model for calculation of magma residence times using plagioclase[END_REF]Mount St Helen's 1980, 1800, 1480 (msh;[START_REF] Gerlach | Total sulfur dioxide emissions and pre-eruption vapor-saturated magma at Mount St. Helens, 1980-88[END_REF][START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF]Bezymianny 1956 (bz;[START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF][START_REF] Zielinski | Stratospheric loading and optical depth estimates of explosive volcanism over the last 2100 years derived from the Greenland Ice Sheet Project 2 ice core[END_REF]Redoubt 1989-91 (re;Gerlach et al., 1994;[START_REF] Nye | Geochemistry of the 1989-1990 eruption of Redoubt Volcano: Part I. Whole-rock major-and trace-element chemistry[END_REF]Katmai 1912(kt;[START_REF] Westrich | Degassing of the 1912 Katmai magmas[END_REF]; Minoan 3650 BP (min; [START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF]Sigurdsson et al., 1990a); Campamian (cam; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF][START_REF] Civetta | Geochemical zoning, mingling, eruptive dynamics and depositional processes-the Campanian Ignimbrite, Campi Flegrei caldera, Italy[END_REF]Stromboli 1980-93 (s;[START_REF] Allard | Sulphur output and magma degassing budget of Stromboli volcano[END_REF]; Tarawera 1886 (tar; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF]; Taupo 181 (tau; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF] Pressures calculated during this study indicate eruptions are fed from 7 -9 Km depth, with more mafic magmas fractionating below this. Temperatures calculated indicate eruptible magma is at 1000 o C, however local variations occur and the un-eruptible system may be cooler. Number on the figure relate to key processes and features of the system described below: 1. Basaltic to basaltic-andesite magma below the main mush storage region, experiences fractional crystallisation (forming cumulates), sulphur separation (forming Fe-S rich deposits) and volatile exsolution forming an exsolved fluid phase. 2. Injection of magma delivers magma, heat and volatiles to the shallow system. In some cases, this results in remobilisation of magma in the shallow system and magma mixing. This may also result in periods of unrest felt at the surface (e.g., 2018). 3. Magma may also be remobilised by volatile exsolution and heat produced from the basaltic magma at depth, without the need for magma injection. 4. Diffusion timescale studies show remobilisation of the La Soufrière mush system occurs rapidly, with eruption occurring < 1 year after the systems equilibrium has been disturbed (by injection of magma, or influx of heat and volatiles). However, large eruptions can be produced on very short timescales on the order of 3 weeks following remobilization. 5. Rapid ascent of magma in the conduit (e.g., up to 12 m/s) results in larger, more intense eruptions (VEI 4) in the 6. Slow ascent of magma in the conduit (e.g., 1 -4 m/s) results in smaller less intense eruptions (<VEI 3). Very slow ascent of magma (e.g., <1 m/s) may result in feedback effects between degassing and crystallization leading to an increase viscosity, further slowing magma ascent. xix 7. Sealing of the conduit through hydrothermal processes can impact eruption style by trapping exsolved fluids, this may also allow slow ascending magmas to produce large eruptions (e.g., VEI 4). 8. Gas emissions from degassing of magma at depth. These gases experience scrubbing from the hydrothermal system and can reveal information about the presence of magma in the shallow system. These exsolved gases may include an excess of S resulting from the flotation of Fe-S. 9. Eruption plumes from small magmatic eruptions (<VEI 3) are <15 km and may not reach the stratosphere. This would result in negligible impact on the climate. 10. Eruption plumes of large magmatic eruptions (>VEI 3) are more likely to reach >15 km, even up to 25 km. This results in SO2 reaching the stratosphere and a climate forcing of up to -0.035 W/m2. This contributes to global volcanic sulphur aerosol [START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]St Kitts (Toothill et al., 2007;Melekohva et al., 2017;[START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Redonda [START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Montserrat (Humphreys et al., 2010;[START_REF] Mann | Phenocryst-hosted melt inclusions record stalling of magma during ascent in the conduit and upper magma reservoir prior to vulcanian explosions, Soufrière Hills volcano, Montserrat, West Indies[END_REF][START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Guadeloupe [START_REF] Poussineau | Dynamique des magmas andésitiques: approche expérimentale et pétrostructurale; application à la Soufrière de Guadeloupe et à la Montagne Pelée[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Pichavant et al., 2018;[START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]this study); Dominica (d'Augustine et al., 2020;[START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Martinique (Martel, 2012;[START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; St Lucia [START_REF] Heath | Magmagenesis at Soufriere Volcano, St Vincent, Lesser Antilles Arc[END_REF][START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Petite Mustique [START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Grenada [START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]Bouvier et al., 2010) Scandone and Malone, 1984;Carey and Sigurdsson, 1985;Anderson, 1991;Rutherford and Hill, 1993;[START_REF] Gerschwind | [END_REF]Makamura, 1995;Polacci et al., 2001;[START_REF] Luhr | Glass inclusions and melt volatile contents at Paricutin Volcano, Mexico[END_REF]Rutherford and Devine, 2003;Sable et al., 2006;McCanta et al., 2006;[START_REF] Szramek | [END_REF][START_REF] Liu | [END_REF][START_REF] Toramaru | MND (microlite number density) water exsolution rate meter[END_REF]Humphreys et al., 2008;Castro and Dingwell, 2009;Miwa et al., 2009;Johnson et al., 2010;Giachetti, 2010;Shea et al., 2010;Charlier et al., 2012;Martel, 2012;Scott et al., 2012;Wright et al., 2012;Castro et al., 2013;Befus et al., 2013;Dennis et al., 2013;Andrews et al.. 2014;Llyod et al., 2014; xx [START_REF] Ferguson | Measuring the speed of magma ascent during explosive eruptions of Kilauea, Hawaii[END_REF]Mueller et al., 2014;Sano et al., 2015;Peslier et al., 2015;Cassidy et al., 2015;Myers et al., 2016;Scarlota. 2018;Brenna et al., 2018;Cassidy et al., 2019;Moussallam, 2019;Murch and Cole, 2019;Pamukca et al., 2019;Cannavo et al., 2019;Piazza et al., 2019;Li et al., 2020;Bernard and de Maisonneuve, 2020;Neave and Maclennan, 2020 C.2). Run 25assimilation with MC, run 26 -assimilation with Echelle, run 27 -assimilation with GM, run 28 -assimilation with MI. The assimilation scenarios provide a good fit compared to the dataset, in particular the scenarios assimilating a less evolved magma (run 25 and 26). [START_REF] Robbie | Thermodynamic properties of minerals and related substances at 298.15 K (25 C) and one atmosphere (1.013 bars) pressure and at higher temperatures[END_REF][START_REF] Chou | Calibration of oxygen buffers at elevated P and T using the hydrogen fugacity sensor[END_REF] 6.2 Full MI dataset including major elements from EMPA and volatile data from EMPA and SIMS (*). Also shown are the enstatite (En) and anorthite (An) content of the host mineral and the calculated Kd value. Some volatiles were less than the detection limit (<dl). ........ 172 Table 6.3 Summary table of the analysed data and calculated properties (including temperature for MI and GM, pressure and viscosity (GM without microlites and GM+X with microlites) * [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Pichavant et al., 2018;[START_REF] Poussineau | Dynamique des magmas andésitiques: approche expérimentale et pétrostructurale; application à la Soufrière de Guadeloupe et à la Montagne Pelée[END_REF] [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Pichavant et al., 2018;[START_REF] Bourgeoisat | Spatio-temporal dynamics of the magmatic reservoir at the origin of the 1530 AD eruption of La Soufrière of Guadeloupe[END_REF] 1902, 30 000 morts ;[START_REF] Lacroix | La Montagne Pelée et ses éruptions[END_REF]. En plus des impacts directs d'une éruption, un volcan peut connaître une longue période de réactivation avant une éruption, y compris une augmentation de la sismicité et des émissions de gaz, ce qui peut avoir des effets sociétaux et économiques majeurs (par exemple, La Soufrière de Guadeloupe 1976-77 ;p.e., Feuillard et al., 1983 ;[START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF][START_REF] Komorowski | Chapter 8 : Improving crisis decision---making at times of uncertain volcanic unrest (Guadeloupe, 1976)[END_REF]. Les périodes de réactivation et d'activité volcanique peuvent s'étendre sur des décennies (par exemple, le volcan de la Soufrière Hills, Montserrat) et peuvent donc entraîner le déplacement de populations pendant de longues périodes [START_REF] Barclay | Livelihoods, Wellbeing and the Riskto Life During Volcanic Eruptions[END_REF].

Les systèmes volcaniques présentent une large gamme de phénomènes éruptifs, avec de multiples styles et phases souvent observés au sein d'un même système et même d'une seule éruption. Le volcanisme d'arc est particulièrement varié en raison des magmas riches en volatils qui donnent lieu à une large gamme de styles éruptifs et de magnitudes, produisant à leur tour une gamme importante de dangers [START_REF] Edmonds | Excess volatiles supplied by mingling of mafic magma at an andesite arc volcano[END_REF]. Les différents styles éruptifs peuvent être contrôlés par la composition du magma et sa teneur en volatils, ainsi que par des processus magmatiques tels que des mélanges qui se produisent dans le réservoir de stockage du magma (p.e., Sides et al., 2014 ;[START_REF] Firth | Variable conditions of magma storage and differentiation with links to eruption style at Ambrym volcano, Vanuatu[END_REF]. Les processus qui se produisent dans le conduit peuvent également joués un rôle sur le style éruptif, notamment au niveau de la géométrie du conduit, des changements de viscosité du magma et des processus de dégazage [START_REF] Roggensack | Explosive basaltic volcanism from Cerro Negro volcano: influence of volatiles on eruptive style[END_REF].

Il est donc impératif d'avoir une compréhension complète des processus qui se produisent de la profondeur à la surface. Ces processus, qui se produisent avant l'éruption, comprennent l'afflux de magma chaud dans un réservoir préexistant, les processus de mélange de magmas, les flux d'émissions volatiles, la cristallisation du magma et les processus d'ascension du magma (p.e., [START_REF] Murphy | The role of magma mixing in triggering the current eruption at the Soufriere Hills volcano, Montserrat, West Indies[END_REF][START_REF] Houghton | Basaltic explosive volcanism: constraints from deposits and models[END_REF][START_REF] Blundy | A case for CO2-rich arc magmas[END_REF][START_REF] Burgisser | A rapid mechanism to remobilize and homogenize highly crystalline magma bodies[END_REF]. Pour cela, les produits éruptifs sont un élément clé unique pour comprendre à la fois les processus précédant une éruption, ainsi que la nature et la dynamique des éruptions passées. Ces informations sont enregistrées dans les clastes de téphra juvéniles, le verre matriciel, les cristaux magmatiques et les inclusions magmatiques, ce qui peut fournir des informations sur la composition du magma profond, sur les conditions pré-éruptives, sur l'évolution spatio-temporelle de la chimie des magmas (élément majeurs, traces et volatils), sur les taux d'émission des volatils et sur les échelles de temps entre l'instabilité magmatique finale et l'éruption. Tous ces paramètres pourraient jouer un rôle clé concernant la temporalité, la magnitude et le style de l'éruption (p.e., [START_REF] Roedder | fluid inclusions[END_REF][START_REF] Parfitt | The 1983-86 Pu'u 'O'o eruption of Kilauea Volcano, Hawaii: a study of dike geometry and eruption mechanisms for a long-lived eruption[END_REF][START_REF] Sparks | Causes and consequences of pressurisation in lava dome eruptions[END_REF][START_REF] Sutton | Implications for eruptive processes as indicated by sulfur dioxide emissions from Kı ̄lauea Volcano, Hawai 'i, 1979-1997[END_REF][START_REF] Schiano | Primitive mantle magmas recorded as silicate melt inclusions in igneous minerals[END_REF][START_REF] Edmonds | Vapor segregation and loss in basaltic melts[END_REF][START_REF] Shinohara | Excess degassing from volcanoes and its role on eruptive and intrusive activity[END_REF]. Ces informations sont importantes pour améliorer la surveillance des volcans, notamment : les systèmes d'alertes précoces, qui sont vitaux pour les populations vivant à proximité du volcan, la gestion des réponses de crises selon différents scénarios, qui est vitale pour les volcans présentant un large éventail de comportements, la planification de la réduction des risques à long terme, les modèles de prévision et les scénarios d'impact environnemental qui sont très importants pour comprendre les effets à court et long terme sur l'environnement local et régional.

Dans cette thèse, j'utiliserai des minéraux et des verres volcaniques pour étudier les éruptions passées les plus importantes qui ont eu lieu au cours de l'Holocène à La Soufrière de Guadeloupe. Ces éruptions magmatiques sont caractérisées par des styles éruptifs différents. Les résultats de cette étude nous permettent de mieux contraindre le rôle de la composition du magma et des différents processus se déroulant en profondeur et/ou dans le conduit sur le style éruptif. En couplant les minéraux et les verres, les conditions pré-éruptives telles que la pression, la température et la fO2 peuvent être calculées, et les échelles de temps des processus magmatiques peuvent être estimées. Les processus précédant un style éruptif peuvent être mis en relation avec les données de surveillance. Le fait de relier les processus en profondeur aux phénomènes observables en surface améliorera l'efficacité des systèmes d'alertes précoces, des modèles de prévision, de la planification de la réduction des risques à long terme et de la gestion des réponses aux crises selon différents scénarios. Cela nous permettra également de mieux comprendre l'impact que les différents styles éruptifs auront sur les populations et l'environnement.

Mots Clés : introduction, systèmes magmatiques, modèle de bouillie, style éruptif Key Words: introduction, magma systems, mush model, eruptive style

Motivation

Volcanoes and arc volcanism in particular, is associated with some of the most deadly and destructive eruptions and for the often-high populations of people that live near active volcanoes, eruptions can have devastating effects (e.g., Montagne Pelée, Martinique 1902 eruption, 30,000 deaths; e.g., [START_REF] Lacroix | La Montagne Pelée et ses éruptions[END_REF]. As well as the direct impacts from an eruption, a volcano may experience an extended of period of unrest prior to eruption, including increased seismicity and gas emissions, that can have major societal and economic effects (e.g., La Soufrière de Guadeloupe 1976-77;e.g., Feuillard et al., 1983;[START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF][START_REF] Komorowski | Chapter 8 : Improving crisis decision---making at times of uncertain volcanic unrest (Guadeloupe, 1976)[END_REF]. Periods of unrest and volcanic activity can span decades (e.g., Soufrière Hills Volcano, Montserrat) and so can result in the displacement of populations for extended periods of time [START_REF] Barclay | Livelihoods, Wellbeing and the Riskto Life During Volcanic Eruptions[END_REF].

Volcanic systems show a range of eruptive phenomena, with multiple styles and phases often observed within one system and even within one eruption. Arc volcanism is particularly varied due to the volatile-rich magmas which result in a range of eruption styles and magnitudes, in turn producing a range of hazards [START_REF] Edmonds | Excess volatiles supplied by mingling of mafic magma at an andesite arc volcano[END_REF]. Controls on different eruptive styles include magma composition and volatile content, as well as processes such as mixing that occurs in the magma storage reservoir (e.g., Sides et al., 2014;[START_REF] Firth | Variable conditions of magma storage and differentiation with links to eruption style at Ambrym volcano, Vanuatu[END_REF]. Processes occurring in the conduit can also have a control on eruptive style, including conduit geometry, magma viscosity changes, and degassing history [START_REF] Roggensack | Explosive basaltic volcanism from Cerro Negro volcano: influence of volatiles on eruptive style[END_REF].

It is therefore imperative to have a complete understanding of the processes occurring from depth to surface. These processes include the influx of hot magma into a pre-existing reservoir, magma mixing processes, fluxing of volatiles, magma crystallisation and ascent processes, occurring prior to eruption (e.g., [START_REF] Murphy | The role of magma mixing in triggering the current eruption at the Soufriere Hills volcano, Montserrat, West Indies[END_REF][START_REF] Houghton | Basaltic explosive volcanism: constraints from deposits and models[END_REF][START_REF] Blundy | A case for CO2-rich arc magmas[END_REF][START_REF] Burgisser | A rapid mechanism to remobilize and homogenize highly crystalline magma bodies[END_REF]. The eruptive products of past eruptions are a key part of understanding both processes preceding an eruption and the nature and dynamics of past eruptions. Such information is recorded in juvenile tephra clasts, groundmass glass, magmatic crystals and melt inclusions and can provide insights into source magma composition, pre-eruptive conditions, spatio-temporal evolution of volatiles chemistry, emission rates and timescales of magma reservoir residence and the ultimate petrological instability prior to eruption. All these parameters could play a key role in the timing, magnitude, and style of eruption (e.g., [START_REF] Roedder | fluid inclusions[END_REF][START_REF] Parfitt | The 1983-86 Pu'u 'O'o eruption of Kilauea Volcano, Hawaii: a study of dike geometry and eruption mechanisms for a long-lived eruption[END_REF][START_REF] Sparks | Causes and consequences of pressurisation in lava dome eruptions[END_REF][START_REF] Sutton | Implications for eruptive processes as indicated by sulfur dioxide emissions from Kı ̄lauea Volcano, Hawai 'i, 1979-1997[END_REF][START_REF] Schiano | Primitive mantle magmas recorded as silicate melt inclusions in igneous minerals[END_REF][START_REF] Edmonds | Vapor segregation and loss in basaltic melts[END_REF][START_REF] Shinohara | Excess degassing from volcanoes and its role on eruptive and intrusive activity[END_REF]. Such information is important to improving volcano monitoring including: early-warning systems, which are vital for the populations living close to the volcano, different scenario crisis response management, which is vital at volcanoes exhibiting a wide range of behaviours, long-term risk reduction planning, forecast models and environmental impact scenarios which are very important for understanding the short and long term effects on the local and regional environment.

In this thesis, I will use volcanic minerals and glasses to investigate some of the most important past eruptions of different styles that have occurred in the Holocene at La Soufrière of Guadeloupe. The results allow us to better constrain the role of the magma composition and processes at depth and/or in the conduit on the eruptive style. Combining minerals and glasses, pre-eruptive conditions such as pressure, temperature and fO2 can be calculated, and magmatic process timescales can be estimated.

Altogether, it allows us to characterise different processes occurring at depth. The processes preceding an eruption style can be related to monitoring data, linking the processes at depth with observable surface phenomena will improve efficiency of early-warning systems, forecast models, long-term risk reduction planning and different scenario crisis response management. This will also allow us to better understand the impact different eruption styles will have on populations and the environment.

Magma Systems

Processes occurring in the magma system generate eruptions, such processes include: heating of the system [START_REF] Sparks | Magma mixing: a mechanism for triggering acid explosive eruptions[END_REF]Melnik and Sparks, 1999), addition of volume into the system [START_REF] Ruprecht | Pre-eruptive reheating during magma mixing at Quizapu volcano and the implications for the explosiveness of silicic arc volcanoes[END_REF][START_REF] Bouvet De Maisonneuve | Petrological insights into shifts in eruptive styles at Volcán Llaima (Chile)[END_REF][START_REF] Degruyter | Magma reservoir response to transient recharge events: The case of Santorini volcano (Greece)[END_REF], fluxing of volatiles [START_REF] Blundy | A case for CO2-rich arc magmas[END_REF]. In order to understand a volcanic eruption, it is therefore vital to understand the processes occurring at depth and how the system is structured as this will influence Magma systems are generally thought to contain variable amounts of eruptible melt, magmatic crystals and volatiles (e.g., [START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF]. [START_REF] Scandone | Magma supply, magma ascent and the style of volcanic eruptions[END_REF] schematise four regions to describe the generation and ascent of magma in a general context (Fig 1.1): [1] The supply system: the deepest part of the system described here and the least constrained based on this study. This region includes the source of the magma feeding the system and any temporary storage before magma moves up into the main storage zone. The composition of the supply system is less evolved than the storage system above (Fig 1.1). [2] The storage zone: this intermediate storage area is formed from repeated intrusions from the supply system and is the area which feeds eruptions (Fig 1.1).

[3] The conduit: this connects the mush storage zone (Chapter 1.3.2) to the surface allowing magma to be erupted (Fig 1.1). The ascent of the magma through the conduit is controlled by several factors including: buoyancy force, viscosity and stress field along the pathway [START_REF] Scandone | Magma supply, magma ascent and the style of volcanic eruptions[END_REF]. [4] The Vent: shallow region where magma is erupted from, the eruption can be explosive or effusive (Fig 1.1).

Our understanding of how the magma is stored, particularly in the supply and storage regions has changed and expanded, with a notable shift away from traditional magma chamber models to a mush system model. Understanding the magma chamber model is key to understanding why the mush system model is often more appropriate to apply.

Magma Chamber Model

For many years a magma chamber model was used to explain how magma was stored at depth and to account for observations of erupted products and surface signals recorded. A magma chamber is thought to form due to the buoyant rise of magma as diapirs through the host rock, which is deformed by plastic flow at depth and dyke propagations at a shallower level [START_REF] Pinkerton | The transport and eruption of magma from volcanoes: a review[END_REF]. Magma is neutrally buoyant between 2 -10 km where accumulation into a larger chamber, connected to a supply at depth occurs [START_REF] Pinkerton | The transport and eruption of magma from volcanoes: a review[END_REF][START_REF] Sparks | Dynamic magma systems: implications for forecasting volcanic activity[END_REF]Fig 1.2). Magma chambers are often simplified to a homogenous body with no internal structure and all phases (melt, crystals, volatiles) are considered to be in equilibrium across the whole reservoir. Though simplified, this The supply system includes a dyke feeder system from the mantle and temporary storage regions in the lower crust. The storage zone where magma may reside for years to centuries undergoing cooling and differentiation is fed by the supply system. The top of the storage zone is at a depth where magma becomes saturated in volatiles resulting in volatile exsolution and crystallisation. The conduit is the transport system connecting the storage system to the surface which is initially formed through a fracture network allowing magma to rise. Finally, the vent from which magma is erupted.

structure can still provide insights into general trends governing the evolution of a system, as well as a reservoir response to processes such as cooling, crystallisation and gravitational settling, partial melting and assimilation [START_REF] Taylor | The effects of assimilation of country rocks by magmas on 18O/16O and 87Sr/86Sr systematics in igneous rocks[END_REF][START_REF] Depaolo | Trace element and isotopic effects of combined wallrock assimilation and fractional crystallization[END_REF]Bachman and Huber 2016).

Assuming the reservoir remains homogenous and in equilibrium, means that the input of fresh magma into the reservoir must be accounted for. Fresh magma into a reservoir will affect the energy budget of the system, changing pressure and temperature, and this will result in changes to the phases in the magma. Using a more complex model allows a magma chamber to be more accurately described as an open reservoir. A more complex reservoir model allows for exchanges of mass and energy with the surrounding host rock and chemical heterogeneities and zonation through gravitational phase separation and/or incomplete mixing of magmas with varying compositions [START_REF] Mcbirney | Mixing and unmixing of magmas[END_REF][START_REF] Mcbirney | Igneous petrology[END_REF][START_REF] Hildreth | Gradients in silicic magma chambers: implications for lithospheric magmatism[END_REF][START_REF] Sparks | The fluid dynamics of evolving magma chambers[END_REF] or incomplete mixing of different compositions [START_REF] Eichelberger | Origin of andesite and dacite: evidence of mixing at Glass Mountain in California and at other circum-Pacific volcanoes[END_REF][START_REF] Dungan | Residual glasses and melt inclusions in basalts from DSDP Legs 45 and 46: evidence for magma mixing[END_REF][START_REF] Blake | Magma-mixing and the dynamics of withdrawal from stratified reservoirs[END_REF][START_REF] Eichelberger | Magmas in collision: rethinking chemical zonation in silicic magmas[END_REF].

However, a model with the magma chamber exchanging heat and energy with the host rock raises questions about the cooling and longevity the magma chamber. Maintaining large volumes of eruptible magma in the middle and upper crust in a homogenous body requires a higher magma influx rate than is typically observed (Dufek, 2010;Annen, 2015;[START_REF] Gelman | On the longevity of large upper crustal silicic magma reservoirs[END_REF]. However, it is also important to consider a magma chambers response to repeated magma recharges and eruptions as the frequency and duration has a huge effect on how the magma chamber cools (Degruyter et al. 2015). Large homogenous bodies can cool rapidly if the intruding, recharge magma mixes with cooler stored melts, assimilates with the host rock or is connected to an extensive and long-lasting hydrothermal system. This cooling rate is lessened if there is a smaller temperature contrast between the magma and host rock or the magma is crystal rich, with crystals preventing convection (Degruyter et al. 2015).

Despite this often simplified approach to modelling a magma chamber and the processes which occur within them, geophysical data indicate that magma chambers are often complex, have irregular shapes with lateral and vertical variation in temperature and crystal content [START_REF] Pinkerton | The transport and eruption of magma from volcanoes: a review[END_REF]. Crystallisation in a magma chamber will occur from the edge inwards, with crystallisation beginning where magma is in contact with the host rock (Fig 1 .3). This process is described as the growth of a cold thermal boundary layer, with the magma at the outer edge nearly completely crystallised and magma in the centre of the chamber fully liquid (Fig 1 .3). Along the cold thermal boundary layer there are four dynamic and rheological domains, as described by [START_REF] Marsh | Solidification fronts and magmatic evolution[END_REF]Marsh ( , 2002)). Moving from the solid host rock to the liquid magma chamber the four domains are: [1] The rigid crust which is 100% crystals; [2] The mush zone which has between 25-55% crystals, which are unable to move due to mutual interference; [3] A solidification front which traps crystals, this zone includes a front which is ~25% crystals and marks a transition such that crystals behind this capture front are unlikely to move from the solidification front; and [4] A suspension zone which is liquid with no crystals. Some crystals may begin to nucleate at the interface between the suspension zone and the capture front. These crystals are small and can easily move relative to each other.

Convection is an important process in magma chambers and is controlled by the chamber's size and shape as well as magma viscosity and density. Using a simple box model, a large, crystal free magma chamber with no cold thermal boundary layer, will experience some natural convection due to vertical temperature gradients [START_REF] Pinkerton | The transport and eruption of magma from volcanoes: a review[END_REF]. Driven by crystallisation this results in a residual magma which is less dense and more buoyant to rise along the magma chamber wall whilst the interior experiences a counterflow through thermal convection [START_REF] Mcbirney | Rheological properties of magmas[END_REF]. As crystals precipitate from the magma, they leave behind a residual magma with enrichments and depletion of elements in comparison to the parental magma, this compositional variation results in density variations [START_REF] Pinkerton | The transport and eruption of magma from volcanoes: a review[END_REF]. However, as the chamber cools the viscosity increases and the melt volume decreases meaning that convection becomes limited, increasing the uncertainty on the role of convection in magma chamber (Turner and Campbell, 1986;[START_REF] Pinkerton | The transport and eruption of magma from volcanoes: a review[END_REF]. In a more complicated magma chamber model, with an active cold thermal boundary layer modifying flow in the magma chamber, less dense fluid moves upwards through the permeable part of the mush zone and capture front and thermal downflow occurs through the suspension zone out of the mush zone.

Eruptions from a magma chamber model are triggered in several ways including crystallisation, which results in the concentration of volatiles in the melt increasing. As volatile concentrations reach saturation gas is exsolved from solution to form bubbles. Bubbles are accommodated for in the chamber by compressing liquid in the magma chamber increasing the pressure and outward stress, particularly at the roof of the chamber where bubbles preferentially form [START_REF] Tait | Pressure, gas content and eruption periodicity of a shallow, crystallising magma chamber[END_REF]). Injections of fresh magma into the chamber can also result in eruption, due to pressure increases along the magma chamber walls. Eventually the pressure will increase enough that the stress across the chamber wall exceeds the tensile strength of the host rock and a crack forms, allowing dyke propagation [START_REF] Pinkerton | The transport and eruption of magma from volcanoes: a review[END_REF].

The magma chamber model can explain surface observations at active volcanoes including shallow earthquakes, ground deformation and gas emissions [START_REF] Sparks | Dynamic magma systems: implications for forecasting volcanic activity[END_REF]. However, in recent years the magma chamber model has become increasingly unpopular as many processes and trends cannot be resolved using it. For example, geochemical and petrological observations often show a wide variation in erupted products which cannot be explained by a single magma chamber. The variation in geochemistry and petrology is better explained by an eruption tapping several magma bodies. This is observed in several systems such as: Soufrière Hills Volcano, Montserrat which tapped four vertically distributed magma bodies between 5 -15 km (Christopher et al., 2014), Taupo Volcanic Zone, New Zealand where at least two magma bodies were tapped in a laterally distributed system (Cooper et al., 2012). This is also confirmed by using geobarometry on phenocrysts, which allows the depth a crystal formed to be calculated (Putirka, 2017). This suggests that a magma chamber in the shallow to mid crust represents only a small part of a more complex plumbing system [START_REF] Sparks | Dynamic magma systems: implications for forecasting volcanic activity[END_REF].

The magma chamber model also struggles to explain erupted products with >60 wt% SiO2, particularly those produced at arc settings [START_REF] Annen | The genesis of intermediate and silicic magmas in deep crustal hot zones[END_REF]. Producing an evolved magma by fractional crystallisation requires the crystallisation of 65% or more of a primitive arc basalt, this means that for an evolved magma, twice the amount of parental magma is required to produce it [START_REF] Foden | Possible role of amphibole in the origin of andesite: some experimental and natural evidence[END_REF][START_REF] Müntener | The role of H 2 O during crystallization of primitive arc magmas under uppermost mantle conditions and genesis of igneous pyroxenites: an experimental study[END_REF]. For particularly voluminous eruptions, huge volumes of mafic cumulates would be expected to form at the base of the shallow-mid crustal chamber, but geological and geophysical evidence for this is lacking [START_REF] Bachmann | The Fish Canyon magma body, San Juan volcanic field, Colorado: rejuvenation and eruption of an upper-crustal batholith[END_REF].

Again, a more complex magma chamber model is required to explain this, with fractional crystallisation of a primitive magma occurring in a deep lower crustal zone. Along with melting and assimilation of crustal rocks this could generate intermediate and silicic magmas. These magmas then ascend and stall, accumulating into a shallower magma chamber. However, this simple model does not describe shallow crystal processes, such as further fractionation, magma mingling, assimilation of host rock, reheating of solidified proto-plutons and expulsion of exsolved residual melts [START_REF] Annen | The genesis of intermediate and silicic magmas in deep crustal hot zones[END_REF].

Mush Model

The first 'crystal mush' was described by [START_REF] Harker | The natural history of igneous rocks[END_REF] to be like a "sponge full of water" which evolved melt is "squeezed out of." This was initially used to describe the extraction of rhyolitic magma at places such as the Bishop Tuff [START_REF] Hildreth | Volcanological perspectives on Long Valley, Mammoth Mountain, and Mono Craters: several contiguous but discrete systems[END_REF]. At the Bishop Tuff melt is described as being progressively extracted from a mushy cumulate reservoir [START_REF] Hildreth | Volcanological perspectives on Long Valley, Mammoth Mountain, and Mono Craters: several contiguous but discrete systems[END_REF]). This leads to the widely accepted interpretation of a mush system which is formed from repeated intrusions from the supply system 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 [START_REF] Humphreys | Magma evolution and open-system processes at Shiveluch Volcano: Insights from phenocryst zoning[END_REF][START_REF] Cashman | Petrological cannibalism: the chemical and textural consequences of incremental magma body growth[END_REF][START_REF] Cashman | How volcanoes work: A 25 year perspective[END_REF][START_REF] Cooper | Rapid remobilization of magmatic crystals kept in cold storage[END_REF][START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF]Edmonds 2016;Fig 1.4). The crystalline parts of the mush system are deformable, meaning melt and fluid can be segregated within the mush system [START_REF] Mckenzie | The generation and compaction of partially molten rock[END_REF]Salano et al 2012;[START_REF] Connolly | An analytical solution for solitary porosity waves: dynamic permeability and fluidization of nonlinear viscous and viscoplastic rock[END_REF]Spiegleman et al., 2001), but this also prevents the entire mush system from being erupted, (except as entrained xenolith/cumulate fragments e.g., Ellis et al 2017), with the strength of the framework increasing with decreasing melt fraction [START_REF] Marsh | On the crystallinity, probability of occurrence, and rheology of lava and magma[END_REF][START_REF] Rosenberg | Experimental deformation of partially melted granite revisited: implications for the continental crust[END_REF].

Though ancient fully solidified plutons, thought to represent large magma chambers of crystal-free liquid, are observed; there is little geophysical evidence for magma chambers existing today, which could be considered as an endmember behaviour [START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF][START_REF] Holness | Magma chambers versus mush zones: constraining the architecture of sub-volcanic plumbing systems from microstructural analysis of crystalline enclaves[END_REF]. Geophysical methods instead identify narrow and vertically elongated low-velocity zones with <10% melt more consistent with a crystal mush system [START_REF] Koulakov | Rapid changes in magma storage beneath the Klyuchevskoy group of volcanoes inferred from time-dependent seismic tomography[END_REF], 2013[START_REF] Ward | Ambient noise tomography across the Central Andes[END_REF][START_REF] Sinton | Mid-ocean ridge magma chambers[END_REF][START_REF] Lees | Seismic tomography of magmatic systems[END_REF][START_REF] Farrell | Tomography from 26 years of seismicity revealing that the spatial extent of the Yellowstone crustal magma reservoir extends well beyond the Yellowstone caldera[END_REF][START_REF] Huang | The Yellowstone magmatic system from the mantle plume to the upper crust[END_REF][START_REF] Kiser | Magma reservoirs from the upper crust to the Moho inferred from highresolution Vp and Vs models beneath Mount St[END_REF][START_REF] Pritchard | Geophysical evidence for silicic crustal melt in the continents: where, what kind, and how much?[END_REF][START_REF] Pritchard | Towards coordinated regional multi-satellite InSAR volcano observations: results from the Latin America pilot project[END_REF][START_REF] Cordell | Imaging the Laguna del Maule Volcanic Field, central Chile using magnetotellurics: Evidence for crustal melt regions laterally-offset from surface vents and lava flows[END_REF].

Petrological methods provide evidence for crystal mush systems, with erupted crystals often recording diverse histories (e.g., from both cooler and hotter parts of the mush system and/or different depths) requiring input from different areas of the mush system (e.g., [START_REF] Ginibre | High-resolution quantitative imaging of plagioclase composition using accumulated backscattered electron images: new constraints on oscillatory zoning[END_REF][START_REF] Wallace | Constraints on mingling of crystal populations from off-center zoning profiles: A statistical approach[END_REF][START_REF] Berlo | Textural and chemical variation in plagioclase phenocrysts from the 1980 eruptions of Mount St. Helens, USA[END_REF][START_REF] Andrews | Rhyolitic ignimbrites in the Rogerson Graben, southern Snake River Plain volcanic province: volcanic stratigraphy, eruption history and basin evolution[END_REF][START_REF] Smith | A temporal record of magma accumulation and evolution beneath Nevado de Toluca, Mexico, preserved in plagioclase phenocrysts[END_REF][START_REF] Reubi | A dearth of intermediate melts at subduction zone volcanoes and the petrogenesis of arc andesites[END_REF][START_REF] Saunders | The magmatic evolution of the Whakamaru supereruption, New Zealand, constrained by a microanalytical study of plagioclase and quartz[END_REF]Bouvet De Maisonneuve et al., 2012;[START_REF] Cashman | Petrological cannibalism: the chemical and textural consequences of incremental magma body growth[END_REF][START_REF] Kilgour | Small volume andesite magmas and meltmush interactions at Ruapehu, New Zealand: evidence from melt inclusions[END_REF][START_REF] Kilgour | Timescales of magmatic processes at Ruapehu volcano from diffusion chronometry and their comparison to monitoring data[END_REF][START_REF] Moore | Primitive melt replenishment and crystalmush disaggregation in the weeks preceding the 2005-2006 eruption 9 50ʹ N, EPR[END_REF][START_REF] Rubin | Rapid cooling and cold storage in a silicic magma reservoir recorded in individual crystals[END_REF]Weiser et al., 2019;[START_REF] Caracciolo | Temporal evolution of magma and crystal mush storage conditions in the Bárðarbunga-Veiðivötn volcanic system, Iceland[END_REF]. Further evidence for the assembly of erupted material from different sources at depth is observed through isotope studies, which show small scale heterogeneities in composition and are hard to resolve using a magma chamber model. Isotopically distinct melts are recorded through melt and crystals, indicating distinct areas of the heterogenous mush system are tapped to feed eruptions (e.g., Davidson et al 2007;[START_REF] Dungan | Partial assimilative recycling of the mafic plutonic roots of arc volcanoes: An example from the Chilean Andes[END_REF][START_REF] Charlier | The upper crustal evolution of a large silicic magma body: evidence from crystal-scale Rb-Sr isotopic heterogeneities in the Fish Canyon magmatic system, Colorado[END_REF][START_REF] Lange | The petrogenesis of plagioclase-phyric basalts at mid-ocean ridges[END_REF][START_REF] Cooper | Timescales of storage and recycling of crystal mush at Krafla Volcano, Iceland[END_REF][START_REF] Magee | Days to weeks of syn-eruptive magma interaction: Highresolution geochemistry of the 2002-03 branched eruption at Mount Etna[END_REF].

In comparison to the magma chambers which cannot be long-lived, the smaller amount of melt present in a mush allows it to exist at a lower temperature than an eruptible magma and ensures the longevity of the mush (Carrichi and Blundy 2015; Gelman et al 2014; [START_REF] Blundy | Crustal magmatic systems from the perspective of heat transfer[END_REF]. A magma mush exists at a lower temperature due to the close crystal contacts and the high viscosity which prevents convection and thereby limits most heat lost through conduction [START_REF] Balmforth | Weakly nonlinear viscoplastic convection[END_REF][START_REF] Dufek | Quantum magmatism: Magmatic compositional gaps generated by melt-crystal dynamics[END_REF][START_REF] Blundy | Crustal magmatic systems from the perspective of heat transfer[END_REF]. The heat loss prevents large volumes of eruptible magma from forming but allows the mush system to be maintained over long periods of time particularly at shallow levels [START_REF] Blundy | Crustal magmatic systems from the perspective of heat transfer[END_REF][START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF]. At deeper levels, where heat loss is less, larger volumes of eruptible magma can build up [START_REF] Blundy | Crustal magmatic systems from the perspective of heat transfer[END_REF]. Periodic injections of recharge magma have also been shown by numerical models to be consistent with maintaining some eruptible magma within a crystal mush [START_REF] Huber | Crystal-poor versus crystal-rich ignimbrites: A competition between stirring and reactivation[END_REF][START_REF] Annen | Construction and evolution of igneous bodies: Towards an integrated perspective of crustal magmatism[END_REF][START_REF] Cooper | What does a magma reservoir look like? The "Crystal's-Eye" view[END_REF]. [START_REF] Hildreth | Volcanological perspectives on Long Valley, Mammoth Mountain, and Mono Craters: several contiguous but discrete systems[END_REF] subsequently concludes that a mush model can resolve many petrological and geochemical observations including: [1] Reversely zoned ignimbrites which are the result of different and more marginal areas of mush being tapped first. [2] Repeated eruptions of compositionally similar, highly evolved rhyolites are the result of repeated mush disturbances and/or rhyolite extracted from the mush over timescales which allows its accumulation in lenses of eruptible magma.

[3] Discrete eruptions of magma with the same composition over a long time period with no compositional evolution, which may be expected from a large chamber undergoing fractional crystallisation, can also be explained. If lenses of eruptible magma or melt is surrounded by crystal mush, this may buffer the melt from recharge disturbances which could lead to compositional evolution. If different lenses fed discrete eruptions, the same magma composition could be erupted over a long period. [4] Erupted magma from the same reservoir with different trace element ratios can be explained by a mush reservoir continually crystallising and so changing residual melt trace element ratios. Successive magmas moving out of the mush system can therefore have a range of trace element ratios without the need for new large batches of magma from deep source.

Eruption of a crystal mush requires remobilisation to produce eruptible magma for eruption, which is a more complex process than in the magma chamber model. Eruptible magma is defined as a suspension of crystals in melt with dissolved volatiles [START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF], and the transition from crystal mush to an eruptible magma occurs over a narrow crystal content [START_REF] Shaw | Rheology of basalt in the melting range[END_REF][START_REF] Caricchi | Non-Newtonian rheology of crystal-bearing magmas and implications for magma ascent dynamics[END_REF][START_REF] Costa | Time scales and petrogenesis of silicic magmas[END_REF][START_REF] Burgisser | A rapid mechanism to remobilize and homogenize highly crystalline magma bodies[END_REF][START_REF] Sparks | Formation and dynamics of magma reservoirs[END_REF]. The energy required to remobilize a crystal mush depends on the initial melt content, such that mush with higher initial melt content will require less energy to remobilise [START_REF] Bachmann | Gas percolation in upper-crustal silicic crystal mushes as a mechanism for upward heat advection and rejuvenation of near-solidus magma bodies[END_REF][START_REF] Bergantz | On the kinematics and dynamics of crystalrich systems[END_REF][START_REF] Sparks | Formation and dynamics of magma reservoirs[END_REF]. Melt and/or fluid migration, amalgamation and mixing makes the system inherently unstable allowing remobilisation for example, by pressure increase from crystallisation or influxes of new magma [START_REF] Scandone | Magma supply, magma ascent and the style of volcanic eruptions[END_REF][START_REF] Costa | Time scales and petrogenesis of silicic magmas[END_REF][START_REF] Mader | The rheology of two-phase magmas: A review and analysis[END_REF][START_REF] Rubin | Rapid cooling and cold storage in a silicic magma reservoir recorded in individual crystals[END_REF][START_REF] Cooper | Rapid remobilization of magmatic crystals kept in cold storage[END_REF][START_REF] Sparks | Dynamic magma systems: implications for forecasting volcanic activity[END_REF][START_REF] Jackson | Chemical differentiation, cold storage and remobilization of magma in the Earth's crust[END_REF]. [START_REF] Parmigiani | Mush microphysics and the reactivation of crystalrich magma reservoirs[END_REF] summarises four main ways which a crystal mush can be remobilised: [1] First, is the gas sparging model presented by [START_REF] Bachmann | Gas percolation in upper-crustal silicic crystal mushes as a mechanism for upward heat advection and rejuvenation of near-solidus magma bodies[END_REF], which assumes the remobilisation process is entirely thermal. As with many remobilisation models, recharge of hot magma from a deep source is required. In this case, the recharge magma transfers heat to the mush at a shallow level through conduction and hot volatiles. Volatiles can change the rheological behaviour of magma [START_REF] Llewellin | Bubble suspension rheology and implications for conduit flow[END_REF][START_REF] Pistone | Rheology of volatile-bearing crystal mushes: mobilization vs. viscous death[END_REF] and hot volatiles percolating Liquid is generally thought to fractionate as it moves up resulting in more evolved melts hosted in the upper crust. The majority of the system is locked as a crystal mush with lenses of liquid melt containing suspended crystals and dissolved volatiles distributed throughout between the interlocking network crystals. The vertical connectivity of the systems allows for successive remobilisation of mush and destabilisation of melt lenses leading to eruption.

through the mush allow heat advection which remobilizes the mush [START_REF] Gaetani | Experimental constraints on melt generation in the mantle wedge[END_REF][START_REF] Bachmann | Gas percolation in upper-crustal silicic crystal mushes as a mechanism for upward heat advection and rejuvenation of near-solidus magma bodies[END_REF]. High fluid/melt ratios have been suggested to induce remobilization of crystal mush including Ischia, Italy (Moretti et al., 2013) and Soufrière Hills Volcano, Montserrat (Edmonds et al., 2014). How long the mush takes to be remobilised depends on the supply of heat and volatiles which in turn, is controlled by the volume of recharging magma [START_REF] Bachmann | Gas percolation in upper-crustal silicic crystal mushes as a mechanism for upward heat advection and rejuvenation of near-solidus magma bodies[END_REF][START_REF] Parmigiani | Mush microphysics and the reactivation of crystalrich magma reservoirs[END_REF]. The timescales of remobilization will also depend on the melt content of the mush, mushes with higher melt contents will require less energy to remobilise through volatile fluxing and/or heating than mushes with a low melt content [START_REF] Bergantz | On the kinematics and dynamics of crystalrich systems[END_REF]. [START_REF] Bachmann | Gas percolation in upper-crustal silicic crystal mushes as a mechanism for upward heat advection and rejuvenation of near-solidus magma bodies[END_REF] suggest large crystal mushes (>100 Km 3 ) may take on the order of thousands of years to remobilise by this method.

The gas sparging model fits with some petrological observations, for example resorption of anhydrous phases and growth of hydrous phases (e.g., amphibole, biotite), trace elements and amphibole zoning [START_REF] Bachmann | The Fish Canyon magma body, San Juan volcanic field, Colorado: rejuvenation and eruption of an upper-crustal batholith[END_REF]. At the Ischia system, remobilization by volatiles and fluids is shown through Sr isotope disequilibrium between olivine, diopside and glasses observed (Piochi et al., 1999;Moretti et al., 2013).

[2] The Unzipping Model presented by [START_REF] Burgisser | A rapid mechanism to remobilize and homogenize highly crystalline magma bodies[END_REF] begins with the mush heated from below by recharge from magma at depth which reduces the crystallinity and results in the growth of a buoyant, mobile thermal boundary layer. Convection begins in the thermal boundary layer as it reaches a critical thickness, pressurization of the layer increases buoyancy and allows the melt to move through the overlying mush. The melt from the base of the system moves to the top of the system leading to overturn of the mush as with the gas sparging model.

This model assumes that fluid-like behaviour is possible in the crystal mush and that overturn within the mush is possible. These assumptions are based on the boundary layer being able to overcome the yield strength of the mush, which is a poorly understood property of the mush. However, the numerical simulations of this model indicate unzipping of the mush system can take place in less than a few weeks for even large mush systems. [START_REF] Burgisser | A rapid mechanism to remobilize and homogenize highly crystalline magma bodies[END_REF] apply this model to historical eruptions of Pinatubo and Montserrat with success.

[3] The yield surface model presented by [START_REF] Karlstrom | Caldera size modulated by the yield stress within a crystal-rich magma reservoir[END_REF] does not require recharge from depth. Instead, the remobilization begins at the onset of eruption with eruption generating a decompression wave which overcomes the yield strength of the crystal mush and begins the remobilization process.

The numerical model presented shows magma near the conduit behaves as a fluid and magma deeper/further away from the conduit behaves elastically. The transition zone between the two behaviours -the yield surface -expands as the eruption progresses, with remobilization occurring on a short timescale of hours to days. As this process is syn-eruptive, this indicates remobilization between eruptions should not occur, in comparison to other models which allow for remobilization of the mush system without eruption [START_REF] Parmigiani | Mush microphysics and the reactivation of crystalrich magma reservoirs[END_REF].

[4] [START_REF] Huber | Thermo-mechanical reactivation of locked crystal mushes: Melting-induced internal fracturing and assimilation processes in magmas[END_REF] present the thermomechanical model which is based on similar concepts as those of the gas sparging model. Similar to other models, the energy for remobilisation in the thermomechanical model comes from recharge magma underlying the mush. However, Huber et al. (2010b) suggest that remobilisation by melting alone is not realistic as such a model cannot explain high crystallinities observed in some large intermediate deposits and also require unrealistic recharge volumes to reactivate large crystal mushes. The thermomechanical model is presented as a more realistic scenario as the combination of melting and micro-fracturing processes is an energy efficient model (Huber et al., 2010a).

As with the gas sparging model, buoyant volatiles from the recharge migrate into the mush, supplying heat and energy that trigger melting and remobilization. In the thermomechanical model, this melting results in volume changes and therefore pressurisation of the mush leading to micro-fracturing events in small portions of the mush. These fracturing events allow mixing of the recharge magma and mush.

The mush is remobilised due to a high density of growing micro-fractures which break the crystalline network and destabilise the crystal mush. This mechanism results in the incorporation of highly crystalline parts of the crystal mush and country rock through assimilation. [START_REF] Huber | Crystal-poor versus crystal-rich ignimbrites: A competition between stirring and reactivation[END_REF] predicts that the remobilisation times for this model depend on the size of the system [START_REF] Huber | Crystal-poor versus crystal-rich ignimbrites: A competition between stirring and reactivation[END_REF][START_REF] Matthews | Timescales of magma recharge and reactivation of large silicic systems from Ti diffusion in quartz[END_REF][START_REF] Wotzlaw | Tracking the evolution of large-volume silicic magma reservoirs from assembly to supereruption[END_REF]. For example, a smaller system, such as Pinatubo, will remobilise on the order of months in comparison to larger systems, such as the Fish Canyon Tuff, which may take thousands of years to remobilize. [START_REF] Parmigiani | Mush microphysics and the reactivation of crystalrich magma reservoirs[END_REF] put further microscale constraints on this model showing that even small amounts of partial melting have a major impact on volatile migration. Melting of the mush above the recharge magma will reduce the efficiency of further volatile migration by decreasing the continuous pathways into the mush, and thereby insulate the mush from the recharge magma (Huber et al., 2010b). This indicates that the interactions between fluid flow and melting make remobilisation more complicated than is accounted for in some remobilisation models.

[5] More recently, [START_REF] Bergantz | Open-system dynamics and mixing in magma mushes[END_REF] presented the mixing bowl model which again is based on remobilisation of the intrusion of a recharge magma. Numerical simulations of a crystal free basaltic liquid intruding through the crystal mush indicates that the mush behaves as a visco-plastic material [START_REF] Bergantz | Open-system dynamics and mixing in magma mushes[END_REF]. This results in failure along frictional contacts of settled crystals, which move up through the system to form a wedge-shaped area above the intrusion location forming a 'mixing bowl' in which magma interactions occur in [START_REF] Bergantz | Open-system dynamics and mixing in magma mushes[END_REF][START_REF] Bergantz | On the kinematics and dynamics of crystalrich systems[END_REF][START_REF] Schleicher | Time scales of crystal mixing in magma mushes[END_REF][START_REF] Schleicher | The Mechanics and Temporal Evolution of an Open-system Magmatic Intrusion into a Crystal-rich Magma[END_REF][START_REF] Carrara | Lubrication effects on magmatic mush dynamics[END_REF]. The mixing bowl allows for complete mixing and can account for complex crystal fabrics and zoning observed. Though crystal-mush disaggregation may occur as a gradual process, numerical modelling suggests that continued injection leads to mush collapse that involve small areas of the magma reservoir because intrusion geometry is controlled by density differences between the intruding magma and host mush [START_REF] Bergantz | Open-system dynamics and mixing in magma mushes[END_REF][START_REF] Bergantz | On the kinematics and dynamics of crystalrich systems[END_REF][START_REF] Schleicher | Time scales of crystal mixing in magma mushes[END_REF][START_REF] Schleicher | The Mechanics and Temporal Evolution of an Open-system Magmatic Intrusion into a Crystal-rich Magma[END_REF][START_REF] Carrara | Lubrication effects on magmatic mush dynamics[END_REF].

The different mechanisms of remobilisation indicate that the crystal mush remobilisation is a complex process which may involve a combination of the mechanisms discussed above. Overall, despite being a more complicated model than the traditional magma chamber model, the crystal mush model can account for many observed trends in geochemical data and erupted products.

Eruptive styles

Eruption style dictates many of the hazards presented by a volcano, for example, the hazards posed by the fluid, basaltic lava flows of Hawaii are very different to the large pyroclastic density currents produced by explosive eruptions often observed in Indonesia. Volcanoes are not limited to one particular eruption style and will often transition between the two behaviours within one eruption.

Though effusive eruptions e.g., lava flows and lava domes do present their own hazards, this thesis will focus on explosive eruptions which are particularly hazardous and can range in style at one system from small vulcanian activity to large sub-Plinian and Plinian activity (e.g., Soufrière Hills Volcano, Montserrat (e.g., Wadge et al., 2014;[START_REF] Komorowski | Insights into processes and deposits of hazardous vulcanian explosions at Soufrière Hills Volcano during 2008 and 2009 (Montserrat, West Indies)[END_REF]; La Soufrière de Guadeloupe [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Komorowski et al., 2008;Legendre, 2012); Etna, Italy (e.g., [START_REF] Coltelli | Explosive eruption of a picrite: The 3930 BP subplinian eruption of Etna volcano (Italy)[END_REF][START_REF] Cappello | Changing eruptive styles at the south-east crater of Mount Etna: Implications for assessing lava flow hazards[END_REF]; Rabaul, Papua-New-Guinea (Bernard and Bouvet de Maisonneuve, 2020)).

Eruptions are commonly measured on the Volcanic Explosivity Index Scale (VEI) proposed by Newhall and Self, 1982 (Table 1.1). The index is defined by the eruption magnitude and eruption intensity (column height) and ranges from 0 to 8. VEI is a semi-quantitative and useful in comparing sizes of both modern and ancient eruptions (where VEI is defined on the volume of deposits) [START_REF] Pyle | Sizes of volcanic eruptions[END_REF]. VEI is limited when considering effusive eruptions which receive by default 0 or 1, and also long lasting or intermittent eruptions where the toral volume erupted is different than the individual eruptive phases [START_REF] Pyle | Sizes of volcanic eruptions[END_REF]. 

Hawaiian and Strombolian Eruptions

Hawaiian and Strombolian eruptions are considered to be relatively small, gentle explosive eruptions (VEI 1-3; Table 1. 1;Fig 1.5). Such activity is not considered particularly dangerous for populations living around volcanoes which frequently produce this eruption style, and rather paroxysmal eruptions deviating from the gentle styles are more hazardous. Hawaiian eruptions, named after the archetypal eruptions observed frequently at Kīlauea, Hawaii, are typically produced by silica-poor, low viscosity magmas [START_REF] Taddeucci | Hawaiian and Strombolian eruptions[END_REF]. The low viscosity of the basalt means they approach Newtonian fluids and exsolved fluids vesiculate and fragment the magma without a violent explosion, instead the pressure from rapidly expanding gas results in lava fountains (Francis and Oppenheimer, 2004). Hawaiian behaviour initiates with a fissure formed from dyke propagation which may propagate along a rift zone from the main magma storage region [START_REF] Mangan | The dynamics of Hawaiian-style eruptions: a century of study[END_REF]. Prior to eruption magma will rise in the conduit experiencing rhythmic rise and fall as volatiles are released [START_REF] Mangan | The dynamics of Hawaiian-style eruptions: a century of study[END_REF]. The fountain results from volatile exsolution during ascent with decompression forming a gas bubble population occupying a critical volume of the overall fluid [START_REF] Wilson | Contrasting fractionation trends in coexisting continental alkaline magma series; Cantal, Massif Central, France[END_REF].

If the fissure seals, a vent may become established resulting in lava fountaining episodes [START_REF] Mangan | The dynamics of Hawaiian-style eruptions: a century of study[END_REF].

The fountain consists of a mixture of liquid clots and droplets (the pyroclasts) and magmatic gases [START_REF] Wilson | Contrasting fractionation trends in coexisting continental alkaline magma series; Cantal, Massif Central, France[END_REF][START_REF] Taddeucci | Hawaiian and Strombolian eruptions[END_REF]. Hawaiian fountains are considered sustained eruptions due to the relatively continuous magma discharge rate which is maintained from hours to days, however, eruptions can be unsteady with fountain heights fluctuating from tens to hundreds of meters in height above the vent (Francis and Oppenheimer, 2004;[START_REF] Gurioli | Dynamics of Strombolian explosions: Inferences from field and laboratory studies of erupted bombs from Stromboli volcano[END_REF][START_REF] Mangan | The dynamics of Hawaiian-style eruptions: a century of study[END_REF][START_REF] Houghton | Stronger or longer: Discriminating between Hawaiian and Strombolian eruption styles[END_REF]. High mass eruption rates can result in the formation of spatter cones and ramparts or in some cases of lava flows, as lava clots and pyroclasts fall around the vent (Francis and Oppenheimer, 2004;[START_REF] Mangan | The dynamics of Hawaiian-style eruptions: a century of study[END_REF]. This behaviour may end abruptly, signalling the end of an eruptive episode or may mark the start of purely effusive activity or lava lake formation [START_REF] Mangan | The dynamics of Hawaiian-style eruptions: a century of study[END_REF].

Strombolian eruptions, named after the archetypal eruptions observed at Stromboli, Italy, are also characteristic of silica-poor, low viscosity magmas (Francis and Oppenheimer, 2004;[START_REF] Taddeucci | Hawaiian and Strombolian eruptions[END_REF]. This eruption style is low energy and typically short lived (<20 second long explosions at Stromboli) with pauses (>20 mins) between explosions which often repeat on timescales of 5 to more than 25 events per hour (Francis and Oppenheimer, 2004;[START_REF] Rosi | Stromboli volcano, Aeolian Islands (Italy): present eruptive activity and hazards[END_REF][START_REF] Houghton | Stronger or longer: Discriminating between Hawaiian and Strombolian eruption styles[END_REF]. Strombolian eruptions are driven by the complex accumulation and bursting of gas pockets, usually termed gas slugs, with each strombolian eruption typically releasing a meter-diameter gas slug [START_REF] Taddeucci | Hawaiian and Strombolian eruptions[END_REF][START_REF] Houghton | Stronger or longer: Discriminating between Hawaiian and Strombolian eruption styles[END_REF]. Though there are several models which describe the rise of magma and accumulation, all models are based on the assumption that a low viscosity magma rises in a rheologically uniform manner so gas slugs burst cleanly at the surface (Francis and Oppenheimer, 2004;[START_REF] Leduc | Types and mechanisms of strombolian explosions: characterization of a gas-dominated explosion at Stromboli[END_REF]. Strombolian activity relates to a relatively wide range of explosion size but is generally considered to eject pyroclasts a few tens to a few hundreds of meters high with no sustained eruption column developing (Francis and Oppenheimer, 2004).

Vulcanian Eruptions

Vulcanian eruptions are named after Vulcano, Aeolian Islands, Italy, however, some of the best observed and well-studied vulcanian eruptions occurred at Soufrière Hills Volcano, Montserrat (VEI 2-3; Table 1.1; Fig 1.5). Between August and October 1997 Soufrière Hills Volcano produced a sequence of 88 vulcanian explosions (e.g., Druitt and Kokelaar, 2002;[START_REF] Druitt | Episodes of cyclic Vulcanian explosive activity with fountain collapse at Soufrière Hills Volcano, Montserrat[END_REF]Clarke et al., 2002;Wadge et al., 2014a) which were observed and studied in detail, greatly improving our understanding of these eruptions.

Vulcanian eruptions generally require magmas with high yield strengths and high viscosities so usually involve crystal rich, high SiO2 magmas (e.g., andesitic magmas, but have been reported in low SiO2 magmas), and is often associated with lava domes (Francis and Oppenheimer, 2004;[START_REF] Clarke | Vulcanian eruptions[END_REF]. This eruption style is short lived (seconds-minutes) and small magnitude (<10 6 m 3 ), but in comparison to Strombolian eruption styles produce high eruption columns which can reach 10-20 km in height, resulting in tephra dispersal over a wide area. Vulcanian eruptions are more violent than Strombolian eruptions and can destroy parts of the volcanic edifice and also produce pyroclastic density currents (PDC) making them considerably more hazardous (Francis and Oppenheimer, 2004;[START_REF] Clarke | Vulcanian eruptions[END_REF]Burgisser et al., 2019).

The duration of vulcanian eruptions may vary with discrete explosions occurring at in intervals of tens of minutes to hours each producing a short-lived eruptive column [START_REF] Clarke | Vulcanian eruptions[END_REF], or may be more sustained with a sustained column. A sustained eruption may develop is viscous magma is supplied continually. Vulcanian eruptions may mark the start of a longer, larger phase of eruption (e.g., precede a Plinian eruption), so they are often transient in nature, however, as the eruptions are still relatively small the effects remain confined to the local area (Francis and Oppenheimer, 2004;[START_REF] Clarke | Vulcanian eruptions[END_REF].

Vulcanian eruptions are the result of rapid decompression of magma in the conduit with a wellestablished link between magma ascent rate and the occurrence of Vulcanian explosion (Miwa et al., 2009;[START_REF] Degruyter | The effects of outgassing on the transition between effusive and explosive silicic eruptions[END_REF]Cassidy et al., 2015;Burgisser et al., 2019). Vulcanian eruptions are often associated with an impermeable plug below which magma is crystallising in the conduit and becoming highly pressurised [START_REF] Clarke | Vulcanian eruptions[END_REF]Burgisser et al., 2019). When the pressure gradient becomes significant the plug will fail and the eruption is initiated [START_REF] Clarke | Vulcanian eruptions[END_REF]Burgisser et al., 2019). Eruption products reveal a diversity of magma types filling the conduit prior to the eruption, with the upper magma consisting of heterogeneous vesicularities above a more homogeneous, low-porosity magma occupying the lower regions of the conduit (Burgisser et al., 2019).

Sub-Plinian, Plinian, and Ultra-Plinian Eruptions

Plinian eruptions are some of the largest and most hazardous explosive eruptions observed (VEI >4; Table 1.1; Fig 1.5). They are named after the observation of the 79 AD eruption of Vesuvius, Italy. Plinian eruptions are complex events and may include successions of volcanic pulses with sustained convective tephra-bearing eruption columns alternating with periods of column collapse [START_REF] Cioni | Plinian and subplinian eruptions[END_REF]. Activity may also be interspersed with varying eruptive styles (e.g., Vulcanian explosions, phases of prolonged ash emission, phreatomagmatic explosions, emission of lava flows or domes) [START_REF] Cioni | Plinian and subplinian eruptions[END_REF]. Any eruption will have a dominant phase of eruption but despite this complexity a Plinian eruption will always include a quasi-stationary phase producing a sustained eruption column [START_REF] Wilson | Explosive volcanic eruptions-III. Plinian eruption columns[END_REF]Francis and Oppenheimer, 2004;[START_REF] Cioni | Plinian and subplinian eruptions[END_REF]. There are different categories of Plinian eruption including sub-Plinian, Plinian and Ultra-Plinian.

Sub-Plinian eruptions have more sustained eruption columns in comparison to Vulcanian eruptions with columns reaching 20 km high and produce large amounts to tephra (up to 10 11 kg) (Francis and Oppenheimer, 2004). Less fragmentation occurs in sub-Plinian eruptions compared to Vulcanian eruptions, resulting in larger clast sizes present at any given distances from the vent. Sub-plinian and Plinian eruptions events have similar dynamics and are distinguished firstly, by size with sub-Plinian events having a lower intensity, lower duration, and lower eruption column height, and secondly by the high frequency fluctuations of magma supply, resulting in temporary breaks in the discharge rate in sub-Plinian eruptions [START_REF] Cioni | Plinian and subplinian eruptions[END_REF].

Plinian eruptions are characterized by sustained eruptive columns reaching into the stratosphere, reported up to 35 km and last for hours [START_REF] Wilson | Explosive volcanic eruptions-III. Plinian eruption columns[END_REF][START_REF] Walker | Plinian eruptions and their products[END_REF]Francis and Oppenheimer, 2004;[START_REF] Cioni | Plinian and subplinian eruptions[END_REF]. Eruptive columns are high temperature multiphase (gas, solid and liquid particles) structures which spread laterally and result in widespread tephra dispersion [START_REF] Walker | Plinian eruptions and their products[END_REF][START_REF] Cioni | Plinian and subplinian eruptions[END_REF]. Generally, Plinian eruptions occur at systems where large amounts of high SiO2, volatilerich magma is generated, though rarer Plinian eruptions produced from basaltic low SiO2 magma are reported (Francis and Oppenheimer, 2004).

Ultra-Plinian eruptions or forming eruptions are considered an end member of volcanic activity and are low frequency events (Francis and Oppenheimer, 2004;[START_REF] Self | The effects and consequences of very large explosive volcanic eruptions[END_REF][START_REF] Costa | Understanding the plume dynamics of explosive supereruptions[END_REF].

Column heights are estimated at >45 km, but recent modelling indicates different regimes of air entrainment can lead to different plume shapes allowing them to extend to the mesosphere (Francis and Oppenheimer, 2004;[START_REF] Costa | Understanding the plume dynamics of explosive supereruptions[END_REF]. Such plumes result in dispersal of volatiles and ash on a global scale which would impact the Earth's climate and ecosystems [START_REF] Self | The effects and consequences of very large explosive volcanic eruptions[END_REF][START_REF] Costa | Understanding the plume dynamics of explosive supereruptions[END_REF]. Plume heights from the high mass eruption rate results in extreme tephra dispersal (Francis and Oppenheimer, 2004;[START_REF] Costa | Understanding the plume dynamics of explosive supereruptions[END_REF]. The rapid withdrawal of large volumes of magma can result in caldera formation, with large pressure changes resulting in failure of the roof of the magma storage zone, and the emission of devastating far-reaching voluminous pyroclastic density currents that form the so-called ignimbrite deposits.

Generating an Explosive Eruption

There are multiple ways to generate an explosive eruption and processes are unlikely to occur in isolation with a combination of processes leading to an explosive eruption (e.g., [START_REF] Gonnermann | The fluid mechanics inside a volcano[END_REF]Cassidy et al., 2018;[START_REF] Hlinka | Top-Down Control on Eruptive Style at Masaya Volcano Inferred from Melt Composition[END_REF]. Many mechanisms involve recharge of the system by magma from depth, mechanisms also usually lead to the supersaturation of volatiles in the magma and an increase in overpressure (Burnham, 1975). Here, we summarise a few key mechanisms of triggering an explosive eruption, these can be divided into processes related to the magma storage system [1][2][3] and processes related to the conduit [4][5] (Fig 1 .1):

[1] Addition of volume into the system can increase the overpressure on the confining walls (e.g., [START_REF] Ruprecht | Pre-eruptive reheating during magma mixing at Quizapu volcano and the implications for the explosiveness of silicic arc volcanoes[END_REF][START_REF] Bouvet De Maisonneuve | Petrological insights into shifts in eruptive styles at Volcán Llaima (Chile)[END_REF][START_REF] Degruyter | Magma reservoir response to transient recharge events: The case of Santorini volcano (Greece)[END_REF]. Small volumes of mafic magma may not provide enough heat to disrupt stored magma particularly in the case of a large system, however, addition of a mafic magma will increase magma overpressure, increasing expansion velocities and bringing the magma closer to fragmentation [START_REF] Ruprecht | Pre-eruptive reheating during magma mixing at Quizapu volcano and the implications for the explosiveness of silicic arc volcanoes[END_REF]. Some links have been made between the volume of recharge and the size of the eruption, with variation in eruption style considered to be related to variable recharge volumes and/or variable degrees of interaction between resident and recharge magmas (e.g., Volcán Llaima, Bouvet de Maisonneuve et al., 2013).

[2] Similarly to addition of volume to the system, magma recharge can heat the system and cause magma convection (e.g., [START_REF] Sparks | Magma mixing: a mechanism for triggering acid explosive eruptions[END_REF]Melnik and Sparks, 1999) and/or the mobilization of crystal-rich magmas (e.g., [START_REF] Burgisser | A rapid mechanism to remobilize and homogenize highly crystalline magma bodies[END_REF]Andrews and Manga et al., 2014) related to the effect of magma mixing. Many mixing models are based on the principle of a non-evolved mafic magma intruding into an evolved magma and creating unstable, non-equilibrium conditions [START_REF] Sparks | Magma mixing: a mechanism for triggering acid explosive eruptions[END_REF]. Mixing results in pressure increases, convection and remobilisation of less evolved magmas. As the evolved magma is heated, the mafic magma becomes quenched which will result in volatile exsolution leading to supersaturation. Different degrees of mixing may be observed, often with the mafic magma only being erupted as entrained fragments due to its higher density [START_REF] Sparks | Magma mixing: a mechanism for triggering acid explosive eruptions[END_REF].

[3] High volatile content or fluxing of volatiles can increase buoyancy and overpressure during ascent [START_REF] Roggensack | Explosive basaltic volcanism from Cerro Negro volcano: influence of volatiles on eruptive style[END_REF][START_REF] Scandone | Magma supply, magma ascent and the style of volcanic eruptions[END_REF][START_REF] Helo | Explosive eruptions at mid-ocean ridges driven by CO 2-rich magmas[END_REF]Sides et al., 2014;[START_REF] Costa | Petrological insights into the storage conditions, and magmatic processes that yielded the centennial 2010 Merapi explosive eruption[END_REF][START_REF] Parmigiani | Bubble accumulation and its role in the evolution of magma reservoirs in the upper crust[END_REF][START_REF] Edmonds | Volatiles and exsolved vapor in volcanic systems[END_REF]Moretti et al., 2018). Comparing, volatiles in an effusive and explosive eruption will in most cases reveal explosive eruptions retain more volatiles resulting in explosive eruptions (e.g., Cerro Negro volcano, Nicaragua, [START_REF] Roggensack | Explosive basaltic volcanism from Cerro Negro volcano: influence of volatiles on eruptive style[END_REF]. Open system degassing of H2O, CO2 and H2S, and the formation of bubbles and fluxing of volatiles from degassing of melts with initially high CO2 contents, are also considered important processes in reaching volatile supersaturation and/or the formation of foam layers and driving explosive eruptions (Sable et al., 2006;[START_REF] Blundy | A case for CO2-rich arc magmas[END_REF][START_REF] Helo | Explosive eruptions at mid-ocean ridges driven by CO 2-rich magmas[END_REF]Auippa et al., 2011).

[4] Rapid magma ascent rate can prevent efficient gas-melt segregation (e.g., [START_REF] Gonnermann | The fluid mechanics inside a volcano[END_REF][START_REF] Goepfert | Influence of pre-eruptive storage conditions and volatile contents on explosive Plinian style eruptions of basic magma[END_REF]Martel, 2012;Lloyd et al., 2014;[START_REF] Barth | Magma decompression rate correlates with explosivity at basaltic volcanoes-Constraints from water diffusion in olivine[END_REF]. If magma ascends fast enough to prevent gas escape, fragmentation will occur and magma will erupt explosively (Jaupart & Allègre, 1991;[START_REF] Gonnermann | The fluid mechanics inside a volcano[END_REF]. Variation in eruption style is thought to relate to variation in ascent rate, particularly in the absence of differences in magma storage conditions or pre-eruptive melt volatile contents (Jaupart & Allègre, 1991;Woods & Koyaguchi, 1994;[START_REF] Martel | Magma storage conditions and control of eruption regime in silicic volcanoes: experimental evidence from Mt[END_REF].

[5] Syn-eruptive microlite growth during ascent of magma can increase magma viscosity and explosivity (e.g., [START_REF] Houghton | Basaltic explosive volcanism: constraints from deposits and models[END_REF][START_REF] Goepfert | Influence of pre-eruptive storage conditions and volatile contents on explosive Plinian style eruptions of basic magma[END_REF][START_REF] Moitra | Fragmentation and Plinian eruption of crystallizing basaltic magma[END_REF][START_REF] Arzilli | Magma fragmentation in highly explosive basaltic eruptions induced by rapid crystallization[END_REF][START_REF] Hlinka | Top-Down Control on Eruptive Style at Masaya Volcano Inferred from Melt Composition[END_REF]. In some cases, rapid ascent produces a large undercooling which drives rapid crystallisation of magma. This can increase magma viscosity by several orders of magnitude and trigger magma fragmentation [START_REF] Papale | Strain-induced magma fragmentation in explosive eruptions[END_REF][START_REF] Koyaguchi | A theoretical model for fragmentation of viscous bubbly magmas in shock tubes[END_REF][START_REF] Arzilli | Magma fragmentation in highly explosive basaltic eruptions induced by rapid crystallization[END_REF].

Transitions in eruption style

Magma composition is often considered a first order control on eruption style (e.g., Sides et al., 2014;[START_REF] Firth | Variable conditions of magma storage and differentiation with links to eruption style at Ambrym volcano, Vanuatu[END_REF]. However, at systems where composition and storage conditions remain stable transitions between multiple eruptive styles may be controlled by processes and conditions during ascent (e.g., conduit geometry, magma viscosity, and degassing history) rather than factors related to the magma storage system [START_REF] Roggensack | Explosive basaltic volcanism from Cerro Negro volcano: influence of volatiles on eruptive style[END_REF].

At subduction zones, transitions in eruptive style are common with transitions observed over short periods within the same eruption (e.g., multiple transitions within a single eruptive episode (e.g., Cionia, et al., 2008;[START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF] and also over long periods across several eruptions (e.g., different eruption styles separated by a repose period (e.g., [START_REF] Endo | Locations, magnitudes, and statistics of the March 20-May 18 earthquake sequence[END_REF][START_REF] Ratdomopurbo | Overview of the 2006 eruption of Mt. Merapi[END_REF][START_REF] Costa | Petrological insights into the storage conditions, and magmatic processes that yielded the centennial 2010 Merapi explosive eruption[END_REF]. The range of eruptive styles observed at such systems makes them particularly hazardous and defining the processes and controls on each eruption style is particularly important. Transitions in eruptive style may be closely linked to the mechanism that triggered the eruption. However, in recent years the effects of bottom-up vs top-down vs external forces has been shown to play an important role in transitions in the eruptive style which cause transitions in eruptive behaviour both during a single eruption and across multiple eruptions. (e.g., [START_REF] Sparks | Causes and consequences of pressurisation in lava dome eruptions[END_REF]Cassidy et al., 2018;Bernard and Bouvet de Maisonneuve, 2020).

Bottom-up controls drive an eruption through changes in the magma storage system. In comparison, top-down controls result from changes in the uppermost plumbing system effecting the late-stage decompression path of the magma that proceed downward. This is related to the state of the upper system and how it effects the system's ability to store or lose gas which in turn can control eruption style [START_REF] Thomas | Understanding which parameters control shallow ascent of silicic effusive magma[END_REF]). An open conduit, or a conduit which is not sealed effectively will allow magma to lose gas efficiently making an effusive eruption likely [START_REF] Sparks | Causes and consequences of pressurisation in lava dome eruptions[END_REF]. In comparison, a sealed system may lead to degassing-induced pressure build-up hence priming the volcano for an explosive eruption [START_REF] Sparks | Causes and consequences of pressurisation in lava dome eruptions[END_REF][START_REF] Burgisser | A rapid mechanism to remobilize and homogenize highly crystalline magma bodies[END_REF][START_REF] Preece | Transitions between explosive and effusive phases during the cataclysmic 2010 eruption of Merapi volcano, Java, Indonesia[END_REF][START_REF] Roman | Mechanisms of unrest and eruption at persistently restless volcanoes: Insights from the 2015 eruption of Telica Volcano, Nicaragua[END_REF]. Therefore, top-down controls often involve sealing of the conduit by: [1] degassing-induced crystallization forming a shallow plug at the top of the conduit; [2] stalling related to a decrease in magma supply; [3] plugging of the conduit due to collapse; [4] and mineral precipitation (e.g., [START_REF] Roman | Mechanisms of unrest and eruption at persistently restless volcanoes: Insights from the 2015 eruption of Telica Volcano, Nicaragua[END_REF][START_REF] Stix | Understanding and forecasting phreatic eruptions driven by magmatic degassing[END_REF][START_REF] Barberi | A review on phreatic eruptions and their precursors[END_REF].

Another important control on eruption style and eruption style transition is caused by external effects such as: [1] sudden changes to the edifice e.g., flank collapse or dome collapse resulting in a downward-propagating decompression wave which triggers magma fragmentation [START_REF] Alidibirov | Magma fragmentation by rapid decompression[END_REF]; [2] assimilation of external materials e.g., carbonate material incorporated into the magma can lead to the formation and expansion of CO 2 bubbles which drive faster ascent [START_REF] Deegan | Magma-carbonate interaction processes and associated CO2 release at Merapi Volcano, Indonesia: insights from experimental petrology[END_REF]Troll et al., 2012); [3] external water interacting with magma which heats the water leading to expansion and explosive phreatomagmatic fragmentation [START_REF] Zimanowski | Magma-water interaction and phreatomagmatic fragmentation[END_REF].

Though current volcano monitoring such as geochemical and geophysical methods can provide indications of volcano activity, it cannot reliably forecast eruption style and size. This limits the preparation and hazard mitigation for different eruptive style scenarios. Understanding the controls on eruptive style, and particularly the controls on transitions between styles provides important information required to develop realistic eruption scenarios.

Aims and Organisation

This study focuses on the magmatic system of La Soufrière de Guadeloupe with emphasis on past explosive eruptions and uses minerals and MI to determine processes and/or parameters that lead to eruptions. In Chapter 2, I provide geological context for La Soufrière de Guadeloupe and briefly cover the eruptive history, structure and magma compositions observed in the context of the Lesser Antilles Arc.

Chapter 3 describes the different analytical methods (e.g., electron microprobe, secondary ion mass spectrometry, scanning electron microscope etc).

Chapter 4 discusses volcanic minerals and glasses and the information that can be extracted the to understand the magmatic system. In particular, this chapter will cover mineral diffusion timescales how they can be used to understand the timing of magmatic processes before eruption as well as the advantages and disadvantages of this method. Volcanic glasses -melt inclusions and groundmass glasses will also be discussed including the advantages and limitations and information which can be extracted from them.

Chapter 5 details the major results of the thesis from the diffusion timescales study. The chapter is introduced and summarised in French but is presented in the form of the article accepted and published in 2021 in Frontiers in Earth Science (Metcalfe et al., 2021a;Metcalfe et al., 2021b). We used orthopyroxene diffusion chronometry to calculate the timescale occurring between the last recharge/mixing event in the magma reservoir and the eruption. We model the timescale populations as random processes whose probability distributions provide expected ("mean") timescales and the associated standard errors for each eruption. This provides a new statistical method for comparing magmatic timescales between disparate eruptions. From this, we obtain timescales of magma storage at La Soufrière de Guadeloupe ranging from 18.8 ±0.37 days to 361.0 ±0.40 days, with no clear distinction between eruption style/size and timescales observed. Based on these data, magmatic interaction timescales are a poor predictor of likely eruption style/size, but do show that eruptions of different styles can be generated from relatively short periods of unrest.

Chapter 6 also details the second major results of the thesis from the volcanic glass studies. The chapter is introduced and summarised in French but is presented in the form of a peer-reviewed publication which has been accepted (27 th January 2022) to The Journal of Volcanology and Geothermal Research (Metcalfe et al., 2022). Major and volatile elements of melt inclusions across the eruption series show that the composition and physical properties of the storage zone feeding the eruptions has remained consistent. This indicates that processes occurring from the top-down and external forces have controlled eruption style. This is highlighted in the differences in groundmass glass viscosity, microlite volume percentages and ascent rates. Rapid ascent in the absence of topdown controls will result in explosive eruptions driven from the bottom-up (e.g., 1010 Cal. CE in the case of very rapid ascent or 1657 Cal. CE of rapid ascent). However, we also highlight the importance of top-down controls with the process of slow ascent of magma combined with the top-down effects of conduit sealing that can also result in explosive eruptions driven from the top-down (e.g., 5680 Cal. BCE). External effects, including flank collapses involved in some scenarios (e.g., 1530 Cal. CE), can also result in explosive eruptions.

Chapter 7 discusses the evolution of volatiles from the parental magma to the surface, and the impact of these volatiles on the environment. This chapter strengthens the hypothesis that the La Soufrière mush system is underlain by a basalt which has a similar composition to the Mont Caraïbes basalt. This basalt undergoes fractional crystallization to produce the evolved suites of magma erupted at La Soufrière. During ascent from the supply system to the storage zone, the magma experiences volatile saturation, this leads to sulphide separation resulting in the suites of evolved magmas with variable S contents. This could also contribute to the variable H2O contents observed in the magma. From the shallow storage zone, we show that degassing and crystallization affect the volatile contents which suggests that volatiles are lost during ascent of the magma. S, for example, follows a simple degassing path related to decompression. Following eruption, SO2 has the biggest impact on the climate. SO2 reaching the stratosphere is converted to sulphate aerosols, where they result in climate forcing which results in global cooling. The Plinian eruption plumes (1010 CE and 5680 BCE) reached the stratosphere and result in noticeable climate forcing. However, for smaller eruptions (1657 CE and 341 CE) with a maximum plume height of 15 km it is unclear if the plume reached the stratosphere. In the case of maximum plume height and aerosol lofting, a small forcing effect is observed for these eruptions, but in the case of a plume height of <15km no significant forcing is observed. This section is structured as an article to be submitted for peer review.

Chapter 8, the final chapter, provides a synthesis of the thesis, proposes a more complete model of this system and provides perspectives for future research.

Objectifs et Organisation

Cette étude se concentre sur le système magmatique de La Soufrière de 

Chapter 2

Geological Context

Contexte Géologique des Petites Antilles

L'arc volcanique des Petites Antilles s'est formé suite à la subduction de la plaque américaine sous la plaque caraïbe à un taux d'environ 1,9 cm/an [START_REF] Macdonald | Inversion of magnetic anomalies and sea-floor spreading in the Cayman Trough[END_REF][START_REF] Mccann | Subduction of aseismic ridges beneath the Caribbean plate: Implications for the tectonics and seismic potential of the northeastern Caribbean[END_REF][START_REF] Rosencrantz | Depth and age in the Cayman Trough[END_REF][START_REF] Jarrard | Relations among subduction parameters[END_REF][START_REF] Deng | Determination of Euler pole for contemporary relative motion of Caribbean and North American plates using slip vectors of interplate earthquakes[END_REF]Dixon et al., 1998 ;[START_REF] Demets | GPS geodetic constraints on Caribbean-North America plate motion[END_REF][START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF][START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF]. Cette vitesse de subduction relativement lente entraîne des taux de production de magma relativement faibles, en comparaison avec d'autres zones de subduction. L'arc des Petites Antilles est long de ~850 km, s'étendant de Saba au nord à Grenade au sud et est actif depuis 40 Ma [START_REF] Martin-Kaye | A summary of the geology of the Lesser Antilles[END_REF]Bouysse et al., 1990;[START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF][START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF]. Un arc plus ancien, actif de l'Éocène au milieu de l'Oligocène, existe à l'est où plusieurs îles sont maintenant recouvertes [START_REF] Sigurdsson | Marine tephrochronology and Quaternary explosive volcanism in the Lesser Antilles arc[END_REF][START_REF] Wadge | Segmentation of the Lesser Antilles subduction zone[END_REF] (Fig. 2.1). Au cours de l'Holocène, douze volcans ont été actifs dans l'arc occidental. Environ un million de personnes sont menacées par l'effet direct de l'activité volcanique dans les Petites Antilles et les phénomènes connexes associés menacent environ deux millions et demi de personnes (Lindsay et al., 2005a).

La Guadeloupe, dans l'arc central des Petites Antilles, est composée de plusieurs îles (Grande-Terre, Basse-Terre, La Désirade, Petite-Terre, Marie-Galante et Les Saintes) [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]. Les îles orientales (Grand-Terre et Marie-Galante) sont associées à l'arc externe, plus ancien, et l'île occidentale de Basse-Terre est associée à l'arc interne, actif depuis le Plio-Pléistocène et environ 2,8 Ma [START_REF] Macdonald | The Lesser Antilles volcanic chain: a study in arc magmatism[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Samper et al., 200 ;[START_REF] Kopp | Deep structure of the central Lesser Antilles Island Arc: Relevance for the formation of continental crust[END_REF]Fig. 2.1).

Basse-Terre est composé de sept champs éruptifs: Le Complexe Basal (CB), la Chaîne Septentrionale (SC), la Chaîne Axiale (AC), la Chaîne de Bouillante, les Monts Caraïbes (MC), le Champ Trois-Rivières-Madeleine (TRMF) et le Complexe Grande Découverte-Soufrière (GDS) [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Fig. 2.3). L'activité volcanique sur Basse-Terre peut être divisée en deux épisodes éruptifs principaux avec une évolution générale spatio-temporelle du Nord au Sud observée [START_REF] Samper | Timing of effusive volcanism and collapse events within an oceanic arc island: Basse-Terre, Guadeloupe archipelago (Lesser Antilles Arc)[END_REF][START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF]. Les données chimiques des roches totales des divers champs éruptifs sont présentées dans la figure 2.4, avec des compositions allant du basalte à la dacite.

La Soufrière de Guadeloupe est un stratovolcan basaltique-andésitique qui a été formé par une succession de coulées de lave, de dômes, de séquences pyroclastiques provenant d'éruptions explosives avec des panaches soutenus mais qui se sont aussi effondrés, ainsi que par une activité hydrothermale ou explosive, intercalés entre les dépôts d'avalanches de débris. Ces dépôts proviennent d'une succession unique d'au moins 9 événements d'effondrement partiel de l'édifice qui se sont produits au cours des 9150 dernières années [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | Volcano flank instability in the Lesser Antilles Arc: Diversity of scale, processes, and temporal recurrence[END_REF]Komorowski, 2008 ;Legendre, 2012, Komorowski et al. 2012 ;2013). La plupart des éruptions de La Soufrière de Guadeloupe (nommées GDS 1 à GDS 15 dans la reconstruction extensive de l'histoire éruptive par Legendre (2012), Komorowski et al. (2012;2013) sont des éruptions multiphases. Legendre (2012) et Komorowski et al. (2012Komorowski et al. ( , 2013) ) rapportent de nombreuses éruptions explosives de La Soufrière de Guadeloupe, inconnues jusqu'alors, dont cinq nouvelles éruptions explosives pliniennes (GDS 15, GDS 14, GDS 9, GDS 8, GDS 3). Nous présentons ici l'historique éruptif de La Soufrière de Guadeloupe nécessaire pour contextualiser les résultats et les implications (Tableau 2.1). La stratigraphie détaillée, la datation radiocarbone et l'analyse des dépôts éruptifs sont disponibles dans Legendre (2012).

L'édifice proto-Soufrière, construit à partir de coulées de lave et de construction de dômes, s'est partiellement effondré en 7140 ±18 ans Cal. BCE (8170 ans BP, ~9160 ans) produisant un dépôt basal d'avalanches de débris. Ce dernier est le premier dépôt volcanique préservé attribué à La Soufrière de Guadeloupe [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | Volcano flank instability in the Lesser Antilles Arc: Diversity of scale, processes, and temporal recurrence[END_REF]Komorowski, 2008;Legendre, 2012). Après cet effondrement, l'activité effusive a repris avec des coulées de lave et l'extrusion de dômes. La datation des coulées de lave K-Ar à 6 ± 2 ky attribue ces dépôts à La Soufrière de Guadeloupe, bien que les coulées et les dômes ne soient pas bien échantillonnés ou préservés [START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF]).

Cette activité a culminé en 5680 ±164 Cal. BCE (6770 ±40 ans BP) avec la première éruption plinienne préservée dans les archives (GDS 15).

L'éruption de 5680 Cal. BCE a généré une colonne éruptive soutenue qui, après avoir atteint une hauteur estimée (en l'absence de dépôts préservés étendus) de 10-25 km, s'est effondrée pour générer des courants de densité pyroclastique et des retombées de scories préservées (Legendre, 2012;Komorowski et al., 2012;2013). Des dépôts de scories basaltiques se trouvent à 7 km de l'évent; avec des dépôts qui contiendraient des cristaux d'olivine (Legendre, 2012), mais ces derniers n'ont pas été observés dans les échantillons utilisés dans cette étude. Il s'agit de l'éruption magmatique la plus violente préservée dans la région de La Soufrière de Guadeloupe depuis environ 10 000 ans, avec un VEI estimé à 4 (Indice d'Explosivité Volcanique) et un volume éruptif minimum estimé à ~0,1 km 3 . Elle a été suivie d'une éruption plinienne similaire, VEI 4 (GDS 14), datée à 5387 ±84 Cal. BCE (6300 ans BP, Legendre, 2012;Komorowski et al., 2012;2013). L'activité du dôme et la déstabilisation des flancs ne sont pas associées à ces deux éruptions pliniennes plus anciennes.

Après cette période explosive, une période effusive de construction de dômes a commencé, avec quatre événements principaux : 4366 ± 134 Cal. BCE (5510 ans BP, GDS 13), 3300 ±110 Cal. BCE (4485 ans BP, GDS 12), 1870 ±71 Cal. BCE (3495 ans BP, GDS 11), et 1370 ±100 Cal. BCE (3060 ans BP, GDS 10). Les quatre éruptions ont été associées à une déstabilisation partielle de l'édifice et à la mise en place d'une avalanche de débris avant les éruptions (GDS 13,GDS 12,GDS 11). Ces éruptions ont également été associées à de violentes explosions de dôme dirigées latéralement qui ont produit des courants de densité pyroclastique dilués et turbulents à haute énergie (Legendre, 2012;Komorowski et al., 2012;2013). Pendant cette période de construction du dôme, aucun événement magmatique explosif n'a été identifié, en raison d'un enregistrement géologique incomplet, les petits événements magmatiques n'étant pas préservés dans l'enregistrement stratigraphique. Avant les travaux détaillés de Legendre (2012) et Komorowski et al. (2012Komorowski et al. ( , 2013)), les éruptions pliniennes n'avaient été identifiées que pour la phase de Grande Découverte et datées de 42 000 ans, ce qui suggère que les preuves géologiques, même pour de petits événements récents, ne sont pas préservées [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]. Un enregistrement stratigraphique incomplet est commun dans les climats tropicaux comme la Guadeloupe, qui a un taux d'altération mécanique élevé entre 800-4000 t/km 2 /an [START_REF] Rad | Chemical weathering and erosion rates in the Lesser Antilles: An overview in Guadeloupe, Martinique and Dominica[END_REF].

L'activité magmatique explosive a repris à La Soufrière de Guadeloupe en 1080 ±10 ans Cal. BCE (2900 ans BP) avec deux éruptions pliniennes interprétées comme des éruptions VEI 4 avec des volumes éruptifs minimums de ~0,1 km 3 . Le premier événement est contraint à 1080 ±10 ans Cal. BCE (GDS 9) et le second a un âge relatif contraint entre 1080 ±10 ans Cal. BCE (2900 ans BP) et 720 ±10 ans Cal.

BCE car aucun matériau organique n'a été trouvé pour permettre une datation au radiocarbone. Ces deux événements étaient multiphasés et ont été suivis par une éruption de dôme de lave (GDS 7) qui s'est produite à 720 ±10 ans Cal. BCE (2460 ans BP) et qui a également produit une explosion dirigée latéralement (blast) et des courants de densité pyroclastique à haute énergie associés (Legendre, 2012;Komorowski et al., 2012;2013).

Entre 720 ±10 ans Cal. BCE et 450 ±10 ans Cal. CE (1570 ans BP), l'activité magmatique explosive a migré de 0,8 à 1,4 km au sud-est de l'évent principal de La Soufrière de Guadeloupe. Cela a donné lieu à l'éruption des cônes de scories plus anciens (Echelle ; GDS 6) et plus jeunes (Citerne ; GDS 5), qui forment un alignement structural ~N120 avec La Soufrière de Guadeloupe (Feuillet al., 2011a). Bien qu'il n'existe pas de datation directe au radiocarbone, [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF] et [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF] rapportent un âge d'environ 341 CE (1700 ans BP) pour des dépôts de coulées de débris lahariques remaniant les dépôts d'Echelle peu après leur mise en place. Ces deux éruptions de type strombolien sont interprétées comme des événements VEI 2, avec des volumes éruptifs minimums de 0,001 km3 et une colonne éruptive estimée à 1-15 km de hauteur. Les produits éruptifs explosifs et effusifs de ces deux évènements sont basaltiques par rapport aux produits andésitiques de La Soufrière de Guadeloupe, bien qu'une coulée de lave d'Echelle montre des signes de textures de mélange magmatique impliquant un magma plus silicique [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF].

Vers 450 ±10 ans (1570 ans BP), l'activité magmatique a migré vers La Soufrière de Guadeloupe pour générer une éruption à prédominance de lave et de dôme (GDS 4). Cette éruption a commencé par un effondrement partiel du flanc et a été suivie par la mise en place d'un dôme, associée à une explosion dirigée latéralement (blast), à des courants de densité pyroclastique à haute énergie et à des courants de densité pyroclastique d'effondrement du dôme vers le Sud et le Sud-Ouest jusqu'à une distance d'environ 7-9 km (Legendre, 2012;Komorowski et al., 2012;2013).

L'éruption plinienne la plus récente (GDS 3) a suivi en 1010 ±10 ans Cal. CE (1050 ans BP). Cette éruption est classée comme une éruption explosive VEI 4, avec un volume éruptif minimum estimé à ~0,1 km 3 et une hauteur de colonne éruptive estimée à 10-25 km, qui a dispersé les produits éruptifs à au moins 7 km de l'évent. Cette éruption explosive était associée à une phase de construction de dôme, qui a produit une explosion dirigée latéralement (blast), des courants de densité pyroclastique à haute énergie et des courants de densité pyroclastique d'effondrement de dôme vers le sud et le sud-ouest jusqu'à une distance d'environ 7-9 km (Legendre, 2012;Komorowski et al., 2012;2013).

L'archétype le plus étudié de l'éruption multiphase de l'épisode de La Soufrière est l'éruption de 1530 Cal. CE (GDS 2) qui a commencé par un effondrement partiel de l'édifice, suivi d'une phase explosive phréatique, d'une phase explosive sub-plinienne paroxysmale et qui s'est terminée par la mise en place du dôme de lave actuel [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF], Komorowski et al., 2008;Legendre, 2012).

L'éruption de 1530 Cal. CE est interprétée comme une éruption VEI 3 plus petite, sub-plinienne, avec une colonne de courte durée qui a atteint un minimum de 9 à 12 km de hauteur et un maximum de 18 km (Komorowski et al., 2008;2012;2013;[START_REF] Esposti Ongaro | Modeling Tsunamis Generated by Submarine Landslides at Stromboli Volcano (Aeolian Islands, Italy): A Numerical Benchmark Study[END_REF]. Cette colonne a produit des dépôts de retombées de pierre ponce et de scories, ainsi que des courants de densité pyroclastiques scoriacés et des effondrements de colonne associés qui ont atteint jusqu'à 6 km de distance pour un volume éruptif pyroclastique DRE combiné d'environ 0,06 km3 [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Komorowski et al., 2008;Legendre, 2012;[START_REF] Esposti Ongaro | Modeling Tsunamis Generated by Submarine Landslides at Stromboli Volcano (Aeolian Islands, Italy): A Numerical Benchmark Study[END_REF]. Cette éruption est considérée comme un scénario calibré typique d'une future éruption magmatique, étant donné que la diversité des styles éruptifs est représentative du passé éruptif complet de La Soufrière de Guadeloupe et des nombreuses éruptions multiphases enregistrées (à l'exclusion des phénomènes de blast dirigé non observés pour l'éruption de 1530 Cal. CE). Cela sert de bon analogue pour les études d'évaluation des risques lors de la modélisation de différents phénomènes à fort impact, tels que les dépôts d'avalanches de débris [START_REF] Peruzzetto | Modeling of partial dome collapse of La Soufrière of Guadeloupe volcano: implications for hazard assessment and monitoring[END_REF], les retombées de pierre ponce (Komorowski et al., 2008) et les courants de densité pyroclastique [START_REF] Esposti Ongaro | Modeling Tsunamis Generated by Submarine Landslides at Stromboli Volcano (Aeolian Islands, Italy): A Numerical Benchmark Study[END_REF].

L'éruption de 1530 Cal. CE était, jusqu'à récemment, connue comme l'éruption magmatique la plus récente de La Soufrière de Guadeloupe [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF], Boudon et al., 2008;Komorowski et al., 2008;Pichavant et al., 2018). Cependant, de nouvelles données de terrain indiquent qu'une petite éruption magmatique plus récente (GDS 1) s'est produite en 1657 ± 20 ans Cal. CE (Legendre, 2012;Komorowski et al., 2012;2013;Metcalfe et al., 2021a ;2021b CE: 1690CE: , 1797CE: -1798CE: , 1809CE: -1812;;1836-1837, 1956et 1976-1977[START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF][START_REF] Rosas-Carbajal | Volcano electrical tomography unveils collapse hazard linked to hydrothermal system structure and dynamics[END_REF]. Moretti et al., (2020) discutent de la structure du magma andésitique résidant en profondeur en proposant un système de « mush » pour le réservoir magmatique de La Soufrière. Comme nous l'avons vu dans l'introduction (chapitre 1.2.2), les zones de « mush » sont des zones de stockage plus ou moins froides, à longue durée de vie, composées de lentilles de cristaux et de liquide silicaté construites par des intrusions répétées depuis la profondeur. Les cristaux des zones de « mush » ont des contacts étroits et forment un cadre continu de cristaux imbriqués à l'intérieur duquel le liquide silicaté est distribué dans des proportions volumétriques variables [START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF].

La zone de « mush » dans le modèle [START_REF] Moretti | The 2018 unrest phase at La Soufrière of Guadeloupe (French West Indies) andesitic volcano: Scrutiny of a failed but prodromal phreatic eruption[END_REF] s'étend à partir de 5 km et constitue la source de chaleur et de fluides profonds du système hydrothermal. Ce modèle se concentre principalement sur le système hydrothermal, qui est bien délimité par les données géophysiques et géochimiques, les fluides hydrothermaux étant supposés marquer le toit de scellement au sommet de la zone de transition fragile-ductile à ~1,5 km et 370-400 °C [START_REF] Fournier | Oblique rifting at oceanic ridges: Relationship between spreading and stretching directions from earthquake focal mechanisms[END_REF][START_REF] Villemant | Evidence for a new shallow magma intrusion at La Soufrière of Guadeloupe (Lesser Antilles): insights from long-term geochemical monitoring of halogen-rich hydrothermal fluids[END_REF]. Le toit de scellement sépare également la région ductile inférieure où les fluides dérivés du magma s'accumulent au niveau du système hydrothermal supérieur. C'est au niveau du système hydrothermal supérieur que les fluides à pression hydrostatique circulent dans la roche fragile [START_REF] Fournier | Oblique rifting at oceanic ridges: Relationship between spreading and stretching directions from earthquake focal mechanisms[END_REF]. La chaleur et les fluides amenés par les intrusions dans la zone de « mush », en dessous de 5 km, sont considérés comme une cause possible de l'activité sismique et des épisodes de réactivation, ainsi qu'une cause potentielle de certaines éruptions historiques (phréatiques et/ou hydrothermales non magmatiques) les plus violentes et les plus longues.

La majorité des contraintes géochimiques et pétrologiques existantes actuellement sur le réservoir magmatique de La Soufrière et la zone de « mush » hypothétique est basée sur l'éruption de 1530 Cal. CE. Bien que ce modèle donne une bonne indication de l'état du système avant cette éruption, il peut ne pas être une représentation exacte du réservoir sur sa longue histoire. Bien que l'éruption de 1530 Cal. CE soit considérée comme l'éruption magmatique majeure la plus récente et qu'elle soit l'archétype de ce système, le registre éruptif de La Soufrière montre une large gamme de styles et de magnitudes d'éruptions pour lesquels le scénario du système de stockage de 1530 Cal. CE n'est peutêtre pas représentatif. Des contraintes plus spécifiques sur les paramètres physico-chimiques du magma en profondeur (tels que la température et la pression) nous permettront de mieux comprendre l'évolution du système dans le temps et de mieux contraindre les scénarios possibles pour son évolution future.

Mots Clés : Petites Antilles, contexte géologique, géochimie Keywords : Lesser Antilles, geological context, geochemistry

Geological Context of the Lesser Antilles

The Lesser Antilles volcanic arc is formed due to subduction of the American plate under the Caribbean plate at a rate of about 1.9 cm/yr [START_REF] Macdonald | Inversion of magnetic anomalies and sea-floor spreading in the Cayman Trough[END_REF][START_REF] Mccann | Subduction of aseismic ridges beneath the Caribbean plate: Implications for the tectonics and seismic potential of the northeastern Caribbean[END_REF][START_REF] Rosencrantz | Depth and age in the Cayman Trough[END_REF][START_REF] Jarrard | Relations among subduction parameters[END_REF][START_REF] Deng | Determination of Euler pole for contemporary relative motion of Caribbean and North American plates using slip vectors of interplate earthquakes[END_REF]Dixon et al., 1998;[START_REF] Demets | GPS geodetic constraints on Caribbean-North America plate motion[END_REF][START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF][START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF]. This relatively slow subduction rate results in relatively low magma production rates in comparison to other subduction zones. The Lesser Antilles arc is ~850 km long, extending from Saba in the north to Grenada in the south and has been active since 40 Ma [START_REF] Martin-Kaye | A summary of the geology of the Lesser Antilles[END_REF]Bouysse et al., 1990;[START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF][START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF]. An older arc that was active from the Eocene to the mid-Oligocene exists in the east where several islands are now covered in a carbonate platform -the Limestone Caribbees ( Approximately one million people are threatened by the direct effect of volcanic activity in the Lesser Antilles, and related phenomena threaten approximately two and a half million people (Lindsay et al., 2005a).

Magma Composition

The magma production rate varies along the arc, with the central arc, in particularly Dominica, producing the largest volumes of volcanic deposits particularly in the past 0.1 Ma (40 km 3 for Dominica and 8 km 3 for Guadeloupe and Martinique; [START_REF] Wadge | The dykes and structural setting of the volcanic front in the Lesser Antilles island arc[END_REF][START_REF] Macdonald | The Lesser Antilles volcanic chain: a study in arc magmatism[END_REF]. In comparison, the Northern and Southern parts of the arc have produced smaller volumes ~0 -5 km 3 [START_REF] Macdonald | The Lesser Antilles volcanic chain: a study in arc magmatism[END_REF].

A wide range of magma types is observed across the arc, varying from north to south, from tholeiitic suites in the northern arc, to calc-alkaline suites in the central arc and to silica-undersaturated, highly magnesian suites in the southern arc [START_REF] Macdonald | The Lesser Antilles volcanic chain: a study in arc magmatism[END_REF]. More specifically, in the Northern arc the dominant rock type is andesite with low volumes of basalt and minor amounts of dacite and rhyolites (e.g., [START_REF] Rea | The geochemical characteristics and conditions of petrogenesis of the volcanic rocks of the northern Lesser Antilles-a review[END_REF]). In the central arc andesites are dominant, with some basalts and dacites and minor rhyolites, St. Lucia also fits into this group volcanologically but is often included into the Southern segment based on seismic data [START_REF] Wadge | Segmentation of the Lesser Antilles subduction zone[END_REF]. Finally, the Southern arc consists of dominantly basalt and basaltic-andesites with andesite mainly found in mixed magma deposits (e.g., [START_REF] Arculus | Geology and geochemistry of the alkali basalt-andesite association of Grenada, Lesser Antilles island arc[END_REF][START_REF] Brown | Geochemistry of the Lesser Antilles volcanic island arc[END_REF][START_REF] Thirlwall | Evolution of high-Ca, high-Sr C-series basalts from Grenada, Lesser Antilles: the effects of intra-crustal contamination[END_REF][START_REF] Macdonald | The Lesser Antilles volcanic chain: a study in arc magmatism[END_REF][START_REF] Robertson | Making Use of Geology-the Relevance of Geology and Geological Information to the Development Process in St Vincent and the Grenadines[END_REF]Fig 2.2). There is a wide range of silica contents across the arc with a wide range of overlap, the southern arc in particular is relatively silica poor (av. <55 wt% Brown et al., 1976) in comparison to the northern and central arc, however, the total alkalis are consistently relatively low (~<5 wt5; (Brown et al., 1976;Fig 2.2). [START_REF] Wadge | Segmentation of the Lesser Antilles subduction zone[END_REF]. (Right) Taken from [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF] showing the seismotectonic setting of the Lesser Antilles with the active plate boundary faults shown in black. Also shown are coloured circles which are precisely relocated seismicity, colour coded as a function of depth [START_REF] Engdahl | Global teleseismic earthquake relocation with improved travel times and procedures for depth determination[END_REF]. Thrust focal mechanisms are shown in blue and others in red.

The Lesser Antilles major element trend is the result of partial melting, fractional crystallisation and crustal contamination (Brown et al., 1976;[START_REF] Macdonald | The Lesser Antilles volcanic chain: a study in arc magmatism[END_REF]. Generally, the magmas at each island often show a large amount of overlap in the major element data (e.g., Fig 2 .2), with often differences only observed in trace element data [START_REF] Macdonald | The Lesser Antilles volcanic chain: a study in arc magmatism[END_REF]. [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Pichavant et al., 2018); St Vincent [START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF][START_REF] Cole | Explosive activity of the last 1000 years at La Soufrière, St Vincent, Lesser Antilles[END_REF]; Dominica (D'Augustine et al., 2020;[START_REF] Balcone-Boissard | Deep pre-eruptive storage of silicic magmas feeding Plinian and domeforming eruptions of central and northern Dominica (Lesser Antilles) inferred from volatile contents of melt inclusions[END_REF]; Martinique [START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF]; Montserrat [START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF]; St Lucia [START_REF] Lindsay | Volcanic stratigraphy and geochemistry of the Soufrière Volcanic Centre, Saint Lucia with implications for volcanic hazards[END_REF]; Kick 'em Jenny [START_REF] Camejo-Harry | Evolution in magma storage conditions beneath Kick-'em-Jenny and Kick-'em-Jack submarine volcanoes, Lesser Antilles arc[END_REF]; Saba [START_REF] Defant | Evidence suggests slab melting in arc magmas[END_REF]; St Kitts [START_REF] Baker | Geochemical evolution of St Kitts and Montserrat, Lesser Antilles[END_REF]; Grenada [START_REF] Arculus | Geology and geochemistry of the alkali basalt-andesite association of Grenada, Lesser Antilles island arc[END_REF].

Magma Storage Across the Arc

As discussed in Chapter 1.2.1, in an arc setting, primitive magmas stall at the point of neutral buoyancy or where they underplate crystal rich mushes (e.g., [START_REF] Couch | Mineral disequilibrium in lavas explained by convective self-mixing in open magma chambers[END_REF][START_REF] Bachmann | Gas percolation in upper-crustal silicic crystal mushes as a mechanism for upward heat advection and rejuvenation of near-solidus magma bodies[END_REF]Ruprecht et al., 2012;[START_REF] Plank | Why do mafic arc magmas contain∼ 4 wt% water on average?[END_REF][START_REF] Cashman | Petrological cannibalism: the chemical and textural consequences of incremental magma body growth[END_REF][START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF][START_REF] Bergantz | Open-system dynamics and mixing in magma mushes[END_REF][START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF]. A crystal mush may exist in sub-solidus conditions for long timescales before remobilisation as discussed in Chapter 1.2.2 (e.g., [START_REF] Bachmann | Gas percolation in upper-crustal silicic crystal mushes as a mechanism for upward heat advection and rejuvenation of near-solidus magma bodies[END_REF][START_REF] Bergantz | Open-system dynamics and mixing in magma mushes[END_REF][START_REF] Burgisser | A rapid mechanism to remobilize and homogenize highly crystalline magma bodies[END_REF]Pargimini et al., 2014). Crystal mushes are often considered to be vertically extensive and consist of melt-rich lenses and solid crystal mush [START_REF] Cashman | Petrological cannibalism: the chemical and textural consequences of incremental magma body growth[END_REF][START_REF] Cashman | How volcanoes work: A 25 year perspective[END_REF][START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF][START_REF] Blundy | Formation and dynamics of magma reservoirs[END_REF].

In order to provide background for our interpretation of specifically La Soufrière de Guadeloupe being underlain by a mush system (though the mush system most likely underlays the entire Grande Découverte-La Soufrière volcanic complex), we discuss other systems in the arc where mush system have been proposed (e.g., [START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF]d'Augustin, et al., 2020). Many studies in the Lesser Antilles suggest that at this arc many mush systems extend between 5 -8 km, consistent with the transcrustal magma mush model (e.g., [START_REF] Martel | Magma storage conditions and control of eruption regime in silicic volcanoes: experimental evidence from Mt[END_REF][START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF][START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF][START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF]Pichavant et al., 2018;[START_REF] Balcone-Boissard | Deep pre-eruptive storage of silicic magmas feeding Plinian and domeforming eruptions of central and northern Dominica (Lesser Antilles) inferred from volatile contents of melt inclusions[END_REF][START_REF] Solaro | Petrological and experimental constraints on magma storage for large pumiceous eruptions in Dominica island (Lesser Antilles)[END_REF]d'Augustin, et al., 2020). Understanding the mush systems proposed for other systems, including conditions such as depth and temperature, and processes occurring provides context for Guadeloupe and allows our results to be put into a regional context with nearby, comparable systems. The models proposed specifically for La Soufrière de Guadeloupe will be discussed in detail in Section 2.2.4.

St Kitts

An extensive, transcrustal magmatic mush system has been proposed by [START_REF] Melekhova | Petrological and experimental evidence for differentiation of water-rich magmas beneath St. Kitts, Lesser Antilles[END_REF] for the production of magmas on St Kitts, with a shallow zone supplying the majority of lavas erupted as well as a deeper mid-crustal zone where magmas are differentiating within a transcrustal magmatic mush system. The deepest part of this system is hypothesised to exist at >25 km, this is for cumulate rocks which are hard to distinguish from mantle rocks using geophysics. Above the cumulates is a zone of basaltic-andesites which are generated at depth and ascend to 18-25 km where they experience differentiation [START_REF] Melekhova | Petrological and experimental evidence for differentiation of water-rich magmas beneath St. Kitts, Lesser Antilles[END_REF]. These basaltic-andesites are considered the parental magmas for more evolved compositions which migrate upwards and equilibrate with existing crystal mush [START_REF] Melekhova | Petrological and experimental evidence for differentiation of water-rich magmas beneath St. Kitts, Lesser Antilles[END_REF]. This means many eruption products will have an equilibration pressure corresponding to shallow depths despite differentiation beginning much deeper in the system. Experimental data indicates many eruption products from St Kitts can be generated at 2.4 -4 kbar (~8.9 km -14.6 km), which is a lower pressure than the basaltic-andesite parental magma. Though many magmas correspond to shallow depths, some melts are shown to bypass equilibration with the shallower mush system and so preserve evidence of their origin in the deeper system [START_REF] Melekhova | Petrological and experimental evidence for differentiation of water-rich magmas beneath St. Kitts, Lesser Antilles[END_REF].

Montserrat

The 26-years long eruption of Soufrière Hills on Montserrat has allowed many in depth studies to be conducted on very recent eruption products, giving a snapshot of the magma system as it was directly prior to the recent eruption. Through both geochemistry and petrology studies (e.g., [START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF][START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF] and geophysical studies (e.g., [START_REF] Paulatto | Magma chamber properties from integrated seismic tomography and thermal modeling at Montserrat[END_REF] the Soufrière Hills mush system is identified to extend from <4 to 16 km, comprising of isolated magma bodies, with the main active reservoir between 8-12 km [START_REF] Paulatto | Magma chamber properties from integrated seismic tomography and thermal modeling at Montserrat[END_REF][START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF][START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF].

The key hypothesis underlying the present understanding this system is based on geochemistry and petrological observations of eruption products. This hypothesis is an andesitic magma body is recharged by an intruding basaltic magma which releases heat and volatiles, driving the eruption (e.g., Murphy et al., 1999;Wadge et al., 2014). Combined with studies of South Soufrière Hills volcano (an older volcano on the island), which has distinct geochemical signatures in comparison to the active Soufrière Hills volcano, the data indicate that isolated melt bodies within the crystal mush result in a heterogenous system which is vertically and laterally extensive [START_REF] Devine | Magma storage region processes inferred from geochemistry of Fe-Ti oxides in andesitic magma, Soufriere Hills Volcano, Montserrat, WI[END_REF][START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF].

As well as being chemically heterogenous, the Soufrière Hills system is thought to be composed of layers of mush (solid and crystalline), magmatic liquid (sub-solidus, eruptible magma) and exsolved fluid layers (volatiles exsolved from the magma on saturation; [START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF][START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF]. The presence of fluid layers with exsolved fluids, resulting from magma recharge, may lead to instabilities in the mush system and may result in overpressures that could fuel explosive eruptions [START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF][START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF].

The cyclicity observed in the vulcanian eruptions was thought to be related to the ascent of different magma batches. The ascent of magma to the surface was calculated to take 5 -13 hours, consistent with the ~12 hour cyclicity of the Vulcanian eruptions. Degassing of magma as it ascends will change the overpressure in the system through the addition of exsolved fluids [START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF].

Dominica

A vertically and laterally extensive crystal mush system is also proposed for Dominica, with three components: an underplating basalt, a basaltic-andesitic crystalline mush with a liquid hybrid layer and an interstitial rhyolitic melt which may accumulate at the top of the reservoir in a silicic cap (e.g., Howe et al., 2015). This system is hypothesised to have formed through continuous fractionation, accumulation, and disaggregation of the crystalline material of a crystal-mush along with interstitial melt, and with crystals which experienced different histories as evidenced by the disequilibrium features observed in the eruption products (Howe et al., 2015). Volatile release from the underplating basalt is thought to cause vigorous convection prior to eruption with mafic phases observed in the Dominica eruption products as remnants of incomplete mixing of basaltic material [START_REF] Halama | Pre-eruptive crystallization conditions of mafic and silicic magmas at the Plat Pays volcanic complex, Dominica (Lesser Antilles)[END_REF]Howe et al., 2015). Following the eruption and the cessation of recharge of the underplating basalt, the liquid remaining in the reservoir will begin to crystallise to ultimately remain in a crystalline state between eruptive periods (Howe et al., 2015).

However, more recently the model of mafic recharge has been discarded for some eruptions (e.g., Layou and Roseau) due to the lack of evidence for mixing in groundmass glasses and melt inclusion compositions [START_REF] Balcone-Boissard | Deep pre-eruptive storage of silicic magmas feeding Plinian and domeforming eruptions of central and northern Dominica (Lesser Antilles) inferred from volatile contents of melt inclusions[END_REF][START_REF] Solaro | A system dynamics approach to understanding the deep magma plumbing system beneath Dominica (Lesser Antilles)[END_REF]. Instead, mixing of different parts of the mush, without the need of a mafic magma, can explain many features observed for the Layou and Roseau eruptions. The system prior to the eruption is considered as a cooling system which is disturbed by a slightly hotter magma of a similar composition a decade prior to eruption [START_REF] Solaro | A system dynamics approach to understanding the deep magma plumbing system beneath Dominica (Lesser Antilles)[END_REF]. This suggests the system is heterogeneous in temperature [START_REF] Solaro | Petrological and experimental constraints on magma storage for large pumiceous eruptions in Dominica island (Lesser Antilles)[END_REF][START_REF] Solaro | A system dynamics approach to understanding the deep magma plumbing system beneath Dominica (Lesser Antilles)[END_REF].

The large ignimbrite eruptions observed on Dominica (e.g., 60 and 24 ka BP) were fed from magmas stored at ~16 km [START_REF] Balcone-Boissard | Deep pre-eruptive storage of silicic magmas feeding Plinian and domeforming eruptions of central and northern Dominica (Lesser Antilles) inferred from volatile contents of melt inclusions[END_REF][START_REF] Solaro | Petrological and experimental constraints on magma storage for large pumiceous eruptions in Dominica island (Lesser Antilles)[END_REF]. In comparison more recent Plinian eruptions (e.g., 8-18 ka) were fed from magma than sourced shallower storage regions ≤ 7.3 km (d'Augustin et al., 2020), consistent with the system described for Montserrat. The similarities in mineralogical and chemical composition, including comparable volatile element ratios for magma that fed the ignimbritic eruption and the more recent Plinian eruptions indicate a common source and support the existence of a trans-crustal magmatic system extending from <7 -16 km (d'Augustin et al., 2020).

Martinique

The main andesitic magma reservoir beneath Montagne Pelée is thought to be at 6 -9 km depth (~200 MPa), based on the petrology of erupted rocks as well as results from experimental petrology [START_REF] Martel | Magma storage conditions and control of eruption regime in silicic volcanoes: experimental evidence from Mt[END_REF]. Mafic magmas have been experimentally determined to be stored at 400 to 500 MPa, suggesting that the magmatic transcrustal system below Montagne Pelée also has a similar deeper component, similar to magmatic feeding systems identified in Dominica and Montserrat [START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF] The presence of mafic magmas with an andesite bulk composition leads to the interpretation of the existence of a zoned magma storage system with a mafic zone below an andesitic zone [START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF], similar to that presented for Guadeloupe by Pichavant et al. (2018) (discussed in Section 2.2.4). [START_REF] Annen | Conditions for the growth of a longlived shallow crustal magma chamber below Mount Pelee volcano (Martinique, Lesser Antilles Arc)[END_REF] proposed a mush system for Montagne Pelée based on experimental determination of the thermal evolution of the system. The formation of a long-lived persistent magma chamber was determined to be unlikely based on realistic magma injection and cooling rates. Instead, the magma system is built up by accreting sills. This injected magma then completely solidifies, existing as a highly crystalline mush with only a small part (10-20 vol%) remaining as eruptible melt to feed eruptions [START_REF] Annen | Conditions for the growth of a longlived shallow crustal magma chamber below Mount Pelee volcano (Martinique, Lesser Antilles Arc)[END_REF]. Magmas are calculated to ascend in < 1 day from a shallow reservoir of 6 km (Martel, 2012), this is comparable to the ascent rates calculated for Montserrat (5-13 hours).

St. Vincent

At La Soufrière St. Vincent petrological and geochemistry studies indicate magmas are stored in a shallow crustal reservoir at ~7 km (and perhaps as shallow as 3.5 km) where they evolve and undergo homogenisation, leading to the eruption of relatively chemically homogeneous magmas [START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF]. However, the presence of cumulates indicates differentiation of a less evolved, basaltic, parental melt is occurring at a deeper level. Generally, La Soufrière St. Vincent experiences relatively steady-state behaviour, fed by homogenous magmas initially stored at 7 km. The stored magmas exsolve volatiles which contribute to the build-up of pressure in the shallow system which may trigger eruptions [START_REF] Cole | Explosive activity of the last 1000 years at La Soufrière, St Vincent, Lesser Antilles[END_REF][START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF]. However, eruptions such as the 1902-03 indicates the shallower reservoir experiences episodic perturbations by magma rejuvenation events from a less evolved magma from a deeper source calculated at ~13 km [START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF].

Grenada

Camejo [START_REF] Camejo-Harry | Evolution in magma storage conditions beneath Kick-'em-Jenny and Kick-'em-Jack submarine volcanoes, Lesser Antilles arc[END_REF] present data on the magma storage system for the submarine volcano Kick 'em Jenny, suggesting the presence of a main storage region at ~7 -12 km with some shallower networks of melt and mush. Combining petrology, geochemistry and seismic data they show that the magmatic system extends through the crust with fractionation occurring deep in the system. This feeds the shallower system, which becomes increasingly evolved in composition. This vertically extensive system produces eruptions through the build-up of volatiles, generation of overpressure and destabilisation of the system. Periods of dormancy are ended by basaltic recharge at depth, which leads to fractionation and the migration of evolved melts and the liberation of volatiles and renewed eruptive activity of the system.

Overall, many chemical and dynamic features of magmatic systems of the Lesser Antilles volcanoes can be explained by the model of a transcrustal, vertically (and often laterally) extensive mush system as described by [START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF]. Many studies suggest that recharge of the system with basaltic magma from depth is the principal cause of unrest and eruption. However, more recent studies suggest melts migrating within the shallow zone and volatile oversaturation can also result in an eruption without the requirement for a deep mafic recharge event.

Studies of the Lesser Antilles magmatic systems indicate that within the vertically extensive mush system, magma is stored in shallow storage regions generally in the range of 5 -9 km with some evidence of melt at <5 km. Shallow storage regions are typically formed of evolved magmas and are often the main zone from which magma is erupted. Deep-sourced fluids, heat and magma inputs into the storage regions maintain conditions in the shallow region that promote the residence of eruptive melt. Many studies indicate that differentiation to produce evolved melts is occurring deeper in the system generally in the range 13 ->16 km, though this is often less well resolved by data in comparison to the shallow regions that are better sampled by eruptions. This existence of this deeper region has various implications for the system, including for the production of less evolved melts, the triggering of eruption, and that fact it may also be evacuated in the more voluminous eruptions. The presence at >25 km of deeper zones rich in cumulates are suggested by some studies. However, their existence likely depends on the slab dip and crustal thickness which varies across the arc [START_REF] Schlaphorst | Probing layered arc crust in the Lesser Antilles using receiver functions[END_REF][START_REF] Melekhova | Lateral variation in crustal structure along the Lesser Antilles arc from petrology of crustal xenoliths and seismic receiver functions[END_REF][START_REF] Schlaphorst | Variation in upper plate crustal and lithospheric mantle structure in the Greater and Lesser Antilles from ambient noise tomography[END_REF].

Volcanism and Eruptive Style Across the Arc

The Lesser Antilles has a long history of eruptions with 23 eruptions of varying types occurring since 1900; including 9 from volcanoes on Guadeloupe, Martinique, St. Vincent, Montserrat and Dominica and 14 from the submarine volcano Kick 'em Jenny (Lindsay et al., 2005a). Most islands have a single volcano which Holocene eruptions have occurred from and are likely to erupt in the future (e.g., Saba, St. Eustatius, Nevis, Montserrat, Martinique, St. Vincent), however, more complicated systems are present with two potentially active volcanoes in Guadeloupe (La Soufrière volcano, and the Madeleine-Trois-Rivière volcanic complex; [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Legendre, 2017[START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF] and nine potentially active volcanoes observed on Dominica (Lindsay et al., 2003(Lindsay et al., , 2005c)). Since 1900, recent eruptions have varied in size and style ranging from phreatic (e.g., Guadeloupe 1956Guadeloupe and 1976Guadeloupe -1977;;[START_REF] Le Guern | Soufriere of Guadeloupe 1976-1977 eruption-Mass and energy transfer and volcanic health hazards[END_REF][START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF][START_REF] Zlotnicki | The volcanic activity of La Soufrière of Guadeloupe (Lesser Antilles): structural and tectonic implications[END_REF][START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF]; Dominica 1997(Mayer et al., 2017) to magmatic (e.g., Montserrat 1995 -present; Wadge et al., 2014) and on St. Vincent in 2020-2021(SRC, 2021) and submarine (e.g., explosive and dome behaviour at Kick 'em Jenny; [START_REF] Devine | Petrology and eruption styles of Kick'em-Jenny submarine volcano, Lesser Antilles island arc[END_REF][START_REF] Allen | 30 Years in the Life of an Active Submarine Volcano: A Time-Lapse Bathymetry Study of the Kick-'em-Jenny Volcano, Lesser Antilles[END_REF].

Most volcanoes in the Lesser Antilles arc are stratovolcanoes many of which have experienced numerous lava domes eruptions, particularly in the Northern and Central arcs (including St. Lucia). The North and Central volcanoes can produce large explosive eruptions generating pyroclastic flows as well as lava domes and associated block and ash flows (e.g., [START_REF] Macdonald | The Lesser Antilles volcanic chain: a study in arc magmatism[END_REF][START_REF] Lindsay | Volcanic stratigraphy and geochemistry of the Soufrière Volcanic Centre, Saint Lucia with implications for volcanic hazards[END_REF][START_REF] Smith | The volcanic geology of the mid-arc Island of Dominica[END_REF][START_REF] Bezard | Assimilation of sediments embedded in the oceanic arc crust: Myth or reality?[END_REF]Howe et al., 2015a). Large Plinian eruptions have also been recorded, for example in Guadeloupe (for example the Pintade eruption about 42,000 years ago among several others from the Grande Découverte-La Soufrière volcanic complex), Dominica (e.g., the Roseau Tuff; [START_REF] Carey | The Roseau ash: Deep-sea tephra deposits from a major eruption on Dominica, Lesser Antilles arc[END_REF][START_REF] Solaro | A system dynamics approach to understanding the deep magma plumbing system beneath Dominica (Lesser Antilles)[END_REF] and St. Lucia (e.g., the Belfond unit; [START_REF] Lindsay | Volcanic stratigraphy and geochemistry of the Soufrière Volcanic Centre, Saint Lucia with implications for volcanic hazards[END_REF]. However, this activity occurred 20,000 to 40,000 years ago and Plinian eruptions of this scale are not recorded in the more recent history. As well as stratovolcanoes, the Southern arc activity has produced a diversity of eruptive phenomena including small explosion craters and lava flows, whereas large dome-forming eruptions are rare [START_REF] Lindsay | Integrating volcanic hazard data in a systematic approach to develop volcanic hazard maps in the Lesser Antilles[END_REF].

Some of the most recent magmatic activity has occurred on the islands of Martinique (e.g., 1902Martinique (e.g., -1905;;1929-1932), St. Vincent (e.g., 1902and 2020 -present) and Montserrat (e.g., 1995 -present).

As there have been no observed magmatic eruptions on Guadeloupe (the last magmatic eruption was 1657 CE), the knowledge existing on analogue volcanoes across the arc where recent eruptions have been observed can improve our understanding of La Soufrière. These eruptions provide examples of typical eruptive activity expected for volcanoes in the Lesser Antilles which is often multi-phase and may include transitions in activity style.

Martinique

The eruptive record of Montagne Pelée shows a history of sub-Plinian to Plinian and dome-forming eruptions [START_REF] Westercamp | The past 5,000 years of volcanic activity at Mt. Pelée Martinique (FWI): Implications for assessment of volcanic hazards[END_REF]Boudon et al., 2005;[START_REF] Carazzo | The recent Plinian explosive activity of Mt. Pelée volcano (Lesser Antilles): the P1 AD 1300 eruption[END_REF][START_REF] Michaud-Dubuy | Dynamics of Plinian eruptions : re-assessment of volcanic hazard in Martinique[END_REF][START_REF] Michaud-Dubuy | Impact of wind direction variability on hazard assessment in Martinique (Lesser Antilles): The example of the 13.5 ka cal BP Bellefontaine Plinian eruption of Mount Pelée volcano[END_REF][START_REF] Boudon | Volcanological evolution of Montagne Pelée (Martinique): A textbook case of alternating Plinian and dome-forming eruptions[END_REF]. Many of the 8 Plinian eruptions of the last 9000 years at Montagne Pelée (e.g., P1 eruption at ca; 1350 Cal. CE, P2 eruption dated at ca. 330 Cal. CE, P3 eruption dated at ca. Cal. 79 CE) are thought to be associated with 20 -30 km high columns which underwent collapse and produced pyroclastic density currents [START_REF] Carazzo | The recent Plinian explosive activity of Mt. Pelée volcano (Lesser Antilles): the P1 AD 1300 eruption[END_REF][START_REF] Carazzo | Marginally stable recent Plinian eruptions of Mt. Pelée volcano (Lesser Antilles): the P2 AD 280 eruption[END_REF][START_REF] Carazzo | Transition from stable column to partial collapse during the 79 cal CE P3 Plinian eruption of Mt. Pelée volcano (Lesser Antilles)[END_REF][START_REF] Michaud-Dubuy | Impact of wind direction variability on hazard assessment in Martinique (Lesser Antilles): The example of the 13.5 ka cal BP Bellefontaine Plinian eruption of Mount Pelée volcano[END_REF]. At least 5 of the numerous phases or eruptions with lava dome growth and collapse of the last 2000 years [START_REF] Carazzo | Marginally stable recent Plinian eruptions of Mt. Pelée volcano (Lesser Antilles): the P2 AD 280 eruption[END_REF][START_REF] Carazzo | Transition from stable column to partial collapse during the 79 cal CE P3 Plinian eruption of Mt. Pelée volcano (Lesser Antilles)[END_REF][START_REF] Michaud-Dubuy | Dynamics of Plinian eruptions : re-assessment of volcanic hazard in Martinique[END_REF][START_REF] Boudon | Volcanological evolution of Montagne Pelée (Martinique): A textbook case of alternating Plinian and dome-forming eruptions[END_REF] experienced violent laterally directed explosions at the base of the dome. These explosions produced devastating highly energetic and mobile pyroclastic density currents with a laterally spreading dilute flow, as well as valley-channelled denser flows [START_REF] Lacroix | La Montagne Pelée et ses éruptions[END_REF][START_REF] Perret | The eruption of Mt. Pelee 1929-1932[END_REF][START_REF] Boudon | Volcanological evolution of Montagne Pelée (Martinique): A textbook case of alternating Plinian and dome-forming eruptions[END_REF] as exemplified by one of the world's most devastating eruptions that occurred at Montagne Pelée, Martinique on 8 May 1902. This eruption resulted in the deaths of ~30,000 people and the destruction of the town of St. Pierre on 8 May and of Morne Rouge on 30 August 1902 [START_REF] Lacroix | La Montagne Pelée et ses éruptions[END_REF][START_REF] Tanguy | The 1902-1905 eruptions of Montagne Pelée, Martinique: anatomy and retrospection[END_REF].

Prior to this eruption, a repose period of three centuries was observed, this was then interrupted by two phreatic eruptions in 1792 and 1851-52 [START_REF] Tanguy | The 1902-1905 eruptions of Montagne Pelée, Martinique: anatomy and retrospection[END_REF]. Following these minor eruptions activity at Montagne Pelée, a new period of unrest began in ~1889 in the form of renewed fumarolic activity reaching a peak in 1902 [START_REF] Chrétien | Identification et analyse des phénomènes précédant l'éruption du 8 mai 1902 de la Montagne pelée(Martinique) d'après les documents d'époque[END_REF][START_REF] Chrétien | La Montagne Pelée se réveille: comment se prépare une éruption cataclysmique[END_REF]. Seismic activity also increased, inferred from the breaking of submarine cables due to submarine landslides and mudflows and the increasing number of earthquakes felt by the population of St. Pierre. The onset of eruptive activity began with phreatic eruptions on 23 -25 April which increased in intensity and transitioned to phreatomagmatic activity and then magmatic activity, with the rapid growth of a dome and development of an eruption column [START_REF] Lacroix | La Montagne Pelée et ses éruptions[END_REF][START_REF] Tanguy | The 1902-1905 eruptions of Montagne Pelée, Martinique: anatomy and retrospection[END_REF][START_REF] Tanguy | Rapid dome growth at Montagne Pelée during the early stages of the 1902-1905 eruption: A reconstruction from Lacroix's data[END_REF]. Sudden decompression of the over-pressurised lava dome resulted in a small vertical column but a large laterally-directed explosion. This produced a very mobile pyroclastic density current which expanded rapidly and moved across topographic ridges as a high-energy, low-density pyroclastic surges. More concentrated block-and-ash pyroclastic flows rich in solid material from the dome were channelled in numerous valleys down to the coast. These high-velocity and highly turbulent surges caused the complete destruction of St. Pierre and the death of 28,000 people on 8 th May 1902 [START_REF] Lacroix | La Montagne Pelée et ses éruptions[END_REF][START_REF] Tanguy | The 1902-1905 eruptions of Montagne Pelée, Martinique: anatomy and retrospection[END_REF][START_REF] Tanguy | Rapid dome growth at Montagne Pelée during the early stages of the 1902-1905 eruption: A reconstruction from Lacroix's data[END_REF][START_REF] Gueugneau | Dynamics and impacts of the May 8th, 1902 pyroclastic current at Mount Pelée (Martinique): new insights from numerical modeling[END_REF][START_REF] Boudon | Volcanological evolution of Montagne Pelée (Martinique): A textbook case of alternating Plinian and dome-forming eruptions[END_REF].

Following this deadly phase, activity remained high but intermittent with strong vertical eruptions and further concentrated, high-energy, turbulent pyroclastic density currents which again affected St. Pierre on May 20, May 26, June 6, July 9 and August 30. The August 30 flow destroyed the towns of Morne Rouge and Ajoupa Bouillon which caused an additional 1500 -2000 deaths. During this climatic explosive phase of the eruption, a vertical Vulcanian explosion on July 9th occurred on the lava dome, producing a small volume pumiceous fallout and an eruption column that collapsed to generate a concentrated, channelised pyroclastic density current [START_REF] Boudon | Volcanological evolution of Montagne Pelée (Martinique): A textbook case of alternating Plinian and dome-forming eruptions[END_REF]. Following this initial explosive phase, the eruption proceeded until 1905 with effusive dome and lava spine growth [START_REF] Tanguy | The 1902-1905 eruptions of Montagne Pelée, Martinique: anatomy and retrospection[END_REF]. This continued to produce numerous block-and-ash pyroclastic density currents from gravitational dome collapse. The currents were channelled in valleys to the South and South-West of the volcano without overflowing.

This eruption highlights the long periods of unrest which can be observed preceding an eruption, in this case unrest began in 1889 and continued to build to a magmatic eruption in 1902. As with the current Soufrière Hills eruption (1995-ongoing; see sections below), the 1902 Montagne Pelée eruption also provides an account of transition in styles with phreatic and explosive and effusive magmatic activity observed during one eruption. Finally, this eruption reminds us of the continuing hazards posed by active Lesser Antilles volcanoes.

St. Vincent

La Soufrière, St. Vincent is considered to be one of the most active volcanoes in the Lesser Antilles due to numerous recent eruptions. Though the longer eruption history is not well known, the major eruptions of 1718, 1812, 1902-03, 1971-72, 1979 and 2020 -present are well documented and reveal a range of activity from major explosive phases to periods of completely effusive dome growth (e.g., [START_REF] Anderson | Report on the eruptions of the soufrière[END_REF][START_REF] Aspinall | Eruption of Soufrière volcano on St. Vincent island, 1971-1972[END_REF]Shepard et al., 1979;[START_REF] Robertson | Volcanic hazard and risk assessment of the Soufriere volcano[END_REF][START_REF] Robertson | An assessment of the risk from future eruptions of the Soufriere volcano of St. Vincent, West Indies[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF]; UWI SRC scientific updates 2020-21).

The 1902-3 eruption was the deadliest eruption recorded for St. Vincent with 1,500 deaths [START_REF] Pyle | The 1902-3 eruptions of the Soufrière, St Vincent: Impacts, relief and response[END_REF]. As with the 1902 Montagne Pelée eruption, unrest prior to the 1902 La Soufrière, St. Vincent began with an increase in seismic activity. However, unlike Montagne Pelée's extended period of unrest, increases in seismic activity are only reported from 1901 -one year prior to the eruption (though a longer period of unrest, with earthquakes going unfelt by the population, cannot discounted; [START_REF] Pyle | The 1902-3 eruptions of the Soufrière, St Vincent: Impacts, relief and response[END_REF]. Seismic activity culminated in phreatic eruptions which transitioned into a violent magmatic eruption producing pyroclastic density currents and lahars [START_REF] Anderson | Report on the eruptions of the soufrière[END_REF]Roobol and Smith, 1979;[START_REF] Pyle | The 1902-3 eruptions of the Soufrière, St Vincent: Impacts, relief and response[END_REF]. The eruption continued with intermittent vertical explosions until March 1903 (Roobol and Smith, 1979;[START_REF] Pyle | The 1902-3 eruptions of the Soufrière, St Vincent: Impacts, relief and response[END_REF].

In comparison, a completely effusive phase of activity was observed in 1971-72. This eruption saw the aseismic emplacement of a basaltic-andesite dome, a direct contrast to the major explosive event observed in 1902 [START_REF] Aspinall | Eruption of Soufrière volcano on St. Vincent island, 1971-1972[END_REF]Shepard et al., 1979;[START_REF] Robertson | Volcanic hazard and risk assessment of the Soufriere volcano[END_REF]. However, this period of quiet effusive eruption did not last and explosive activity began again in 1979 with a series of explosions that resulted in pyroclastic flows and ended with another period of dome growth (Shepard et al., 1979;[START_REF] Robertson | An assessment of the risk from future eruptions of the Soufriere volcano of St. Vincent, West Indies[END_REF].

The most recent eruption of La Soufrière, St. Vincent began in December 2020 and is ongoing, making this the most recent period of volcanic activity in the Lesser Antilles (UWI SRC scientific updates [START_REF]Seismic Research Centre, Scientific Updates[END_REF]Global Volcanism Program, 2021). This eruption began with an effusive phase in December 2020 with dome growth in the main crater SW of the 1979 dome. Growing seismicity culminated in an explosive phase in April 2021 with a transition to from effusive to explosive behaviour. Between 9 th April and 22 nd April 2021, 32 identifiable explosions occurred with an eruption column up to 16 km observed. The explosions were often short lived episodic and interpreted as Vulcanian eruptions, by 14 th April the interval between explosions was increasing and the energy of the explosions was decreasing (UWI SRC scientific updates [START_REF]Seismic Research Centre, Scientific Updates[END_REF]Global Volcanism Program, 2021).

The explosions were associated with ashfall, lahars and pyroclastic density currents. Seismic activity at the end of April suggested that lava dome growth and destruction was occurring and a lava spine was observed, suggesting a transition in eruption style had occurred (UWI SRC scientific updates [START_REF]Seismic Research Centre, Scientific Updates[END_REF]Global Volcanism Program, 2021). As of May 2021, the alert level has been reduced to yellow, though the volcano continues in a state of unrest with escalation in activity expected with little warning (UWI SRC scientific updates 2020-21). No casualties have been reported so far from this eruption with evacuation of the populations in the North of the island taking place on 8 th April. With >16,000 people evacuated, this eruption will no doubt have socio-economic impacts on the population of St. Vincent, particularly if this becomes an extended period of activity, which as observed on Montserrat, could last years.

Montserrat

Soufrière Hills volcano on Montserrat has experienced a long period of eruptive activity, beginning in 1995 and continuing to the present day. This eruption has provided great insights into: long-lasting complex dome eruptions, how other Lesser Antilles volcanoes may work, including information of the cyclicity of eruptions, sub-surface processes and structure of the system. This eruption is split into five phases with intervals of minimal activity which escalated to the next phase (Cole et al., 2014a). Phases 1 -3 were long-lived in comparison to Phases 4 -5 which were shorted but more vigorous (Wadge et al., 2014a). The onset of the eruption was preceded by three years of elevated local seismicity (Shepherd et al. 2003;Odbert et al. 2014b) which was followed by an explosive phreatic phase that began on 18 July 1995 and lasted until 15 November 1995 when the onset of dome growth was observed marking the transition into the magmatic phases of the eruption.

Phase 1 (15 November 1995 -10 March 1998) began with a cycle of dome extrusion and Vulcanian explosions leading to dome collapse and pyroclastic density current surges [START_REF] Voight | Remarkable cyclic ground deformation monitored in real-time on Montserrat, and its use in eruption forecasting[END_REF][START_REF] Sparks | Magma production and growth of the lava dome of the Soufriere Hills Volcano, Montserrat, West Indies: November 1995 to[END_REF][START_REF] Cole | Pyroclastic flows generated by gravitational instability of the 1996-97 lava dome of Soufriere Hills Volcano, Montserrat[END_REF][START_REF] Druitt | Episodes of cyclic Vulcanian explosive activity with fountain collapse at Soufrière Hills Volcano, Montserrat[END_REF]Robertson et al., 1998;[START_REF] Calder | Mechanisms of lava dome instability and generation of rockfalls and pyroclastic flows at Soufriere Hills Volcano, Montserrat[END_REF][START_REF] Kokelaar | Setting, chronology and consequences of the eruption of Soufrière Hills Volcano, Montserrat (1995-1999[END_REF]Wadge et al., 2014). The explosion on 17 September 1996 produced a column that reached up to 15 km and may have been of Sub-Plinian magnitude and intensity (Robertson et al., 1998). A noticeable pumice deposit was produced with ashfall in the Caribbean region, particularly in Guadeloupe. In 1997 activity changed and two series of Vulcanian explosions occurred with a sub-daily cyclic pattern that produced a total of 88 explosions (Druitt et al. 2002b). On 26 December 1997, this phase of the eruption ended with partial edifice collapse of the old pre-eruption crater wall and part of the growing dome. This led to the emplacement of a debris avalanche deposit that reached the South-West coast and triggered a small tsunami with a maximum wave run-up height of ~1 m on the western shores of Montserrat [START_REF] Sparks | Generation of a debris avalanche and violent pyroclastic density current : the Boxing Day eruption of 26 december 1997 at the Soufrière Hills Volcano, Montserrat[END_REF]. The edifice collapse also resulted in a sudden decompression at the base of the growing dome, triggering a violent laterally-directed explosion. This generated a high-energy, high-velocity turbulent dilute pyroclastic density current, and resulted in the most widespread destruction recorded during the eruption [START_REF] Sparks | Generation of a debris avalanche and violent pyroclastic density current : the Boxing Day eruption of 26 december 1997 at the Soufrière Hills Volcano, Montserrat[END_REF][START_REF] Voight | The 26 December (Boxing Day) 1997 sector collapse and debris avalanche at Soufriere Hills volcano, Montserrat[END_REF]. This first paroxysmal event on Montserrat was followed by an 18 month pause in lava extrusion [START_REF] Kokelaar | Setting, chronology and consequences of the eruption of Soufrière Hills Volcano, Montserrat (1995-1999[END_REF].

Phase 2 (27 November 1999 -28 July 2003) was preceded by seismic swarms, ash venting and small explosions [START_REF] Norton | Pyroclastic flow and explosive activity at Soufrière Hills Volcano, Montserrat, during a period of virtually no magma extrusion[END_REF], that culminated in pumice-bearing explosions and later initiated the longest period of continuous lava extrusion (Wadge et al., 2014). This phase was characterised by major dome collapse events, with cyclic process of magma flux and gas flux observed. Dome collapse events in this phase resulted in ash columns up to 9 km high [START_REF] Carn | Anatomy of a lava dome collapse: the 20 March 2000 event at Soufrière Hills Volcano, Montserrat[END_REF], which also caused repeated minor ashfalls in the Caribbean region, with much of the collapse material deposited by block-and-ash flows into the sea (e.g., [START_REF] Friant | Eruption of Soufrière Hills (1995-2009) from an offshore perspective: Insights from repeated swath bathymetry surveys[END_REF]. Phase 2 ended with a series of a Vulcanian explosions [START_REF] Edmonds | Tephra deposits associated with a large lava dome collapse, Soufrière Hills Volcano, Montserrat, 12-15[END_REF]Voight et al. 2010b). Prior to Phase 3 (1 August 2005 -20 April 2007) a 3.5 month-long series of phreatic episodes was observed, these eruptions resulted in additional fracturing of the shallow regions of the volcanic edifice which facilitated magma transport (Wadge et al., 2014). Dome and lava spine growth were observed at the beginning of this phase with cyclic dome collapses continuing through this phase with little explosive activity compared to Phase 1 -2 (Wadge et al., 2014).

Phase 4 (29 July 2008 -3 January 2009) began with escalating seismicity culminating in a large explosion producing a 12 km high eruption column and dome collapses [START_REF] Chardot | Explosion dynamics from strainmeter and microbarometer observations, Soufrière Hills Volcano, Montserrat: 2008-2009[END_REF][START_REF] Komorowski | Insights into processes and deposits of hazardous vulcanian explosions at Soufrière Hills Volcano during 2008 and 2009 (Montserrat, West Indies)[END_REF]. Additional Vulcanian explosions that produced pumice fallout deposits and small pumice-rich pyroclastic density currents occurred on 3 December 2008, and 3 January 2009 [START_REF] Komorowski | Insights into processes and deposits of hazardous vulcanian explosions at Soufrière Hills Volcano during 2008 and 2009 (Montserrat, West Indies)[END_REF]. Phase 4 was relatively short but was characterised by a high degree of explosivity leading to pyroclastic density currents, lava extrusion rates were also high and a different cyclicity than observed in the previous phases (Wadge et al., 2014).

Phase 5 (9 October 2009 -February 2010) began with lava extrusion followed by cycles of ash venting and pyroclastic density currents. This was followed by large Vulcanian explosions and the termination of phase 5 with a major dome collapse on 11 February 2010 (Stinton et al., 2014b). This generated the second laterally-directed explosion of the eruption, which directed high-energy, high-velocity turbulent dilute pyroclastic density currents northward. This resulted in significant damage on areas previously affected by pyroclastic density currents in 1997. This paroxysmal event, the last of the ongoing eruption so-far, also generated widespread ashfalls in the Caribbean region from Guadeloupe to Saint-Lucia [START_REF] Komorowski | Characteristics and impact of ashfall in Guadeloupe following the 11 February 2010 Soufrière Hills dome collapse[END_REF][START_REF] Cadelis | Exacerbations d'asthme en Guadeloupe et éruption volcanique à Montserrat (70 km de la Guadeloupe)[END_REF]. Since February 2011 a pause in the dome growth has begun, the longest so far in the eruption.

Overall, the eruption at Soufrière Hills has been characterised by periods of dome-growth, dome collapse and a diversity of Vulcanian to Sub-Plinian explosions, with the eruption becoming increasingly vigorous (Druitt and Kokelaar, 2002). In particular, the cyclicities of this eruption have provided important observations on the nature of eruptions and have allowed a better understanding of the drivers and behaviour of this volcano (Odbert et al., 2014). This cyclicity in eruptive styles and the unique longevity of the eruption, highlight the importance of the continuous monitoring of this system, which remains active and hazardous even during quiescence periods.

La Soufrière de Guadeloupe

Guadeloupe

Guadeloupe, in the central Lesser Antilles arc, is composed of several islands (Grande-Terre, Basse-Terre, La Désirade, Petite-Terre, Marie-Galante and Les Saintes; [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]. The eastern islands (Grand-Terre and Marie-Galante) are associated with the external, older arc and the western island of Basse-Terre is associated with the active, inner arc which has been active since the Plio-Pleistocene (ca 2.8 Ma; [START_REF] Macdonald | The Lesser Antilles volcanic chain: a study in arc magmatism[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF][START_REF] Samper | Timing of effusive volcanism and collapse events within an oceanic arc island: Basse-Terre, Guadeloupe archipelago (Lesser Antilles Arc)[END_REF][START_REF] Kopp | Deep structure of the central Lesser Antilles Island Arc: Relevance for the formation of continental crust[END_REF]Fig 2.1).

Basse-Terre is composed of seven eruptive fields: the Basal Complex (BC), the Septentrional Chain (SC), the Axial Chain (AC), the Chaîne de Bouillante, the Monts Caraïbes (MC), the Trois-Rivières-Madeleine Field (TRMF) and the Grande Découverte-Soufrière Complex (GDS) [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Fig 2.3). The volcanic activity on Basse-Terre can be divided into two main eruptive episodes with a general spatio-temporal evolution from North to South observed [START_REF] Samper | Timing of effusive volcanism and collapse events within an oceanic arc island: Basse-Terre, Guadeloupe archipelago (Lesser Antilles Arc)[END_REF][START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF]. Whole rock data for the complexes are shown in Fig 2 .4, with compositions ranging from basalt to dacite.

The northern part of the island hosts the BC which was active from 2.79 ± 0.04 to 2.68 ± 0.04 Ma and SC, emplaced to the south of the BC, active from 1.81 ± 0.03 to 1.15 ± 0.02 Ma [START_REF] Samper | Timing of effusive volcanism and collapse events within an oceanic arc island: Basse-Terre, Guadeloupe archipelago (Lesser Antilles Arc)[END_REF][START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF]. These complexes are characterized by lava flows and fissure volcanism of basaltic to andesitic composition [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF]Fig 2.4). Central Basse-Terre hosts the AC which is composed of several composite volcanoes formed from voluminous lava flows with the complex having a volume of 180 km 3 and extending into the southern half of Basse-Terre (Samper et al., 2007). The composite volcanoes include the Piton de Bouillante volcano (1023 ± 20 to 712 ± 12 ka) and Southern Axial Chain volcano (681 ± 12 to 509 ± 10 ka) [START_REF] Blanc | Corrélations chronologiques et géochimiques des formations volcani-ques du sud de la Basse-Terre de Guadeloupe (Petites Antilles)[END_REF][START_REF] Carlut | Paleomagnetic directions and K/Ar dating of 0 to 1 Ma lava flows from La Guadeloupe Island (French West Indies): Implications for timeaveraged field models[END_REF][START_REF] Samper | Timing of effusive volcanism and collapse events within an oceanic arc island: Basse-Terre, Guadeloupe archipelago (Lesser Antilles Arc)[END_REF]Ricci et al., 2015aRicci et al., , 2015b)). Following several constructive and destructive phases, the Southern Axial Chain volcano experienced a slump and the Sans Toucher volcano was constructed between 447 ± 6 and 412 ± 8 ka [START_REF] Carlut | Paleomagnetic directions and K/Ar dating of 0 to 1 Ma lava flows from La Guadeloupe Island (French West Indies): Implications for timeaveraged field models[END_REF][START_REF] Samper | Timing of effusive volcanism and collapse events within an oceanic arc island: Basse-Terre, Guadeloupe archipelago (Lesser Antilles Arc)[END_REF]Ricci et al., 2015b;Fig 2.3).

The AC hosts some of the most evolved whole rock compositions and covers the whole range of compositions observed on Basse-Terre, from basalt to dacite (Fig 2 .4).

The Chaîne de Bouillante is also found in central Basse-Terre and formed between 800 and 250 ka [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]. Phreatomagmatic activity and monogenetic cones built up this complex with effusive and explosive volcanism producing a wide range of magma compositions observed including olivine basalts, andesites, dacites and rhyolites [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF].

The MC is found in the southernmost part of Basse-Terre and does not fit with the regular spatiotemporal migration of volcanism observed through the rest of Basse-Terre (Fig 2 .3), and is constrained Overall, the data ranges from basalt to dacite with the majority of the data falling in the basaltic-andesite to andesite range. GDS has been split to show the different volcanoes and though most data is basaltic-andesite to andesite, Echelle and Citerne is basalt to basaltic-andesite in composition. The basaltic Mont Caraïbes is often considered to be the parental magma as it is the least evolved composition observed. Data compiled from [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF][START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF][START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF]Pichavant et al., 2018;Metcalfe et al., 2021;Villement (Unpublished).

between 555 ± 26 and 472 ± 16 ka [START_REF] Blanc | Corrélations chronologiques et géochimiques des formations volcani-ques du sud de la Basse-Terre de Guadeloupe (Petites Antilles)[END_REF] and from 508±11 to 317±7 ka for new K-Ar ages obtained by [START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF]. The MC was largely submarine activity until the final phases which transitioned to sub-aerial phreatomagmatic, strombolian and Plinian activity with erupted products including a tholeiitic series and a calc-alkaline series with some evolved pumice erupted in the final stages [START_REF] Bissainte | Le complexe des Monts Caraïbes de Guadeloupe (Arc des Petites Antilles) Etude pétrographique, minéralogique et géochimique[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF]. The least evolved magmas observed on Basse-Terre were produced during this phase, with the MC magma often considered as the parental primitive magma from which other magmas on the island evolved (Fig 2.4;[START_REF] Bissainte | Le complexe des Monts Caraïbes de Guadeloupe (Arc des Petites Antilles) Etude pétrographique, minéralogique et géochimique[END_REF].

The TRMF was emitted from a fissure network in the south of Basse-Terre and is composed of voluminous lava domes and flows, monogenetic scoria cones and phreatomagmatic maar craters and their deposits. Only minor pyroclastic deposits are associated with this activity which is basalt to andesite composition (Fig 2.4;[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF]). Three periods of activity are observed with the Trois-Rivières lava flows emplaced from 100 to 70 ka, the second period saw the emplacement of most lava flows found in the TRMF between 70 and 48 ka and final recent period of activity from 48 to 15 ka, with some lava flows dated to <10 ka [START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF].

Finally, the GDS complex which occupies one-third of Basse-Terre, south of the AC and north of the MC, is built on lava flows from the Sans Toucher volcano [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Fig. 2.3). On average rocks erupted in the GDS have whole rock compositions that span a range of compositions from basaltic-andesite to andesite. However, the scoria cones of Echelle and of La Citerne are mainly basaltic composition (Fig 2 .4), despite a mixed basaltic and andesite bimodal lava flow in the central part of the Echelle scoria cone. This complex hosts the most recent activity observed on Guadeloupe including La Soufrière de Guadeloupe, which will be discussed in the following section.

Eruptive History of the Grande Découverte-Soufrière Complex (Guadeloupe)

La Soufrière is found in the south of Basse-Terre and is part of the Grande Découverte-Soufrière complex (GDS) which has been one the active volcanoes of Guadeloupe in recent history, in addition to the Trois-Rivières Madeleine Field (TRMF). TRMF is considered a separate volcanic field despite some shared geochemical and petrological affinities and characteristics [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF]Legendre, 2012;Komorowski et al., 2012Komorowski et al., , 2013;;[START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF]Fig 2.3). GDS is composed of three major composite andesitic volcanoes and was built during the last 0.455 million years over the older Sans Toucher composite volcano's southern flanks (ca. 0.8 to 0.5 Ma old) in three major eruptive episodes [START_REF] Boudon | The evolution of la Grande Découverte (la Soufrière) volcano, Guadeloupe (FWI)[END_REF][START_REF] Zlotnicki | The volcanic activity of La Soufrière of Guadeloupe (Lesser Antilles): structural and tectonic implications[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF]Legendre, 2012;Komorowski et al., 2012;2013).

During the first Grande Découverte episode, a series of effusive eruptions producing andesitic lava flows built the Grande Découverte stratovolcano. This is the oldest of the three volcanoes, by ~205 ± 28 ka [START_REF] Carlut | Paleomagnetic directions and K/Ar dating of 0 to 1 Ma lava flows from La Guadeloupe Island (French West Indies): Implications for timeaveraged field models[END_REF][START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF] but most likely earlier as this date corresponds to a lava flow in the upper portion of the Grande Découverte caldera structure, the base being unknown and undated. This primarily effusive activity was punctuated by at least three major ≥VEI 5 calderaforming, explosive eruptions at 140, 108 and 42 ka BCE. These eruptions produced extensive pumice and scoria-rich pyroclastic density current deposits and associated fallout deposits, which reached the coast (up to 9 km from the vent) [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Fig 2.5). The 42 ka Pintade VEI 5 eruption marks the end of the Grande-Découverte episode and resulted in the emplacement of up to 1 km 3 of pumice and scoria. These deposits are mainly pyroclastic density currents deposits with limited fallout material, and cover a surface area of at least 120 Km 2 on land across southern Basse-Terre [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Legendre, 2012;Komorowski et al., 2012;2013). Several of these major magmatic eruptions were preceded by partial edifice collapse which emplaced extensive debris avalanche deposits [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Legendre, 2012;Komorowski et al., 2012;2013).

Carmichaël is the second episode and began with lava flows, dome growth and pyroclastic phases resulting in the construction of a new edifice within the Pintade caldera [START_REF] Dagain | La mise en place du massif volcanique Madeleine-Soufrière[END_REF][START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF][START_REF] Komorowski | Recurrent flankcollapses at Soufrière of Guadeloupe volcano: implications of acid hydrothermal fluids on edifice stability Mount Pelée 1902-2002; Explosive volcanism in subduction zones[END_REF]2005;Fig 2.5). This episode lasted approximately 30,000 years (35 to 11.5 ka BCE) and ended with an edifice collapse which is not though to be associated with a magmatic component. Following a hiatus in magmatic activity another partial edifice collapse is recorded at 8.5 ka BCE (Boudon et al., 1984(Boudon et al., , 1987)). This collapse formed the Amic Crater where lava dome and phreatic activity began to form the new volcanic edifice of La Soufrière (Fig 2 .5).

The third and most recent episode of the GDS is the Soufrière episode which built the La Soufrière de Guadeloupe volcano. Eruptive activity in this episode has been characterized by effusive to explosive magmatic activity and flank collapses along with phreatic eruptions. 6 phreatic eruptions have been observed in the last 386 years and since the colonization of the island in 1635 CE [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | Volcano flank instability in the Lesser Antilles Arc: Diversity of scale, processes, and temporal recurrence[END_REF]Komorowski et al., 2008b).

La Soufrière de Guadeloupe 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, intercalated between the debris avalanche deposits from a unique succession of at least 9 partial edifice collapse events that occurred in the last 9150 years [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | Volcano flank instability in the Lesser Antilles Arc: Diversity of scale, processes, and temporal recurrence[END_REF]Komorowski, 2008;Legendre, 2012, Komorowski et al., 2012, 2013). Most of La Soufrière de Guadeloupe eruptions (labelled GDS 1 to GDS 15 in the extensive eruptive history reconstruction by Legendre (2012), Komorowski et al. (2012Komorowski et al. ( , 2013) ) are multiphase eruptions. Legendre (2012) and Komorowski et al. (2012Komorowski et al. ( , 2013) ) report numerous, previously unknown La Soufrière de Guadeloupe explosive eruptions, including five new Plinian explosive eruptions (GDS 15, GDS 14, GDS 9, GDS 8, GDS 3). Here we provide the La Soufrière de Guadeloupe eruptive history necessary to contextualise results and implications (Table 2.1). The detailed stratigraphy, radiocarbon dating, and eruptive deposit analysis are available in Legendre (2012).

The proto-Soufrière edifice, built from initial lava flows and dome-building eruptions, partially collapsed at 7140 ±18 years Cal. BCE (8170 years BP, ~9160 years ago) producing a basal debris avalanche deposit, the first preserved volcanic deposit attributed to La Soufrière de Guadeloupe [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | Volcano flank instability in the Lesser Antilles Arc: Diversity of scale, processes, and temporal recurrence[END_REF]Komorowski, 2008;Legendre, 2012). Following this collapse, effusive activity resumed with lava flow and dome extrusion. K-Ar lava flow dating at 6 ± 2 ky attributes these deposits to La Soufrière de Guadeloupe, though the flows and domes are not well sampled or preserved [START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF]. This activity culminated at 5680 ±164 Cal. BCE (6770 ±40 years BP) with the first Plinian eruption preserved in the record (GDS 15).

The 5680 Cal. BCE eruption generated a sustained eruption column that, after reaching an estimated (in the absence of extensive preserved deposits) height of 10 -25 km, collapsed to generate pyroclastic density currents and preserved scoria fallout (Legendre, 2012;Komorowski et al., 2012;2013). Basaltic scoria deposits are found 7 km from the vent; with deposits reported to contain olivine crystals (Legendre, 2012), but were not observed in the samples used in this study. This is the most violent magmatic eruption preserved in the La Soufrière de Guadeloupe ca. 10,000 year-long geological record, with an estimated VEI 4 (Volcanic Explosivity Index) and a minimum estimated erupted volume of ~0.1 km 3 . This was followed by a similar VEI 4, Plinian eruption (GDS 14) dated at 5387 ±84 Cal. BCE (6300 years BP; Legendre, 2012;Komorowski et al., 2012;2013). Dome activity and flank destabilisation are not associated with these two older Plinian eruptions.

Following this explosive period, an effusive, dome-building period began, with four main events: 4366 ± 134 Cal. BCE (5510 years BP, GDS 13), 3300 ±110 Cal. BCE (4485 years BP, GDS 12), 1870 ±71 Cal. BCE (3495 years BP, GDS 11), and 1370 ±100 Cal. BCE (3060 years BP, GDS 10). All four eruptions were associated with partial edifice destabilisation and debris-avalanche emplacement prior to the eruptions (GDS 13, GDS 12, GDS 11). These eruptions were also asscociated with violent laterallydirected dome explosions which produced high-energy turbulent and dilute pyroclastic density currents (Legendre, 2012;Komorowski et al., 2012;2013).

During this dome building period, no explosive magmatic events were identified due to an incomplete geologic record, with small magmatic events not preserved in the stratigraphic record. Prior to the detailed work of Legendre (2012) and Komorowski et al. (2012Komorowski et al. ( , 2013)), Plinian eruptions were only identified for the Grande Découverte phase and dated at 42,000 years, suggesting evidence, even for small recent events, is not preserved [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]). An incomplete stratigraphic record is common in tropical climates such as Guadeloupe, which has a high mechanical weathering rate between 800 -4000 t/km 2 /year [START_REF] Rad | Chemical weathering and erosion rates in the Lesser Antilles: An overview in Guadeloupe, Martinique and Dominica[END_REF].

Explosive magmatic activity resumed at La Soufrière de Guadeloupe in 1080 ±10 years Cal. BCE (2900 years BP) with two events Plinian eruptions both interpreted as VEI 4 eruptions with minimum erupted volumes of ~0.1 km 3 . The first event is constrained to 1080 ± 10 years Cal. BCE (GDS 9) and the second has a relative age constrained between 1080 ± 10 years Cal. BCE (2900 years BP) and 720 ± 10 years Cal. BCE as no organic material was found to allow radiocarbon dating. Both events were multiphase events and were followed by a lava dome eruption (GDS 7) that occurred at 720 ± 10 years Cal. BCE (2460 years BP) and also produced a laterally-directed explosion (blast) and associated high-energy pyroclastic density-currents (Legendre, 2012;Komorowski et al., 2012;2013).

Between 720 ± 10 years Cal. BCE and 450 ±10 years Cal. CE (1570 years BP) explosive magmatic activity migrated 0.8 -1.4 km SE from the main La Soufrière de Guadeloupe vent. This resulted in the older Echelle (GDS 6) and younger Citerne (GDS 5) scoria cones eruption, which form a ~N120 structural alignment with La Soufrière de Guadeloupe (Feuillet et al., 2011a). Although no direct radiocarbon age date exists, [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF] and [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF] report an age of ca. 341 CE (1700 years BP) for laharic debris-flow deposits reworking the Echelle deposits shortly after their emplacement. These two strombolian-style eruptions are interpreted as VEI 2 events, with minimum erupted volumes of 0.001 km 3 and an estimated erupted column 1 -15 km in height. The explosive and effusive erupted products from these two vents are basaltic in comparison to the andesitic products from the La Soufrière de Guadeloupe vent, although an Echelle lava flow shows evidence of magma mingling textures involving a more silicic magma [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF].

By 450 ±10 years (1570 years BP) magmatic activity had migrated back to La Soufrière de Guadeloupe to generate a predominantly lava dome-building eruption (GDS 4). This eruption began with a partial flank collapse and was followed by dome emplacement, associated with a laterally-directed explosion (blast), high-energy pyroclastic density currents and dome collapse pyroclastic density currents to the South and South-west to a distance of about 7-9 km distance.

The most recent Plinian eruption (GDS 3) followed at 1010 ± 10 years Cal. CE (1050 years BP). This eruption is categorised as VEI 4 explosive eruption, with a minimum estimated eruptive volume of ~0.1 km 3 and an estimated eruptive column height of 10 -25 km, which dispersed eruptive products at least 7 km from the vent. This explosive eruption was associated with a dome-building phase, which produced a laterally-directed explosion (blast), high-energy pyroclastic density currents and dome collapse pyroclastic density currents to the South and South-west to a distance of about 7 -9 km distance.

The most well-studied archetypal multiphase eruption of the La Soufrière episode is the 1530 Cal. 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 [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF], Komorowski et al., 2008;Legendre, 2012).

Petrology of Magmas Erupted During the La Soufrière Episode

For La Soufrière the majority of petrology information is derived from the 1530 Cal. CE eruption which has been studied extensively (e.g., [START_REF] Semet | L'éruption volcanique du XVI éme siècle de la Soufrière de Guadeloupe. Mélanges de magmas et dynamisme éruptif[END_REF][START_REF] Poussineau | Dynamique des magmas andésitiques: approche expérimentale et pétrostructurale; application à la Soufrière de Guadeloupe et à la Montagne Pelée[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Pichavant et al., 2018). This has allowed the pre-eruptive melt composition to be constrained and revealed that two magma compositions were involved in the 1530 Cal. CE eruption [START_REF] Poussineau | Dynamique des magmas andésitiques: approche expérimentale et pétrostructurale; application à la Soufrière de Guadeloupe et à la Montagne Pelée[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Pichavant et al., 2018). The mixing of two magmas resulted in a wide range of whole rock (WR) compositions observed from 55 -62 wt% SiO2 [START_REF] Semet | L'éruption volcanique du XVI éme siècle de la Soufrière de Guadeloupe. Mélanges de magmas et dynamisme éruptif[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]and Pichavant et al., 2018). However, the hybrid magma composition is not reflected in melt inclusions (MI), with inclusions from both mafic and silicic andesite bands falling in the range 70.5 -78.7 wt% SiO2 [START_REF] Poussineau | Dynamique des magmas andésitiques: approche expérimentale et pétrostructurale; application à la Soufrière de Guadeloupe et à la Montagne Pelée[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Pichavant et al., 2018).

Groundmass glasses (GM) do reflect this hybrid composition with the most silicic GM found in homogenous andesitic pumice and white layers of the banded pumice and more mafic glasses found in dark pumice bands (Pichavant et al., 2018). This indicates that the La Soufrière reservoir hosts an evolved melt composition and is recharged from depth. In the case of the 1530 Cal. CE eruption, the recharge was more mafic with respect to the melt in the shallow reservoir, which is thought to extend from 5.6 km at its top to 8.5 km depth below the surface at its base (Pichavant et al., 2018). Glass studies and experimental data from 1530 Cal. CE by Pichavant et al. (2018) allow quantification of a range of temperatures for the system. The existing reservoir, hypothesised as an andesite body is between 825 -875 o C, the recharging basalt was between 900 -1000 o C as it intruded into the system, and hybrid magmas that formed as a result of mixing were at 925 -950 o C.

Both MI studies (e.g., [START_REF] Semet | L'éruption volcanique du XVI éme siècle de la Soufrière de Guadeloupe. Mélanges de magmas et dynamisme éruptif[END_REF]Pichavant et al., 2018) and seismic data, particularly from the 1976-1977 and 2018 crises, allow depth constraints on the storage system (e.g., [START_REF] Hirn | Evidence of migration of main shocks during major seismo-volcanic crises of La Soufriere (Guadeloupe, Lesser Antilles) in 1976[END_REF][START_REF] Pozzi | Magnetic observations made on La Soufrière Volcano (Guadeloupe) during the 1976-1977 crisis[END_REF]Moretti et al., 2020). Specifically for the 1530 Cal. CE eruption, Pichavant et al. (2018) records 5 -5.5 wt% H2O in MI and constrain pressures of 135 and 170 MPa and depths of 5.6 and 7.1 km, with upper pressure constraints and the maximum reservoir depth based on the absence of amphibole phenocrysts in comparison to other systems in the Lesser Antilles [START_REF] Martel | Effects of fO2 and H2O on andesite phase relations between 2 and 4 kbar[END_REF]Davidson et al., 2007). Seismic data correlates well with this and is often interpreted to show a reservoir depth of 5 -8 km, with the emplacement of magma intrusions at 5 -6 km [START_REF] Hirn | Evidence of migration of main shocks during major seismo-volcanic crises of La Soufriere (Guadeloupe, Lesser Antilles) in 1976[END_REF]Moretti et al., 2018).

Despite this wealth of information for 1530 Cal. CE, with the detailed eruption record presented by Legendre (2012), little is known about the petrology and chemistry of the other eruptions. Such information could provide a valuable insight into the evolution of La Soufrière and more constraints of the properties of the magmatic system (e.g. depth of magma source, magma volatile content, magma gas content, available eruptible melt, timescales of magmatic disequilibrium processes before an eruption, magma ascent rates, density, viscosity, temperature) that are fundamental to assess the potential evolution of unrest, improve the knowledge of the dynamics of a potential eruption and better constrain eruption forecasts as well as model associated potential hazards. 

Magma Storage for the La Soufrière Episode

Most models of the current La Soufrière magma storage system have been based on data collected for the 1530 Cal. CE eruption. The model has evolved over the years, with the latest model from Moretti et al., 2020 based on the crystal mush model used at many similar systems to explain observations and activity (e.g., [START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF]. A common theme through the models, is the remobilization of the La Soufrière reservoir by the recharge of a mafic magma, first proposed for this system by [START_REF] Semet | L'éruption volcanique du XVI éme siècle de la Soufrière de Guadeloupe. Mélanges de magmas et dynamisme éruptif[END_REF]. The observation of the compositionally banded 1530 Cal. CE eruption products imply the La Soufrière reservoir is chemically and physically heterogenous. In their analysis of U-series disequilibria data on whole rocks, groundmasses and mineral compositions from the 1530 Cal. CE eruption, Touboul et al. (2007) proposed the existence of a deep, long-lived, open-system magma chamber with shallow crystallised intrusions above (Fig 2.6). The results of their study indicate the eruption products reflect fractional crystallisation of an andesitic magma from basaltic-andesite parental melt.

The U-series disequilibria data show that chemical fractionation processes that initiated in the deep chamber ∼65 kyr ago continued until the 1530 Cal. CE eruption. However, when taking into account thermal considerations, sustaining a magma chamber as a closed system over this period is unlikely (e.g., Dufek, 2010;Annen, 2015;[START_REF] Gelman | On the longevity of large upper crustal silicic magma reservoirs[END_REF]. Sustaining a magma chamber is considered possible if the system is taken as an open system with the injection of small magma volumes with small temperature increases which prevent crystal nucleation and growth in the early magmas [START_REF] Michaut | Ultra-rapid formation of large volumes of evolved magma[END_REF]. Slow cooling has allowed high temperatures to sustain the magma chamber but also limit the extent of fractional crystallisation. Between 65 and ∼35 kyr prior to the eruption the most differentiated magma from the top of the chamber rose through the crust and formed shallow intrusions which crystallised rapidly. During eruption the magma from the deep zoned magma chamber moved upward and entrained material from the shallow crystallised intrusions (Touboul et al., 2007). This resulted in eruption products with both old (≥35 kyr) recycled crystals present with young melts, interpreted to be the result of the differentiation of several batches of a common parental magma (Fig 2.6).

However, the U-series approach cannot make a distinction between multiple reservoirs and a single, zoned reservoir [START_REF] Vigier | U-decay series and trace element systematics in the 1978 eruption of Ardoukoba, Asal rift: timescale of magma crystallization[END_REF], leading to the assumption of a single, zoned reservoir below crystallised intrusions. There is another issue which cannot be resolved. Indeed, although the oldest crystals are interpreted to have crystallised from the most differentiated melts in the zoned chamber, the relative compositional homogeneity of mineral phases observed in the 1530 Cal. CE eruption products is difficult to reconcile with this scenario.

This model has since been revised by Pichavant et al. (2018) to a single reservoir based on the continuous zonation in whole-rock compositions (e.g., Traineau et al., 1986;[START_REF] Fichaut | Magmatology of Mt. Pelée (Martinique, FWI). III: Fractional crystallization versus magma mixing[END_REF][START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF]. The single reservoir is an andesite magma body which is remobilised by the arrival of basaltic magma represented by the Echelle magma composition, with the two mixing magmas considered to be cogenetic (Fig 2.6). Following the arrival of a mafic recharge magma chemical and physical changes occur and a hybrid magma is formed through the mixing of ~50% basalt with ~50% andesite by weight (Fig 2.6). The upper part of the reservoir is unaffected by the mixing event and the interface between the andesite and hybrid magma marked by incomplete mixing and banded pumices, with eruption occurring before mixing was complete (Fi. 2.6). These reveal that mafic and hot material from the hybrid magma (dark layers observed in hand specimen) is advected in the andesitic magma (white layers observed in hand specimen). Therefore, the hybrid magma hosted a range of compositionally contrasted melts. The mafic recharge had little effect on phenocryst assemblage with only a few phenocrysts exhibiting compositional perturbations.

The long timescales (35 to 65 ky) calculated by Touboul et al. (2007) are consistent with the differentiation of basalt to andesite. Older mixing events and equilibration are reconciled into this model without the need for a long-lived reservoir. However, Pichavant et al. (2018) also provide evidence from diffusion timescales and heterogeneous matrix glasses that short timescales indicate that the remobilisation of the andesitic body occurs on timescales of several tens of days and that mixing develops on timescales on the order of tens of hours. Hence, the shallow reservoir that fed the most recent eruptions at La Soufrière records processes occurring on both long and short timescales.

Both of these models require a temperature increase in the resident andesite magma which is consequent to the arrival of a mafic magma. This will trigger mixing and the development of instabilities in the reservoir that can lead to eruption (e.g., [START_REF] Gourgaud | Magmatology of Mt. Pelée (Martinique, FWI). I: Magma mixing and triggering of the 1902 and 1929 Pelean nuées ardentes[END_REF][START_REF] Murphy | The role of magma mixing in triggering the current eruption at the Soufriere Hills volcano, Montserrat, West Indies[END_REF][START_REF] Murphy | Remobilization of andesite magma by intrusion of mafic magma at the Soufriere Hills Volcano, Montserrat, West Indies[END_REF][START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF]. However, though Pichavant et al., (2018) indicate that the shallow andesite body must be remobilised by a recharge magma, the andesite body is considered to be relatively homogenous until mixing and the structure of the body is not discussed. In the absence of any geophysical evidence for a deep long lived magma reservoir, as suggested by Touboul et al. ( 2007), the zone supplying mafic magma is thus also poorly understood. Moretti et al., (2020) begin to discuss the structure of the resident andesite magma proposing a mush system for the La Soufrière magmatic reservoir. As discussed in the introduction (Chapter 1.2.2), mush systems are long-lived cold storage zones composed of crystal and melt lenses built by repeated intrusions from depth. Crystals in the mush system have close contacts and form a continuous interlocking framework of crystals within which melt is distributed in varying volumetric proportions through [START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF]).

The mush system in the Moretti et al., (2020) model is constrained to extend down from 5 km and is the source of heat and deep fluids for the hydrothermal system. This model focuses mostly on the hydrothermal system which is well constrained through geophysical and geochemical data with hydrothermal fluids inferred to mark the sealing cap at the top of the brittle-ductile transition zone at ~1.5 km and 370 -400 °C [START_REF] Fournier | Oblique rifting at oceanic ridges: Relationship between spreading and stretching directions from earthquake focal mechanisms[END_REF][START_REF] Villemant | Evidence for a new shallow magma intrusion at La Soufrière of Guadeloupe (Lesser Antilles): insights from long-term geochemical monitoring of halogen-rich hydrothermal fluids[END_REF]. The sealing cap also separates the lower ductile region where magma-derived fluids accumulate from the upper hydrothermal system where fluids at hydrostatic pressure circulate through the brittle rock [START_REF] Fournier | Oblique rifting at oceanic ridges: Relationship between spreading and stretching directions from earthquake focal mechanisms[END_REF]. The heat and fluids supplied by intrusions into the mush system below 5 km are considered to be one possible cause of seismic activity and unrest episodes, as well as the potential cause of some of the more violent and long-lasting historical non-magmatic phreatic and/or hydrothermal.

The majority of geochemical and petrological constraints currently existing on the La Soufrière magma reservoir and hypothesized mush system are based on the 1530 Cal. CE eruption. While this model provides a good indication of the state of the system prior to this eruption, this may not be an accurate representation of the reservoir over its long history. Although the 1530 Cal. CE is considered the most recent major magmatic eruption and is archetypal of this system, the La Soufrière eruptive record shows a wide range of eruption styles and magnitudes for which the 1530 Cal. CE storage system scenario may not be representative. More specific constraints on temperatures and pressures will , 1798;Peyssonnel and Maty, 1756;Lherminier, 1815;Lherminier, 1837aLherminier, , 1837bLherminier, , 1837c;;Jolivet, 1958;Barrabé and Jolivet, 1958;Sheridan, 1980;[START_REF] Le Guern | Soufriere of Guadeloupe 1976-1977 eruption-Mass and energy transfer and volcanic health hazards[END_REF][START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF][START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF]Komorowski et al., 2008;Nicollin et al., 2006;Feuillard, 2011;[START_REF] Brothelande | Fluid circulation pattern inside La Soufrière volcano (Guadeloupe) inferred from combined electrical resistivity tomography, self-potential, soil temperature and diffuse degassing measurements[END_REF][START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF][START_REF] Villemant | Evidence for a new shallow magma intrusion at La Soufrière of Guadeloupe (Lesser Antilles): insights from long-term geochemical monitoring of halogen-rich hydrothermal fluids[END_REF][START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF][START_REF] Rosas-Carbajal | Volcano electrical tomography unveils collapse hazard linked to hydrothermal system structure and dynamics[END_REF].

allow us to understand the evolution of the system over time and better constrain possible scenarios for its evolution in the future.

Recent Activity and Current Phase of Unrest

1976-77 Phreatic Eruption

The 1976-1977 phreatic eruption posed significant risk to the population of Guadeloupe and resulted in severe socio-economic difficulties associated with the evacuation of >70,000 people from Basse-Terre, this eruption has had a lasting influence on the population of Guadeloupe (Le Guern et al. 1980;[START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF]. One year prior to the 1976-77 event volcanic seismicity began to increase with three distinct earthquake swarms [START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF][START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF]. Despite this increase in seismicity, no large changes in fumarolic activity were observed [START_REF] Dorel | Note sur la crise sismo-volcanique à la Soufriére de la Guadeloupe 1975-1977[END_REF][START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF]. One month prior to the eruption a minor landslide occurred and new fractures formed (Feuillard, 2011). Between July 1976 and March 1977, a total of 26 phreatic explosions occurred, which changed the mechanical state of the dome through the opening of new major fractures and widening and deepening of existing fractures and craters (Fig 2 .7).

Some controversy has surrounded the scientific management of this eruption and the resulting decision for crisis response by authorities (cf. Feuillard, 2011;[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Beauducel, 2007;[START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF][START_REF] Komorowski | Chapter 8 : Improving crisis decision---making at times of uncertain volcanic unrest (Guadeloupe, 1976)[END_REF][START_REF] Komorowski | Challenges of volcanic crises on small islands states[END_REF], particularly concerning the report of fresh, unaltered, glassy andesite taken as evidence for fresh magma close to the surface and the rapid escalation of the eruption [START_REF] Marinelli | Temperature in volcanism[END_REF][START_REF] Brousse | Sur La Presence De Verres Non Alteres Dans Les Projections De La Soufriere (Guadeloupe)[END_REF][START_REF] Heiken | Phreatic eruption clouds: the activity of la Soufrière de Guadeloupe, FWI[END_REF]. This observation had a major influence on the scientific management of the crisis, though ultimately this material was identified as material from pumice fallout deposited during the 1530 Cal. CE eruption.

There is also some debate on the cause of this eruption with two models proposed. The more widelyaccepted model relates the phreatic eruption to a 'still-born' magmatic event [START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF].

Evidence for this model is provided by the depth of seismicity at ~6 km, consistent with the depth of the magma reservoir and SO2 and Cl signatures which are magmatic in origin. The migration earthquake hypocentres from depth towards the shallower system over a few hours was also recorded and considered to support this model [START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF][START_REF] Villemant | The memory of volcanic waters: shallow magma degassing revealed by halogen monitoring in thermal springs of La Soufrière volcano (Guadeloupe, Lesser Antilles)[END_REF][START_REF] Boichu | Degassing at La Soufrière de Guadeloupe volcano (Lesser Antilles) since the last eruptive crisis in 1975-77: Result of a shallow magma intrusion?[END_REF][START_REF] Li | Shallow magma chamber under the Wudalianchi Volcanic Field unveiled by seismic imaging with dense array[END_REF]. [START_REF] Ruzié | Noble gas isotopes in hydrothermal volcanic fluids of La Soufrière volcano, Guadeloupe, Lesser Antilles arc[END_REF] suggest new magma is being continuously injected into a shallow magma reservoir at ~6 km based on modelling of the flux of noble gas isotopes ( 4 He/ 3 He; R/Ra) in hydrothermal fluids. Magmatic gases are buffered by the hydrothermal system but an increase in heat flux and migration of fluids in the hydrothermal system are responsible for the sealing and resulting pressurization of the system leading to the phreatic activity observed. The injection of magma into the reservoir is thought to relate to several unrest episodes in La Soufrière's history including new pulses in 1992, 1997-1998 [START_REF] Villemant | Evidence for a new shallow magma intrusion at La Soufrière of Guadeloupe (Lesser Antilles): insights from long-term geochemical monitoring of halogen-rich hydrothermal fluids[END_REF] and 2018 (Moretti et al., 2020).

However, [START_REF] Zlotnicki | The volcanic activity of La Soufrière of Guadeloupe (Lesser Antilles): structural and tectonic implications[END_REF] propose that magma input is not required for a phreatic eruption to occur. Instead, hydrothermal activity alone, with deposition of impermeable clay minerals sealing of fractures combined with high fluid circulation can result in pressurization of aquifers and phreatic eruption. Moune et al., (2022) also discuss this model for generating phreatic eruptions in the context of the more recent unrest.

Current Unrest

The 1976-77 eruption resulted in increased monitoring of this system. This has included continuous seismic and global navigation satellite system (GNSS) monitoring, gas plume monitoring, meteorological networks, periodic extensometric surveys of lava dome fractures, fumarole gas and thermal spring sampling and thermal monitoring (OVSG-IPGP, 1999-2021;[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Jacob | Ten years of extensometry at Soufrière of Guadeloupe: New constraints on the hydrothermal system[END_REF][START_REF] Beauducel | Surveillance opérationnelle des volcans français: développements récents à la Guadeloupe[END_REF][START_REF] Villemant | The memory of volcanic waters: shallow magma degassing revealed by halogen monitoring in thermal springs of La Soufrière volcano (Guadeloupe, Lesser Antilles)[END_REF]2014;Moretti et al., 2020;[START_REF] Moretti | The 2018 unrest phase at La Soufrière of Guadeloupe (French West Indies) andesitic volcano: Scrutiny of a failed but prodromal phreatic eruption[END_REF]. The monitoring data and phenomenological observations have shown that following the 1976-77 phreatic eruption, degassing and seismic activity started to decrease in 1984 to reach the lowest level between 1990 and 1992 (Komorowski et al., 2001;[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Villemant | Evidence for a new shallow magma intrusion at La Soufrière of Guadeloupe (Lesser Antilles): insights from long-term geochemical monitoring of halogen-rich hydrothermal fluids[END_REF]Moretti et al., 2020). The phreatic eruption changed the mechanical state of the dome, with an increase in fracturing and permeability which has had an important effect on the evolution of the system [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Rosas-Carbajal | Volcano electrical tomography unveils collapse hazard linked to hydrothermal system structure and dynamics[END_REF]Moretti et al., 2020).

The period of minimal activity ended in May 1992 when seismic swarms and a new degassing phase began with summit fumarole reactivation [START_REF] Zlotnicki | Water circulations on La Soufrière volcano inferred by self-potential surveys (Guadeloupe, Lesser Antilles). Renew of volcanic activity?[END_REF]Komorowski et al., 2001;[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]OVSG-IPGP, 1999-2021). Fumarolic activity was initially focused at Cratère Sud and contemporaneous with an increase in shallow seismic activity (Zlonticki et al., 1994;Allard et al., 1998;[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Villemant | The memory of volcanic waters: shallow magma degassing revealed by halogen monitoring in thermal springs of La Soufrière volcano (Guadeloupe, Lesser Antilles)[END_REF] top of the lava dome with the reactivation of three fumaroles near the Napoleon fracture [START_REF] Tamburello | Spatio-temporal relationships between fumarolic activity, hydrothermal fluid circulation and geophysical signals at an arc volcano in degassing unrest: La Soufrière of Guadeloupe (French West Indies)[END_REF][START_REF] Moretti | The 2018 unrest phase at La Soufrière of Guadeloupe (French West Indies) andesitic volcano: Scrutiny of a failed but prodromal phreatic eruption[END_REF]. Degassing has continued to evolve with new fumarolic vents appearing and pre-existing fumaroles reactivating, with locally high-velocity degassing (Fig. 2.8). Late 1997 and early 1998 marked the onset of highly acidic chlorine-rich fluids degassing, which has continued till present time [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]OVSG-IPGP, 1999-2020;[START_REF] Villemant | Evidence for a new shallow magma intrusion at La Soufrière of Guadeloupe (Lesser Antilles): insights from long-term geochemical monitoring of halogen-rich hydrothermal fluids[END_REF]Moretti et al., 2020). The hydrothermal fluid C, He and Cl isotopic ratios indicate a persistent magma reservoir degassing and supplying fluids and heat to the shallow hydrothermal system [START_REF] Ruzié | Noble gas isotopes in hydrothermal volcanic fluids of La Soufrière volcano, Guadeloupe, Lesser Antilles arc[END_REF]2013;[START_REF] Villemant | Evidence for a new shallow magma intrusion at La Soufrière of Guadeloupe (Lesser Antilles): insights from long-term geochemical monitoring of halogen-rich hydrothermal fluids[END_REF].

Seismic activity is characterised by numerous, low magnitude (M <1), volcanic earthquakes which has been observed to increase in frequency and rate with twenty felt volcanic earthquakes since 1992 including ten since 2013 [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Moretti et al., 2020). Between April 2017-December 2018 unrest reached a maximum and the highest level since 1976-77 (Moretti et al., 2020). Seismicity in particular was observed to reach a peak on 27 April 2018 when a M 4.1 earthquake was felt by the Basse-Terre population, the largest earthquake in 42 years (OVSG-IPGP, 1999-2021;Moretti et al., 2020).

Regular monitoring and sampling of the hydrothermal system allowed changes to be detected before and after the April 2018 M 4.1 earthquake. Low CO2/H2S and SO2/H2S ratios were observed until November 2017 when a strong chemical perturbation was observed. Perturbations at the time of the earthquake resulted in high SO 2 /H2S, CO2/CH 4, H2 /H2O and CO/ CO 2 and He/CH 4 recorded by MultiGas and Giggenbach bottles (Moretti et al., 2020). Following the earthquake, from June to December 2018 a decrease in SO2/H2S and CO2/H2S ratios was observed. These ratios indicate a pulse of fluids of deep hydrothermal/magmatic origin which has heated and then pressurised the hydrothermal system (Moretti et al., 2020).

A higher extension rate in the dome fractures was also observed in comparison to the regular background level, indicating increased opening (Moretti et al., 2020). Within the overall opening trend, a reversal was observed in March and April 2018 suggesting some closing around the time of the M 4.1 earthquake (Moretti et al., 2020;Moune et al., 2022). Generally, this period of unrest is associated with limited deformation characterised by generally radial horizontal displacements of 3 to 7± 0.2 mm/year for dome stations, and a maximum distance of 1 km and 7 ± 0.2 mm/year for the south-west flank of the dome.

This period of unrest is interpreted as a failed phreatic eruption triggered by the ascent to shallow depths of heat and fluids from the deeper regions of the hydrothermal and magmatic system (Moretti et al. 2020). Two hypotheses are formulated by Moretti et al. (2020): [1] The deep magmatic fluids, stored at mid-to low-crustal depths in the mush system, generate an upstreaming of magmatic gases through the mush system and the crystallizing magma reservoir that fed the last magmatic eruption in 1530 C.E. This process leads to cyclic rejuvenation of the magma and exsolution of dissolved volatiles that are released into the hydrothermal system and cause its heating and pressurization. [2] Episodic fresh injections of basaltic magma from mid-crustal depths into the shallow magma reservoir of La Soufrière, located between at a depth from 5.1 and 8 km triggers the pulsatory ascent of hightemperature and high-pressure magmatic fluids into the hydrothermal system causing heating and pressurization that may exceed the tensile strength of the rocks and lead to a phreatic eruption.

However, for both hypotheses, Moretti et al. (2020) show that the multiparameter unrest data recorded prior to and after the M 4.1 earthquake, indicate the high degree of fracturing and permeability of the dome allowed pressure to be released laterally on pre-existing deep tectonic discontinuities of the upper regions of the Grande-Découverte-La Soufrière volcanic complex (Moretti et al., 2020). Moreover, Moretti et al. (2020) concluded, regardless of which of these hypotheses is more realistic, the reoccurrence of unrest sequences could escalate to a magmatic eruption. This scenario would result from the presence of either; a rejuvenated magma at shallow depth (ca. 3 km below the summit) resulting from stalled small intrusions [START_REF] Villemant | Evidence for a new shallow magma intrusion at La Soufrière of Guadeloupe (Lesser Antilles): insights from long-term geochemical monitoring of halogen-rich hydrothermal fluids[END_REF], or injections of fresh undegassed magma from depth resupplying the shallow 1530 CE eruption magma storage zone of the upper mush system. This means, understanding the source conditions, the dynamics of their critical evolution, and the timescales to future eruptive activity is paramount to improving eruption forecast models and risk reduction.

Measurements of temperature and mass flux at fumaroles and thermal springs and ground temperature measurements by [START_REF] Moretti | The 2018 unrest phase at La Soufrière of Guadeloupe (French West Indies) andesitic volcano: Scrutiny of a failed but prodromal phreatic eruption[END_REF] have allowed the calculation of heat and mass fluxes and heat flux densities. This data shows that between 2010 and 2020 widespread ground heating of the summit occurred along with an increase of the heat output from 0.2 ± 0.1 MW to 5.7 ± 0.9 MW. The total heat flux density has also increased over the 2010 -2020 period from 326 ± 69 W/m 2 -403 ± 24 W/m 2 , indicating an increase in thermal intensity at the summit. These changes are related to the spread of fumarolic sites over the dome and also the propagation of thermal anomalies on the summit. The observed increases in temperature, mass and heat flux correlate well with the observed accelerating seismic and degassing unrest of La Soufrière over the last decade. On the basis of this measured heat loss per unit (heat flux density), La Soufrière is one of the most intense heat emitters globally among volcanic domes with an active hydrothermal system.

Looking more closely at the long term unrest at La Soufrière, particularly at the rate of fracture opening and evolution of the permeability of the system through degassing and gas ratios, could be interpreted as cycles of sealing and reopening of the hydrothermal system (Moune et al., in review) For example, in March 2017 during a phase of increased permeability, liberation of native S and sulphate and resulting increase of H2S degassing and a decrease in the CO2/H2S ratio could indicate the release of the seal which prevented escalation to a phreatic eruption [START_REF] Zlotnicki | The volcanic activity of La Soufrière of Guadeloupe (Lesser Antilles): structural and tectonic implications[END_REF]Moune et al., 2022). Despite this, the cycle of sealing and reopening of fractures and transfer of heat from a lower aquifer, to an upper one (with high fluid circulation) raises concerns for a future phreatic eruption [START_REF] Zlotnicki | The volcanic activity of La Soufrière of Guadeloupe (Lesser Antilles): structural and tectonic implications[END_REF]Moune et al., 2022). As the shallow hydrothermal system is hosted in the hydrothermally altered core of the dome, that any pressurisation may reduce friction and increase pore pressure along mechanically weak pre-existing structural discontinuities. This may lead to a partial edifice collapse with potentially devastating consequences (e.g., [START_REF] Peruzzetto | Modeling of partial dome collapse of La Soufrière of Guadeloupe volcano: implications for hazard assessment and monitoring[END_REF]Heap et al., 2021).

The monitoring data, including extensive geochemical, geophysical surveys and physical modelling of potential hazards based on large database of La Soufrière knowledge (e.g., [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Komorowski et al., 2008;Legendre, 2012;[START_REF] Coutant | Joint inversion of P-wave velocity and density, application to La Soufrière of Guadeloupe hydrothermal system[END_REF][START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF][START_REF] Brothelande | Fluid circulation pattern inside La Soufrière volcano (Guadeloupe) inferred from combined electrical resistivity tomography, self-potential, soil temperature and diffuse degassing measurements[END_REF][START_REF] Rosas-Carbajal | Volcano electrical tomography unveils collapse hazard linked to hydrothermal system structure and dynamics[END_REF]Rosas-Carbajal et al., 2017;Peruzzetto et al., 2016;[START_REF] Tamburello | Spatio-temporal relationships between fumarolic activity, hydrothermal fluid circulation and geophysical signals at an arc volcano in degassing unrest: La Soufrière of Guadeloupe (French West Indies)[END_REF]Moretti et al., 2020;Esposti Ongaro et al., 2020;Jessop et al., 2020a;Moune et al., 2022) shows unrest has steadily increased over the last 30 years. The 2018 crisis and continuing unrest includes elevated low energy micro-seismicity at less than <2 km depth from the summit (>76 seismic swarms since August 2018), high-flux fumarole degassing of mixed magmatic and hydrothermal fluids, expanding high heat flux and limited near-field deformation (OVSG-IPGP, 1999-2021). Together this indicates magma is still being supplied to the shallow reservoir from a deeper source, and the combined processes of heating and pressurization of the hydrothermal system and periodic cycles of sealing could be promote conditions leading to a phreatic eruption, potentially followed by a magmatic eruption if the necessary conditions are met.

Chapter 3

Methodology

Les échantillons utilisés pour cette étude ont été collectés entre 2001 et 2019, sur des affleurements distaux et proximaux autour de La Soufrière. La majorité des échantillons ont été collectés pour les études de [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Komorowski et al. ( , 2008)), [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF] et Legendre (2012), Komorowski et al., (2013), pour lesquelles une stratigraphie complète et des descriptions détaillées sont disponibles. Ici, je vais présenter la stratigraphie pertinente pour les échantillons utilisés (Fig 3 .1 ; Tableau 3.1), mais pour le contexte complet, il faut se référer à Legendre (2012).

La préparation des échantillons comprend :

[1] Roche totale: les échantillons ont été lavés dans un bain à ultrasons, puis séchés pendant un minimum de 24 heures. Une fois secs, les échantillons ont été tamisés à la main en fractions de >32 mm jusqu'à <63 μm. Comme les échantillons présentent souvent un haut degré d'altération lié au climat tropical, les clastes juvéniles ont été triés à la main dans les fractions de taille les plus importantes (32 -64 mm et 16 -32 mm), cela a permis d'éliminer le maximum d'altération. Les clastes sans altération ont ensuite été sectionnés et broyés en poudre (100 μm) pour l'analyse de la roche totale par spectrométrie de masse à plasma à couplage inductif (ICP-MS).

[2] Minéraux : les pyroxènes et les plagioclases sont abondants dans tous les échantillons et ont été choisis aléatoirement à la main dans la fraction tamisée de 500 μm pour chaque échantillon. Seuls les cristaux fortement altérés ou cassés ont été écartés. Les olivines n'étaient présentes que dans l'échantillons des Monts Caraïbes, elles ont également été choisies à la main dans la fraction 500 μm. [3] Microsonde électronique : Les compositions élémentaires des éléments majeurs (Si, Ti, Al, Fe, Mn, Mg, Ca, Na et K) et volatils (F, S et Cl) des inclusions magmatique, du verre matriciel et des minéraux ont été obtenues à l'aide des appareils Cameca SX-100 et SX-5 qui font partie de la plateforme CAMPARIS de l'Université Pierre et Marie Curie (UPMC).

[4] SIMS : L'analyse SIMS a été réalisée à l'aide de la microsonde ionique Cameca IMS 1270 au Centre de Recherches Pétrographiques et Géochimiques (CRPG) en utilisant un faisceau primaire Cs+. Ceci a été utilisé pour mesurer les concentrations en H2O, CO2, S, Cl, F et en Deutérium (l'isotope de l'hydrogène) dans les inclusions, qui ont été montées dans de l'indium et revêtues d'or avant analyse.

Les données ont ensuite été traitées et modélisées à l'aide de diverses techniques :

[1] Logiciel de traitement d'image ImageJ: Utilisé pour analyser et traiter les images BSE de minéraux et de verre matriciel.

[2] MELTS : MELTS est un code de calcul pour la modélisation thermodynamique utilisé pour comprendre l'évolution chimique et l'assemblage des phases d'un système magmatique (Ghiorso & Sack, 1995 ;[START_REF] Asimow | Algorithmic modifications extending MELTS to calculate subsolidus phase relations[END_REF]. Le but de l'utilisation de MELTS dans cette étude était de comprendre l'évolution du système de La Soufrière et comment les magmas de chaque éruption sont liés.

[3] CHOSETTO : Ce code de calcul a été utilisé pour calculer le dégazage de H2O, CO2, SO2 et H2S dans les liquides silicatés. Il a la caractéristique de calculer le rapport redox FeO/Fe2O3, les quantités de soufre dissoutes sous forme de sulfure et de sulfate et donc, le rapport S-redox.

[4] EVA_H : Ce code de calcul est utilisé pour prédire le cycle de vie d'un aérosol sulfaté et la perturbation des propriétés optiques atmosphériques (SAOD). Dans cette étude, il a été utilisée pour étudier l'effet climatique des éruptions étudiées.

Mot Clés : techniques analytiques, microsonde électronique, microscope électronique à balayage, spectrométrie de masse à ions secondaires Keywords: analytical techniques, electron microprobe, scanning electron microscope, secondary ion mass spectrometry

Sampling

The samples used for this study were collected between 2001 and 2019, from both distal and proximal outcrops around La Soufrière. The majority of samples were collected for studies by Komorowski et al. (2005Komorowski et al. ( , 2008)), [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF] and Legendre (2012), where full stratigraphy and detailed descriptions are available. Here, I will present the relevant stratigraphy for the samples used (Fig 3 .1; Table 3.1), but for full context Legendre (2012) should be referred to.

Details of the 1530 Cal. CE eruption (GDS2) samples which are discussed through the thesis, including collection and preparation, can be found in [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF] and Pichavant et al. (2018).

± 25 Cal. CE

The The upper part of the outcrop above the paleo-fire unit, where the SOU 0913D sample was taken from, is a lenticular unit ranging from 15 and 25 cm. The unit was sampled across the layer at constant depth to ensure the sample is representative of the whole unit. This unit consists of white pumice fallout with moderately sorted, coarse, angular, juvenile fragments which on closer inspection were described by Legendre (2012) as light grey to white, dense andesite which contains pyroxenes, feldspars and iron oxide phenocrysts (20 wt%) and altered accessory fragments (5 wt%). This fallout unit is also described as a characteristic proximal fallout primary unit and is not related to remobilisation of a previous deposit. This unit allows interpretation of the 1657 Cal. CE eruption to include a single explosive phase. The detailed field and stratigraphy work of Y. Legendre and J-C Komorowski (Legendre, 2012) allow estimation of the intensity and volume of this eruption to VEI 2-3 [START_REF] Newhall | The Volcanic Explosivity Index (VEI): an estimate of explosive magnitude for historical volcanism[END_REF] and 0.001 Km 3 .

During the course of my PhD, we returned to the SOU 0913 site in order to collect more material, however, the Ravine had changed following Hurricane Maria and the outcrop had been destroyed.

The SOU 0914 outcrop had also been sampled by Y. Legendre and J-C Komorowski (Legendre, 2012) and was found intact. Three fallout units (grading) were found below poorly sorted banded material.

No written records exist for this eruption, with the first French colonisers arriving in Basse-Terre in 1635 Cal. CE. This is explained by the 1657 ±25 Cal. CE eruption taking place before the arrival of the first colonisers, i.e., at the upper end of the error range (Legendre, 2012). Alternatively, the description of the 1690 Cal. CE phreatic eruption [START_REF] Ballet | La Guadeloupe: renseignements sur l'histoire, la flore, la faune, la géologie, la minéralogie[END_REF] 1), where a complex eruptive sequence of pyroclastic units from the explosive phase from the 1010 Cal. CE eruption are found. The sampled fallout units (SOU 0111A and SOU 0924A) are found above massive pyroclastic flow units, the fallout unit itself is 4 to 8 cm and is composed of angular to sub-rounded, light beige to light grey andesite pumice (Fig 3 .2). At both outcrops the fallout unit was sampled across the layer at constant depth. Above the fallout unit is a sandy, laminated unit interpreted as a dilute, turbulent pyroclastic flow deposit associated with an effusive dome-growing phase (Fig 3 .2).

Across these outcrops 7 radiocarbon dates were obtained from palaeosol, colluvium and paleo-fire units allowing this eruption to be constrained to 1010 ± 10 Cal. CE. From the detailed stratigraphic work, the 1010 Cal. CE eruption can be defined as a multiphase event with both explosive and effusive phases. The stratigraphic work also allows the intensity and volume of the eruption to be estimated at VEI 4 [START_REF] Newhall | The Volcanic Explosivity Index (VEI): an estimate of explosive magnitude for historical volcanism[END_REF] and 0.1 Km 3 . However, the poorly preserved nature of the explosive phase in particular makes the spatial dispersion of eruption products difficult to estimate.

ca. 341 Cal. CE

The eruption of Echelle in 341 CE (GDS6) is well studied by [START_REF] Dagain | La mise en place du massif volcanique Madeleine-Soufrière[END_REF] and [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF] who report the Echelle stratigraphy is composed of multiple levels of scoria fallout from explosive phases involving sustained lava fountaining, these units are interspersed with lava flows from effusive phases. The explosive phases are interpreted as violent Strombolian-style eruptive activity (VEI 2) [START_REF] Dagain | La mise en place du massif volcanique Madeleine-Soufrière[END_REF][START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF]. Echelle is basaltic-andesite in composition and is considered to involve a less differentiated and more basic magma than the magma involved in the La Soufrière eruptions [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF]. [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF] also hypothesise the magma produced in the Echelle did not interact with the magma storage areas supplying La Soufrière. [START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF] and [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF] report an age of ∼341 Cal. CE for laharic debris-flow deposits reworking the Echelle deposits shortly after their emplacement. The Echelle eruption age is further constrained by debris avalanche deposits found below and dated 2460 years BP (720± 10 years Cal. BCE) and above dated at 1570 years BP (450± 10 years Cal. CE). Hence, formation of the Echelle cone (GDS6) and younger Citerne (GDS 5) scoria cones occurred between 720 Cal. BCE and 450 Cal. CE.

Outcrops of the 341 Cal. CE Echelle eruption are relatively poorly preserved and the freshest samples are found in deposits proximal to the Echelle cone (Fig 3 .1; Table 3.1). Samples of Echelle were collected in 2019 from outcrop SOU 1904, this outcrop is a recent landslide found along the road at the base of the Echelle cone. This landslide was composed of scoria blocks which were non-altered and dark-grey to black in colour, with crystals of fresh pyroxene and plagioclase phenocrysts that could be observed by eye in the crystal-rich scoria. Clasts 10 -40 cm in size were collected, allowing the freshest scoria to be selected (sample SOU 1904A).

As these clasts were collected directly from the base of the Echelle cone, we can be confident they represent the proximal deposits from the Echelle eruption. However, as they were collected from a slump it is unclear where these samples stand in the eruptive stratigraphy. These samples of scoria 3.1). At this outcrop a complex sequence of pyroclastic units are observed. The lower unit is 5 to 9 cm thick and composed of angular to sub-angular, dark grey to black juvenile vesicular material. Above this is the sampled fallout unit (SOU 1101viA) with a thickness of between 6 cm and 13 cm and is composed of angular to sub-angular vesicular fragments, dark grey to black in colour (Fig 3 .2). Legendre (2012) describes a low concentration of olivine crystals in this sample; however, these were not observed in the phenocryst populations investigated in this study. This unit was sampled across the layer at constant depth. Directly above the fallout unit is a palaeosol unit (SOU 1101Z1) dated at 6380 ± 40 years BP (5387 ± 84 Cal. BCE -100%). The fallout unit is also constrained by stratigraphy, as another palaeosol unit is found directly below the sequence at a different outcrop (SOU 0614G) of the same sequence, dated at 6770 ± 90 years BP 5680 ± 164 Cal. BCE -100%) (Fig 3 .2).

Comparison and extrapolation of field data allows the intensity and volume of this eruption to be estimated at VEI 4 [START_REF] Newhall | The Volcanic Explosivity Index (VEI): an estimate of explosive magnitude for historical volcanism[END_REF] and 0.1 Km 3 . This eruption is interpreted as the oldest magmatic phase of La Soufrière which produced an eruptive column, deposits indicate this plume collapsed at least once. The significant thickness and relatively coarse grain size observed in the proximal outcrops of this eruption, allows this to be interpreted as the highest intensity and largest magnitude explosive eruption in the La Soufrière record.

Monts Caraïbes

The Mont Caraïbes was dated by [START_REF] Blanc | Corrélations chronologiques et géochimiques des formations volcani-ques du sud de la Basse-Terre de Guadeloupe (Petites Antilles)[END_REF] 3.1).

The 40 -50 m exposure in the cliffs is part of the Grand Ajoupa sequence which contains coeval dacite and basaltic magmas and is the youngest part of the Monts Caraïbes complex [START_REF] Bissainte | Le complexe des Monts Caraïbes de Guadeloupe (Arc des Petites Antilles) Etude pétrographique, minéralogique et géochimique[END_REF]. The base of the sequence at this exposure contains laminated phreatomagmatic deposits which are lithicrich and show wavy cross bedding at the base. The rest of the sequence above consist of 50 m-thick sequence of phreatomagmatic explosion breccia fallout and pyroclastic density current deposits with interlayered debris flow units which have remobilized the phreatomagmatic deposits on a syneruptive timescale. The debris flow deposits also contain juvenile material in the form of lapilli clasts and basaltic bombs. Finally, the top of the visible sequence consists of a white to yellow dacite pumice fallout deposit.

Two types of samples were taken from this sequence. The first sample, SOU 1907, is a cauliflower basaltic bomb, which is dark grey to black in colour and vesicular. This material is interpreted as juvenile material and is crystal rich. This sample was taken from the base of the mixed phreatomagmatic and debris flow sequence directly above the basal wavy-bedded phreatomagmatic deposits. A sample of pyroxene-rich gabbroic material was also collected (see Annex).

The second sample, SOU 1908, was taken from above the SOU 1907 sequence from explosive breccia fallout units. We collected large bombs 30 cm in size with cauliflower texture interpreted as basaltic juvenile material typical of phreatomagmatic deposits. Less vesicular than the SOU 1907 sample, SOU 1908 is crystal-rich material with pyroxene and plagioclase crystals visible as well as a less abundant yellow-green mineral (olivine). Three clasts are used for this study: SOU 1908A, SOU 1908B and SOU 1908C. Within these clasts we can observe areas of more crystal-rich material, 'crystal clots', which contain coarse, euhedral crystals of plagioclase, pyroxene and olivine. The 'crystal clots' appear to be randomly distributed through the juvenile material and range from 1 -5 cm in size. The 'crystal clot' used in this study was taken from SOU 190C and is named SOU 190Cii.

Sample Preparation

Whole Rock

The samples for the 1657 Cal. CE (SOU 0913D), 1010 Cal. CE (SOU 0111A and SOU 0924A) and 5680 Cal. BCE (SOU 1101viA) eruptions are bulk samples. These bulk samples were washed in an ultrasonic bath and then dried for a minimum of 24 hours. Once dry, the samples were hand sieved in fractions from >32 mm down to <63 μm. As the samples often have a high degree of alteration related to the tropical climate, juvenile clasts were hand-picked from the largest size fractions (32 -64 mm and 16 -32 mm), this allowed the maximum amount of alteration to be removed. The alteration-free clasts were then sectioned and crushed to powder (100 μm) for whole rock analysis by inductively coupled plasma mass spectrometry (ICP-MS). The SOU 1101viA sample had already been partially processed by Legendre (2012), as a result the larger fractions >4 mm were unavailable. Furthermore, the outcrop from which this sample was taken from had been destroyed so this meant that there were no clasts suitable for ICP-MS analysis (Fig 3 .3).

The samples for the 341 Cal. CE (SOU 1904A) and Monts Caraïbes (SOU 1907 andSOU 1908) eruptions are samples of individual clasts. Hence, the sieving step involved in bulk sample preparation was unnecessary. The individual clasts were washed in an ultrasonic bath and then dried for a minimum of 24 hours. The clasts were then sectioned, one section of each clast was taken and crushed to powder (100 μm) for ICP-MS analysis.

Minerals

For the 341 Cal. CE (SOU 1904A) and Monts Caraïbes (SOU 1907 andSOU 1908) samples, sections of each clast were taken and lightly crushed to release crystals. The lightly crushed sample was then taken and sieved in fractions from >4 mm to <63 μm. This allowed the 500 μm sieved fraction to be selected for each sample, pyroxene and plagioclase are abundant in all samples and were randomly hand-picked from the sieved fraction (Fig 3 .3). Only highly altered or broken crystals were discarded.

For the eruptions of 1657 Cal. CE (SOU 0913D), 1010 Cal. CE (SOU 0111A and SOU 0924A), 341 Cal. CE (SOU 1904A) and 5680 Cal. BCE (SOU 1101viA), we selected for diffusion timescale studies 30 to 40 whole, euhedral crystals per eruption which were mounted in epoxy grain mounts. Electron Backscatter Diffraction (EBSD) is not necessary to orientate pyroxene as it is with olivine, particularly when using euhedral crystals. As discussed in Chapter 5, diffusivity can vary along different crystal axes, however, in orthopyroxenes there is no variation in diffusion along the c and b crystal axes. As the c-axis is always the distinct long axis in euhedral tabular shaped pyroxenes, mounting crystals with the long c-axis parallel to the grain mount surface by eye allows diffusion to be examined along the baxis (e.g., [START_REF] Kilgour | Timescales of magmatic processes at Ruapehu volcano from diffusion chronometry and their comparison to monitoring data[END_REF][START_REF] Solaro | A system dynamics approach to understanding the deep magma plumbing system beneath Dominica (Lesser Antilles)[END_REF]Chapter 5). Each epoxy grain mount was polished using silicon carbide polishing pads (P-800, P-1200, P-2400 and P-4000) and finished using 0.3 μm grade aluminium powder. Finally, grain mounts were carbon coated in preparation for scanning electron microscopy (SEM) and Electron Micro-Probe analysis (EMPA).

Melt Inclusions and Groundmass Glass

A selection of pyroxene, plagioclase and olivine 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 melt inclusions (MIs-see precise definition in Chapter 4). Crystals with 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 (Fig 3 .3). The prepared inclusions were then carbon coated for EMPA.

In order to avoid carbon contamination for CO2 determination via Secondary Ion Mass Spectrometry (SIMS), other MIs were prepared separately [START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF]. Plagioclase, pyroxene and olivine 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 instead of carbon coated. Following SIMS analysis, this coating was removed and re-coated in carbon for EMPA analysis.

Groundmass glass was selected, mounted in epoxy, polished and carbon coated using the same technique as for minerals and MIs for SEM and EMPA (Fig 3 .3). Groundmass glass was also prepared and analysed using SEM by Legendre (2012), who noted similar differences as discussed in Chapter 6.

Analytical Techniques

Inductively Coupled Plasma -Mass Spectrometry (ICP-MS)

Prior to ICP-MS the powdered samples must undergo acid digestion in order to remove any interfering matrix and ensure the particle size is <2 μm. The Inductively Coupled Plasma is a plasma ion source, which has a high temperature and results in the complete break-down of a material into atoms which are then ionised and then accelerated through to the mass spectrometer. The detected element spectra are then compared to known standards in order to quantify the results.

Powders (100 µm) from crushed bulk rock and clast samples were analysed for major elements (Ti, Ca, Na, Mg, Al, Si, P, K, M and Fe) at Institut de Physique du Globe de Paris (IPGP) using the ICP-QMS 7900 Agilent, which is part of the PARI platform. The analysis was calibrated using 18 standards which cover the compositions of the samples we are interested in (Table 3.2). Standards were run before the samples, halfway through sample analysis and again following sample analysis, allowing us to demonstrate an analytical precision of <5 % for all major elements. 

Scanning Electron Microscopy (SEM)

SEM involves the acceleration of electrons to high energies (2 -1000 kV), the electrons are then reflected off the surface of the sample (e.g., McCullen, 1994;[START_REF] Vernon-Parry | Scanning electron microscopy: an introduction[END_REF][START_REF] Zhou | Fundamentals of scanning electron microscopy (SEM)[END_REF].

The resulting signals can give information about the samples surface topography, crystalline structure and composition, as electrons are not transmitted through a sample, this information is only provided for the surface of the sample. When the electron beam is reflected off the sample this produces secondary electrons, backscattered electrons and x-rays which are then collected by the detector. Secondary electrons (SE) provide high spatial resolution images which primarily give topographic information. Back scattered electrons (BSE) (used in this study) provide lower resolution images than SE, but are produced from deeper in the sample so provide compositional information, with elements of higher atomic mass giving a greater brightness value. SEM has been used in this study to image orthopyroxene crystals and groundmass glass using the BSE imaging mode, this has allowed crystal zoning and groundmass textures to be observed. This was done using the SEM EVO MA10 Zeiss which is part of the PARI platform at IPGP, which was used with conditions of 15 kV accelerating voltage, 2 nA probe current and a working distance between 10 and 13.5 mm. Grain mounts were examined with BSE, for orthopyroxene crystals a high contrast and high magnification. Final images showing 50-100 μm of the crystal were used in order to identify local chemical variations.

Electron Microprobe Analysis (EMPA)

In comparison to SEM, EMPA is used for analysis rather than imaging. The focused electron beam excites x-rays in the sample, with the x-ray spectrum characteristic of the elements present. This makes analysing compositions quantitatively easy, when comparing the emitted x-ray wave-lengths to known standards (Reed, 2005).

Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na and K) and volatile (F, S and Cl) elemental compositions of melt inclusions, groundmass glass 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 (UPMC). Minerals were analysed using a 15 KV accelerating voltage, a beam current of 10 nA and a focused beam diameter of 1 μm. We also obtained analyses for specific points on minerals as well as along linear transects of a selection of minerals as part of the diffusion timescales study (Chapter 4). Transects were taken perpendicular from the core to the rim of the mineral at 1 μm intervals. 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 and Cl, 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 [START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF], 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 FKa peak by the FeLa peaks (Todd 1996;[START_REF] Lowenstern | Chlorine, fluid immiscibility, and degassing in peralkaline magmas from Pantelleria, Italy[END_REF][START_REF] Witter | A simple empirical method for high-quality electron microprobe analysis of fluorine at trace levels in Fe-bearing minerals and glasses[END_REF].

Quantification of the melt sulphur content, sulphur speciation and temperature allow fO2 and iron speciation to be calculated [START_REF] Carroll | Sulfur speciation in hydrous experimental glasses of varying oxidation state; results from measured wavelength shifts of sulfur X-rays[END_REF]detailed in Chapter 4.3.4). Prior to each analysis session the sulphur peak positions were determined in order to not underestimate sulphur concentration. However, due to the low concentration of S found in these inclusions, the sulphur speciation method was not used (details of fO2 calculations detailed in Chapter 4.3.4).

We used 9 glass and mineral standards to calibrate the microprobe (Table 3.3), followed by the glass standards LIP, LGM and COP5 (Table 3 .4). This gave us a precision of <5 % for major elements (SiO2, Al2O3, CaO, MgO and K2O), <10 % for Na2O and FeO, <15 % for TiO2, and MnO, <6 % for Cl and <15% for S. 

Secondary Ion Mass Spectrometry (SIMS)

SIMS is particularly useful for the analysis of volatiles (e.g., [START_REF] Sisson | H2O in basalt and basaltic andesite glass inclusions from four subduction-related volcanoes[END_REF]Hauri et al., 2002a, Hauri, 2002b;[START_REF] Bracco Gartner | Coupled Sr-Nd-Pb isotope and trace element ratios in olivine-hosted melt inclusions from subduction-related magmatism in central Italy Bracco Gartner[END_REF][START_REF] Cadoux | A new set of standards for in-situ measurement of bromine abundances in natural silicate glasses: Application to SR-XRF, LA-ICP-MS and SIMS techniques[END_REF] and also stable isotope ratios (e.g., δD; Hauri, 2002b), due to its ability to detect very low concentrations. This technique works by directing an energetic focused ion beam, the primary beam to the surface of the sample. This beam results in the ejection (sputtering) of atoms from the area, these are collected, focused and passed through a mass spectrometer, this is known as the secondary beam [START_REF] Layne | Application of secondary ion mass spectrometry to the determination of traditional and non-traditional light stable isotopes in silicate melt inclusions[END_REF]. Quantification of the spectrum of elements recorded requires comparison to known standards.

SIMS analysis was conducted using the Cameca IMS 1270 ion microprobe at the Centre de Recherches Pétrographiques et Géochimiques (CRPG) using a 10kv Cs + primary beam of 3 nA. This was used to measure H2O, CO2, S, Cl a F concentrations of the inclusions, which were mounted in indium and coated in gold. Samples were pre-sputtered in order to reduce surface contamination reaching the mass spectrometer. Calibration curves for 16 O 1 H/ 18 O, 12 C/ 18 O, 32 S/ 18 O, 35 Cl/ 18 O and 19 F/ 18 O were established using 17 standards (including TAN25-0, TAN25-2, TAN25-4 and in-house standards; Table 3.5) ranging from basaltic-andesite to rhyolite in composition, covering the composition of inclusions measured. The more evolved La Soufriere inclusions were calibrated against the more silicic standards (e.g., TAN25-0, StHS) and the less evolved Echelle and Monts Caraibes inclusions were calibrated against the less silicic standards (e.g., ETNA_0) (Fig 3 .4). The standard error on the calibration curves is <1 % for all. Standards were run before and after each analysis session with a calibration error of <10 %. These standards also allowed us to observe that no systematic matrix effect occurred, related to mass dependence during sputtering of secondary ions and the mass dependent effect in the ion detectors (e.g., [START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF]. Thus, the same calibration could be applied across the samples.

In addition to volatiles, we also measured deuterium (D) 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 !D, which is the per mil deviation of the D/H isotope ration from the D/H ration of Standard Mean Ocean Water (!DSMOW). 

Data Processing and Modelling

ImageJ

ImageJ (v1.52) is a processing program that allows the editing, analysis and processing of images. ImageJ was used to process both mineral and groundmass glass BSE images.

For orthopyroxene, used in the diffusion timescales study, ImageJ was used to rotate images where needed, so the profile could be taken perpendicular to the crystal boundary (i.e., in the direction of diffusion). Rotation of the images also prevented profiles from becoming anomalously stretched [START_REF] Allan | From mush to eruption in centuries: assembly of the super-sized Oruanui magma body[END_REF][START_REF] Kilgour | Timescales of magmatic processes at Ruapehu volcano from diffusion chronometry and their comparison to monitoring data[END_REF]. ImageJ allows selection of an area of the image which was made across the visible compositional zoning of minerals. The selected area is then converted to a greyscale profile using the ImageJ tool 'plot profile.' In order to reduce noise on the profiles the 'rectangle' tool, allowing selection of an area, was used rather than the 'straight' line tool. This results in integration of the greyscale and noise reduction; the integrated area was kept relatively consistent such that it was adapted depending on the image and the zone that were observed. The result is a profile of greyscale intensity across the compositional zone. For each crystal we used three to six profiles on the same crystal zone from one image and averaged the timescales. Where possible, images were taken of crystal zones on both sides of the same crystal face to acquire the transects.

Groundmass glass BSE images were used to calculate the microlite volume percentage. Microlites were point counted using the ImageJ 'multi-point' tool, this was used to create a grid of points across the image at 2 μm spacing. Each point was then recorded as microlite, glass or vesicle with >1000 points counted for each eruption to ensure the count was representative. This then allowed the calculation of the microlite percentage.

MELTS

MELTS is a thermodynamic modelling tool used to understand the chemical and phase assemblage evolution of a magmatic system (Ghiorso and Sack, 1995;[START_REF] Asimow | Algorithmic modifications extending MELTS to calculate subsolidus phase relations[END_REF]. The aim of using MELTS in this study was to understand the evolution of the La Soufrière system and how magmas from each eruption are related.

Rhyolite-MELTS v1.2.0 (Ghiorso and Sacks, 1995;[START_REF] Gualda | Rhyolite-MELTS: a modified calibration of MELTS optimized for silica-rich, fluid-bearing magmatic systems[END_REF] was used for this study with the MELTS GUI or alphamelts2 interfaces (Antoshechkina and Asimow, 2010;Antoshechkina et al., 2010;[START_REF] Asimow | Thermodynamic Modeling of Magmatic Systems with alphaMELTS 2-3-DAY WORKSHOP[END_REF]. Rhyolite-MELTS v1.2.0 has been chosen as this version has been optimized for fluid-bearing silicic systems and can be applied to evolved silicic systems. Rhyolite-MELTS is suitable for use over 0-2 GPa, so is suitable for use at the La Soufrière system.

MELTS is used in this study to investigate the relationship between the different eruptions of the evolved La Soufrière and also the relationship of these evolved magmas with the unevolved magmas of Monts Caraïbes. The compositional banding observed in the 1530 Cal. CE eruption indicates that mixing with a less evolved magma has occurred. However, compositional banding is not seen in the eruptions in the present study (e.g., 1657 Cal. CE, 341 Cal. CE, 1010 Cal CE, and 5680 Cal. BCE). Therefore, we must assess the involvement of a less evolved magma in the aforementioned eruptions considered in this study. This has been done using the assimilate feature of MELTS allowing the mixing of two different magma composition.

CHOSETTO v1

CHOSETTO v1 is a Windows based programme which is used to compute degassing for of H2O, CO2, SO2 and H2S in magmatic melts and also has the feature of computing the FeO/Fe2O3 redox ratio, the amounts of sulphur dissolved as sulphide and sulphate and so, the S-redox ratio (Belonoshko, [START_REF] Shi | Thermodynamic modeing of the CHOS fluid system[END_REF][START_REF] Ottonello | Oxidation state of iron in silicate glasses and melts: a thermochemical model[END_REF]Moretti et al., 2003;[START_REF] Moretti | A model for the saturation of COHS fluids in silicate melts[END_REF]Moretti and Ottonello, 2003a;[START_REF] Moretti | Polymerisation, basicity, oxidation state and their role in ionic modelling of silicate melts[END_REF][START_REF] Moretti | Solubility and speciation of sulfur in silicate melts: The Conjugated Toop-Samis-Flood-Grjotheim (CTSFG) model[END_REF]Papale et al., 2006;Moretti et al., (in prep)). This model is based on data available up to 2005 (sulphur and iron redox) and 2006 (H2O-CO2), and allows consideration of total volatiles in determining degassing trends. The program can be downloaded from https://github.com/charlesll//chosetto (DOI: 10.5281/zenodo.5554941). The CHOSETTO.exe program (for Windows®) is available together with instructions to run it and relevant information on licensing and credit to be given.

The programme allows the input of temperature, pressure, oxygen fugacity, major elements H2O, CO2 and S. The pressure of the system is decreased in 10 MPa steps down to P=200 MPa, then every 5 Mpa down to 10 MPa, then every 1 MPa down to 5 MPa and finally, 0.5 MPa down to 0.1 MPa. Temperature is held constant; however, the effect of temperature can be investigated using iterative runs. Also, important to note, is the total amount of oxygen is not fixed, and is modelled as a perfectly mobile component. [START_REF] Moretti | On the oxidation state and volatile behavior in multicomponent gasmelt equilibria[END_REF]Moretti and Stefansson, 2020;[START_REF] Moretti | Chapter 6 Ionic Syntax and Equilibrium Approach to Redox Exchanges in Melts: Basic Concepts and the Case of Iron and Sulfur in Degassing Magmas[END_REF]Papale et al., 2021).

EVA_H

EVA_H [START_REF] Aubry | A new volcanic stratospheric sulfate aerosol forcing emulator (EVA_H): Comparison with interactive stratospheric aerosol models[END_REF] builds on the EVA (Easy Volcanic Aerosol) model of Toohey et al., 2016 and predicts the life cycle of a sulphate aerosol and the perturbation in atmospheric optical properties (SAOD). SAOD is then converted to forcing using the scaling provided for tropical eruptions in [START_REF] Marshall | Exploring how eruption source parameters affect volcanic radiative forcing using statistical emulation[END_REF].

EVA_H is an empirical box model which predicts the temporal and spatial variation of SAOD given the characteristics of a volcanic SO2 injections (mass, latitude and time; [START_REF] Aubry | A new volcanic stratospheric sulfate aerosol forcing emulator (EVA_H): Comparison with interactive stratospheric aerosol models[END_REF]. EVA_H was calibrated using: [i] sulphur emissions from [START_REF] Carn | Multi-decadal satellite measurements of global volcanic degassing[END_REF] who report the date, location, mass of SO2, and altitude of volcanic emissions for eruptions from 1978-2015; and [ii] the Global Space-based Stratospheric Aerosol Climatology which is the latest reconstruction of aerosol extinction at 525 nm from satellite data from 1979 to 2016, which is latitude and altitude dependent.

The model also incorporates time-varying tropopause height from the NCEP/NCAR reanalysis [START_REF] Kalnay | The NCEP/NCAR 40-year reanalysis project[END_REF], which allows both for climate change trends [START_REF] Santer | Contributions of anthropogenic and natural forcing to recent tropopause height changes[END_REF] and the variation of tropopause height with the latitude to be accounted for. EVA_H builds on the following assumptions: [1] the global mean SAOD at 525 nm and effective radius are scaled from the total mass of SO4; [2] The production, transfer and loss of SO4 across the box model is governed by simple transport equations; [3] The distribution of SO4 mass in the model boxes is used to produce the latitudinal and vertical distribution of extinction; [4] Wavelength-dependent extinction, single scattering albedo, and scattering asymmetry factor are calculated from the effective radius and extinction at 525 nm using Mie theory. To extend the EVA model to EVA_H and add a vertical component as well as the three latitudinal bands (southern extratropics, tropics and northern extratropics [START_REF] Butchart | The Brewer-Dobson circulation[END_REF][START_REF] Neu | Age of air in a "leaky pipe" model of stratospheric transport[END_REF][START_REF] Plumb | A "tropical pipe" model of stratospheric transport[END_REF], three vertical bands are also used: [1] the lower most extratropical stratosphere (≤ 16 km), in this area cross-tropopause mixing and transport is an important control on movement of aerosols between the stratosphere and troposphere; [2] the lower stratosphere (16 -20 km); [3] the middle stratosphere (≥ 20 km).

EVA_H addresses the major limitations of the EVA model by accounting for plume height and predicting the vertical structure of aerosol extinction. EVA_H also calibrates against a large range of eruptions in comparison to EVA which is only calibrated against the 1991 Mount Pinatubo eruption, which is much larger eruption than considered here.

Overall, EVA_H can better account for global mean stratospheric aerosol optical depth variations and the vertical evolution of extinction and has a forcing sensitivity to eruption latitude and injection height.

Résumé

Dans la première partie de ce chapitre, je décrirai comment les études des minéraux peuvent être utilisées pour déterminer l'échelle de temps entre la dernière perturbation de l'environnement magmatique d'un cristal dans le réservoir et l'éruption du magma qui contient ce cristal. L'étude des échelles de temps à La Soufrière n'est pas seulement importante pour comprendre les processus qui se sont produit avant les éruptions passées, mais aussi pour établir un lien avec les périodes de réactivations actuelles et futures dont on enregistre les signaux avec les réseaux de surveillance. L'étude des échelles de temps des processus magmatiques nous donne un aperçu important sur la rapidité avec laquelle une éruption peut se produire après une intrusion en profondeur. Il s'agit d'une information essentielle à ajouter à la surveillance volcanologique actuelle afin d'améliorer l'efficacité des systèmes d'alerte précoce, les modèles de prévision et la planification de la réduction des risques sur le long terme.

La deuxième partie de ce chapitre se concentrera sur le verre magmatique qui est préservé soit sous forme d'inclusions magmatiques primaires (MIs), soit sous forme de verres matriciels. Je me concentrerai sur les processus qui peuvent affecter les compositions chimiques des inclusions magmatiques après piégeage ainsi que la représentativité de ces objets pétrologiques dans l'analyse des processus volcaniques.

Échelles de temps de diffusion

Il existe plusieurs types de cristaux appartenant à un système magmatique, notamment [START_REF] Pankhurst | Magmatic crystal records in time, space, and process, causatively linked with volcanic unrest[END_REF] : [1] les antécristaux, qui sont des cristaux se développant à partir d'un magma antérieur dans le système et se recyclant dans un nouveau magma ; [2] les xénocristaux, qui ne sont pas liés au magma dans lequel ils sont observés et sont entraînés dans le magma (par exemple, Davidson et al., 2007) ; [3] les phénocristaux, qui se développent dans le même magma que celui dans lequel ils sont observés. Cette étude se concentre sur les phénocristaux dont la cristallisation est contrôlée par la série de réactions de Bowen [START_REF] Bowen | The behavior of inclusions in igneous magmas[END_REF]. La série réactionnelle de Bowen explique la séquence de cristallisation d'un magma, la cristallisation et l'élimination d'une phase cristalline du magma qui laisse derrière elle un liquide résiduel de composition différente permettant la précipitation d'une nouvelle phase cristalline. Cette série de réactions est donc utilisée pour comprendre l'assemblage et la composition des phases du phénocristal. [START_REF] Kirkpatrick | Crystal growth from the melt: a review[END_REF] décrit trois contrôles de la croissance des phénocristaux : [1] la diffusion dans le liquide silicaté; [2] le flux de chaleur latente s'éloignant de la surface du cristal en croissance, et [3] les réactions à l'interface cristal-liquide silicaté. La croissance et les textures des phénocristaux reflètent donc les processus de cristallisation et de différenciation qui comprennent le mélange, le refroidissement, le dégazage et la décompression du magma (Hawkesworth, 2004). Ces processus se terminent lorsque les phénocristaux et le liquide silicaté sont rapidement refroidis pendant l'éruption pour former des produits volcaniques. Cela fait des cristaux magmatiques un objet pétrologique particulièrement puissant pour comprendre les conditions prééruptives, l'histoire éruptive et les processus magmatiques. Nos cristaux sont décrits en détail au chapitre 5.

Pour comprendre les échelles de temps de la recharge et du mélange du magma, des échelles de temps de diffusion sont utilisées. Ces dernières sont basées sur le calcul du taux de diffusion des éléments en fonction du temps en réponse à des gradients chimiques résultant d'une variété de processus magmatiques [START_REF] Dohmen | Chronometry and Speedometry of Magmatic Processes using Chemical Diffusion in Olivine, Plagioclase and Pyroxenes[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF].

Le principe sous-jacent de cette technique repose sur la présence de déséquilibres dans les systèmes magmatiques et sur la vitesse à laquelle un système s'écarte d'un nouvel équilibre et l'atteint (par exemple, [START_REF] Costa | Time constraints from chemical equilibration in magmatic crystals. Timescales of magmatic processes: from core to atmosphere[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]Fig 4.1). Les cristaux hébergés dans un bain de liquide silicaté incorporent des éléments majeurs et des éléments traces au cours de leur croissance.

Les processus magmatiques perturbent l'équilibre de l'environnement physico-chimique du cristal, entraînant la formation de gradients de potentiel chimique à l'interface liquide-cristal qui conduisent la diffusion des éléments (Fig 4.1;[START_REF] Ivanovich | Uranium-series disequilibrium: applications to earth, marine, and environmental sciences[END_REF][START_REF] Costa | Short time scales of magmatic assimilation from diffusion modeling of multiple elements in olivine[END_REF]Davidson et al., 2007;[START_REF] Ginibre | Crystal zoning as an archive for magma evolution[END_REF][START_REF] Streck | Mineral Textures and Zoning as Evidence for Open System Processes[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF] 

Verres magmatiques

Le magma ne peut pas être étudié directement in-situ, cependant, après une éruption, les dépôts éruptifs peuvent fournir de grandes informations sur les conditions magmatiques pré-éruptives [START_REF] Blundy | Petrologic reconstruction of magmatic system variables and processes[END_REF][START_REF] Cooper | What does a magma reservoir look like? The "Crystal's-Eye" view[END_REF]. Un composant majeur qui peut fournir des informations sur le système pré-éruptif est le liquide silicaté, qui peut être piégé dans les cristaux sous forme d'inclusions magmatiques au fur et à mesure de la croissance du cristal (par exemple, [START_REF] Roedder | fluid inclusions[END_REF][START_REF] Schiano | Primitive mantle magmas recorded as silicate melt inclusions in igneous minerals[END_REF][START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF] ou être présents en tant que phase matricielle entourant les cristaux, les deux devenant du verre lors de l'éruption.

Les inclusions magmatiques sont des gouttelettes de liquide silicaté qui se forment lorsque le liquide entourant un cristal en croissance est piégé dans des irrégularités [START_REF] Sorby | On the microscopical, structure of crystals, indicating the origin of minerals and rocks[END_REF][START_REF] Cannatelli | Understanding a volcano through a droplet: a melt inclusion approach[END_REF]Fig 4.2). Les inclusions magmatiques sont composées de verre, de volatils dissous, de bulles de vapeur et de cristaux en quantités variables et se comportent comme un système fermé une fois qu'elles ont été piégées par le cristal hôte, et conservent donc théoriquement la composition originale du liquide en profondeur. Les inclusions magmatiques en particulier peuvent être utilisées pour comprendre de nombreux aspects différents du système magmatique, notamment [START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF] : [1] les conditions de stockage du magma pré-éruptif (Anderson, 1991;[START_REF] Blundy | Petrologic reconstruction of magmatic system variables and processes[END_REF][START_REF] Liu | Mixing and differentiation in the Oruanui rhyolitic magma, Taupo, New Zealand: evidence from volatiles and trace elements in melt inclusions[END_REF][START_REF] Lowenstern | Chlorine, fluid immiscibility, and degassing in peralkaline magmas from Pantelleria, Italy[END_REF][START_REF] Métrich | Crystallization driven by decompression and water loss at Stromboli volcano (Aeolian Islands, Italy)[END_REF][START_REF] Schmitt | Magma evolution in the Purico ignimbrite complex, northern Chile: evidence for zoning of a dacitic magma by injection of rhyolitic melts following mafic recharge[END_REF][START_REF] Wallace | Gradients in H2O, CO2, and exsolved gas in a large-volume silicic magma system: Interpreting the record preserved in melt inclusions from the Bishop Tuff[END_REF], [2] les bilans des volatils magmatiques et le dégazage (par exemple, [START_REF] Kovalenko | Estimation of the average contents of H 2 O, Cl, F, and S in the depleted mantle on the basis of the compositions of melt inclusions and quenched glasses of mid-ocean ridge basalts[END_REF][START_REF] Hauri | High pre-eruptive water contents preserved in lunar melt inclusions[END_REF][START_REF] Vigouroux | Volatiles in high-K magmas from the western Trans-Mexican Volcanic Belt: evidence for fluid fluxing and extreme enrichment of the mantle wedge by subduction processes[END_REF][START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF]Dixon et al., 1995;[START_REF] Métrich | Volatile abundances in basaltic magmas and their degassing paths tracked by melt inclusions[END_REF][START_REF] Witham | SolEx: A model for mixed COHSCl-volatile solubilities and exsolved gas compositions in basalt[END_REF][START_REF] Zellmer | Volatiles in subduction zone magmatism[END_REF][START_REF] Zurek | Melt inclusion evidence for long term steady-state volcanism at Las Sierras-Masaya volcano, Nicaragua[END_REF], [3] l'ascension du magma [START_REF] Blundy | Rapid decompression-driven crystallization recorded by melt inclusions from Mount St. Helens volcano[END_REF], 2008;Blundy et al., 2006;[START_REF] Cervantes | Role of H2O in subduction-zone magmatism: new insights from melt inclusions in high-Mg basalts from central Mexico[END_REF][START_REF] Roggensack | Explosive basaltic volcanism from Cerro Negro volcano: influence of volatiles on eruptive style[END_REF][START_REF] Spilliaert | Melt inclusion record of the conditions of ascent, degassing, and extrusion of volatile-rich alkali basalt during the powerful 2002 flank eruption of Mount Etna (Italy)[END_REF], [4] le comportement de partition des éléments entre les minéraux, les liquides et les fluides (e.g., Zajacz et al., 2008) et, [5] l'évolution des systèmes magmatiques (Métrich et al., 1993 ;[START_REF] Moune | Recent volatile evolution in the magmatic system of Hekla volcano, Iceland[END_REF].

Les inclusions magmatiques permettent donc d'étudier l'évolution de la composition en éléments majeurs et volatils des systèmes en nous fournissant la composition des magmas en profondeur [START_REF] Metrich | The 1989-1990 activity of Etna magma mingling and ascent of H2O, Cl, S, rich basaltic magma. Evidence from melt inclusions[END_REF][START_REF] Cannatelli | Understanding a volcano through a droplet: a melt inclusion approach[END_REF]. Ils nous permettent également de déduire les conditions prééruptives du système, telles que la pression et la température. Les échantillons de téphra qui ont subi une trempe rapide contiennent généralement des inclusions vitreuses qui peuvent être mesurées directement (par exemple, [START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF]. Ces inclusions sont préférées (par rapport aux inclusions cristallisées) pour les études qui déterminent le contenu volatil pré-éruptif des échantillons, car la trempe rapide des inclusions réduit la diffusion rapide de l'hydrogène et d'autres éléments à travers le minéral hôte (par exemple, [START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF].

Si l'olivine est présente dans l'assemblage des phases minérales, les inclusions hébergées par l'olivine sont souvent préférées pour l'analyse à celles des autres minéraux magmatiques. Cela s'explique par le fait que l'olivine est l'un des premiers minéraux à cristalliser et qu'elle préservera donc souvent le liquide le plus primitif. En comparaison, les minéraux se formant plus tard peuvent préserver une composition du liquide plus évoluée. Cela peut poser un problème dans les systèmes évolués où l'olivine n'est plus stable dans l'assemblage de phases, car l'analyse des autres minéraux fournira très probablement un instantané des parties moins profondes du système et ne préservera pas le magma parental. Malgré cela, les minéraux formés ultérieurement et les liquides silicatés évolués peuvent toujours donner un bon aperçu du système de stockage. En effet, cela peut fournir des informations sur les compositions du magma stocké, la température et la pression de stockage. Les inclusions plus évoluées fournissent également souvent la composition du magma juste avant l'éruption, ce qui peut être très utile pour calculer les bilans volatils.

Le verre matriciel est formé à partir d'un liquide silicaté externe aux cristaux (Figure 4.5). Ce dernier est soumis aux processus de décompression qui se produisent pendant l'éruption. Ceci a un impact particulier sur les éléments volatils qui sont continuellement dégazés pendant l'éruption. Lorsqu'un magma monte, la pression diminue et le liquide devient sursaturé en eau, ce qui entraîne la nucléation de bulles et la formation d'une phase fluide (par exemple, [START_REF] Hurwitz | Bubble nucleation in rhyolitic melts: Experiments at high pressure, temperature, and water content[END_REF][START_REF] Thomas | On the vesicularity of pumice[END_REF][START_REF] Lyakhovsky | Bubble growth in rhyolitic melts: experimental and numerical investigation[END_REF][START_REF] Proussevitch | Dynamics and energetics of bubble growth in magmas: analytical formulation and numerical modeling[END_REF][START_REF] Gardner | Experimental constraints on degassing of magma: isothermal bubble growth during continuous decompression from high pressure[END_REF][START_REF] Gardner | Bubble growth in highly viscous silicate melts during continuous decompression from high pressure[END_REF]Cashman, 2004;[START_REF] Gonnermann | The fluid mechanics inside a volcano[END_REF]. Il en résulte souvent une très faible teneur en substances volatiles enregistrée dans le verre matriciel, avec un dégazage du CO2, du H2O puis du S en premier, puis des halogènes (Cl, F, Br, I).

Les conditions de stockage du magma pré-éruptif et les processus subis peuvent affecter le style d'éruption, qui à son tour dicte les dangers [START_REF] Ruprecht | Pre-eruptive reheating during magma mixing at Quizapu volcano and the implications for the explosiveness of silicic arc volcanoes[END_REF][START_REF] Cooper | What does a magma reservoir look like? The "Crystal's-Eye" view[END_REF][START_REF] Cashman | Mafic glass compositions: a record of magma storage conditions, mixing and ascent[END_REF]. Un système de stockage peut couvrir une gamme de pressions, de températures et de cristallinités, ce qui signifie qu'un magma peut aller du liquide éruptible à un mélange liquidecristaux non éruptibles (à des fractions de cristaux > 0,6 %) [START_REF] Blundy | Petrologic reconstruction of magmatic system variables and processes[END_REF][START_REF] Cashman | Mafic glass compositions: a record of magma storage conditions, mixing and ascent[END_REF]. L'éventail des conditions fait également que le magma peut être saturé en vapeur (à P et T élevés) ou saturé [START_REF] Blundy | Petrologic reconstruction of magmatic system variables and processes[END_REF][START_REF] Cashman | Mafic glass compositions: a record of magma storage conditions, mixing and ascent[END_REF]. Cela peut affecter directement le style d'éruption en contrôlant des facteurs tels que : [1] la composition du magma ; [2] la teneur en cristaux ; [3] la teneur en substances volatiles (ces facteurs affectent tous également la viscosité du magma (Giordano et al., 2008)). D'autres facteurs importants à prendre en considération qui affectent le style d'éruption sont : [4] le développement de la perméabilité dans le système ; [5] l'échauffement par cisaillement le long des parois du conduit pendant une éruption ; [6] la taille et la forme du conduit [START_REF] Eichelberger | Non-explosive silicic volcanism[END_REF][START_REF] Klug | Permeability development in vesiculating magmas: implications for fragmentation[END_REF]Mastin, 2002 ;[START_REF] Polacci | Dynamics of magma ascent and fragmentation in trachytic versus rhyolitic eruptions[END_REF]Costa et al., 2007 ;[START_REF] Ruprecht | Pre-eruptive reheating during magma mixing at Quizapu volcano and the implications for the explosiveness of silicic arc volcanoes[END_REF]. Par conséquent, la compréhension du magma prééruptif peut fournir des contraintes sur le système de stockage pré-éruptif et révéler des informations importantes sur la composition du liquide et son contenu en volatils ainsi que sur les processus menant à l'éruption.

Mots-Clés: chronométrie de diffusion, inclusions fondues, échelles de temps de diffusion, température, pression, vitesse de remontée Keywords: diffusion chronometry, melt inclusions, diffusion timescales, temperature, pressure, ascent rate

In the first part of this chapter, I will outline how mineral studies can be used with the diffusion timescale method to calculate the timescale of the final perturbation of a crystal's magmatic environment before eruption. Investigating timescales at La Soufrière is not only important for understanding processes occurring prior to past eruptions, but also to relate to current and future periods of unrest. Investigating the timescales of magmatic processes gives us an important insight into how quickly an eruption occurs following an intrusion event from depth. This is vital information to add to the current monitoring effort to improve the efficiency of early-warning systems, forecast models and long-term risk reduction planning.

The second part of this chapter will focus on magmatic glass that is preserved either as glassy quenched primary melt inclusions (MIs) in magmatic crystals that represent melt that was trapped during the growth of minerals or as groundmass glass that formed by rapid cooling and quenching upon eruption and which surrounds magmatic minerals in unaltered volcanic rock. I will focus on the processes which may affect magmatic glasses post entrapment and discuss how I have ensured the glass, in particular the melt inclusions, are representative of the pre-eruptive melt.

Magmatic Crystals: A Useful Tool for Time Information and Magmatic Processes

There are several different types of crystals defined in the magmatic system, these include [START_REF] Pankhurst | Magmatic crystal records in time, space, and process, causatively linked with volcanic unrest[END_REF]: [1] antecrysts, which are crystals growing from a previous magma in the system and a recycled into a new magma; [2] xenocrysts, which are not related to the magma they are observed in and are entrained into the magma (e.g., Davidson et al., 2007); [3] phenocrysts, which grow in the same magma which it is observed. This study focuses on phenocrysts whose crystallisation is controlled by Bowen's reaction series [START_REF] Bowen | The behavior of inclusions in igneous magmas[END_REF]). Bowen's reaction series explains the sequence of crystallisation from a magma, and the crystallisation and removal of a crystal phase from the magma which leaves behind a residual liquid of differing composition allowing a new crystal phase to be precipitated. This reaction series is therefore used to understand the phenocryst phase assemblage and composition. [START_REF] Kirkpatrick | Crystal growth from the melt: a review[END_REF] describes three controls on phenocryst growth; [1] diffusion in the melt; [2] flow of latent heat away from the growing crystal surface, and; [3] reactions at the crystalmelt interface. The phenocryst growth and textures therefore reflect processes of crystallization and differentiation which includes magma mixing, cooling, degassing and decompression (Hawkesworth, 2004). These processes end as the phenocrysts and the melt are rapidly quenched during the eruption to form volcanic products. This makes magmatic crystals a particularly powerful tool in understanding the pre-eruptive conditions, eruptive history and magmatic processes. Our crystals are described in detail in Chapter 5.

Time Information and Magmatic Processes

Volcanic eruptions are often relatively short lived events with ascent and fragmentation occurring on the order of 100 m/s (e.g., [START_REF] Dohmen | Chronometry and Speedometry of Magmatic Processes using Chemical Diffusion in Olivine, Plagioclase and Pyroxenes[END_REF]. Processes in a volcanic system occur on a wide variety of timescales from millions of years for the formation of oceanic crust, to the minutes it may take an ash cloud to be erupted [START_REF] Dohmen | Chronometry and Speedometry of Magmatic Processes using Chemical Diffusion in Olivine, Plagioclase and Pyroxenes[END_REF]. There is a wide range of processes occurring in the magma reservoir over a wide range of timescales, such as: magma genesis, ascent and storage, fractional crystallization, volatile infiltration and degassing, magma mixing and assimilation can occur on wider range of timescales [START_REF] Sparks | Forecasting volcanic eruptions[END_REF][START_REF] Hawkesworth | Time scales of magmatic processes[END_REF][START_REF] Burgisser | A rapid mechanism to remobilize and homogenize highly crystalline magma bodies[END_REF]Moretti et al., 2013;[START_REF] Edmonds | Extensive, water-rich magma reservoir beneath southern Montserrat[END_REF]. Timescales are therefore key to understanding many aspects of volcanic activity (Turner and Costa, 2007).

Through the calculation of ages and timescales, magmatic processes can be better understood. A range of analytical techniques allow measurement of isotopic and element concentrations in a range of sample sizes from minerals to glass and bulk rock samples (Costa, 2020). This allows several different aspects leading up to a volcanic eruption to be dated, including [START_REF] Hawkesworth | Time scales of magmatic processes[END_REF]): [1] Eruption of individual magmatic units, understanding their age and the rate of their deposition; [2] The age and growth rate of major and accessory minerals; [3] The magma's residence time; [5] The evolution of magma composition over the life of the volcanic system, and; [4] The rate of magma differentiation.

There are three main approaches to acquire temporal information [START_REF] Dohmen | Chronometry and Speedometry of Magmatic Processes using Chemical Diffusion in Olivine, Plagioclase and Pyroxenes[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]: [1] radiometric -looking at the rate of radioactive decay for dating and absolute age determinations (e.g., [START_REF] Condomines | Timescales of magma chamber processes and dating of young volcanic rocks[END_REF]Turner and Costa 2007;[START_REF] Cooper | Uranium-series crystal ages[END_REF][START_REF] Schmitt | Rapid cooling rates at an active mid-ocean ridge from zircon thermochronology[END_REF], [2] diffusive -looking at the thermodynamic and kinetic laws of equilibration (e.g., [START_REF] Morgan | Time scales of crystal residence and magma chamber volume from modelling of diffusion profiles in phenocrysts: Vesuvius 1944[END_REF][START_REF] Kilgour | Timescales of magmatic processes at Ruapehu volcano from diffusion chronometry and their comparison to monitoring data[END_REF]Brenna et al. 2018;[START_REF] Pankhurst | Magmatic crystal records in time, space, and process, causatively linked with volcanic unrest[END_REF]Albert et al. 2020;[START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]Metcalfe et al., 2021a;b) and [3] observational, e.g., observing and quantifying the growth of a lava dome (e.g., Tilling and Dvorak 1993;[START_REF] Dvorak | Volcano geodesy: The search for magma reservoirs and the formation of eruptive vents[END_REF][START_REF] Melnik | Controls on conduit magma flow dynamics during lava dome building eruptions[END_REF][START_REF] Wadge | Lava dome growth and mass wasting measured by a time series of ground-based radar and seismicity observations[END_REF][START_REF] Holland | Degassing processes during lava dome growth: Insights from Santiaguito lava dome, Guatemala[END_REF][START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF].

The diffusion timescales and zircon ages record different timescales which can be used complementary to each other to understand different aspects of the system (e.g., Turner & Costa 2007;Ruprecht and Cooper, 2012;Cooper et al., 2014;[START_REF] Barboni | Evaluating the construction and evolution of upper crustal magma reservoirs with coupled U/Pb zircon geochronology and thermal modeling: A case study from the Mt. Capanne pluton (Elba, Italy)[END_REF]. The short diffusion timescales recording the last thermal/compositional perturbation of the system are considered in relation to the very long ages by understanding how many magmatic crystals may spend significant time below the closure temperature which effectively stops diffusion (e.g., [START_REF] Cooper | Rapid remobilization of magmatic crystals kept in cold storage[END_REF][START_REF] Rubin | Rapid cooling and cold storage in a silicic magma reservoir recorded in individual crystals[END_REF].

This study is focused on magmatic processes including magma recharge, intrusion and mixing occurring on timescales of thousands of years to days. There are numerous techniques used to determine the timescales of magmatic processes. Many techniques involve texture analysis and allow the calculation of timescales independent of the sample's age. Such techniques include crystallisation and bubble nucleation kinetics, U-Th-Ra disequilibrium-series and diffusion chronometry (e.g., [START_REF] Ivanovich | Uranium-series disequilibrium: applications to earth, marine, and environmental sciences[END_REF][START_REF] Bourdon | Introduction to U-series geochemistry[END_REF][START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF][START_REF] Shea | Kinetics of cooling-and decompression-induced crystallization in hydrous mafic-intermediate magmas[END_REF]Costa et al., 2020).

Techniques to Determine Timescales

4.1.2.a Observations

Observations of volcanoes have been made for several hundred years, however, more recent advancements in volcano monitoring can now provide details on the timescales of volcanic extrusions and degassing. Such observations can be used to develop the understanding of the sub-volcanic systems (e.g., [START_REF] Melnik | Controls on conduit magma flow dynamics during lava dome building eruptions[END_REF][START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF]. However, observational timescales are limited to the length of the record which only extends to the last several hundred years [START_REF] Dohmen | Chronometry and Speedometry of Magmatic Processes using Chemical Diffusion in Olivine, Plagioclase and Pyroxenes[END_REF] and so in order to understand sub-volcanic processes occurring on a longer timescales diffusive and radiogenic methods must be used.

4.1.2.b U-Th-Ra

Understanding the growth and storage of magmas, particularly for large, long-lived silicic systems, radioactive decay are used, for example U-series chronometry which has a high temporal resolution over the relevant timescales for magmatic systems (e.g., [START_REF] Condomines | Timescales of magma chamber processes and dating of young volcanic rocks[END_REF]Turner and Costa 2007;[START_REF] Cooper | Uranium-series crystal ages[END_REF][START_REF] Schmitt | Rapid cooling rates at an active mid-ocean ridge from zircon thermochronology[END_REF]. This technique can provide absolute time markers for processes such as magma mixing, contamination, and recharge which are reliable as the accessory minerals temporal record is not are easily reset. [START_REF] Bourdon | Introduction to U-series geochemistry[END_REF][START_REF] Faure | Principles and applications[END_REF]Touboul et al., 2007;[START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF][START_REF] Schmitt | Rapid cooling rates at an active mid-ocean ridge from zircon thermochronology[END_REF]. This technique can also provide insights into degassing processes, for example through radon gas which is lost during the decay chain (e.g., [START_REF] Gauthier | 210Pb-226Ra radioactive disequilibria in recent lavas and radon degassing: inferences on the magma chamber dynamics at Stromboli and Merapi volcanoes[END_REF][START_REF] Berlo | Tracing pre-eruptive magma degassing using (210Pb/226Ra) disequilibria in the volcanic deposits of the 1980-1986 eruption of Mount St[END_REF][START_REF] Kayzar | Gas transport model for the magmatic system at Mount Pinatubo, Philippines: Insights from (210Pb)/(226Ra)[END_REF][START_REF] Sims | On the time scales of magma genesis, melt evolution, crystal growth rates and magma degassing in the Erebus volcano magmatic system using the 238U, 235U and 232Th decay series[END_REF][START_REF] Turner | The magma plumbing system of Bezymianny Volcano: Insights from a 54 year time series of trace element whole-rock geochemistry and amphibole compositions[END_REF].

The U-Th decay series contains many radioactive isotopes including U, Th, Pa, Ra and Rn which have different geochemical properties including partition coefficients. This results in different isotopes in the chain being fractionated in different geological environments. Processes which fractionate these isotopes will produce a parent-daughter disequilibrium. Determining the time needed for the system to return to equilibrium and the half-life of the isotopes, allows the investigation of processes occurring on the scale of hundreds to hundreds of thousands of years [START_REF] Condomines | Timescales of magma chamber processes and dating of young volcanic rocks[END_REF][START_REF] Bourdon | Introduction to U-series geochemistry[END_REF][START_REF] Cooper | Time scales and temperatures of crystal storage in magma reservoirs: implications for magma reservoir dynamics[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]. The calculated timescale records the time elapsed since parent-daughter fractionation and the accumulation of the radiogenic daughter isotope which corresponds to the age of crystal growth. In particular, zircons are useful for this as they can incorporate radioactive U and Th isotopes in useful amounts. Therefore, they can record ages up to hundreds of thousands of years and timescales of the growth and crystallisation of large magma bodies (e.g., [START_REF] Hoskin | The composition of zircon and igneous and metamorphic petrogenesis[END_REF][START_REF] Charlier | Chronology and evolution of caldera-forming and postcaldera magma systems at Okataina Volcano, New Zealand from zircon U-Th model-age spectra[END_REF][START_REF] Wilson | Rapid rates of magma generation at contemporaneous magma systems, Taupo Volcano, New Zealand: insights from U-Th model-age spectra in zircons[END_REF][START_REF] Costa | Residence times of silicic magmas associated with calderas[END_REF][START_REF] Reid | New ages for young rhyolites[END_REF][START_REF] Stelten | Constraints on the nature of the subvolcanic reservoir at South Sister volcano, Oregon from U-series dating combined with sub-crystal trace-element analysis of plagioclase and zircon[END_REF][START_REF] Schaltegger | Petrochronology of zircon and baddeleyite in igneous rocks: Reconstructing magmatic processes at high temporal resolution[END_REF][START_REF] Sakata | A new approach for constraining the magnitude of initial disequilibrium in Quaternary zircons by coupled uranium and thorium decay series dating[END_REF]. Zircons can be used, for example, to distinguish between magmatic sources such as a large magma reservoir verses a smaller segregated evolved body (e.g., [START_REF] Charlier | Magma generation at a large, hyperactive silicic volcano (Taupo, New Zealand) revealed by U-Th and U-Pb systematics in zircons[END_REF]Howe et al., 2015;[START_REF] Pack | Zircon xenocryst resorption and magmatic regrowth at El Chichón Volcano, Chiapas, Mexico[END_REF][START_REF] Kuritani | Magma plumbing system for the Millennium Eruption at Changbaishan volcano, China: Constraints from wholerock U-Th disequilibrium[END_REF]. Though, in the past these very old zircon crystals have been used as evidence for long lived magma chambers, the age of these zircons also supports evidence for the remobilisation of an immobile mush and its incremental growth over thousands of years (e.g., [START_REF] Wilson | Rapid rates of magma generation at contemporaneous magma systems, Taupo Volcano, New Zealand: insights from U-Th model-age spectra in zircons[END_REF][START_REF] Miller | Growth of plutons by incremental emplacement of sheets in crystal-rich host: Evidence from Miocene intrusions of the Colorado River region, Nevada, USA[END_REF][START_REF] Schmitt | Rapid cooling rates at an active mid-ocean ridge from zircon thermochronology[END_REF][START_REF] Cooper | Rapid remobilization of magmatic crystals kept in cold storage[END_REF][START_REF] Cooper | Timescales of crustal magma reservoir processes: insights from U-series crystal ages[END_REF].

This method is independent of temperature so the timescale calculated is not related to the crystal's thermal history. However, analysis of the bulk minerals for dating often leads to averaging across mineral zones and also across different crystal populations in the same sample [START_REF] Cooper | Uranium-series crystal ages[END_REF][START_REF] Schmitt | Rapid cooling rates at an active mid-ocean ridge from zircon thermochronology[END_REF][START_REF] Cooper | Timescales of crustal magma reservoir processes: insights from U-series crystal ages[END_REF][START_REF] Cooper | Time scales and temperatures of crystal storage in magma reservoirs: implications for magma reservoir dynamics[END_REF]. Though this method does allow calculation across a wide range of timescales there are limits when calculating younger ages due to the small amounts of the daughter isotope. Older ages can also be associated with a large error due to the propagation of analytical uncertainties [START_REF] Cooper | Time scales and temperatures of crystal storage in magma reservoirs: implications for magma reservoir dynamics[END_REF]. Furthermore, crystal ages and processes leading up to an eruption are often difficult to link, leading to some uncertainty when interpreting the data [START_REF] Cooper | Time scales and temperatures of crystal storage in magma reservoirs: implications for magma reservoir dynamics[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF].

4.1.2.c Crystal Growth

Growth rates can be estimated empirically and experimentally, and when combined to measurements of crystal rim thickness it is possible to calculate the time elapsed between the crystal being surrounded by new magma from an intrusion and mobilisation of the crystal (e.g., [START_REF] Armienti | Effects of magma storage and ascent on the kinetics of crystal growth[END_REF][START_REF] Armienti | A new model to estimate deep-level magma ascent rates, with applications to Mt. Etna (Sicily, Italy)[END_REF][START_REF] Orlando | Experimental determination of plagioclase and clinopyroxene crystal growth rates in an anhydrous trachybasalt from Mt Etna (Italy)[END_REF][START_REF] Ubide | Volcanic crystals as time capsules of eruption history[END_REF]. Timescales calculated from this method are considered maxima because crystal growth is accelerated due to degassing and high undercooling at shallow depths [START_REF] Blundy | Rapid decompression-driven crystallization recorded by melt inclusions from Mount St. Helens volcano[END_REF]. This method also requires that crystal growth is continuous at low undercooling, and can be confirmed by crystal shape and composition [START_REF] Ubide | Volcanic crystals as time capsules of eruption history[END_REF][START_REF] Petrone | Rapid mixing and short storage timescale in the magma dynamics of a steady-state volcano[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]. Instabilities during ascent and pressure decrease can result in the formation of reaction rims in some minerals. However, when the rim thickness becomes large enough this can prevent the continuation of the reaction with the melt. Therefore, the assumption that rim thickness is linearly proportional to time may lead to an underestimation of the timescale calculated (e.g., Rutherford and Devine 2003;[START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]. This method can provide timescales which can be linked to magmatic processes and to the consequent volcanic unrest at the surface. However, unless accurate growth rate estimates are made and the crystal has grown at continuous low degrees of undercooling, the timescales will have a large error associated with them.

Diffusion Timescales

To understand the timescales of magma recharge and magma mixing, diffusion timescales are used, as these processes often occur on timescales which are too short to use techniques involving radioactive decay (e.g., U-series disequilibria). Diffusion timescales are based on the calculation of the time-dependent diffusion rate of elements in response to chemical gradients occurring as a result of a variety of magmatic processes [START_REF] Dohmen | Chronometry and Speedometry of Magmatic Processes using Chemical Diffusion in Olivine, Plagioclase and Pyroxenes[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF].

The underlying principle of this technique relies on the presence of disequilibria in magmatic systems and the rate at which a system departs from and attains a new equilibrium (e.g., [START_REF] Costa | Time constraints from chemical equilibration in magmatic crystals. Timescales of magmatic processes: from core to atmosphere[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]Fig 4.1). Crystals hosted in a melt incorporate major and trace elements as they grow. Magmatic processes disturb the equilibrium of the physico-chemical environment of the crystal, resulting in the formation of chemical potential gradients at the melt-crystal interface which drive element diffusion (Fig 4.1;[START_REF] Ivanovich | Uranium-series disequilibrium: applications to earth, marine, and environmental sciences[END_REF][START_REF] Costa | Short time scales of magmatic assimilation from diffusion modeling of multiple elements in olivine[END_REF]Davidson et al., 2007;[START_REF] Ginibre | Crystal zoning as an archive for magma evolution[END_REF][START_REF] Streck | Mineral Textures and Zoning as Evidence for Open System Processes[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]. The rate at which diffusion occurs is mainly controlled by temperature, and is quenched during cooling of the system below a closure temperature generally associated with the sudden cooling on eruption of the crystal. This technique is therefore important for calculating the timescale between processes disturbing the environment of magmatic crystals and their rapid quenching on eruption. Therefore, modelling the chemical gradients in crystals can be used to extract temporal information from the magmatic systems (Fig 4.1). The timescales can also be linked to petrological processes including: interpretive mixing, recharge and ascent of magma leading to eruption.

4.1.3.a Calculation of Diffusion Timescales

In order to calculate diffusion timescales, information from the crystal must be gathered such as BSE (backscattered electron) images of the crystal shape and zoning pattern taken using a SEM (scanning electron microscope) and major, trace or isotopic elemental composition of the zoning. In particular, EMPA and SEM can provide high precision and resolution data for a large number of crystals (see Also shown are BSE images of orthopyroxene from this study to show how this appears in real samples (adapted from [START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF][START_REF] Rosen | Crystal clocks[END_REF]. Crystal (A) is the initial crystal prior to interaction with a new magma composition, this is relatively Mg rich in comparison to the magma injected. The pyroxene interacts with the new magma and grows a lower Mg (higher Fe) rim (B). The schematic atoms show initially a sharp boundary is formed, however, the longer the crystal spends in the reservoir the more diffuse this boundary will become, with the profile becoming modified through diffusion over time (C). If the diffusivity of Mg/Fe in pyroxene is known diffusive re-equilibration can be modelled to calculate the time between the crystals first interaction with a new magma composition and eruption when diffusion is stopped. A crystal may record multiple mixing/recharge events shown through multiple compositional zones. A population of erupted crystals may also record a range of timescales or show different populations of timescales which relates to how the recharge magma has interacted with the reservoir and the different lenses of magma mush.

Chapter 3.2.3). Element compositions are typically measured using Electron-Microprobe Analysis (EMPA), however, for isotopes and trace elements techniques such as NanoSIMS or LA-ICPMS may be used [START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF].

A key parameter required to estimate the diffusion chronometry is the diffusion coefficient, also known as diffusivity in silicate systems. The diffusion coefficient is modelled by e.g., [START_REF] Dohmen | Fe-Mg interdiffusion in orthopyroxene[END_REF] at magmatic temperatures:
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Which depends strongly on temperature (T), activation energy (EA), and the ideal gas constant (R). Diffusion of the different chemical species in different minerals varies due to parameters including: temperature, pressure, oxygen fugacity, water fugacity and the concentration of impurities. If the diffusion coefficient is calculated for the elements of interest (e.g., Fe-Mg in orthopyroxene), Fick's second law of diffusion can be used to calculate the timescale of diffusive re-equilibration. When converting the compositional gradient into a timescale, it must be assumed crystal growth occurred rapidly and therefore the diffusion profile is only related to chemical relaxation. This can be confirmed if sigmoidal concentration profiles are observed. Fick's second law works well for Fe-Mg in pyroxene for example, but for non-ideal systems (e.g., Mg and Sr in plagioclase) where the partitioning behaviour is dependent on the major-element composition of the crystal, more sophisticated equations are needed to account for chemical potential gradients.

Fick's second law calculates the diffusion timescale (t) as the time since the diffusion process started (i.e., the time elapsed since the crystal came into contact with fresh magma resulting in chemical disequilibrium and the start of chemical re-equilibration by element diffusion). This equation is for a single dimension (appropriate if the curvature of the mineral boundary is small and the initial mineral composition and surroundings are homogeneous) and for a diffusion coefficient (D) that is independent of direction in space (x) or concentration of a particular chemical species (C):

./ .0 -. .' )! ./ .' -= 0

(4.2)
This equation can be solved with numerical methods or analytically, most commonly using an error function, as Fick's law has an intermediate asymptotic for which an analytical solution is well known (e.g., Barenblatt and Váquez, 2003;[START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]. An initially sharp "step-like" boundary may exist between mineral and melt. However, as diffusion progresses, molecules of given species, initially in the mineral, move into the melt which smooths the mineral-melt boundary, this means after sufficient time, the concentration profile takes the form:
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Where Cmelt and Cmineral refer to the bulk concentration in the melt and mineral, respectively, and 8 is the profile midpoint. In some cases, where there is a strong link between greyscale intensity of BSE images and concentration, the greyscale intensity is used as proxy for concentration, so that Cmelt should be read as the greyscale intensity in the part of the image corresponding to the melt. When the magma containing crystals is erupted the diffusion process halts, and we say that (t) is the diffusion timescale.

This technique can be used for a wide variety of systems due to its application to several minerals and elements. Li (e.g., Trail et al., 2016;[START_REF] Rubin | Rapid cooling and cold storage in a silicic magma reservoir recorded in individual crystals[END_REF] in zircon, and Ti (e.g., [START_REF] Cherniak | Ti diffusion in quartz[END_REF]Suanders et al., 2010), Al (e.g., [START_REF] Müller | Fe-Mg interdiffusion rates in clinopyroxene: experimental data and implications for Fe-Mg exchange geothermometers[END_REF] and He -Li (e.g., Charlier et al., 2012;[START_REF] Jollands | An eruption chronometer based on experimentally determined H-Li and H-Na diffusion in quartz applied to the Bishop Tuff[END_REF] in quartz are typically used for lower temperatures (<825 o C) and more evolved systems which are dacitic to rhyolitic in composition. Quartz and zircon are used to typically resolve longer timescales (on the order of millennia e.g., [START_REF] Rubin | Rapid cooling and cold storage in a silicic magma reservoir recorded in individual crystals[END_REF] but have also be shown to resolve short timescales (minutes to hours e.g., [START_REF] Jollands | An eruption chronometer based on experimentally determined H-Li and H-Na diffusion in quartz applied to the Bishop Tuff[END_REF] depending on the elements chosen. Fe-Ti in magnetite and can also be used for timescales, some studies show these can be used to calculate short timescales (e.g., [START_REF] Boudon | What factors control superficial lava dome explosivity?[END_REF].

Clinopyroxene, orthopyroxene and plagioclase can be used for a variety of systems due to their presence in a range of magmatic environments. Orthopyroxene is widely used as Fe-Mg diffusion is well constrained (e.g., [START_REF] Chamberlain | Timescales of mixing and mobilisation in the Bishop Tuff magma body: perspectives from diffusion chronometry[END_REF][START_REF] Kilgour | Timescales of magmatic processes at Ruapehu volcano from diffusion chronometry and their comparison to monitoring data[END_REF][START_REF] Dohmen | Fe-Mg interdiffusion in orthopyroxene[END_REF]. Fe-Mg can also be used in clinopyroxene (e.g., [START_REF] Müller | Fe-Mg interdiffusion rates in clinopyroxene: experimental data and implications for Fe-Mg exchange geothermometers[END_REF][START_REF] Petrone | Rapid mixing and short storage timescale in the magma dynamics of a steady-state volcano[END_REF] as well as H (e.g., Ferris et al., 2016). A wide range of elements can be used with plagioclase including: Mg (e.g., [START_REF] Druitt | Decadal to monthly timescales of magma transfer and reservoir growth at a caldera volcano[END_REF]Van Orman et al., 2014), Sr (e.g., Gilettie and Casserly, 1994;[START_REF] Zellmer | Magma emplacement and remobilization timescales beneath Montserrat: insights from Sr and Ba zonation in plagioclase phenocrysts[END_REF]Viccarro et al., 2016), Ba (e.g., [START_REF] Cherniak | Ba diffusion in feldspar[END_REF][START_REF] Zellmer | Magma emplacement and remobilization timescales beneath Montserrat: insights from Sr and Ba zonation in plagioclase phenocrysts[END_REF] Ca-Na (e.g., [START_REF] Grove | Coupled CaAl-NaSi diffusion in plagioclase feldspar: experiments and applications to cooling rate speedometry[END_REF] and Li (e.g., Charlier et al., 2012). Pyroxenes typically record timescales on the shorter end of the scale (generally anything less than hundreds of years) while plagioclase can record timescales across the widest scale from millennia (e.g., using Ca-Na; [START_REF] Grove | Coupled CaAl-NaSi diffusion in plagioclase feldspar: experiments and applications to cooling rate speedometry[END_REF] to days (e.g., using Mg; [START_REF] Druitt | Decadal to monthly timescales of magma transfer and reservoir growth at a caldera volcano[END_REF].

Olivine is one of the most commonly used minerals for this technique given that many element diffusivities are well constrained in this mineral. However, olivine is limited in use to more mafic systems, typically basaltic in composition where it is a common mineral, with only a few studies in basaltic-andesite. Fe-Mg is the most commonly used element system in olivine (e.g., Costa and Chakrraborty, 2004;Till et al., 2015;[START_REF] Hartley | Tracking timescales of short-term precursors to large basaltic fissure eruptions through Fe-Mg diffusion in olivine[END_REF][START_REF] Ruth | Crystal and melt inclusion timescales reveal the evolution of magma migration before eruption[END_REF][START_REF] Cheng | Linking fluid dynamics and olivine crystal scale zoning during simulated magma intrusion[END_REF][START_REF] Sundermeyer | Timescales from magma mixing to eruption in alkaline volcanism in the Eifel volcanic fields, western Germany[END_REF]Berthod et al., 2021a), though the following elements can also be used in olivine: H (e.g., [START_REF] Demouchy | Mechanisms of hydrogen incorporation and diffusion in ironbearing olivine[END_REF], Be (e.g., [START_REF] Jollands | Diffusion of Ti and some divalent cations in olivine as a function of temperature, oxygen fugacity, chemical potentials and crystal orientation[END_REF], Li (e.g., [START_REF] Dohmen | Diffusion of Li in olivine. Part I: experimental observations and a multi species diffusion model[END_REF][START_REF] Lynn | Lithium diffusion in olivine records magmatic priming of explosive basaltic eruptions[END_REF], Ni (e.g., [START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (FexMg1-x) 2SiO4 olivine[END_REF][START_REF] Ruth | Crystal and melt inclusion timescales reveal the evolution of magma migration before eruption[END_REF]; Cr [START_REF] Jollands | Substitution and diffusion of Cr2+ and Cr3+ in synthetic forsterite and natural olivine at 1200-1500° C and 1 bar[END_REF][START_REF] Oeser | Combined Fe-Mg chemical and isotopic zoning in olivine constraining magma mixing-to-eruption timescales for the continental arc volcano Irazú (Costa Rica) and Cr diffusion in olivine[END_REF], Ca [START_REF] Coogan | Experimental determination of the diffusion coefficient for calcium in olivine between 900 C and 1500 C[END_REF][START_REF] Ruth | Crystal and melt inclusion timescales reveal the evolution of magma migration before eruption[END_REF], P (e.g., [START_REF] Watson | Diffusion of phosphorus in olivine and molten basalt[END_REF], Ti (e.g., [START_REF] Cherniak | Titanium diffusion in olivine[END_REF][START_REF] Jollands | Diffusion of Ti and some divalent cations in olivine as a function of temperature, oxygen fugacity, chemical potentials and crystal orientation[END_REF] and Mn [START_REF] Ruth | Crystal and melt inclusion timescales reveal the evolution of magma migration before eruption[END_REF]. Many studies using olivine investigate a combination of elements (e.g., [START_REF] Ruth | Crystal and melt inclusion timescales reveal the evolution of magma migration before eruption[END_REF], making use of the large element diffusivity database available. Given the wide range of elements which can be used, a wide range of timescales can be calculated in olivine of any sample. However, generally olivine diffusion timescales calculated are shorter than the other minerals ranging from minutes and hours to hundreds of years.

4.1.3.b Method Limitations

The temperature used can introduce large errors and uncertainties into the timescale due to the strong relationship between temperature and diffusivity [START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF]. Temperature can be calculated using the mineral composition (e.g., [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF] and to account for thermal fluctuations and gradients, multiple temperatures may be calculated in order to better understand the thermal history of a system. However, this may be difficult to do accurately and the geothermometers used also often introduce their own error which can, in some cases, be up to 50 o C. Calculating an accurate temperature and minimising the error on any temperature calculation is therefore very important.

Important assumptions made in this method include: the melt is treated as a homogenous phase and locally the crystal-melt interface is in equilibrium, which may not be correct in a rapidly growing crystal and for slow diffusing elements [START_REF] Dohmen | Mechanism and kinetics of element and isotopic exchange mediated by a fluid phase[END_REF][START_REF] Watson | Non-equilibrium isotopic and elemental fractionation during diffusion-controlled crystal growth under static and dynamic conditions[END_REF]. This limits the accuracy of diffusion timescales which are typically only accurate to approximately half an order of magnitude [START_REF] Costa | Time Scales of Magmatic Processes from Modeling the Zoning Patterns of Crystals[END_REF][START_REF] Costa | Time constraints from chemical equilibration in magmatic crystals. Timescales of magmatic processes: from core to atmosphere[END_REF][START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF].

Another error introduced is human error, some automated programmes exist to calculate the timescales for olivine (e.g., [START_REF] Girona | DIPRA: A user-friendly program to model multi-element diffusion in olivine with applications to timescales of magmatic processes[END_REF]. For minerals such as pyroxene the error function must be fitted to the compositional profiles by eye. If profiles are fitted consistently this will introduce less of an error, but this is still an important factor to consider when using this technique.

Diffusion timescales usually produce a range of results, however, interpreting the spread of data can be difficult, particularly when comparing different populations of timescale data from different eruptions. Though the whole range of timescales is useful and important to consider, often an average is quoted which can be skewed, meaning the comparison between averages is difficult. This is often made more difficult as many methods do not incorporate a statistical element into the calculation of the timescales.

Diffusion Timescales and Volcanic Unrest

One important use of diffusion timescales is correlation with the data recorded by volcanic unrest monitoring techniques. Magma movement, such as mixing, extraction, degassing, ascent, intrusion and remobilisation, may be recorded at the surface through seismic swarms and perturbations in the chemistry of hydrothermal system, thermal anomalies and ground deformation. After a mineral has been erupted the magmatic processes recorded as chemical zoning can be correlated to seismicity, for example, thereby establishing a link between the seismicity and processes occurring at depth (e.g., [START_REF] Kilgour | Timescales of magmatic processes at Ruapehu volcano from diffusion chronometry and their comparison to monitoring data[END_REF][START_REF] Hurst | Magmatic Triggering of Earthquakes on Distal Faults as a Potential Medium-Term Warning Signal From Ruapehu Volcano[END_REF][START_REF] Saunders | Linking Petrology and Seismology at an Active Volcano[END_REF][START_REF] Kahl | Dynamic plumbing system beneath volcanoes revealed by kinetic modeling, and the connection to monitoring data: An example from Mt. Etna[END_REF][START_REF] Ruth | Crystal and melt inclusion timescales reveal the evolution of magma migration before eruption[END_REF]. In this way, petrological constraints on magmatic processes and their timescales may refine our understanding of monitoring data and improve forecasting of unrest evolution and the likelihood of impending eruptive activity.

The exact processes and surface signals recorded will vary from system to system. For example, at Ruapehu, New Zealand, diffusion timescales on the order of months can be correlated to deep seismicity occurring at the base of the system. This is interpreted as evidence of the injection of new volatile-rich magma that triggers the pressurization of the system eventually leading to eruption [START_REF] Kilgour | Timescales of magmatic processes at Ruapehu volcano from diffusion chronometry and their comparison to monitoring data[END_REF]. However, at other systems shorter timescales correlate well with seismicity, indicating only the final processes of magma mixing, transport and ascent in the shallow depths are recorded by the crystals and observed in monitored surface signals. For example, timescales on the order of weeks at for the eruption onset of monogenetic explosive scoria cones in Tenerife correlate with an increase in seismicity shortly before eruption, the timescales for historic eruptions were, in this case correlated with historical reports of seismicity [START_REF] Albert | Timing of magmatic processes and unrest associated with mafic historical monogenetic eruptions in Tenerife Island[END_REF].

High quality monitoring data is often not required to link processes at depth, diffusion timescales and surface signals. In many cases, with a well-documented historical record with eye-witness accounts and records of volcanic unrest can be used and correlated with timescale data. For example, [START_REF] Hartley | Tracking timescales of short-term precursors to large basaltic fissure eruptions through Fe-Mg diffusion in olivine[END_REF] correlate historical accounts of earthquakes in SE Iceland with timescales on the order of days and processes leading up to 1783 Laki eruption. In this case the seismicity and diffusion timescales are interpreted as mush disaggregation related to melt withdrawal and the initiation of dyke propagation.

Previous Timescale Studies at La Soufrière de Guadeloupe

For La Soufrière, several methods have potential to be suitable to extract timescale information. For example, crystal growth rims, however, amphibole which is well understood is not present in the La Soufrière phase assemblage. Orthopyroxene crystals with crystal growth rims in the 5680 BCE and 341 CE eruptions are observed, however, this is not consistent within the eruption with only small populations observed (discussed in Chapter 5). The crystal growth rims are also not observed across the whole eruption series and so this method cannot be used consistently across all the eruptions. This method requires accurate growth rates, which are not well constrained for this system and may result in a large error.

Using U-Th-Ra is also an option at this system, and has been previously used at La Soufrière by Touboul et al. (2007) to understand the timescales of magma differentiation processes prior to the 1530 CE eruption. The 1530 CE is the archetypal eruption for La Soufrière on which future eruption scenarios are based. This eruption was a multiphase event which culminated in a sub-Plinian eruption and the emplacement of the current dome [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Komorowski et al., 2008). Various studies have reported timescales for the La Soufrière system. For differentiation processes from basalt to andesite U-Th-Ra disequilibria yields long timescales from 35 to 65 ky (Touboul et al., 2007).

Plagioclase phenocrysts also report a long history, with internal isochron crystal ages reported as 35ka, which is consistent with mixing events identified in plagioclase (Touboul et al., 2007;Pichavant et al., 2018). This suggests that long timescale processes of magma genesis and differentiation are occurring in a large-scale context within the La Soufrière system.

However, as it is important to consider remobilization of the La Soufrière system occurs on short timescales, on the order of days to a few hundreds of days (Metcalfe et al., 2021a(Metcalfe et al., , 2021b) ) which U-Th-Ra are not best suited to capture. This leads us to diffusion timescales which can be used across all the eruptions studied and will allow us to calculate timescales on the correct order of magnitude. Pichavant et al., 2018 examined orthopyroxene Mg-rich zones in order to calculate Fe-Mg diffusion timescales for the 1530 CE eruption. The Mg-rich zones are interpreted as a result of basaltic recharge into an andesitic body, so the diffusion timescales calculated using the outermost compositional zone represent the timescale a crystal in the andesitic body spent interacting with the basaltic recharge prior to eruption. However, a recharge event does not necessarily culminate in the triggering of an eruption, resulting in multiple compositional zones often observed. [START_REF] Laumonier | Mélange de magmas à HP-HT: contraintes expérimentales et application au magmatisme d'arc[END_REF]. However, it is important to acknowledge that these experiments were conducted at 1170 o C, a higher temperature than the range used for the diffusion timescales.

Short timescales for the 1530 CE on the order of ~1 month prior to the eruption were also reported by [START_REF] Bourgeoisat | Spatio-temporal dynamics of the magmatic reservoir at the origin of the 1530 AD eruption of La Soufrière of Guadeloupe[END_REF]. Though temperatures of 953 -972 o C were calculated using Fe-Ti oxide geothermobarometer [START_REF] Ghiorso | Thermodynamics of rhombohedral oxide solid solutions and a revision of the Fe-Ti two-oxide geothermometer and oxygen-barometer[END_REF] and 880 o C with QUILF (Andersen et al., 1993), a temperature of 900 o C was used, following the calculations of Pichavant et al. (2018). The study of [START_REF] Bourgeoisat | Spatio-temporal dynamics of the magmatic reservoir at the origin of the 1530 AD eruption of La Soufrière of Guadeloupe[END_REF] reports a large population of unzoned crystals and small populations of single and multiple zoned crystals, related to three different magmatic environments. Timescales for single zoned crystals are reported using frequency histogram which shows a peak probability of 20 -30 days and an uncertainty of -5/+10 days is calculated using a Monte Carlo simulation. A range of timescales outside of this peak probability, with a minimum of ~10 days and a maximum of 90 days. Timescales calculated for orthopyroxenes with multiple zones, show timescales between 2 and 4 years for the inner zone, which is considerably longer than the outer zones.

These previous studies indicate that though larger scale processes, such as magma differentiation are occurring over long timescales from 35 to 65 ky, processes that trigger or lead to an eruption could occur on much shorter timescales around 20 -30 days prior to eruption. Though this is a very important result for the La Soufrière system and for andesitic systems on a global context, the variety of eruption styles which occur at La Soufrière makes it imperative to further investigate timescales in this system. The VEI 3, Sub-plinian, 1530 CE eruption is considered the archetypal eruption of La Soufrière (e.g., [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Komorowski et al., 2008;[START_REF] Esposti Ongaro | Modeling Tsunamis Generated by Submarine Landslides at Stromboli Volcano (Aeolian Islands, Italy): A Numerical Benchmark Study[END_REF] making it very important to study. However, Plinian, Vulcanian and Strombolian eruptions are also known to have occurred at La Soufrière [START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF]Legendre, 2012;Komorowski et al., 2013). Timescales are therefore a key part of understanding how the La Soufrière system is primed for different eruption types.

Overall, diffusion timescales and correlating petrology, which constitute a direct recorder of processes at depth, to surface expressions of these processes can improve the ability to forecast volcanic eruptions. Even at systems with no monitoring data or historic records of a magmatic eruption, such as La Soufrière, diffusion timescales can still provide useful information on the timing of magmatic processes. Timescales can then be useful when observing seismic swarms and other changes to the system, such as sealing of the hydrothermal system and evidence of injection of deep-sourced magmatic fluids into the system (e.g., Moretti et al., 2020). Timescale data for La Soufrière will also provide an understanding how quickly a period of unrest may escalate into an eruption.

For this study diffusion timescales are the chosen method, as clear compositional zoning is observed in orthopyroxene crystals. Compositional zoning is observed across all eruptions investigated, and so can be applied across the eruption suite. Based on the studies by Pichavant et al. (2018) and [START_REF] Bourgeoisat | Spatio-temporal dynamics of the magmatic reservoir at the origin of the 1530 AD eruption of La Soufrière of Guadeloupe[END_REF], which calculate timescales on the order days to weeks for a La Soufrière eruption, diffusion timescales of pyroxenes will allow calculation of timescales on the correct order of magnitude. The parameters needed to calculate diffusion timescales are readily available or can be calculated for this system, removing some uncertainties present in other methods. Moreover, as part of this study we remove human error by developing a Jupyter notebook which allows automatic fitting of profiles and also incorporates a statistical element to the method (Chapter 5). Finally, La Soufriere de Guadeloupe is monitored on a daily basis, this allows timescales to be linked to magmatic processes occurring and volcanic unrest in a way that other methods cannot.

Our full methods and results of diffusion timescales are presented in Chapter 5. Magma cannot be assessed directly in-situ, however, following an eruption the eruptive deposits can provide great insights into pre-eruptive magma conditions [START_REF] Blundy | Petrologic reconstruction of magmatic system variables and processes[END_REF][START_REF] Cooper | What does a magma reservoir look like? The "Crystal's-Eye" view[END_REF]. One major component which can provide information about the pre-eruptive system is melt, which can be trapped in crystals as melt inclusions (MI) as the crystal grows (e.g., [START_REF] Roedder | fluid inclusions[END_REF][START_REF] Schiano | Primitive mantle magmas recorded as silicate melt inclusions in igneous minerals[END_REF][START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF] or be present as a matrix phase of the transporting magma (groundmass glass) both of which become glass on eruption.

Magmatic Glasses

Melt inclusions (MIs) are droplets of silicate and form as melt surrounding a growing crystal becomes trapped in irregularities [START_REF] Sorby | On the microscopical, structure of crystals, indicating the origin of minerals and rocks[END_REF][START_REF] Cannatelli | Understanding a volcano through a droplet: a melt inclusion approach[END_REF]Fig 4.2). Melt inclusions are composed of glass, dissolved volatiles, vapour bubbles and crystals in variable amounts and behave as a closed system once they have become trapped in the host crystal, so theoretically retain the melts original composition. Melt inclusions in particular can be used to understand many different aspects of the magma system including [START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF]: [1] pre-eruptive magma storage conditions (Anderson, 1991;[START_REF] Blundy | Petrologic reconstruction of magmatic system variables and processes[END_REF][START_REF] Liu | Mixing and differentiation in the Oruanui rhyolitic magma, Taupo, New Zealand: evidence from volatiles and trace elements in melt inclusions[END_REF][START_REF] Lowenstern | Chlorine, fluid immiscibility, and degassing in peralkaline magmas from Pantelleria, Italy[END_REF][START_REF] Métrich | Crystallization driven by decompression and water loss at Stromboli volcano (Aeolian Islands, Italy)[END_REF][START_REF] Schmitt | Magma evolution in the Purico ignimbrite complex, northern Chile: evidence for zoning of a dacitic magma by injection of rhyolitic melts following mafic recharge[END_REF][START_REF] Wallace | Gradients in H2O, CO2, and exsolved gas in a large-volume silicic magma system: Interpreting the record preserved in melt inclusions from the Bishop Tuff[END_REF], [2] magmatic volatile budgets and degassing (e.g., [START_REF] Kovalenko | Estimation of the average contents of H 2 O, Cl, F, and S in the depleted mantle on the basis of the compositions of melt inclusions and quenched glasses of mid-ocean ridge basalts[END_REF][START_REF] Hauri | High pre-eruptive water contents preserved in lunar melt inclusions[END_REF][START_REF] Vigouroux | Volatiles in high-K magmas from the western Trans-Mexican Volcanic Belt: evidence for fluid fluxing and extreme enrichment of the mantle wedge by subduction processes[END_REF][START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF]Dixon et al., 1995;[START_REF] Métrich | Volatile abundances in basaltic magmas and their degassing paths tracked by melt inclusions[END_REF][START_REF] Witham | SolEx: A model for mixed COHSCl-volatile solubilities and exsolved gas compositions in basalt[END_REF][START_REF] Zellmer | Volatiles in subduction zone magmatism[END_REF][START_REF] Zurek | Melt inclusion evidence for long term steady-state volcanism at Las Sierras-Masaya volcano, Nicaragua[END_REF], [3] magma ascent (Blundy andCashman, 2005, 2008;[START_REF] Blundy | Magma heating by decompression-driven crystallization beneath andesite volcanoes[END_REF][START_REF] Cervantes | Role of H2O in subduction-zone magmatism: new insights from melt inclusions in high-Mg basalts from central Mexico[END_REF][START_REF] Roggensack | Explosive basaltic volcanism from Cerro Negro volcano: influence of volatiles on eruptive style[END_REF][START_REF] Spilliaert | Melt inclusion record of the conditions of ascent, degassing, and extrusion of volatile-rich alkali basalt during the powerful 2002 flank eruption of Mount Etna (Italy)[END_REF], [4] partitioning behaviour of elements between minerals, melts and fluids (e.g., [START_REF] Zajacz | Determination of fluid/melt partition coefficients by LA-ICPMS analysis of co-existing fluid and silicate melt inclusions: Controls on element partitioning[END_REF] and, [5] magmatic system evolution (Métrich et al., 1993;[START_REF] Moune | Recent volatile evolution in the magmatic system of Hekla volcano, Iceland[END_REF].

Melt inclusions therefore allow us to study the evolution of the systems major element and volatile composition by providing us with the composition of magmas at depth [START_REF] Metrich | The 1989-1990 activity of Etna magma mingling and ascent of H2O, Cl, S, rich basaltic magma. Evidence from melt inclusions[END_REF][START_REF] Cannatelli | Understanding a volcano through a droplet: a melt inclusion approach[END_REF]. They also allow us to derive pre-eruptive conditions of the system, such as pressure and temperature. Tephra samples which have rapidly quenched usually host glassy inclusions which can be measured directly (e.g., [START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF]. These inclusions are preferred for studies which determine the pre-eruptive volatile content of the samples because the rapid quenching of the melt inclusions reduces rapid diffusion of hydrogen and other elements through the host mineral (e.g., [START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF].

If olivine is present in the mineral phase assemblage, olivine hosted melt inclusions are often preferred for study. This is because olivine is one of the first minerals to crystallise and so will often preserve the most primitive melt. In comparison, later forming minerals may preserve a more evolved melt composition. This may present an issue in evolved systems where olivine is no longer stable in the phase assemblage as analysis of other minerals will most likely provide a snapshot of shallower parts of the system and not preserve the parental magma. Despite this, later formed minerals and evolved melt can still provide a great insight into the storage system. Particularly if the minerals have crystallised in a mushy storage region, this can provide information about the compositions of magma being stored, temperature and pressure of storage. The more evolved melt inclusions also often provide the composition of the magma just before eruption, which can be very useful when calculating volatile budgets.

4.2.1.a Types of Inclusions

Roedder (1984) defined three types of MI: [1] primary MIs which are trapped during crystal growth with the inclusion considered to trap the melt composition at the time of crystal growth, these are often randomly distributed through the crystal; [2] pseudo-secondary MIs which are trapped along fractures which heal before the crystal has finished growing, these are also considered to trap melt composition at the time of crystal growth; [3] secondary MIs which are trapped in fractures after growth of the crystal has finished. Secondary inclusions therefore show an alignment allowing their identification. (Incomplete trapping of an inclusion may result in the formation of an hourglass inclusion (also called a melt embayment) which is an open inclusion connected to outside of the crystal. These inclusions allow the behaviour of gases during magma ascent to be characterized (e.g., Anderson, 1991;[START_REF] Liu | [END_REF]Humphreys et al., 2008;Lloyd et al., 2014). For our study, primary inclusions are therefore the best inclusions to use as they record melt composition at the time of trapping (Fig 3 .7). Inclusions may occur as part of assemblage, forming groups as MI are trapped at the same time, temperature, pressure and melt composition.

4.2.1.b Post Entrapment Modifications

After a MI has been trapped in a host crystal it may continue to evolve independent of the melt outside of the crystal (Fig 4.4). In order to achieve the lowest energy state, dissolution and re-precipitation of material from the MI may occur (Steele-Macinnis, 2011). The continued evolution of the MI means the composition no longer represents the composition of the melt which was trapped. Processes affecting the MI after entrapment are post-entrapment modifications (PEM) and can result in changes to both the major element composition and volatile content. Compositional modifications of the MI are often the result of slow cooling which can affect the crystal in the magma reservoir, during ascent or at the surface [START_REF] Steele-Macinnis | Thermodynamic model for the effect of postentrapment crystallization on the H2O-CO2 systematics of vapor-saturated, silicate melt inclusions[END_REF]Fig 4.4). During slow cooling, crystallisation of the MI can occur along the MI wall or result in the crystallisation of daughter minerals, the MI becomes depleted in elements which enter the crystalline phase and becomes enriched in incompatible elements that do not enter the crystalline phase [START_REF] Schiano | Primitive mantle magmas recorded as silicate melt inclusions in igneous minerals[END_REF][START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF][START_REF] Steele-Macinnis | Thermodynamic model for the effect of postentrapment crystallization on the H2O-CO2 systematics of vapor-saturated, silicate melt inclusions[END_REF].

During slow cooling, diffusive re-equilibration can also occur between the melt and the crystal and results in irreversible changes of the MI composition [START_REF] Gaetani | Open system behavior of olivine-hosted melt inclusions[END_REF]. Diffusive reequilibration is controlled by: [1] MI radii relative to the host crystal; [2] residence time in the magma reservoir; [3] diffusivity, and [4] element compatibility in the host crystal [START_REF] Qin | Non-associated plastic flow in single crystals[END_REF]. This process particularly affects Fe contents of olivine hosted MI [START_REF] Danyushevsky | Re-equilibration of melt inclusions trapped by magnesian olivine phenocrysts from subduction-related magmas: petrological implications[END_REF]Gaetani andWatson, 2000, 2002).

Volatiles, including CO 2 and sulphur, which have a low solubility in the melt, can be lost in significant percentages to vapour bubbles [START_REF] Anderson | CO2 contents and formation pressures of some Kilauean melt inclusions[END_REF]Cervantes et al., 2002;[START_REF] Venugopal | Melt inclusion vapour bubbles: the hidden reservoir for major and volatile elements[END_REF]. Vapour bubbles can form due to multiple reasons including: [1] Slow cooling, which results in post-entrapment crystallisation and decompression during cooling [START_REF] Schiano | Primitive mantle magmas recorded as silicate melt inclusions in igneous minerals[END_REF][START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF].

During cooling the greater thermal contraction of the melt in comparison to the host crystal results in pressure decreases in the MI and CO2 saturation, CO2 then preferentially moves into vapour bubbles [START_REF] Anderson | CO2 contents and formation pressures of some Kilauean melt inclusions[END_REF]Cervantes et al., 2002;[START_REF] Steele-Macinnis | Thermodynamic model for the effect of postentrapment crystallization on the H2O-CO2 systematics of vapor-saturated, silicate melt inclusions[END_REF]Sides et al., 2014;[START_REF] Aster | Reconstructing CO2 concentrations in basaltic melt inclusions using Raman analysis of vapor bubbles[END_REF]. [2] MI rupture and leakage, which results in depressurisation and vapour bubbles forming [START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF][START_REF] Lowenstern | Bursting the bubble of melt inclusions[END_REF][START_REF] Moore | Bubbles matter: An assessment of the contribution of vapor bubbles to melt inclusion volatile budgets[END_REF]. Ruptures can occur due to vesiculation of MIs connected by fine capillaries to the host crystal or during decrepitation (rupture) of the host crystal [START_REF] Lowenstern | Applications of silicate-melt inclusions to the study of magmatic volatiles[END_REF][START_REF] Lowenstern | Bursting the bubble of melt inclusions[END_REF]. [3] Trapping pre-existing bubbles, which formed externally in a vapour saturated system and became trapped inside MIs (Kamenetsky and Kamenetsky, 2009). The loss of H2O from the MI can occur if the host crystal fractures or due to H+ diffusion through the host [START_REF] Hauri | SIMS analysis of volatiles in silicate glasses, 2: isotopes and abundances in Hawaiian melt inclusions[END_REF][START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF]. This process has been recognised in both natural samples and laboratory reheating experiments (Anderson, 1974a;[START_REF] Danyushevsky | Experimental and petrological studies of melt inclusions in phenocrysts from mantle-derived magmas: an overview of techniques, advantages and complications[END_REF][START_REF] Hauri | SIMS analysis of volatiles in silicate glasses, 2: isotopes and abundances in Hawaiian melt inclusions[END_REF]. The diffusion of H+ out of the melt inclusion can affect H2O trends, such that it is necessary to asses if the observed H2O trends are the result of trapping of variably degassed melts or are due to H+ loss. Water loss is associated with Fe oxidation, allowing H+ to leave the inclusion through diffusion in the host mineral [START_REF] Roedder | Origin and significance of magmatic inclusions[END_REF][START_REF] Sobolev | Structure analysis of triaryl derivatives of the group V elements: VIII. The crystal and molecular structure of triphenylarsine, C18H15As[END_REF]. Experiments on olivine-hosted inclusions in particular, indicate the internal pressure of the melt inclusion may affect the water loss process, with larger inclusions losing less water than smaller inclusions [START_REF] Chen | The rate of water loss from olivine-hosted melt inclusions[END_REF].

Also, it is important to consider volatile loss through fracturing and cracks. During ascent depressurization can result in the rupturing of the host crystal around the inclusion [START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF]. Slow cooling of an inclusion (e.g., in a lava flow or dome) can also result in fracturing of the inclusion and/or host and this again, can result in volatile loss [START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF]. Decrepitation of inclusions can occur due to increasing strain rate, or if there is a large difference in pressure between the external melt and the inclusion (e.g., Bondar, 2003;[START_REF] Maclennan | Bubble formation and decrepitation control the CO2 content of olivine-hosted melt inclusions[END_REF]. This process is controlled by the size and location of the inclusion, as well as the pressure and temperature history of the inclusion [START_REF] Maclennan | Bubble formation and decrepitation control the CO2 content of olivine-hosted melt inclusions[END_REF]. Decrepitation and fracturing result in irreversible loss of mass from the inclusion which cannot be reversed or corrected.

For this study, MIs with obvious signs of post-entrapment crystallisation were not selected for analysis. MIs are observed in pyroxene and plagioclase in all samples but are rarer in olivine. Selected inclusions were >5 μm in size, in order to allow for the 5 μm EMPA beam size. The inclusions selected were devoid of fractures and bubbles.

Further details of our MI are described in Chapter 6 and the Appendix.

4.2.1.c Correcting for PEM

For MIs which are crystallised or contain daughter crystals, reheating experiments are often required to remelt and re-homogenise the inclusions which is then rapidly quenched to a glassy MI (e.g., [START_REF] Sobolev | Magmatic crystallization based on a study of melt inclusions[END_REF][START_REF] Roedder | Origin and significance of magmatic inclusions[END_REF][START_REF] Roedder | fluid inclusions[END_REF][START_REF] Danyushevsky | Experimental and petrological studies of melt inclusions in phenocrysts from mantle-derived magmas: an overview of techniques, advantages and complications[END_REF][START_REF] Schiano | Primitive mantle magmas recorded as silicate melt inclusions in igneous minerals[END_REF]. There are several ways to do this including: using a microscope with a heating stage (e.g., [START_REF] Sobolev | The formation conditions of the high-magnesium olivines from the monomineralic fraction of Luna 24 regolith[END_REF], in a 1-atm furnace (e.g., [START_REF] Sinton | Near-primary melt inclusions in anorthite phenocrysts from the Galapagos Platfrom[END_REF] and heating in an internally heated pressure vessel (e.g., [START_REF] Mironov | Quantification of the CO2 budget and H2O-CO2 systematics in subduction-zone magmas through the experimental hydration of melt inclusions in olivine at high H2O pressure[END_REF]. However, reheating experiments can affect the composition of the MI with fast diffusing elements, including volatiles being lost, and care must be taken to assess this loss (e.g., [START_REF] Venugopal | Melt inclusion vapour bubbles: the hidden reservoir for major and volatile elements[END_REF].

Re-heating and homogenization methods can also be used to correct the volatile loss to vapour bubbles inside the MIs. This is done by resorbing the bubble into the melt through reheating experiments (e.g., [START_REF] Cervantes | Role of H2O in subduction-zone magmatism: new insights from melt inclusions in high-Mg basalts from central Mexico[END_REF][START_REF] Wallace | Volatiles in magmas[END_REF][START_REF] Hudgins | Melt inclusion evidence for CO 2-rich melts beneath the western branch of the East African Rift: implications for long-term storage of volatiles in the deep lithospheric mantle[END_REF][START_REF] Moore | Volatile contents of primitive bubble-bearing melt inclusions from Klyuchevskoy volcano, Kamchatka: Comparison of volatile contents determined by mass-balance versus experimental homogenization[END_REF]. This can be done using internally heated pressure vessels and a piston-cylinder apparatus [START_REF] Mironov | Quantification of the CO2 budget and H2O-CO2 systematics in subduction-zone magmas through the experimental hydration of melt inclusions in olivine at high H2O pressure[END_REF][START_REF] Rasmussen | Vapor-bubble growth in olivine-hosted melt inclusions[END_REF]. While high pressure homogenisation can result in MIs which are representative of the magma at depth, reheated MIs should be used cautiously. Reheating experiments do not result in full resorption of the bubble and can lead to incorrect calculations of fO2, pressure and volatile saturation [START_REF] Venugopal | Melt inclusion vapour bubbles: the hidden reservoir for major and volatile elements[END_REF]. Using Raman spectroscopy to estimate the mass of CO 2 present in the bubble and adding it back to the MI has also been used successfully (e.g., [START_REF] Esposito | Volatile evolution of magma associated with the Solchiaro eruption in the Phlegrean Volcanic District (Italy)[END_REF][START_REF] Hartley | Reconstructing the deep CO2 degassing behaviour of large basaltic fissure eruptions[END_REF][START_REF] Moore | Bubbles matter: An assessment of the contribution of vapor bubbles to melt inclusion volatile budgets[END_REF][START_REF] Wallace | Volatiles in magmas[END_REF][START_REF] Aster | Reconstructing CO2 concentrations in basaltic melt inclusions using Raman analysis of vapor bubbles[END_REF][START_REF] Robidoux | Shrinkage bubbles: the C-O-H-S magmatic fluid system at san Cristóbal volcano[END_REF][START_REF] Venugopal | Melt inclusion vapour bubbles: the hidden reservoir for major and volatile elements[END_REF]. Trace element proxies e.g., CO2/Nb can also be used to determine the pre-eruptive CO2 in the undegassed melt [START_REF] Hartley | Reconstructing the deep CO2 degassing behaviour of large basaltic fissure eruptions[END_REF].

Post entrapment crystallisation (PEC) of host minerals at the wall of MIs can be assessed by evaluating the degree of equilibrium between the MI and host crystals [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF]. If the host crystal and MI are in equilibrium it can be assumed that the MI has experienced minimal post-entrapment crystallisation, such that the MI can be taken as representative of the original magma composition. However, if the host crystal and MI are not in equilibrium this means that the MI has suffered from post entrapment crystallisation of host minerals at the wall of the MI. In order to assess this equilibrium, the partition coefficient (KD) can be calculated.

For pyroxene hosted MIs and host crystal pairs the KD is calculated by comparing the Mg/Fe ratios in the MI and host crystal [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF]:
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MI with a KD in the range 0.23 -0.35 [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF] are considered to be in equilibrium.

For plagioclase hosted MIs and host crystal pairs the KD is calculated by comparing the albite (Ab) and anorthite (An) content of the host crystal with the Al, Ca, Na and Si content of the MI [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF]: For plagioclase the equilibrium values are temperature dependent with MI trapped at temperatures <1050 o C in equilibrium in the range 0.17 -0.39 and MI trapped at >1050 o C in equilibrium in the range 0.05 -0.15 [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF].

K + = (
For olivine and glass pairs the KD is also calculated by looking at the Fe-Mg exchange coefficient:
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A narrow KD range exists for olivine, though this can vary with temperature, pressure and composition (e.g., Toplis, 2005), this range is narrower than the plagioclase and pyroxene KD, with a KD in equilibrium nearly constant at 0.299 ±0.053 [START_REF] Roedder | Origin and significance of magmatic inclusions[END_REF][START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF]. This makes testing the equilibrium of olivine more accurate than in other minerals.

If PEC is found, reverse crystallisation techniques can be used to correct this process, especially for host olivine MI where the KD value is well-known and precise. However, this correction is not recommended for plagioclase or pyroxene hosted MI due to the large range of KD values. This involved adding the composition of minerals which have crystallised from the melt back into the melt composition, and so moving the composition back along the liquid line of descent (LLD) towards a more primitive composition. This can be done for instance using modelling software such as PETROLOG3 [START_REF] Danyushevsky | Re-equilibration of melt inclusions trapped by magnesian olivine phenocrysts from subduction-related magmas: petrological implications[END_REF][START_REF] Danyushevsky | Petrolog3: Integrated software for modeling crystallization processes[END_REF].

In addition, to assess this equilibrium, the compositions of MIs can be compared to the composition of groundmass glass and whole rock compositions in order to identify anomalous compositions in respect to the LLD. MIs which do not lie on the LLD can be investigated further as it is likely they would have experienced processes which have moved them away from the LLD of the system. Examining Al2O3 vs MgO in the MI can also provide information on which MIs have undergone post-entrapment crystallisation (e.g., [START_REF] Kilgour | Small volume andesite magmas and meltmush interactions at Ruapehu, New Zealand: evidence from melt inclusions[END_REF]. Pyroxene MIs crystallising plagioclase will evolve to a lower MgO and higher Al2O3, in contrast the composition of plagioclase MIs crystallising pyroxene will evolve to higher MgO and lower Al2O3. This allows any outliers which have experienced crystallisation to be removed.

To assess H+ diffusion the D/H isotopic ratio can be measured and is expressed as δD (the permil deviation from Standard Mean Ocean Water (δDSMOW)). For slab fluids from the average upper MORB mantle, the δD typically fall in the range of -20 and -80 ‰ [START_REF] Shaw | Hydrogen isotopes in Mariana arc melt inclusions: Implications for subduction dehydration and the deep-Earth water cycle[END_REF]. Loss of H+ and addition of seawater and/or secondary hydrothermal fluids is also shown by positive δD values and negative correlations with H2O wt% [START_REF] Kyser | Hydrogen isotope systematics of submarine basalts[END_REF][START_REF] Shaw | Hydrogen isotopes in Mariana arc melt inclusions: Implications for subduction dehydration and the deep-Earth water cycle[END_REF][START_REF] Portnyagin | Experimental evidence for rapid water exchange between melt inclusions in olivine and host magma[END_REF].

For this study, we first calculated the KD for all inclusions. For pyroxene and plagioclase, MIs falling out of the equilibrium range were discarded. For olivine inclusions falling outside of the equilibrium range corrections were made using the post-entrapment re-equilibration of olivine MI function, which reconstructs the melt composition based on FeO content. This simulates the exchange of Fe and Mg between the melt and olivine until equilibrium is reached, several temperatures are trialled by the algorithm until the user specified FeO content is reached [START_REF] Danyushevsky | Petrolog3: Integrated software for modeling crystallization processes[END_REF]. The LLD for all MIs was also checked for the whole dataset to allow further anomalous compositions to be identified. Being very selective of the melt inclusions chosen for analysis and following tests for equilibrium can result in a robust MI dataset which will then be representative of the pre-eruptive magma.

Groundmass Glasses

Groundmass glass (or matrix glass) is formed from melt which is external to the crystals (Fig 4.5). As the melt is not trapped within a crystal, it is subject to decompression processes occurring during eruption. This has a particular impact on the volatiles which are continuously degassed during eruption. As a magma ascends the pressure decreases and the melt will become supersaturated in water which in turn leads to the nucleation of bubbles and the formation of a fluid phase (e.g., [START_REF] Hurwitz | Bubble nucleation in rhyolitic melts: Experiments at high pressure, temperature, and water content[END_REF][START_REF] Thomas | On the vesicularity of pumice[END_REF][START_REF] Lyakhovsky | Bubble growth in rhyolitic melts: experimental and numerical investigation[END_REF][START_REF] Proussevitch | Dynamics and energetics of bubble growth in magmas: analytical formulation and numerical modeling[END_REF][START_REF] Gardner | Experimental constraints on degassing of magma: isothermal bubble growth during continuous decompression from high pressure[END_REF][START_REF] Gardner | Bubble growth in highly viscous silicate melts during continuous decompression from high pressure[END_REF]Cashman, 2004;[START_REF] Gonnermann | The fluid mechanics inside a volcano[END_REF]. This often results is very low volatile contents recorded in groundmass glass, with CO2, H2O followed by S degassing first, then followed by the halogens.

Calculation of the KD is often also useful to consider in groundmass glass as well as MI to determine the equilibrium with crystals. This can provide useful information about whether the crystal is in equilibrium with the liquid carrier, unlike MIs, groundmass glass that are not in equilibrium do not necessarily have to be discarded. Instead, groundmass glass not in equilibrium with the crystals, can be interpreted to be carrying crystals which have crystallised in a different part of the system. Equilibrium is calculated in the same manner as for MIs using the equations of Putrika ( 2008) taking into account the groundmass glass composition and the crystal rim composition (discussed further in Chapter 5). Groundmass glass can also be used to calculate temperature using the glass and crystal rim composition [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF]Chapter 5).

Though the groundmass glass cannot provide direct information on the pre-eruptive melt compositions it is a useful tool when considering the processes occurring during magma ascent. This is done primarily by considering the groundmass glass textures which include vesicle and microlite content (e.g., Mastin, 2002;Martel, 2012). During magma ascent decompression results in water exsolution and an increase in the liquidus temperature that in turn results in the crystallisation of anhydrous minerals [START_REF] Tuttle | Origin of granite in the light of experimental studies in the system NaAlSi3O8-KAlSi3O8-SiO2-H2O[END_REF][START_REF] Hammer | An experimental study of the kinetics of decompressioninduced crystallization in silicic melt[END_REF]. The temperature difference between the liquidus and the magma is the degree of effective undercooling, this determines the rates of crystal nucleation. In turn this controls, crystal morphology and number density [START_REF] Swanson | Relation of nucleation and crystal-growth rate to the development of granitic textures[END_REF][START_REF] Lofgren | Experimental studies on the dynamic crys-tallization of silicate melts[END_REF][START_REF] Hammer | An experimental study of the kinetics of decompressioninduced crystallization in silicic melt[END_REF][START_REF] Faure | A developmental model of olivine morphology as a function of the cooling rate and the degree of undercooling[END_REF]. The crystals formed during decompression are characteristically small (e.g., [START_REF] Clarke | Petrologic constraints on the decompression history of magma prior to Vulcanian explosions at the Soufrière Hills volcano, Montserrat[END_REF] and crystallise out of equilibrium. Microlite textures and assemblages therefore vary due to ascent rate so preserve a record of the decompression condition and so can be used to assess processes in the conduit (e.g., Geschwind and Rutherford, 1995;[START_REF] Hammer | Magmatic processes revealed by textural and compositional trends in Merapi dome lavas[END_REF][START_REF] Couch | The kinetics of degassing-induced crystallization at Soufriere Hills Volcano, Montserrat[END_REF][START_REF] Martel | Decompression experiments as an insight into ascent rates of silicic magmas[END_REF][START_REF] Toramaru | MND (microlite number density) water exsolution rate meter[END_REF][START_REF] Martel | Trachyte phase relations and implication for magma storage conditions in the Chaîne des Puys (French Massif Central)[END_REF][START_REF] Preece | Textural and micro-petrological variations in the eruptive products of the 2006 dome-forming eruption of Merapi volcano, Indonesia: implications for sub-surface processes[END_REF].

Using groundmass glass in combination with melt inclusions allows an assessment of the magma degassing which occurred during magma ascent. Termed the petrologic method, this involves the calculation of the difference in the mean MI and groundmass volatile contents and scaling to the erupted magma volume (e.g., [START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF]Chapter 7).

The groundmass glass used in this study are described in Chapter 6.

Information Derived from Magmatic Glass

Storage conditions of the pre-eruptive magma and the processes experienced can affect the eruption style, which in turn dictates the hazards [START_REF] Ruprecht | Pre-eruptive reheating during magma mixing at Quizapu volcano and the implications for the explosiveness of silicic arc volcanoes[END_REF][START_REF] Cooper | What does a magma reservoir look like? The "Crystal's-Eye" view[END_REF][START_REF] Cashman | Mafic glass compositions: a record of magma storage conditions, mixing and ascent[END_REF]. A storage system can span a range of pressures, temperatures and crystallinities, meaning a magma can range from eruptible melt to non-eruptible crystal mush (at crystal fractions >0.6%) [START_REF] Blundy | Petrologic reconstruction of magmatic system variables and processes[END_REF][START_REF] Cashman | Mafic glass compositions: a record of magma storage conditions, mixing and ascent[END_REF]. The range of conditions also results in the magma ranging from vapour-undersaturated (at high P and T) to vapour-saturated [START_REF] Blundy | Petrologic reconstruction of magmatic system variables and processes[END_REF][START_REF] Cashman | Mafic glass compositions: a record of magma storage conditions, mixing and ascent[END_REF]. This can directly affect the eruption style by controlling factors such as: [1] magma composition; [2] crystal content; [3] volatile content (these factors all also affect magma viscosity (Giordano et al., 2008)). Other important factors to take into considerations which effect eruption style are: [4] permeability development in the vesicular magmatic foam [5] shear heating along the conduit walls during a scent; [6] conduit size and shape [START_REF] Eichelberger | Non-explosive silicic volcanism[END_REF][START_REF] Klug | Permeability development in vesiculating magmas: implications for fragmentation[END_REF]Mastin, 2002;[START_REF] Polacci | Dynamics of magma ascent and fragmentation in trachytic versus rhyolitic eruptions[END_REF]Costa et al., 2007;[START_REF] Ruprecht | Pre-eruptive reheating during magma mixing at Quizapu volcano and the implications for the explosiveness of silicic arc volcanoes[END_REF]. Therefore, understanding the pre-eruptive magma can provide constraints on the pre-eruptive storage system and reveal important information about melt composition and volatile content and processes leading to eruption.

In this section, we present our methods for the calculations of the different properties of the La Soufrière system and the justification for using some methods. Full results, discussions and interpretations of the properties calculated can be found in subsequent sections.

Major Element and Volatile Composition

The major element composition of melt inclusions can provide the composition of the pre-eruptive magma compositions. Different populations of MIs can also provide evidence of different magma compositions present in the system. MIs allow us to understand the evolution of magma through the system and allow the calculation of parameters such as temperature and pressure as well as an understanding of magma behaviour.

An important component of the pre-eruptive magma which can be assessed through magmatic glass are volatiles. The volatile phase in arc magmas is primarily made up of H2O and CO2 with significant amounts of sulphur and halogen gases (chlorine and fluorine) [START_REF] Gerlach | Evaluation of volcanic gas analyses from Kilauea volcano[END_REF][START_REF] Symonds | Volcanic-gas studies: Methods, results, and applications[END_REF][START_REF] Blundy | A case for CO2-rich arc magmas[END_REF][START_REF] Zellmer | Volatiles in subduction zone magmatism[END_REF][START_REF] Edmonds | A distinct metal fingerprint in arc volcanic emissions[END_REF]. These volatiles are sourced from the mantle, the subducted oceanic crust and sediments, dehydration of subducting serpentinized rocks from the oceanic crust, hydration of the slab by sea-water moving through faults and assimilation from crystal rocks and fluid [START_REF] Alt | Sulfur isotopic profile through the oceanic crust: Sulfur mobility and seawater-crustal sulfur exchange during hydrothermal alteration[END_REF][START_REF] Ranero | Bending-related faulting and mantle serpentinization at the Middle America trench[END_REF][START_REF] De Leeuw | The He-CO2 isotope and relative abundance characteristics of geothermal fluids in el salvador and honduras: New constraints on volatile mass balance of the central american volcanic arc[END_REF][START_REF] Sharp | Chlorine isotope homogeneity of the mantle, crust and carbonaceous chondrites[END_REF][START_REF] Barnes | Threedimensional morphology of magmatic sulfides sheds light on ore formation and sulfide melt migration[END_REF][START_REF] Barnes | Chorine stable isotope variations in Izu Bonin tephra: implications for serpentinite subduction[END_REF][START_REF] Alt | Recycling of water, carbon, and sulfur during subduction of serpentinites: A stable isotope study of Cerro del Almirez, Spain[END_REF][START_REF] Alt | The role of serpentinites in cycling of carbon and sulfur: seafloor serpentinization and subduction metamorphism[END_REF][START_REF] Zellmer | Volatiles in subduction zone magmatism[END_REF][START_REF] Mason | Remobilization of crustal carbon may dominate volcanic arc emissions[END_REF][START_REF] Edmonds | A distinct metal fingerprint in arc volcanic emissions[END_REF].

Volatiles in the pre-eruptive magma are important in controlling the magmas behaviour, particularly in the upper crustal magma storage systems where magmas are thought to exist with a substantial fraction of exsolved vapour [START_REF] Roggensack | Explosive basaltic volcanism from Cerro Negro volcano: influence of volatiles on eruptive style[END_REF]Wilson, 2002;[START_REF] Huppert | The role of volatiles in magma chamber dynamics[END_REF][START_REF] Zellmer | Volatiles in subduction zone magmatism[END_REF][START_REF] Edmonds | A distinct metal fingerprint in arc volcanic emissions[END_REF]. Exsolved volatiles can influence the thermodynamical state, physical properties and internal energy of the magma [START_REF] Parmigiani | Mush microphysics and the reactivation of crystalrich magma reservoirs[END_REF] by: [1] Lowering the bulk density [START_REF] Anderson | Mount St. Helens and Santiaguito lava domes: the effect of short-term eruption rate on surface texture and degassing processes[END_REF], [2] increasing magma buoyancy [START_REF] Anderson | Mount St. Helens and Santiaguito lava domes: the effect of short-term eruption rate on surface texture and degassing processes[END_REF], [3] influencing phase equilibria [START_REF] Moore | The hydrous phase equilibria (to 3 kbar) of an andesite and basaltic andesite from western Mexico: constraints on water content and conditions of phenocryst growth[END_REF][START_REF] Ghiorso | An H2O-CO2 mixed fluid saturation model compatible with rhyolite-MELTS[END_REF], and [4] driving convection [START_REF] Cardoso | On convection in a volatile-saturated magma[END_REF][START_REF] Longo | Numerical simulation of convection and mixing in magma chambers replenished with CO2-rich magma[END_REF]. These factors promote magma mixing, mingling and overturn (e.g., [START_REF] Huppert | On lava dome growth, with application to the 1979 lava extrusion of the Soufriere of St. Vincent[END_REF][START_REF] Pallister | Magma mixing at Mount Pinatubo: petrographic and chemical evidence from the 1991 deposits. Fire and mud: eruptions and lahars of Mount Pinatubo[END_REF][START_REF] Huppert | The role of volatiles in magma chamber dynamics[END_REF][START_REF] Phillips | Suppression of large-scale magma mixing by melt-volatile separation[END_REF][START_REF] Bachmann | Gas percolation in upper-crustal silicic crystal mushes as a mechanism for upward heat advection and rejuvenation of near-solidus magma bodies[END_REF][START_REF] Ruprecht | Modeling of gas-driven magmatic overturn: Tracking of phenocryst dispersal and gathering during magma mixing[END_REF][START_REF] Woods | Magma mixing triggered during volcanic eruptions[END_REF][START_REF] Edmonds | Excess volatiles supplied by mingling of mafic magma at an andesite arc volcano[END_REF][START_REF] Ruprecht | Pre-eruptive reheating during magma mixing at Quizapu volcano and the implications for the explosiveness of silicic arc volcanoes[END_REF][START_REF] Huber | Thermo-mechanical reactivation of locked crystal mushes: Melting-induced internal fracturing and assimilation processes in magmas[END_REF][START_REF] Degruyter | A model for eruption frequency of upper crustal silicic magma chambers[END_REF] and remobilisation of crystal mushes (discussed in Chapter 1.3.2; e.g., [START_REF] Bachmann | Gas percolation in upper-crustal silicic crystal mushes as a mechanism for upward heat advection and rejuvenation of near-solidus magma bodies[END_REF].

Melt inclusion volatile studies in combination with studies of emitted gases can provide a link between the source and surface. Plumes of volcanic gases consist of ~90% H2O and ~10% CO2, sulphur and halogens (Cl and F) and are studied through in-situ direct sampling, ground or aerial-remote sensing and satellite measurements [START_REF] Zellmer | Volatiles in subduction zone magmatism[END_REF][START_REF] Mather | Volcanoes and the environment: Lessons for understanding Earth's past and future from studies of present-day volcanic emissions[END_REF]. The composition and fluxes of gases at the surface and their comparison to the volatiles in the magma, determined from MIs can provide insight into the depth and source of magma, degassing processes and whether the conduit is open or sealed to the atmosphere which has implications for the controls on eruption style (e.g., [START_REF] Aiuppa | S, Cl and F degassing as an indicator of volcanic dynamics: the 2001 eruption of Mount Etna[END_REF][START_REF] Burton | FTIR remote sensing of fractional magma degassing at Mount Etna, Sicily[END_REF][START_REF] Edmonds | Excess volatiles supplied by mingling of mafic magma at an andesite arc volcano[END_REF]Cassidy et al., 2018). Understanding volatiles from source to surface is also vital in understanding their environmental impact.

Temperature

Temperature is an important property which can be derived from melt composition. Temperature is important in the calculation of diffusion timescales (Chapter 5) and to put temperature constraints on the La Soufrière system. One of the most widely used methods of calculating temperature is the method of [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF], who presented geothermometers for mineral and liquid pairs. The liquid components represented by glass compositions measured by EMPA and mineral components also measured by EMPA. The mineral and liquid phase are required to be in equilibrium, as described in Chapter 4.2.1.a. The four thermometers of interest are plagioclase-liquid, orthopyroxene-liquid, clinopyroxene-liquid and olivine-liquid.

The first plagioclase-liquid geothermometer was presented by [START_REF] Kudo | An igneous plagioclase thermometer[END_REF], but [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF] obtained a simpler model, with all components (X) calculated as cation fractions. Equation 24afrom [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF] is shown below (Eqn. 4.7) which is used to calculate temperature using glass composition and the host-plagioclase composition:
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), with pl = plagioclase and liq = liquid. All cation fractions are calculated on an anhydrous basis without renormalisation, excluding H2O liq which is the wt% of H2O in the liquid phase.

Separate ortho-and clinopyroxene geothermometers are discussed. The geothermometer presented by [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF] is based on OPX components calculated on a six-oxygen basis. One of the only OPXliquid geothermometer is presented by [START_REF] Beattie | Olivine-melt and orthopyroxene-melt equilibria[END_REF], however, this model results in temperature over estimated for hydrous compositions and underestimates for anhydrous compositions. The model presented by [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF] is an improvement and does not result in these over-and underestimates. Putirka, (2008) Equation 28a is shown below (Eqn. 4.8) which is used to calculate temperature using glass composition and the host-OPX composition:
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Where, Fm2Si2O6 is enstatite + ferrosilite, EnFs and Fm = Fe + Mn + Mg. Also used is Mg#(liq) = (MgO liq /40.3)/[((MgO liq /40.3) + (FeO liq /71.85))], where terms such as MgO liq represent the wt% of MgO in the liquid. This equation is calibrated and tested on experimental data.

The first clinopyroxene geothermometer was presented by [START_REF] Davis | The join Mg2Si2O6-CaMgSi2O6 at 30 kilobars pressure and its application to pyroxenes from kimberlites[END_REF], however, this required clino-and orthopyroxene to be in equilibrium, which is often not reached as these phases are rarely formed together. This has led to the development of CPX-liquid geothermometers, as with the plagioclase-liquid and OPX-liquid the CPX and liquid component must be in equilibrium. [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF] Equation 33 is shown below (Eqn. 4.9) which is used to calculate temperature using glass composition and the host-CPX composition: 
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All compositional terms are in wt% (e.g., Na2O liq ) excluding ! => 9%/%'; which is a cation fraction ration (
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There are two main sources of error in geothermometery described by [START_REF] Putirka | Thermometers and Barometers for Volcanic Systems[END_REF]. The first is a model error which is a measure of the precision of a model and can result from experimental error for example, reproducing P or T in the laboratory, errors in compositional measurements and lack of equilibrium during an experiment. The second error is an error of treatment, which is related to the application of the model and which can be greater when applied to natural systems which deviate from experimental conditions. To reduce these errors the mineral-liquid pairs must be in equilibrium, which may be an issue for magmas behaving as an open system. Overall, the error on the Putirka (2008) model is ±25 -30 o C, based on the assumption of liquid-mineral equilibrium.

In our study, use used the equations described above as these provide a good constraint on the temperature, with a relatively small error in comparison to other thermometers.

Pressure and Depth

Melt inclusion composition can be used to calculate the pressure of entrapment using the H2O and CO2 contents. There are several geobarometers presented in the literature, including one of the most popular, by Papale et al. (2006). Volatile contents in the magmatic liquid and corresponding gas phase in the magma continuously change during cooling and differentiation of a magma, this results in a continuous shift in the equilibrium conditions. Papale et al. (2006) present a model of the volatile saturation surface in H2O-CO2 silicate melt systems, by applying thermodynamic equilibrium between the gaseous and liquid volatile components of a magma. This model is fully compositional-dependent and though this may result in less accurate results for specific compositions where experimental data is available, this does allow for the effects of compositional differences and changes occurring during the evolution of natural magmas. Papale et al. (2006) recalibrate the existing model of [START_REF] Papale | Strain-induced magma fragmentation in explosive eruptions[END_REF] to include the whole database of existing saturation data for the C-O-H-silicate liquid systems to produce a fully multicomponent H 2O -CO2 saturation model. This model allows the calculation of the total pressure from the weight fraction of dissolved H2O and CO2 in the silicate melt.

The model Magmasat [START_REF] Ghiorso | An H2O-CO2 mixed fluid saturation model compatible with rhyolite-MELTS[END_REF] incorporates a thermodynamic model for estimating the saturation conditions of H2O-CO2 mixed fluids in multi-component silicate liquid. This model is an extension of rhyolite-MELTS [START_REF] Gualda | Rhyolite-MELTS: a modified calibration of MELTS optimized for silica-rich, fluid-bearing magmatic systems[END_REF]. It is a model based on compilations of experimental data from Papale et al. (2006), [START_REF] Moore | Interpreting H2O and CO2 contents in melt inclusions: constraints from solubility experiments and modeling[END_REF] and [START_REF] Duan | A general model for predicting the solubility behavior of H2O-CO2 fluids in silicate melts over a wide range of pressure, temperature and compositions[END_REF] and allows the assessment of the solubility of H 2O -CO2 fluids in silicate liquids and the differential partitioning of H 2O and CO2 between the gas and liquid phases. As with Papale et al. (2006), Magmasat can be used to estimate intensive variables and fluid saturation conditions from melt inclusions.

In this study we present pressure data calculated using the Papale et al. (2006) because errors have arisen when calculating pressure using Magmasat for some eruptions (error: no conv). Maximum H2O and CO2 contents measured for each eruption were used in order to calculate a depth based volatile contents as close to the original entrapment composition. Despite this, depths must be considered a minimum, as though no H2O loss is observed (Chapter 5) and because CO2 loss cannot be ruled out.

Based on the existing pressure constraints of this system by Pichavant et al. (2018), Papale et al. (2006) provide reasonable estimates for the pressure of entrapment for MI in this study. The pressures were then converted to minimum depths using a mean rock density of 2450 kg m -3 (Barnoud et al., 2016), as done by Pichavant et al. (2018). However, in order to refine this, we provide a range of depths by also converting pressures to minimum depths using the DRE powder mean density of the 1530 CE magma (2685 kg m -3 ; Komorowski et al., 2008). This allows us to consider depths without including the load of any altered rock between the surface and magma storage zone, which is included in the mean rock density calculated by Barnoud et al. (2016).

Oxygen Fugacity

Oxygen fugacity (fO2) is the partial pressure of oxygen in the magmatic system [START_REF] Wallace | Volatiles in magmas[END_REF]. fO2 varies significantly at different tectonic settings (e.g., [START_REF] Osborn | Role of oxygen pressure in the crystallization and differentiation of basaltic magma[END_REF][START_REF] Wood | An experimental test of the spinel peridotite oxygen barometer[END_REF][START_REF] Carmichael | The redox states of basic and silicic magmas: a reflection of their source regions?[END_REF][START_REF] Arculus | Aspects of magma genesis in arcs[END_REF][START_REF] Lee | Similar V/Sc systematics in MORBs and arc basalts: Implications for the oxygen fugacities of their mantle source regions[END_REF][START_REF] Kelley | Water and the oxidation state of subduction zone magmas[END_REF][START_REF] Evans | Oxidation state of subarc mantle[END_REF]) with variations affecting magma phase equilibria (particularly where redox reactions are involved), rheology and density due to the control over vacancy populations [START_REF] Kress | The compressibility of silicate liquids containing Fe2O3 and the effect of composition, temperature, oxygen fugacity and pressure on their redox states[END_REF][START_REF] Campbell | High pressure effects on the iron-iron oxide and nickel-nickel oxide oxygen fugacity buffers[END_REF]. fO2 is often as important as temperature and pressure in controlling the chemical and physical behaviour of minerals [START_REF] Campbell | High pressure effects on the iron-iron oxide and nickel-nickel oxide oxygen fugacity buffers[END_REF].

The development of solid-state oxygen buffers allows oxygen fugacity in high pressure and high temperature geochemistry experiments to be set or determined in relation to a metal oxide fO2 buffer, such as Ni-NiO (NNO) (e.g., [START_REF] Eugster | Heterogeneous reactions involving oxidation and reduction at high pressures and temperatures[END_REF][START_REF] Huebner | Buffering techniques for hydrostatic systems at elevated pressures[END_REF][START_REF] Dobson | The pressure medium as a solid-state oxygen buffer[END_REF][START_REF] Rubie | Characterising the sample environment in multianvil high-pressure experiments[END_REF]. The general metal-oxide equilibrium reaction is as follows:
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fO2 can also be related to Gibbs free energy (G):
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Using temperature and pressure is one of the first methods used to constrain oxygen fugacity. The oxygen buffer technique developed by [START_REF] Eugster | Heterogeneous reactions involving oxidation and reduction at high pressures and temperatures[END_REF] allows quantitative measurement of equilibrium constants for reactions between minerals and coexisting supercritical fluids [START_REF] Frantz | Acid-base buffers: Use of Ag+ AgCl in the experimental control of solution equilibria at elevated pressures and temperatures[END_REF][START_REF] Gunter | AN EXPERIMENTAL STUDY OF MINERAL-SOLUTION EQUILIBRIA APPLICABLE TO METAMORPHIC ROCKS[END_REF][START_REF] Chou | Fugacity control and dissociation constants of HBr and HI[END_REF][START_REF] Chou | Solubility of magnetite in supercritical chloride solutions[END_REF][START_REF] Chou | Calibration of oxygen buffers at elevated P and T using the hydrogen fugacity sensor[END_REF]. Thermodynamic data can then be obtained from oxygen buffer data using experimental procedures (e.g., [START_REF] Eugster | Stability relations of the ferruginous biotite, annite[END_REF][START_REF] Wones | Stability of biotite: experiment, theory, and application[END_REF][START_REF] Wones | Stability of biotite: a reply[END_REF][START_REF] Zen | The phase-equilibrium calorimeter, the petrogenetic grid, and a tyranny of numbers[END_REF][START_REF] Chou | Calibration of the graphite-methane buffer using the fH 2 sensors at 2-kbar pressure[END_REF]. This allows determination of a relationship between fO2, T and P [START_REF] Chou | Calibration of the graphite-methane buffer using the fH 2 sensors at 2-kbar pressure[END_REF]:
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Where A, B and C are experimentally determined constants and vary depending on the buffer used. Different experiments report different constants for the NNO buffer (Table 4.1) and so produce varying fO2 results. [START_REF] Robbie | Thermodynamic properties of minerals and related substances at 298.15 K (25 C) and one atmosphere (1.013 bars) pressure and at higher temperatures[END_REF][START_REF] Chou | Calibration of oxygen buffers at elevated P and T using the hydrogen fugacity sensor[END_REF].

Using these experimental constants and pressures and temperatures calculated from melt inclusions (e.g., Chapter 3.5.2) fO2 and NNO can be calculated for the magmatic system using Eq. 4.14.

The second method to constrain oxygen fugacity uses sulphur. Sulphur can be present in multiple oxidation states which depends on fO2 [START_REF] Wallace | Volatiles in magmas[END_REF]. Experimental data also shows sulphide solubility increases with increasing Fe 2+ content in the melt [START_REF] Luhr | Experimental phase relations of water-and sulfur-saturated arc magmas and the 1982 eruptions of El Chichón volcano[END_REF]) and shows a strong relationship between sulphur speciation, iron speciation and fO2. Therefore, quantification of a melts sulphur content, sulphur speciation and temperature allow fO2 and iron speciation to be calculated.

Sulphur is present in silicate melts as sulphide (S 2-) and sulphate (S 6+ ) in reduced magmas, such as those found at mid-ocean ridges, with fO2 below the NNO buffer, sulphur primarily exists as sulphide [START_REF] Baker | Sulfur diffusion in rhyolite melts[END_REF][START_REF] Jugo | Experimental data on the speciation of sulfur as a function of oxygen fugacity in basaltic melts[END_REF]. In magmas which are sufficiently oxidised and have oxidations states two or more log units above NNO, sulphur is dominantly present as sulphate [START_REF] Baker | Sulfur diffusion in rhyolite melts[END_REF][START_REF] Jugo | Experimental data on the speciation of sulfur as a function of oxygen fugacity in basaltic melts[END_REF]. In magmas with an intermediate composition and oxidation states from NNO to NNO+2, sulphur exists as a mixture of the two species [START_REF] Baker | Sulfur diffusion in rhyolite melts[END_REF]. Many experiments focus on reduced basaltic magmas where sulphide is the dominant species, though some experiments have been done on andesitic and rhyolitic melts [START_REF] Baker | Sulfur diffusion in rhyolite melts[END_REF][START_REF] Matthews | The Piedras Grandes-Soncor eruptions, Lascar volcano, Chile; evolution of a zoned magma chamber in the central Andean upper crust[END_REF]. Wallace and Carmichael (1994) derived an expression to describe the sulphur speciation as a function of oxidation state of primitive melts:
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Where T= temperature in Kelvin and a = 1.02, b = 25.410, c = -10, which are experimentally derived constants. This equation allows fO2 in terms of an NNO buffer by combing with equations for sulphur speciation from natural samples from Métrich and Clocchiatti (1996), Gurenko andSchmincke (1998, 2000):
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S 6+ and S 2-are determined using EMPA measurements of melt inclusions (see thesis section) with the method of [START_REF] Carroll | Sulfur speciation in hydrous experimental glasses of varying oxidation state; results from measured wavelength shifts of sulfur X-rays[END_REF]. This method finds the peak position for the wavelength of sulphur Ka radiation (lSKa) which is found between 535.5 pm and 538.4 pm l when scanning a natural sample [START_REF] Jugo | Experimental data on the speciation of sulfur as a function of oxygen fugacity in basaltic melts[END_REF]. This peak position is compared to the reference material standards used to define the peak position of lSKa for pure sulphide (sphalerite) and sulphate (barite). By comparing the wavelength of the sample (MI) and standards the sulphur speciation can be calculated (e.g., [START_REF] Jugo | Experimental data on the speciation of sulfur as a function of oxygen fugacity in basaltic melts[END_REF]:
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The calculated sulphur species can then be used to calculate fO2 using equation 5. Ghiorso and Sack (1995) present a computer software for easier calculation of chemical mass transfer in magmatic systems based on the thermodynamic databases of [START_REF] Berman | Internally-consistent thermodynamic data for minerals in the system Na2O-K2O-CaO-MgO-FeO-Fe2O3-Al2O3-SiO2-TiO2-H2O-CO2[END_REF], Ghiorso (1990a), [START_REF] Ghiorso | Fe-Ti oxide geothermometry: thermodynamic formulation and the estimation of intensive variables in silicic magmas[END_REF], [START_REF] Sack | Importance of considerations of mixing properties in establishing an internally consistent thermodynamic database: thermochemistry of minerals in the system Mg 2 SiO 4-Fe 2 SiO 4-SiO 2[END_REF], 1991a, b 1994a, b, c); (http://melts.ofmresearch.org/CalcForms/liquid.html).

These databases consist of compositions of co-existing glass silicate liquid and solid phases observed in nature equilibrated under known temperature, pressure and oxygen fugacity. The solid and liquids included are assumed to be in equilibrium and have complete major element data available SiO2, Al2O3, Fe2O3, FeO, MgO, CaO, Na2O, K2O, meaning if the silicate melts are represented in nature this model should work well (Ghiorso and Sack, 1995).

The model produced describes the Gibbs free energy of mixing of natural silicate liquids and, due to the large database it is computed from, can be used for a wide range of magma compositions both hydrous and anhydrous, from ankaramites to rhyolites and covers system temperatures from 900-1700 o C, pressures up to 4 GPa and of thirteen orders of magnitude for fO2 (Ghiorso and Sack, 1995). This allows fO2 to be defined from a measured melt composition and calculated temperature and pressure.

In this study, we used the model of Ghiorso and Sack (1995) to determine fO2 due to the low sulphur content of these inclusions.

Viscosity

A fluids viscosity is a measure of its resistance to deformation at a given rate. In silicate magmas viscosity can vary more than 15 orders of magnitude (10 -1 -10 14 Pa•s) in response to temperature, melt composition and exsolved fluids in particular H2O and F [START_REF] Shaw | Viscosities of magmatic silicate liquids; an empirical method of prediction[END_REF]Giordano et al., 2008). Preeruptive conditions change as the magma ascends and decompress and this results in changes in viscosity due to dehydration, vesiculation, crystallization and cooling [START_REF] Takeuchi | Preeruptive magma viscosity: An important measure of magma eruptibility[END_REF]. Viscosity is one of the most important physical property's governing the production transport and eruption of magmas and can determine whether an eruption is effusive or explosive [START_REF] Papale | Strain-induced magma fragmentation in explosive eruptions[END_REF][START_REF] Sparks | Volcanic activity: frontiers and challenges in forecasting, prediction and risk assessment[END_REF][START_REF] Dingwell | Transport properties of magmas: diffusion and rheology[END_REF]Giordano et al., 2008). This is because as magma moves to the surface it experiences both physical and chemical changes, which affects the viscosity and eruption characteristics (Mastin, 2002).

Viscosity calculations are usually based on water content, temperature, and crystal content with the effect of bubbles often neglected [START_REF] Takeuchi | Preeruptive magma viscosity: An important measure of magma eruptibility[END_REF]. Bubbles can both increase and decrease the viscosity depending on their deformability which is controlled by radius, viscosity, strain rate and surface tension between melt and gas phases [START_REF] Takeuchi | Preeruptive magma viscosity: An important measure of magma eruptibility[END_REF]. However, it is difficult to quantify the effect of bubbles on viscosity as estimating the volume content of bubbles and their size is difficult [START_REF] Takeuchi | Preeruptive magma viscosity: An important measure of magma eruptibility[END_REF].

Giordano et al. (2008) Viscosity Model

The first viscosity model discussed here is by Giordano et al. (2008) which models viscosity as a function of temperature and melt composition including H2O and F. This model allows viscosity prediction for volatile enriched melts, as well as accurate continuous prediction of melt properties as a function of temperature and melt composition. The model is calibrated over a wide range of temperatures, compositions at atmospheric pressure and covers nearly all common terrestrial volcanic rocks. However, during the calculation the pressure, the ferric-ferrous ratio, CO2, S and Cl are not taken into consideration. Though the pressure dependence of viscosity is minor compared to the effects of varying temperature and composition, CO2, S and Cl may be important under certain conditions (Giordano et al., 2008) and the ferric/ferrous ratio can impact melt structure [START_REF] Mysen | Structure and properties of silicate melts[END_REF][START_REF] Dingwell | Redox viscometry of some Fe-bearing silicate melts[END_REF].

Despite this limitation, this model: (1) spans the compositional range of natural occurring volcanic rocks; (2) captures the effects of 10 major and minor oxide components as well as H2O and F; ( 3) is computationally continuous across the entire compositional and temperature spectrum of the database; ( 4) is capable of accommodating strong (near-Arrhenian temperature dependence) and fragile (non-Arrhenian temperature dependence) behaviour of silicate melts [START_REF] Angell | Spectroscopy simulation and scattering, and the medium range order problem in glass[END_REF]; (5) can reproduce observed relationships between melt composition and transport properties such as glass transition temperature and fragility [START_REF] Angell | Spectroscopy simulation and scattering, and the medium range order problem in glass[END_REF][START_REF] Plazek | Correlation of polymer segmental chain dynamics with temperaturedependent time-scale shifts[END_REF]. These features mean that this model is very useful to investigate volcanic eruption processes.

The experimental database is comprised of viscosity measurements related to that are melts with complete and accurate compositions, including volatile analysis. Temperature dependence of viscosity (η) is modelled by the VFT (Vogel-Fulcher-Tammann) equation from [START_REF] Vogel | The law of the relation between the viscosity of liquids and the temperature[END_REF] and [START_REF] Fulcher | Analysis of recent measurements of the viscosity of glasses[END_REF]:

^rPÑ = + Ä #(M) -/ (4.18)
A, B and C are the pre-exponential factor, pseudo-activation energy and the VFT-temperature respectively and are all adjustable parameters. A is constant for all melts (i.e., independent of composition) suggesting all melts converge to a common viscosity at high temperatures. Compositional effects are B and C, both parameters expressed as a linear ensemble of combinations of oxide components and a subordinate number of multiplicative oxide cross terms.

The model quality was assessed by comparing experimental viscosity values and those predicted by the model, and demonstrates excellent agreement, showing extrapolation of this model will still produce accurate results.

ConFlow 1.0.5

The second model discussed here is ConFlow 1.0.5 from Mastin, (2002). ConFlow 1.0.5 is a numerical model for magma flow and gas in eruptive conduits during steady state pyroclastic eruptions. This model requires the input of: magma pressure, temperature, velocity, composition and crystal abundance (including crystal phase type) specified for the base of the conduit. The conduit length and diameter are also required in order to calculate ascent rates.

Conflow assumes: (1) flow is steady; (2) the conduit is vertical and circular in cross section; (3) temperature, pressure and velocity are the same for all phases at a given depth; (4) flux of heat and gas through the conduit wall are negligible relative to their flux up conduit; (5) the flow is one dimensional; (6) no work is done between the flowing magma and the surroundings and, (7) prior to fragmentation gas exsolves fast enough maintain chemical equilibrium with the melt.

Viscosity is an important parameter in determining conduit flow dynamics as it varies over several orders of magnitude. ConFlow determines viscosity for melts with <70 wt% SiO2 using a simple Arrhenian relationship in which the log of viscosity is inversely proportional to absolute temperature from [START_REF] Shaw | Viscosities of magmatic silicate liquids; an empirical method of prediction[END_REF]. For melts with >70 wt% SiO2 a non-Arrhenian temperature dependence from [START_REF] Hess | Viscosities of hydrous leucogranitic melts: A non-Arrhenian model[END_REF] is used.

ConFlow also takes into consideration the effect of crystallinity by using the [START_REF] Marsh | On the crystallinity, probability of occurrence, and rheology of lava and magma[END_REF] calibration of the Roscoe-Einstein equation, where viscosity increases exponentially toward infinity as the crystalvolume fraction in the melt approaches 60 %. At crystal volume fractions exceeding 30 vol%, the crystal suspensions develop a yield strength which ConFlow does not consider such that this may be an issue particularly for Plinian eruptions which have been shown to exceed this crystal volume (e.g., Mount St. Helens, 1980 andPinatubo, 1991).

ConFlow also considers the effect of bubbles on viscosity using the relation:

Ñ = Ñ #FR (1 -Ö > ) ( (4.19)
Where ηm+x is the viscosity of the liquid suspension, vg is the volume fraction gas in the mixture and n is a parameter ranging from -1 to 1 depending on the capillary number (Ca) with Ca defined as:

/f ≡ áÑ #FR à/γ (4.20)
Where á is the shear-strain rate of the bubbly mixture, ηm+x is the viscosity of the liquid-crystal mixture, d. is the average bubble diameter and γ is the interfacial-surface tension between the melt=crystals and the gas. ConFlow estimates the average capillary number at a given depth and uses it to adjust viscosity for volume fraction gas [START_REF] Mastin | A numerical program for steady-state flow of magma-gas mixtures through vertical eruptive conduits[END_REF].

In this study, we used the model of Mastin (2002) as this model allows the calculation of viscosity taking into consideration crystallinity. This is particularly important for the groundmass samples which have high microlite contents.

Ascent Rate

The ascent rate is the rate with which magma ascends from a storage region at depth, through the conduit and to the surface (Fig 4.6;[START_REF] Rutherford | Magma ascent rates[END_REF]. The ascent rate is a function of pressure in the storage region and the physical magma properties including: density, viscosity while in the conduit [START_REF] Papale | Magma flow along the volcanic conduit during the Plinian and pyroclastic flow phases of the May 18, 1980, Mount St. Helens eruption[END_REF][START_REF] Mastin | Adiabatic temperature changes of magma-gas mixtures during ascent and eruption[END_REF][START_REF] Pinkerton | The transport and eruption of magma from volcanoes: a review[END_REF][START_REF] Sparks | Dynamical constraints on kimberlite volcanism[END_REF][START_REF] Rutherford | Magma ascent rates[END_REF]. In turn, the ascent rate affects the vesicularity (e.g., Shea et al., 2010), degree of crystallization (e.g., [START_REF] Cashman | Crystal size distribution (CSD) in rocks and the kinetics and dynamics of crystallization II: Makaopuhi lava lake[END_REF][START_REF] Cashman | Groundmass crystallization of Mount St. Helens dacite, 1980-1986: a tool for interpreting shallow magmatic processes[END_REF] and extent of degassing due to pressure changes (e.g., Anderson et al., 1991;[START_REF] Nicholis | Vapor/Melt Partitioning Behavior of S and Cl in a CO Gas Mixture[END_REF]Lui et al., 2007;[START_REF] Rutherford | Magma ascent rates[END_REF][START_REF] Li | Bernard and de Maisonneuve[END_REF]. Ascent rate is an important parameter to understand as this determines factors such as the height of the plume and dispersal of tephra (Wilson et al., 1980;Carey and Sigurdsson, 1985;Geschwind and Rutherford, 1995;Humphreys et al., 2008;[START_REF] Rutherford | Magma ascent rates[END_REF][START_REF] Pioli | Controls on the explosivity of scoria cone eruptions: Magma segregation at conduit junctions[END_REF].

Ascent rate has been shown to be an important factor in controlling the transition between explosive and effusive eruptions (Cassidy et al., 2018). Understanding the magmas path from the storage region to the surface through the connecting conduit will provide a greater understanding on the control of the observed eruption properties of La Soufrière de Guadeloupe. Though ascent rate is important for understanding many eruption properties, the ascent history of a magma is difficult to quantify (Humphreys et al., 2008). [START_REF] Rutherford | Magma ascent rates[END_REF] reviews many methods to calculate the ascent rate using various petrological properties and physical eruption properties. Methods include: [1] hourglass inclusions, which involves using H2O and CO2 contents can then be used to model diffusion profiles allowing an ascent rate to be calculated (e.g., Liu et al., 2007); [2] apatite, which uses zoning and the principal that Cl diffusion into apatite is driven by changes in Cl-F-H2O contents during magma ascent [START_REF] Li | Eruptive styles of subduction-zone volcanoes: investigation of magmatic volatile budgets and ascent rates using apatite[END_REF]Li et al., 2020); [3] phenocryst disequilibrium based on the fact that short timescales of re-equilibration provide an estimate of the time between the phenocryst interacting with a magma and the time diffusion stops on eruption (e.g., Nakamura, 1995;[START_REF] Rutherford | Magma ascent rates[END_REF]; [4] melt reactions because the breakdown rim thickness, which represents the rate of reaction between amphibole and melt, can be used to estimate ascent rate (e.g., Rutherford and Hill, 1993;Rutherford and Devine, 2003;[START_REF] Nicholis | Experimental constraints on magma ascent rate for the Crater Flat volcanic zone hawaiite[END_REF]); [5] reaction rims because quantification of the extent of reaction that takes place at the magma-xenolith contact can be used with diffusion data, depth of inclusion storage and temperature changes to estimate ascent rate (e.g., Klugel et al., 1997;Canil and Fedortchouck, 1999;[START_REF] Peslier | Hydrogen loss from olivines in mantle xenoliths from Simcoe (USA) and Mexico: Mafic alkalic magma ascent rates and water budget of the sub-continental lithosphere[END_REF][START_REF] Rutherford | Magma ascent rates[END_REF][START_REF] Jollands | Substitution and diffusion of Cr2+ and Cr3+ in synthetic forsterite and natural olivine at 1200-1500° C and 1 bar[END_REF]; [6] vesiculation given that the vesicle size and the number distribution can be used to characterise ascent and eruption conditions (e.g., [START_REF] Klug | Vesiculation of May 18, 1980[END_REF]Shea et al., 2010);[7] seismic activity because the migration of tremor hypocentres have been used to estimate the rate of movement (e.g., Tryggvason, 1994;[START_REF] Aki | Deep volcanic tremor and magma ascent mechanism under Kilauea, Hawaii[END_REF][START_REF] Klein | The seismicity of Kilauea's magma system[END_REF][START_REF] Rutherford | Magma ascent rates[END_REF]; [8] Mass flux as the measurement of the rate at which magma moves from the chamber and ascends through the conduit can be used to calculate ascent rate (e.g., Geschwind and Rutherford, 1995); [9] .6 Schematic of magma moving through the volcanic system (not to scale). The conduit is shown as a constant radius up to the vent. Many studies show the conduit actually narrows down to the magma storage zone, for simplicity in calculating the ascent rate the conduit will be taken as having a constant radius (Adapted from Bower and Woods, 1996).

Microlites because microlite textures vary with ascent rate (e.g., [START_REF] Cashman | Crystal size distribution (CSD) in rocks and the kinetics and dynamics of crystallization II: Makaopuhi lava lake[END_REF][START_REF] Cashman | Groundmass crystallization of Mount St. Helens dacite, 1980-1986: a tool for interpreting shallow magmatic processes[END_REF][START_REF] Brugger | Crystallization kinetics in continuous decompression experiments: implications for interpreting natural magma ascent processes[END_REF].

For this study, we used groundmass glass microlite textures to calculate ascent rate. As a magma ascends interstitial melt begins to crystallise as an adiabatic ascent path approaches and crosses the solidus, forming microlites [START_REF] Rutherford | Magma ascent rates[END_REF]. Crystal size and density is linked to the rate of microlite crystal growth and nucleation, which vary in response to changes in system: temperature, pressures and magma compositions, with the final textural variations are controlled by the initial conditions of crystal nucleation [START_REF] Cashman | Crystal size distribution (CSD) in rocks and the kinetics and dynamics of crystallization II: Makaopuhi lava lake[END_REF][START_REF] Cashman | Groundmass crystallization of Mount St. Helens dacite, 1980-1986: a tool for interpreting shallow magmatic processes[END_REF][START_REF] Brugger | Crystallization kinetics in continuous decompression experiments: implications for interpreting natural magma ascent processes[END_REF]. Measuring microlite growth allows magma ascent rates to be estimated by comparing the crystal size in natural samples with data resulting from decompression experiments [START_REF] Cashman | Groundmass crystallization of Mount St. Helens dacite, 1980-1986: a tool for interpreting shallow magmatic processes[END_REF]Gerschwind and Rutherford, 1993;[START_REF] Martel | Decompression experiments as an insight into ascent rates of silicic magmas[END_REF].

Understanding the crystal size distribution (CSD) provides information on crystallisation rate as a function of time, allowing determination of crystal growth mechanisms, magma cooling rates and timing of magma mixing events [START_REF] Kile | On the origin of size-dependent and size-independent crystal growth: Influence of advection and diffusion[END_REF][START_REF] Kile | An assessment of calcite crystal growth mechanisms based on crystal size distributions[END_REF][START_REF] Cashman | Groundmass crystallization of Mount St. Helens dacite, 1980-1986: a tool for interpreting shallow magmatic processes[END_REF][START_REF] Garrido | Variation of cooling rate with depth in lower crust formed at an oceanic spreading ridge: Plagioclase crystal size distributions in gabbros from the Oman ophiolite[END_REF]Lentz and McSween, 2000;Higgins, 1996b;[START_REF] Brugger | Crystallization kinetics in continuous decompression experiments: implications for interpreting natural magma ascent processes[END_REF]. The method of CSD can also be used to calculate magma ascent time (Higgins, 1996a;[START_REF] Mangan | Crystal size distribution systematics and the determination of magma storage times: the 1959 eruption of Kilauea volcano, Hawaii[END_REF][START_REF] Noguchi | Crystallization of microlites and degassing during magma ascent: Constraints on the fluid mechanical behavior of magma during the Tenjo Eruption on Kozu Island, Japan[END_REF][START_REF] Piochi | Magma ascent and eruptive processes from textural and compositional features of Monte Nuovo pyroclastic products, Campi Flegrei, Italy[END_REF][START_REF] Resmini | Steady-state volcanism, paleoeffusion rates, and magma system volume inferred from plagioclase crystal size distributions in mafic lavas: Dome Mountain, Nevada[END_REF][START_REF] Salisbury | Multiple plagioclase crystal populations identified by crystal size distribution and in situ chemical data: Implications for timescales of magma chamber processes associated with the 1915 eruption of Lassen Peak, CA[END_REF][START_REF] Bourdon | Introduction to U-series geochemistry[END_REF][START_REF] Brugger | Crystallization kinetics in continuous decompression experiments: implications for interpreting natural magma ascent processes[END_REF]. This requires knowledge of magma depth, temperature, water content and crystal growth rate (e.g., [START_REF] Rutherford | Magma ascent rates[END_REF]. Key assumptions made when using this method include the fact that the storage zone did not change during the course of the eruption and that a constant crystal growth rate applies. The crystal growth rate is an important parameter and is often derived from experimental data where cooling conditions are assumed to be uniform [START_REF] Rutherford | Magma ascent rates[END_REF]. However, in natural systems where crystallisation in ascending magmas is a result of decompression and water exsolution, crystallisation of the groundmass does not necessarily occur at the same rate and crystal growth rates can vary over three orders of magnitude depending on the decompression rate (Geschwind and Rutherford, 1995;Gardner et al., 1998;[START_REF] Hammer | Degassing and microlite crystallization during pre-climactic events of the 1991 eruption of Mt. Pinatubo, Philippines[END_REF][START_REF] Couch | The kinetics of degassing-induced crystallization at Soufriere Hills Volcano, Montserrat[END_REF][START_REF] Brugger | Crystallization kinetics in continuous decompression experiments: implications for interpreting natural magma ascent processes[END_REF]. This dependence of crystal growth rate on the decompression rate, suggests a fundamental flaw in the CSD method as magma ascent rate and crystallisation timescales must be known before an appropriate growth rate can be chosen for CSD calculations [START_REF] Brugger | Crystallization kinetics in continuous decompression experiments: implications for interpreting natural magma ascent processes[END_REF].

Another assumption made is that magma ascent was adiabatic and the magma did not stall or experience heating or cooling. However, experimental studies have demonstrated that crystal nucleation and growth rates in an ascending water-rich magma go through maxima at large and small degrees of undercooling respectively. This means that CSD depends on whether the rate is steady or if there are pauses, and the assumption of adiabatic ascent may be too simple [START_REF] Rutherford | Magma ascent rates[END_REF].

More recently many studies have used microlite number density (MND) to calculate ascent rate as proposed by [START_REF] Toramaru | MND (microlite number density) water exsolution rate meter[END_REF]. High MNDs cannot be explained by cooling-induced crystallisation as the cooling rate required is often too high to be realistic. This indicates that the high MNDs are instead formed as a result of supersaturation due the effect of water exsolution on the increase in the liquidus temperature during magma decompression [START_REF] Toramaru | MND (microlite number density) water exsolution rate meter[END_REF]. [START_REF] Toramaru | MND (microlite number density) water exsolution rate meter[END_REF] uses this to develop the widely used MND water-exsolution meter which allows the extraction of water exsolution rate from MND data which can be converted into an estimate of decompression rate and ascent rate. This method has been successfully used for many eruptions including the 1974 -1987 eruptions at Sakurajima (Miwa et al., 2009), the 2013 Volcán de Colima eruption (Cassidy et al., 2015) and the 2005-2009 eruptions of Soufrière Hills Volcano (Murch and Cole, 2019).

The method chosen for this study is ConFlow 1.0.5 from Mastin (2002) which be used to calculate ascent rate based on crystal volume %. This software requires the input of melt composition, water, temperature, pressure, crystal vol%, depth and conduit diameter. ConFlow does not take into consideration any size/volume/mass of the eruption and assumes: 1) flow is steady; 2) the conduit is vertical and circular in cross section; 3) temperature, pressure and velocity are the same for all phases at a given depth; 4) flux of heat and gas through the conduit wall are negligible relative to their flux up conduit; 5) the flow is one dimensional; 6) no work is done between the flowing magma and the surroundings; and, 7) prior to fragmentation gas exsolves fast enough maintain chemical equilibrium with the melt. The magma velocity is then determined using a steady state equation:
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Where ä f_à ã are the bulk density and velocity of the erupting mixture respectively; A is the conduit cross-sectional area; z is the vertical position; g is gravitational acceleration; p is pressure; f is the factor controlling frictional pressure loss in the conduit, and r is conduit radius. If density and crosssectional area are known the velocity can be calculated.

Geochemistry and Petrology from Past Studies at La Soufrière

The majority of constraints for the magmatic system of La Soufriere are reported by [START_REF] Semet | L'éruption volcanique du XVI éme siècle de la Soufrière de Guadeloupe. Mélanges de magmas et dynamisme éruptif[END_REF], [START_REF] Poussineau | Dynamique des magmas andésitiques: approche expérimentale et pétrostructurale; application à la Soufrière de Guadeloupe et à la Montagne Pelée[END_REF], [START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF] and Pichavant et al. (2018). They provide major element and volatile data from 1530 CE glass as well as temperature, pressure and fO2 for this eruption only. This leaves much data unknown including viscosity and ascent rate, as well as the understanding of how this system might have changed over its history.

Melt inclusions from this eruption do not reflect the magma mixing which occurred, ranging from 70.5 -78.7 wt% SiO2 (Fig 4 .7). However, groundmass glass do reflect this hybrid composition, with more silicic GM found in the more silicic andesite pumice and more mafic GM in the dark pumice. Besides major elements, volatiles in MIs that are reported for this eruption include H2O (determined bydifference (2.5 -5.6 wt%), S (184 -495 ppm), and Cl (0.25 -0.3 wt%). For the GM, besides major elements, only Cl is reported (0.14 -0.28 wt%). Pichavant et al. (2018) determined a range of temperatures for the system using experimental data. This allowed the resident andesite body to be constrained to 825 -875 o C. The recharging basalt was hotter at 900 -1000 o C and mixing between these magmas resulted in temperatures of 925 -950 o C. Pressures determined for this eruption are based on records of 5 -5.5 wt% H2O in MIs which results in 135 and 170 MPa and depths of 5.6 and 7.1 km, for the upper pressure constraints corresponding to the top of the magma reservoir. The depth of the base of the magmatic reservoir at a maximum of 8.5 km was determined on the basis of the absence of amphibole phenocrysts in comparison to other systems in the Lesser Antilles [START_REF] Martel | Effects of fO2 and H2O on andesite phase relations between 2 and 4 kbar[END_REF]Davidson et al., 2007;Pichavant et al., 2018).

The fO2 for the 1530 CE eruption was determined by Pichavant et al. (2008) using the H2O content of experimental glass and determining the fH2 and the fH2O by an estimation with the modified bydifference method [START_REF] Burnham | Magmas and hydrothermal fluids[END_REF]. The comparison between the experimental glass and natural samples shows that logfO2 -11.2 +0.25 or NNO+0.8 fits the 1530 Cal. CE magmatic system [START_REF] Scaillet | Experimental crystallization of leucogranite magmas[END_REF][START_REF] Martel | Effects of fO2 and H2O on andesite phase relations between 2 and 4 kbar[END_REF][START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF]Pichavant et al., 2018). This falls in the range expected for intermediate magmas with an intermediate composition which are oxidised and generally range from NNO to NNO+2 [START_REF] Baker | Sulfur diffusion in rhyolite melts[END_REF]. However, as with temperature and pressure it is important to understand whether the fO2 has varied through time or whether it has remained relatively consistent.

This therefore leaves an important gap in knowledge needed to be filled. Our study aims to address the gap in knowledge specifically surrounding: [1] timescales of magmatic processes across a range of eruptions (Chapter 5); [2] the transitions between eruption styles, specifically for explosive eruption styles (Chapter 6), as part of this we will also increase the amount of geochemical data available for this system, and; [3] the volatiles at this system, including their behaviour in the magmatic system and also their emission and interaction with the environment (Chapter 7). En utilisant des analyses spécifiques de la diffusion dans les orthopyroxènes, nous calculons l'échelle de temps entre le dernier événement de recharge/mélange dans le réservoir magmatique et l'éruption. Nous utilisons des images d'électrons rétrodiffusés, couplées à à des analyses de microsonde électroniques au niveau du bord du cristal le plus externe pour obtenir les échelles de temps magmatiques.

Nous modélisons les populations d'échelles de temps comme des processus aléatoires dont les distributions de probabilité fournissent les échelles de temps attendues (" moyennes ") et les erreurs standard associées, pour chaque éruption. Ceci fournit une nouvelle méthode statistique pour comparer les échelles de temps magmatiques entre des éruptions disparates. A partir de cela, nous trouvons que les échelles de temps attendues à La Soufrière de Guadeloupe vont de 35 ±0.37 jours à 848 ±0.4 jours, sans distinction claire entre le style/taille de l'éruption et les échelles de temps observées. Sur la base de ces données, les échelles de temps des interactions magmatiques sont un mauvais prédicteur du style/de la taille des éruptions.

Cette étude montre cependant que les processus magmatiques précédant l'éruption peuvent se produire sur des échelles de temps relativement courtes à La Soufrière de Guadeloupe. Ces échelles de temps peuvent nous aider à comprendre le début de la réactivation volcanique en profondeur, et fournir de nouvelles contraintes pour interpréter les signaux actuels et leur évolution possible. Ces échelles de temps relativement courtes calculées pour les éruptions de La Soufrière de Guadeloupe constituent un nouvel ensemble de données cruciales et justifient l'urgence d'améliorer les capacités de modélisation et d'interprétation des données de surveillance en temps quasi réel. Cela permettra d'améliorer l'alerte précoce, la prévision des éruptions et la gestion des réponses aux crises pour différents scénarios, ainsi que la planification de la réduction des risques à long terme.

Mots Clés : Échelles de temps de diffusion, orthopyroxène, style d'éruption 

Résumé

Les signaux de réactivation volcanique ne donnent généralement pas d'indications sur le moment, la magnitude, l'intensité et le style des futures éruptions. Cependant, l'analyse des éruptions passées fournit des informations utiles afin de comprendre les processus de genèse, de stockage, d'évolution et d'ascension du magma qui conduisent au déclenchement de futures éruptions. Ici, nous examinons les dépôts basaltiquesandésitiques à andésitiques des éruptions holocènes de La Soufrière de Guadeloupe, couvrant une large gamme de styles, d'âges et de magnitudes d'éruptions explosives. Notre travail est opportun étant donné que la réactivation de ce système a augmenté au cours des 25 dernières années, plus particulièrement depuis 2018, et qu'une éruption potentielle aurait un impact direct sur 80 000 personnes dans le sud de la Basse-Terre et potentiellement des milliers d'autres indirectement à l'échelle régionale. Nous présentons une étude sur la géochimie des magmas pré-éruptifs en utilisant des analyses détaillées de verre (inclusions magmatique et verre matriciel) provenant de quatre éruptions explosives holocènes : 1657 Cal. CE (Vulcanien, VEI 2), 1530 Cal. CE (sub-plinien, VEI 3), 1010 Cal. CE (Plinien, VEI 4), et 5680 Cal. CE (Plinien, VEI 4). Les concentrations en éléments majeurs dans la roche totale (WR), le verre matriciel (GM) et les inclusions magmatiques (MI) montrent une forte tendance linéaire. Les MIs révèlent une composition relativement homogène de la plus ancienne à la plus récente éruption, allant de 63,6 à 78,7 % en poids de SiO2. Les volatils, dont H2O (2,3 -4,4 % en poids), CO2 (35 -866 ppm) et le soufre (30 -202 ppm), sont également cohérents entre les différentes éruptions. L'homogénéité de la composition en éléments majeurs et volatils à travers les éruptions indique que la composition du magma n'a pas un contrôle direct sur l'explosivité des éruptions dans ce système. Au lieu de cela, nous trouvons des différences dans la vitesse d'ascension, la viscosité et le pourcentage des microlites du verre matriciel, ce qui indique que le style éruptif explosif de La Soufrière est contrôlé par une combinaison de vitesse d'ascension et de contrôles par des processus qui se propagent vers la profondeur du système et affectent la résistance de la roche, la distribution des contraintes et le développement de la surpression des fluides. Une ascension rapide en l'absence de contrôles descendants entraînera des éruptions explosives dont les processus déclencheurs se propagent de la profondeur vers la surface (par exemple, 1010 Cal. CE dans le cas d'une ascension très rapide ou 1657 Cal. CE dans le cas d'une ascension rapide). Cependant, nous soulignons également l'importance des contrôles descendants, tels que la fermeture des conduits, qui peuvent favoriser le déclenchement d'éruptions explosives, même dans le cas d'une ascension lente du magma (par exemple, 5680 Cal. BCE). Les effets externes peuvent également favoriser les éruptions explosives avec des effondrements de flancs impliqués dans certains scénarios (par exemple, 1530 Cal. CE). Les multiples contrôles sur le déclenchement et le style des éruptions explosives rendent ce système plus dangereux et complexe à modéliser et à surveiller. Afin d'améliorer l'efficacité des systèmes d'alerte précoce, les modèles d'anticipation de scénarios possibles, la réponse aux crises liées aux scénarios d'éruption et la planification de la réduction des risques à long terme, nous insistons sur le fait que les processus internes tels que la fracture et l'étanchéité de la roche hôte (pression interstitielle des fluides) ainsi que les processus externes tels que l'eau se déplaçant dans le système et la stabilité mécanique de l'édifice doivent être surveillés et modélisés de près.

Mots Clés : Inclusions vitreuses, style éruptif, vitesse de remontée, viscosité, La Soufrière 

Introduction

Les volatils sont des constituants chimiques d'un magma qui sont présents en petites quantités (de l'ordre de quelques pourcentages en poids) et se répartissent en phase gazeuse à basse pression [START_REF] Edmonds | Volatiles and exsolved vapor in volcanic systems[END_REF]. Les phases volatiles sont principalement constituées de H2O, CO2, soufre et halogènes (Cl et F). Bien qu'ils soient présents en faibles quantités, les volatils jouent un rôle clé dans le magmatisme d'arc car ils contrôlent la croissance, la taille, l'abondance et la surpression dans les bulles, la croissance et la composition des phases cristallines, la différenciation, l'ascension et la convection du magma, ainsi que, en atteignant l'atmosphère, l'impact sur l'environnement et le climat (ex, Wilson et al. 1980 ;[START_REF] Sisson | Experimental investigations of the role of H 2 O in calc-alkaline differentiation and subduction zone magmatism[END_REF]Sparks et al. 1997 ;[START_REF] Roggensack | Explosive basaltic volcanism from Cerro Negro volcano: influence of volatiles on eruptive style[END_REF][START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF][START_REF] Gurenko | Explosive basaltic volcanism of the Chikurachki Volcano (Kurile arc, Russia): Insights on pre-eruptive magmatic conditions and volatile budget revealed from phenocryst-hosted melt inclusions and groundmass glasses[END_REF][START_REF] Davidson | Primary aqueous fluids in rhyolitic magmas: Melt inclusion evidence for pre-and post-trapping exsolution[END_REF][START_REF] Balcone-Boissard | Behavior of halogens during the degassing of felsic magmas[END_REF]Kelley et al. 2010 ;[START_REF] Edmonds | Volatiles and exsolved vapor in volcanic systems[END_REF]. Les volatils sont le moteur des phénomènes volcaniques ; cela rend leur comportement important pour comprendre les processus volcaniques.

Les volatils peuvent provenir de différentes profondeurs ou niveaux structurels du système magmatique en fonction de l'endroit où se produisent le stockage et le dégazage du magma [START_REF] Scaillet | Experimental constraints on volatile abundances in arc magmas and their implications for degassing processes[END_REF]. Il est important d'en tenir compte dans les volcans d'arc où les processus magmatiques sont supposés se produire dans une large gamme de pressions. Les volatils peuvent être présents sous la forme d'une phase vapeur exsolvée à plusieurs composants (si le magma est saturé en vapeur) ou dissous dans le magma (si le magma est sous-saturé en vapeur) [START_REF] Wallace | From mantle to atmosphere: magma degassing, explosive eruptions, and volcanic volatile budgets[END_REF]. La saturation en vapeur se produit lorsque la pression partielle totale des volatils dissous dans le magma est égale à la pression de confinement [START_REF] Edmonds | Volatiles and exsolved vapor in volcanic systems[END_REF]. Les magmas, en particulier les magmas de compositions intermédiaires à siliciques, deviennent saturés en vapeur à de faibles pressions ou en raison du refroidissement et de la cristallisation et du sous-placage par des magmas riches en CO2 (par exemple, [START_REF] Wallace | Volcanic SO2 emissions and the abundance and distribution of exsolved gas in magma bodies[END_REF][START_REF] Wallace | From mantle to atmosphere: magma degassing, explosive eruptions, and volcanic volatile budgets[END_REF][START_REF] Edmonds | Volatiles and exsolved vapor in volcanic systems[END_REF]. L'exsolution entraîne la formation de bulles qui peuvent déclencher une éruption [START_REF] Tait | Pressure, gas content and eruption periodicity of a shallow, crystallising magma chamber[END_REF].

Lors d'une éruption, l'injection de grandes quantités de volatils et de cendres volcaniques dans l'atmosphère peut entraîner des impacts importants sur l'environnement proche de la source ainsi que sur le climat global. Il est important de prendre en compte la durée de vie atmosphérique des différents composants et les effets radiatifs lors d'une éruption car cela contrôle l'impact qu'ils ont sur l'environnement. Par exemple, les cendres volcaniques peuvent avoir un impact limité sur le système climatique car elles sont éliminées par sédimentation en peu de temps (de l'ordre de quelques semaines) après l'éruption.

Les émissions volcaniques de H2O et de CO2 ont une contribution négligeable aux émissions mondiales. Le HCl injecté dans la troposphère est rapidement lessivé en raison de sa grande solubilité dans l'eau, et n'a donc qu'un impact à court terme [START_REF] Halmer | The annual volcanic gas input into the atmosphere, in particular into the stratosphere: a global data set for the past 100 years[END_REF]. De même, le SO2 injecté dans la troposphère n'a également qu'une courte durée de vie (~semaines) et donc un impact à court terme en raison de la présence de grandes quantités d'eau dans la troposphère. Les émissions anthropiques de soufre sont responsables du niveau de base du soufre dans la troposphère. Les émissions anthropiques de soufre dominent en effet le bilan du soufre dans la troposphère, bien que les volcans apportent une contribution importante.

Cependant, l'effet le plus important des volatils se produit lorsqu'ils atteignent la stratosphère. Pour les halogènes, cet impact est lié à l'ozone [START_REF] Staunton-Sykes | Co-emission of volcanic sulfur and halogens amplifies volcanic effective radiative forcing[END_REF], tandis que pour le SO2, il est dû à la formation d'aérosols sulfatés. Les espèces soufrées, en particulier les aérosols sulfatés, ne sont que légèrement solubles, leur élimination est donc lente et ils peuvent résider dans la stratosphère pendant 1 à 2 ans [START_REF] Robock | Volcanic eruptions and climate[END_REF], Timmreck 2012). Le soufre qui atteint la stratosphère est transformé en gouttelettes d'acide sulfurique qui diffusent le rayonnement solaire, dont une partie retourne dans l'espace. En outre, les aérosols sulfatés absorbent et émettent des rayonnements solaires et terrestres à ondes longues. L'effet des ondes courtes domine dans la troposphère et à la surface, entraînant un refroidissement net, tandis que les effets des ondes longues entraînent un réchauffement de la stratosphère [START_REF] Robock | Volcanic eruptions and climate[END_REF].

Mots-Clés : inclusions fondues, volatils, émissions volatiles, émissions de SO2 Keywords: melt inclusions, volatiles, volatile emissions, SO2 emissions

Introduction

Volatiles are chemical constituents of a magma which are present in small amounts (on the order of a few weight percent) and partition into a gas phase at low pressures [START_REF] Edmonds | Volatiles and exsolved vapor in volcanic systems[END_REF].

Volatile phases are predominantly made up of H2O, CO2, sulphur and halogens (Cl and F). Though they are present in low amounts, they play a key role in arc magmatism as they 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;[START_REF] Sisson | Experimental investigations of the role of H 2 O in calc-alkaline differentiation and subduction zone magmatism[END_REF]Sparks et al., 1997;[START_REF] Roggensack | Explosive basaltic volcanism from Cerro Negro volcano: influence of volatiles on eruptive style[END_REF][START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF][START_REF] Gurenko | Explosive basaltic volcanism of the Chikurachki Volcano (Kurile arc, Russia): Insights on pre-eruptive magmatic conditions and volatile budget revealed from phenocryst-hosted melt inclusions and groundmass glasses[END_REF][START_REF] Davidson | Primary aqueous fluids in rhyolitic magmas: Melt inclusion evidence for pre-and post-trapping exsolution[END_REF][START_REF] Balcone-Boissard | Behavior of halogens during the degassing of felsic magmas[END_REF]Kelley et al., 2010;[START_REF] Edmonds | Volatiles and exsolved vapor in volcanic systems[END_REF]. Volatiles are the driving engine of volcanic phenomena; this makes the behaviour of volatiles important to understand volcanic processes.

Volatiles can be derived from various depths or structural levels of the magma system according to where storage and degassing of magma is occurring [START_REF] Scaillet | Experimental constraints on volatile abundances in arc magmas and their implications for degassing processes[END_REF]. This is important to consider at arc volcanoes where magmatic processes are hypothesized 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) [START_REF] Wallace | From mantle to atmosphere: magma degassing, explosive eruptions, and volcanic volatile budgets[END_REF]. Vapour saturation occurs when the total partial pressure of dissolved volatiles in the magma is equal to the confining pressure [START_REF] Edmonds | Volatiles and exsolved vapor in volcanic systems[END_REF]. Magmas, particularly intermediate to silicic magmas, become vapour saturated at low pressures or due to cooling and crystallisation and underplating by CO2-rich magmas (e.g., [START_REF] Wallace | Volcanic SO2 emissions and the abundance and distribution of exsolved gas in magma bodies[END_REF][START_REF] Wallace | From mantle to atmosphere: magma degassing, explosive eruptions, and volcanic volatile budgets[END_REF][START_REF] Edmonds | Volatiles and exsolved vapor in volcanic systems[END_REF]. Exsolution results in bubbles forming which may trigger an eruption [START_REF] Tait | Pressure, gas content and eruption periodicity of a shallow, crystallising magma chamber[END_REF].

During an eruption the injection of large quantities of volatiles and volcanic ash can result in important impacts on the near source environment as well as on global climate. It is important to consider the different components, atmospheric lifetime and radiative effects on eruption as this controls the impact they have on the environment. For example, volcanic ash may have a limited impact on the climate system as it is removed by sedimentation shortly (on the order of weeks) after eruption.

Volcanic H2O and CO2 emissions have a negligible contribution to global H2O and CO2. HCl injected into the troposphere is rapidly washed out due to a high solubility in water, so only has a short-term impact [START_REF] Halmer | The annual volcanic gas input into the atmosphere, in particular into the stratosphere: a global data set for the past 100 years[END_REF]. Similarly, SO2 injected in the troposphere also only have a short lifetime (~weeks) and so a short-term impact due to the presence of high amounts of water in the troposphere. Anthropogenic sulphur emissions account for the background level of sulphur in the troposphere, Anthropogenic sulphur emissions indeed dominate the tropospheric sulphur budget, although volcanoes are an important contribution.

However, the greatest effect of volatiles occurs if they reach the stratosphere. For halogens this impact is related to ozone [START_REF] Staunton-Sykes | Co-emission of volcanic sulfur and halogens amplifies volcanic effective radiative forcing[END_REF], whereas for SO2 this is due to the formation of sulphate aerosols. Sulphur species, particularly sulphate aerosols are only slightly soluble so have a slow removal and can reside in the stratosphere for 1-2 years [START_REF] Robock | Volcanic eruptions and climate[END_REF]Timmreck, 2012). Sulphur which reaches the stratosphere is converted into sulphuric acid droplets which scatter solar radiation, some of which reaches back into space. In addition, sulphate aerosols absorb and emit longwave solar and terrestrial radiation. The shortwave effect dominates in the troposphere and at the surface, resulting in a net cooling, whereas the longwave effects results in stratospheric warming [START_REF] Robock | Volcanic eruptions and climate[END_REF]Timmreck, 2012). The stratospheric sulphur budget is almost completely controlled by volcanic emission and it is difficult to define a background which is not affected by volcanic input [START_REF] Solomon | The persistently variable "background" stratospheric aerosol layer and global climate change[END_REF]. The climatic effect of volcanic stratospheric aerosol is commonly measured via the stratospheric aerosol optical depth (SAOD, unitless) and effective radiative forcing (ERF, W/m 2 ), with even small eruptions resulting in changes to the background level and discernible cooling [START_REF] Santer | Volcanic contribution to decadal changes in tropospheric temperature[END_REF][START_REF] Schmidt | Volcanic radiative forcing from 1979 to 2015[END_REF].

Volatiles also play an important role at volcanic systems during quiescent phases of activity, when volatiles are passively degassed. Volatiles in the exsolved phase are thought to be transported through permeable bubble networks [START_REF] Eichelberger | Non-explosive silicic volcanism[END_REF], or through the mush along quasi-brittle fractures at high gas fractions and viscous fingering which could allow relatively fast migration [START_REF] Gonnermann | Explosive volcanism may not be an inevitable consequence of magma fragmentation[END_REF][START_REF] Edmonds | A volcanic degassing event at the explosive-effusive transition[END_REF][START_REF] Huber | Thermo-mechanical reactivation of locked crystal mushes: Melting-induced internal fracturing and assimilation processes in magmas[END_REF][START_REF] Cabrera | Melt fracturing and healing: A mechanism for degassing and origin of silicic obsidian[END_REF][START_REF] Castro | Mechanisms of bubble coalescence in silicic magmas[END_REF]Oppenheimer et al., 2015). It is particularly important to consider mafic underplating of a more silicic magma at systems like La Soufrière, given the presence of an exsolved phase [START_REF] Annen | The genesis of intermediate and silicic magmas in deep crustal hot zones[END_REF]. 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 (Chapter 1; [START_REF] Bachmann | Gas percolation in upper-crustal silicic crystal mushes as a mechanism for upward heat advection and rejuvenation of near-solidus magma bodies[END_REF]. Crystal mushes are also thought to be able to 'hold' exsolved gases in liquid layers which can contribute to rapid outgassing of volatiles in some cases [START_REF] Huber | Thermo-mechanical reactivation of locked crystal mushes: Melting-induced internal fracturing and assimilation processes in magmas[END_REF]Oppenheimer et al., 2015).

There are two methods to estimate the flux of volatiles, direct measurement and using the petrologic method. Direct measurements during eruption or degassing provides a direct proxy for atmospheric input, but can vary greatly depending on the phase of activity. UV remote sensing techniques (e.g., COSPEC and miniDOAS) are the commonly method to estimate the fluxes, especially SO2 flux, which in turn, combine with gas ratios, can give volcanic fluxes for any species. However, such techniques often have limited use at hydrothermal systems such as La Soufrière as they require the presence of SO2, which is often scrubbed at hydrothermal systems leaving sulphur present almost uniquely as H2S. These techniques can also only be used for active volcanoes and for monitored eruptions and cannot be used on ancient or historical eruptions.

In order, to estimate the volatile flux from past eruptions, such as those discussed in this study, the petrologic method must be used (Chapter 7.3.1). This method compares the dissolved volatile content in MI to the GM volatile content, scaled to the eruption volume, this provides an estimation of volatile emissions. MI themselves are useful for constraining volatile contents dissolved in the magma before degassing and eruption.

Driving an Eruption: Mineral Phase Growth, Magma Differentiation and Ascent

In order to understand the volatile data, we must first understand the relationship of the different eruptions studied and whether they have evolved along similar trajectories from a similar parental magma. Pichavant et al. (2018) consider a composition similar to Echelle (341 Cal. CE) as the parental magma, however, we choose the Monts Caraïbes basalt to represent the parental magma. This is because we find the Monts Caraïbes is the most primitive magma reported here and across Guadeloupe and is often considered as the composition of the supply system from the upper mantle [START_REF] Bissainte | Le complexe des Monts Caraïbes de Guadeloupe (Arc des Petites Antilles) Etude pétrographique, minéralogique et géochimique[END_REF][START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF].

Phase Assemblage

One use of MELTS is to look at phase assemblages (e.g., Cassidy et al., 2019). For these calculations the starting MC composition was cooled from the liquidus to 650 o C under isobaric conditions, the run was repeated at 10 MPa intervals between 100 -250 MPa. This allowed the phases precipitating as temperature decreased to be recorded. We chose to start at the liquidus temperature as this ensured no phases had already crystallised, and to finish at 650 o C as this ensured the majority of major phases had precipitated. At temperatures lower than 650 o C, little liquid remains in the system and the MELTS model becomes less accurate, due to the data used for calibration (Ghiorso & Sack, 1995;[START_REF] Asimow | Algorithmic modifications extending MELTS to calculate subsolidus phase relations[END_REF][START_REF] Gualda | Rhyolite-MELTS: a modified calibration of MELTS optimized for silica-rich, fluid-bearing magmatic systems[END_REF]. In order, to understand when different phases precipitate it is important to cover a range of pressures. We chose 100 -250 MPa as this covers the pressures calculated using MI, plus allows us to understand if pressures changes affect when phases precipitate in this system. 

Major Element Behaviour During Magma Evolution

Next, we have used MELTS in order to understand the relation between the Monts Caraïbes and La Soufrière eruptions. We observe a continuous liquid line of descent through the geochemistry dataset, starting at the basaltic Monts Caraïbes samples to the most evolved inclusions from the 1530 Cal. CE eruption (Fig 7 .2). This suggests that the more evolved magmas have a genetic link with the primitive magma involved in the early Monts Caraïbes eruptions. In order to investigate the compositional trends reported here, we completed four MELTS runs starting from the average Monts Caraïbes melt inclusion composition and four MELTS runs starting from the least evolved melt inclusion composition (Fig 7 .2).

We investigated both fractional and equilibrium crystallisation scenarios under both isobaric and decompression conditions. For these scenarios the system was started at the liquidus temperature (1220 o C), 220 MPa and a fixed oxygen fugacity of NNO+0.8. We chose 220 MPa as this is the highest pressure calculated using melt inclusions, higher pressures were tested but failed to reproduce the trends observed. For all scenarios temperature was then decreased at 20 o C intervals from the liquidus to 650 o C or until no more liquid was left, this usually occurred before 650 o C however. For isobaric scenarios (Fig 7 .3) pressure was held at 220 MPa and decreased to 50 MPa at 5 MPa intervals, for decompression scenarios (Fig 7 .3).

Fractional crystallisation generally provides a closer fit to the compositional trends (Fig 7.3). This strengthens the hypothesis that all La Soufrière and Echelle (341 Cal. CE) magmas are derived from a similar parental magma of a composition close to that of the Monts Caraïbes. However, different simulations provide a reasonable fit for the compositional trends of different elements, depending on the starting composition. This could suggest the Monts Caraïbes has a variable composition, from which fractional crystallisation is occurring (Fig 7 .3).

We therefore propose the hypothesis that batches of magma, which are of a Monts Caraïbes composition, will undergo fractional crystallisation below the mush system to produce the evolved suites of magma hosted in the mush system. The eruptions then tap these suites of the evolved magma. However, we observe a chemical variability within the La Soufrière eruptions (e.g., the most evolved data is not from the youngest eruptions), which is better explained by the mush model proposed for this system and the initial chemical variability of the Monts Caraïbes. 

Volatile Element Behavior During Magma Evolution

It is important, initially, to understand whether the volatile elements in the MI represent the volatile elements in the magma, particularly, if any H2O loss has occurred from the inclusions. Our methods are described in Chapter 3 and here we detail the results of our deuterium measurements (Fig. 7.4). Deuterium is expressed as δD (the permil deviation from Standard Mean Ocean Water (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 [START_REF] Shaw | Hydrogen isotopes in Mariana arc melt inclusions: Implications for subduction dehydration and the deep-Earth water cycle[END_REF]. [START_REF] Kyser | Hydrogen isotope systematics of submarine basalts[END_REF][START_REF] Shaw | Hydrogen isotopes in Mariana arc melt inclusions: Implications for subduction dehydration and the deep-Earth water cycle[END_REF][START_REF] Portnyagin | Experimental evidence for rapid water exchange between melt inclusions in olivine and host magma[END_REF]Metrich and Deloule, 2014). This shows the Monts Caraïbes and 341 Cal. CE eruptions have experienced H2O loss, which explains the very low H2O values recorded in these inclusions. This shows we can use the 1657 Cal. CE, 1010 Cal. CE and 5680 Cal. BCE H2O data as these represent variably degassed melts, but that the 341 Cal. CE and Monts Caraïbes data cannot be used as they have experienced post-entrapment H2O loss and do not represent the H2O content of the melt originally trapped. [START_REF] Blundy | Petrologic reconstruction of magmatic system variables and processes[END_REF]. Alternatively, this could also relate to the effects of decompression on magmas in a polybaric storage zone [START_REF] Blundy | Petrologic reconstruction of magmatic system variables and processes[END_REF]. No distinction is made between CO2 and the eruption style, however, the 341 Cal. CE Strombolian eruptions records distinctly higher CO2 contents.

S data ranges from <100 -780 ppm, which includes data from the 1530 Cal. CE and 341 Cal. CE eruptions (Fig 7.5). S shows a weak positive correlation, with S increasing with increasing K2O. The average GM values range from 100 -225 ppm and fit into this trend, with lower K2O and lower S values than many of the MI. There is no correlation between eruption style and S content.

The Cl data ranges from 0.10 -0.36 wt% and includes data from the 1530 Cal. CE and 341 Cal. CE eruptions. The data is relatively clustered in comparison to the other volatiles with no clear correlation with K2O. The GM values are again generally show lower K2O and lower Cl than the MI, this is observed noticeably in the 341 Cal. CE and 1530 Cal. CE eruptions where there is no overlap between MI and GM data. F data ranges from <100 -680 ppm with values below 100 ppm which are below the detection limit clear separated from the remainder of the data (Fig 7.5). The data above the detection limit shows a weak positive correlation. Generally, the F values for the GM is also below the detection limit except for the 341 Cal. CE eruption where the GM shows similar F values to the MI. No distinction is made between eruption style and halogen content.

Next, we plot volatile/K2O graphs vs K2O which can reveal degassing and crystallisation trends (Fig 7.6).

For example, H2O/K2O vs K2O shows a clear negative trend which indicates that degassing and crystallisation of the magmas have occurred. The 1657 Cal. CE also appears to generally have lower H2O and higher K2O which could suggest the magma was undergoing progressive crystallisation and degassing which would have resulted in the younger magmas being more evolved and with lower volatile contents. The S/K2O vs K2O trend is less clear but appears to be more marked than what is observed for the trend of H2O/K2O vs K2O, particularly when the individual magma suites are analysed, Overall, the volatile data appear coherent with fractional crystallisation from a Monts Caraïbes primitive composition magma within a mush system. However, there also appears to be shallow degassing processes additionally affecting the volatiles, which can explain some variability observed.

Degassing Processes

We chose to investigate degassing processes in the La Soufrière magmas and not the parental magma because of the volatile loss that affected the Monts Caraïbes MI. Sulphur can be removed from a magma through several degassing processes, including [START_REF] Moretti | Chapter 6 Ionic Syntax and Equilibrium Approach to Redox Exchanges in Melts: Basic Concepts and the Case of Iron and Sulfur in Degassing Magmas[END_REF]; [1] S 2-loss via H2S degassing;

[2] S 2-loss via SO2 degassing; [3] SO4 2-loss via SO2 degassing; [4] S 2-and SO4 2-loss through disproportionation of sulphate and sulphide ions and SO2 degassing; and, [5] S 2-and SO4 2-loss through joint degassing of SO2 and H2S in a 1:1 proportion, as typically observed in andesitic volcanism (equations available in [START_REF] Moretti | Chapter 6 Ionic Syntax and Equilibrium Approach to Redox Exchanges in Melts: Basic Concepts and the Case of Iron and Sulfur in Degassing Magmas[END_REF].

To understand degassing processes in the La Soufrière magma we use CHOSETTO v1 (Moretti et al., 2003;[START_REF] Moretti | On the oxidation state and volatile behavior in multicomponent gasmelt equilibria[END_REF]. CHOSETTO computes degassing for of H2O, CO2, SO2 and H2S in magmatic melts and also has the feature of computing the FeO/Fe2O3 redox ratio, the amounts of sulphur dissolved as sulphide and sulphate and so, the S-redox ratio. This allows us to not only investigate the H2O-CO2 degassing but also understand the impact of S and the role of total volatiles on the degassing trends. Based on sulphur plus iron redox [START_REF] Ottonello | Oxidation state of iron in silicate glasses and melts: a thermochemical model[END_REF]Moretti andOttonello, 2003, 2005;[START_REF] Moretti | Polymerisation, basicity, oxidation state and their role in ionic modelling of silicate melts[END_REF] 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[START_REF] Edmonds | Excess volatiles supplied by mingling of mafic magma at an andesite arc volcano[END_REF](Aiuppa et al., , 2017;;[START_REF] Edmonds | Excess volatiles supplied by mingling of mafic magma at an andesite arc volcano[END_REF]Marini et al., 2011;Oppenheimer et al., 2011;[START_REF] Pino | Seismic precursors of a basaltic paroxysmal explosion track deep gas accumulation and slug upraise[END_REF]Moretti et al., 2013aMoretti et al., , b, 2018;;de Moor et al., 2016). The program can be downloaded from https://github.com/charlesll//chosetto (DOI: 10.5281/zenodo.5554941). The CHOSETTO.exe program (for Windows®) is there available together with instructions to run it and relevant information on licensing and credit to be given.

The average MI composition comes from the 5680 Cal. 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). 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 [START_REF] Scaillet | The Role of CO 2 on Silica Undersaturated Melt Structure: Implication for Melt Physical Properties[END_REF]. Although the degassing paths under open conditions under NNO-0.5 conditions (Fig 7 .6C) fit closer to the dataset, this does not produce the steep decrease in sulphur over a small range of S contents (Fig 7 .7A).

We interpret the vertical drop in S over a constant H2O across the different magmas as evidence for S-separation which results in each magma suite having a different initial S content [START_REF] Luhr | The 1982 eruptions of El Chichón Volcano, Chiapas, Mexico: mineralogy and petrology of the anhydritebearing pumices[END_REF][START_REF] Williams | Sulfur dioxide from Nevado del Ruiz volcano, Colombia: total flux and isotopic constraints on its origin[END_REF][START_REF] Andres | Excessive sulfur dioxide emissions from Chilean volcanoes[END_REF][START_REF] Gerlach | Total sulfur dioxide emissions and pre-eruption vapor-saturated magma at Mount St. Helens, 1980-88[END_REF]Gerlach et al., 1994;1996;[START_REF] Wallace | Magmatic vapor source for sulfur dioxide released during volcanic eruptions: evidence from Mount Pinatubo[END_REF]Scaillet et al., 1998;[START_REF] Collins | Two phases of sulphide saturation in Réunion magmas: Evidence from cumulates[END_REF][START_REF] Mungall | Transport of metals and sulphur in magmas by flotation of sulphide melt on vapour bubbles[END_REF][START_REF] Yao | Flotation mechanism of sulphide melt on vapour bubbles in partially molten magmatic systems[END_REF]Moretti et al., submitted). For the 5680 BCE and 1657 CE eruptions (Fig 7 .7A; D) this could potentially be continuous down to ~100 of dissolved sulphur, however, as no sulphides are observed this is difficult to accurately understand.

S is removed from the magma by loss of S 2-via sulphide separation as liquid FeS or pyrrhotite (po) (Marini et al., 2011;[START_REF] Moretti | Chapter 6 Ionic Syntax and Equilibrium Approach to Redox Exchanges in Melts: Basic Concepts and the Case of Iron and Sulfur in Degassing Magmas[END_REF]:
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Sulphide precipitation results in patchy sulphur distribution through the magma and requires the calculation of the sulphur budged (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 (Moretti et al., submitted). 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 [START_REF] Moretti | Modeling the interplay of fO2 and fS2 along the FeS-silicate melt equilibrium[END_REF][START_REF] Jenner | Cumulate causes for the low contents of sulfide-loving elements in the continental crust[END_REF][START_REF] Yao | Flotation mechanism of sulphide melt on vapour bubbles in partially molten magmatic systems[END_REF]Moretti et al., submitted).

Sulphide saturation and separation is an important process in arc magmas, which occurs at the base of the mush zones prior to magma ascent [START_REF] Jenner | Cumulate causes for the low contents of sulfide-loving elements in the continental crust[END_REF]. 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 [START_REF] Collins | Two phases of sulphide saturation in Réunion magmas: Evidence from cumulates[END_REF]. 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 floatation. This could provide a mechanism to transport sulphides through to shallower levels of the magma system and account for the release of excess S [START_REF] Mungall | Transport of metals and sulphur in magmas by flotation of sulphide melt on vapour bubbles[END_REF][START_REF] Edmonds | A distinct metal fingerprint in arc volcanic emissions[END_REF][START_REF] Lee | How to make porphyry copper deposits[END_REF][START_REF] Yao | Flotation mechanism of sulphide melt on vapour bubbles in partially molten magmatic systems[END_REF]. This increases the complexity of understanding the S budget at this system, particularly when considering the S emissions at the surface.

Our data shows 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 varies between melt composition, particularly the FeO content of the melt and pressure [START_REF] Carroll | Sulfide and sulfate saturation in hydrous silicate melts[END_REF][START_REF] Moretti | Modeling the interplay of fO2 and fS2 along the FeS-silicate melt equilibrium[END_REF]. We therefore estimate the sulphur concentration for the 1657 Cal. CE, 1010 Cal. CE and 5680 Cal. BCE magmas using the equation presented by Liu et al. (2007) to estimate the sulphur concentration of silicate melts at sulphide saturation (SCSS). Liu et al. (2007) constructed a model to predict SCSS in magmas ranging from basalts to rhyolites with a range of water contents. This model predicts SCSS in the 1657 Cal. CE, 1010 Cal. CE and 5680 Cal. 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 Cal. CE, 1010 Cal. CE and 5680 Cal. 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 Table 7.1. We used the maximum H2O and CO2 measured in each eruption, except for the 1010 Cal. CE eruption which we used 900 ppm (as in the 5680 BCE scenario), as CO2 was too low to allow saturation.

Each scenario was decompressed from the pressure calculated from the MIs, as shown in Table 7.1. 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. 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 (Fig 7 .7B). However, under more oxidised conditions (NNO+0.8) the degassing path does not fit the trend observed in the data. This is also observed starting from 350 ppm S, with degassing paths at NNO-0.5 fitting the data (Fig 7 .7D). At lower S contents (250 ppm), more oxidised degassing paths appear more feasible (Fig 7 .7C).

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 should not surprise 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 (e.g., Moretti et al., submitted). Although the exact mechanism promoting this change is unclear, it is important to document the change in oxidation state in future efforts aimed at modelling the La Soufrière system.

Progressive reduction (or oxidation of magmas) during degassing has been modelled and observed for several systems (e.g., [START_REF] Anderson | Phenocrysts and glass inclusions and their bearing on oxidation and mixing of basaltic magmas, Kilauea volcano, Hawaii[END_REF][START_REF] Candela | The evolution of aqueous vapor from silicate melts: Effect on oxygen fugacity[END_REF][START_REF] Carmichael | Oxidation-reduction relations in basic magma: a case for homogeneous equilibria[END_REF][START_REF] Burgisser | Redox evolution of a degassing magma rising to the surface[END_REF][START_REF] Métrich | The oxidation state of sulfur in synthetic and natural glasses determined by X-ray absorption spectroscopy[END_REF][START_REF] Gaillard | Atmospheric oxygenation caused by a change in volcanic degassing pressure[END_REF][START_REF] Gaillard | The redox geodynamics linking basalts and their mantle sources through space and time[END_REF][START_REF] Kelley | The influence of magmatic differentiation on the oxidation state of Fe in a basaltic arc magma[END_REF][START_REF] Moussallam | The impact of degassing on the oxidation state of basaltic magmas: a case study of Kīlauea volcano[END_REF][START_REF] Moussallam | Tracking the changing oxidation state of Erebus magmas, from mantle to surface, driven by magma ascent and degassing[END_REF][START_REF] Brounce | Redox variations in Mauna Kea lavas, the oxygen fugacity of the Hawaiian plume, and the role of volcanic gases in Earth's oxygenation[END_REF][START_REF] Hughes | The sulfur solubility minimum and maximum in silicate melt[END_REF]. Hughes et al. (submitted) demonstrate the fO2 of the magma after degassing will not represent the fO2 of the initial melt (unless degassing began near the sulphur-solubility minimum) which would explain the variation in fO2 at La Soufrière.

This decrease in fO2 from oxidised conditions to reduced conditions has been reported at Etna (Gennaro et al., 2021;Moretti et al., submitted) and Kilauea [START_REF] Moussallam | Volcanic gas emissions and degassing dynamics at Ubinas and Sabancaya volcanoes; implications for the volatile budget of the central volcanic zone[END_REF]. At Etna the fO2 decrease relates to decreasing dissolved H2O and decreasing pressure, as water loss for magmas rising to the surface will favour reduced conditions. At Kilauea this decrease is related to sulphur degassing without the involvement of H2O and CO2. 

Volatile Emissions

Petrological Method

The petrologic method was developed by [START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF] and is the only method available to estimate volatile emissions from past eruptions. As this method does not involve direct measurements of emissions, this leads to some uncertainties when using this method, including: uncertainties in the volume of degassed magma, underestimation of the volatile content in MI [START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF][START_REF] Moune | Recent volatile evolution in the magmatic system of Hekla volcano, Iceland[END_REF][START_REF] Venugopal | Melt inclusion vapour bubbles: the hidden reservoir for major and volatile elements[END_REF], co-existence of a pre-eruptive vapour that cannot be accounted for.

For each eruption we use the maximum MI volatile content (which represents the volatile composition dissolved at depth), the GM volatile content (which represents the remaining volatile content following degassing during an eruption; (e.g., [START_REF] Thordarson | Sulfur, chlorine, and fluorine degassing and atmospheric loading by the 1783-1784 AD Laki (Skaftár Fires) eruption in Iceland[END_REF][START_REF] Moune | Recent volatile evolution in the magmatic system of Hekla volcano, Iceland[END_REF][START_REF] Zurek | Melt inclusion evidence for long term steady-state volcanism at Las Sierras-Masaya volcano, Nicaragua[END_REF] and the estimated mass of the eruption (from Legendre, 2012). A minimum estimate must be assumed because the petrologic method does include volatile contributions from unerupted magma at depth, because the MI could have trapped a melt already degassed and the eruption masses are with large errors. For H2O and CO2 in the groundmass glass is considered to be completely degassed. The values inputted using the petrologic method are shown in Table 7.2.

7.4.1.a Percentage Degassing

The petrologic method allows us to calculate the percentage of degassing of the pre-eruptive magma (represented by the MI) for S, Cl and F ( percentage for both eruptions. The 5680 Cal. BCE eruption also has a small amount of F degassing (25%) in comparison to S and Cl. The 341 Cal. CE eruption shows a comparable F degassing at 24% (Table 7.2).

7.4.1.b Volatile Emissions

The volatile emissions are calculated by comparing the MI and GM content and scaling to the mass of the eruption using the eruption volume and rock density (2450 kg/m 3 for all eruptions (Barnoud et al., 2016)). Estimated eruption volume are calculated by Legendre 2012 and shown in Table 2.1 but the eruption volume is the main source of error in the calculation of volatile emissions. Emissions for each volatile species are reported in The emissions of SO2 also constitute a relatively minor component in the 1657 Cal. CE and 341 Cal. CE eruptions with 0.001 and <0.0001 Mt, respectively, which corresponds to <1% of total emissions in both eruptions (Fig 7.9;Fig 7.10). SO2 emissions are higher in the two Plinian eruptions, with the 1010 Cal. CE eruption emitting 0.19 Mt and the 5680 Cal. BCE eruption emitting 0.25 Mt, which corresponds to ~2% of total emissions in both eruptions. It is important to consider that SO2 calculated from MI is usually lower than remote sensing measurements of a plume [START_REF] Wallace | From mantle to atmosphere: magma degassing, explosive eruptions, and volcanic volatile budgets[END_REF].

HCl emissions are higher with the two Plinian (VEI 4) eruptions which both emitted 0.4 Mt of HCl. 1530 Cal. CE also has a relatively high HCl emission at 0.22 Mt, in comparison to 1657 Cal. CE and 341 Cal. CE eruptions which emitted 0.003 and 0.008 Mt respectively of HCl. HCl makes up ~3% of total volatile emissions for the 1657 Cal. CE, 1010 Cal. CE and 5680 Cal. BCE eruptions, and 40% for the 341 Cal. CE eruption due to the loss of H2O. Finally, only the 5680 Cal. BCE and 341 Cal. CE eruptions show HF emissions at 0.0003 -0.044 Mt respectfully, which corresponds to <2% of the eruption emissions (Fig 7.8;Fig 7.9).

Total volatile emissions show a correlation with VEI, with the more intense VEI 4 eruptions having higher total volatile emissions (Fig 7.10). Eruptions with the same VEI have comparable total volatile emissions, this is due to the petrological method which requires scaling of the emissions to erupted volume. The expected timescales calculated in the diffusion timescale study show no correlation with the total volatile emissions. The 1657 Cal. CE and 5680 Cal. BCE eruptions have comparable expected timescales; however, the total volatile emissions are very different (Fig 7.10). The groundmass glass plus microlites viscosity correlates with the total volatile emissions, with a higher groundmass glass viscosity correlating with lower total volatile emissions. This suggests lower viscosity in the groundmass glass allows for more degassing and higher volatile emissions. Faster ascent rates correlate with higher total volatile emissions (Fig 7 .10A; 7.10C), however, this is not observed in all the eruptions due to top-down effects which have allowed slow ascending magmas to result in large eruptions.

Global Comparison

It is important to integrate our results into a global context by comparing the La Soufrière emissions to other subduction zone volcanoes across the globe. SO2 data is readily available and is also one of the most important volatiles emitted due to its impact on the climate (Chapter 7.5). Hence, we focus on SO2 emissions, comparing our data to other systems where the petrologic method has been used to calculate SO2 emissions (Fig 7.11). The collated data generally covers eruptions larger (>VEI 4) than those studied here, however, some data also exist for eruptions of lesser intensity.

The global database shows SO2 emissions increase with erupted volume, the La Soufrière eruptions generally fit with this trend with the exception of the 341 Cal. CE eruption where SO2 appears underestimated for the volume of magma (or vice versa with the volume of magma over estimated).

The VEI 5 5680 Cal. BCE and 1010 Cal. CE eruption SO2 emissions are very comparable to eruptions [START_REF] Mandeville | Open-system degassing of sulfur from Krakatau 1883 magma[END_REF]Pinatubo 1991 (pi;[START_REF] Westrich | Magmatic gas source for the stratospheric SO2 cloud from the June 15, 1991, eruption of Mount Pinatubo[END_REF]; Toba 71000 BP (tob; Scaillet et al.,1998b;Zielinski et al., 1996b); Tambora 1815 (tam; [START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF]Scaillet et al., 1998b) 1902 (mp;[START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF]; Roseau Tuff 28000 BP (ros; [START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF]; Soufrière St Vincent 1979 (ssv;[START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF][START_REF] Devine | The liquid composition and crystallization history of the 1979 Soufriere magma, St. Vincent[END_REF]; Unzen 1991 (u; [START_REF] Scaillet | Experimental constraints on volatile abundances in arc magmas and their implications for degassing processes[END_REF]; Shinmoedake 2011 (shi; Mori and Kato 2013); Santa Maria 1902 (sm; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF][START_REF] Rose | Santa María, Guatemala: bimodal soda-rich calc-alkalic stratovolcano[END_REF]Pacaya 1972 (pac;[START_REF] Andres | Excessive sulfur dioxide emissions from Chilean volcanoes[END_REF]), Fuego 1974 (f;[START_REF] Rose | Volcán El Chichón, Mexico: pre-1982 S-rich eruptive activity[END_REF][START_REF] Roggensack | Sizing up crystals and their melt inclusions: a new approach to crystallization studies[END_REF]El Chichon 1982 (ec;[START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF][START_REF] Carey | The 1982 eruptions of El Chichón volcano, Mexico (2): Observations and numerical modelling of tephra-fall distribution[END_REF][START_REF] Krueger | Volcanic sulfur dioxide measurements from the total ozone mapping spectrometer instruments[END_REF][START_REF] Luhr | Sulfur isotope systematics of the 1982 El Chichón trachyandesite: An ion microprobe study[END_REF]Ruiz 1985 (ru;Sigurdsson et al., 1990b);Lascar 1989 (ls;[START_REF] Andres | Excessive sulfur dioxide emissions from Chilean volcanoes[END_REF][START_REF] Matthews | The Piedras Grandes-Soncor eruptions, Lascar volcano, Chile; evolution of a zoned magma chamber in the central Andean upper crust[END_REF]; Rabaul (ra; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF]; Coseguina 1835 (cos; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF]Huaynaputina (hu;[START_REF] Costa | Diffusion coupling between trace and major elements and a model for calculation of magma residence times using plagioclase[END_REF]Mount St Helen's 1980, 1800, 1480 (msh;[START_REF] Gerlach | Total sulfur dioxide emissions and pre-eruption vapor-saturated magma at Mount St. Helens, 1980-88[END_REF][START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF]Bezymianny 1956 (bz;[START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF][START_REF] Zielinski | Stratospheric loading and optical depth estimates of explosive volcanism over the last 2100 years derived from the Greenland Ice Sheet Project 2 ice core[END_REF]Redoubt 1989-91 (re;Gerlach et al., 1994;[START_REF] Nye | Geochemistry of the 1989-1990 eruption of Redoubt Volcano: Part I. Whole-rock major-and trace-element chemistry[END_REF]Katmai 1912(kt;[START_REF] Westrich | Degassing of the 1912 Katmai magmas[END_REF]; Minoan 3650 BP (min; [START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF]Sigurdsson et al., 1990a); Campanian (cam; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF][START_REF] Civetta | Geochemical zoning, mingling, eruptive dynamics and depositional processes-the Campanian Ignimbrite, Campi Flegrei caldera, Italy[END_REF]; Stromboli 1980-93 (s;[START_REF] Allard | Sulphur output and magma degassing budget of Stromboli volcano[END_REF]; Tarawera 1886 (tar; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF]; Taupo 181 Cal. CE. (tau; [START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF].

with similar magma volumes (e.g., Mount Unzen 1991 which had a volume of 0. Although the petrologic method underestimates the quantification of volcanic emissions, the global database shows that using this method can provide reasonable minimum estimates for volatile emissions from La Soufrière past eruptions.

Volatiles and the Atmosphere

Sulphur is considered the most important volatile emitted during eruptions in terms of its climatic impact [START_REF] Emiliani | Paleotemperature analysis of Caribbean cores P6304-8 and P6304-9 and a generalized temperature curve for the past 425,000 years[END_REF][START_REF] Van Donk | O18 record of the Atlantic Ocean for the entire Pleistocene Epoch[END_REF]. However, recent research also suggests systems which release large amounts of halogens, may also have an impact on climate (e.g., [START_REF] Staunton-Sykes | Co-emission of volcanic sulfur and halogens amplifies volcanic effective radiative forcing[END_REF]. For this study, we choose to consider sulphur emissions as the main cause of climate forcing, along with volcano latitude given that tropical eruptions can disperse material in both hemispheres, and the height of the eruption column.

Atmospheric Models

In order to calculate the Effective Radiative Forcing (ERF), it is necessary to determine the SO2 released during the eruption. We use the SO2 in Mt calculated using the petrologic method. We assume all sulphur is released as SO2. Despite the occurrence of H2S in the present-day hydrothermal system we assume during a magmatic eruption magmatic SO2 would dominate over any hydrothermal H2S input, due to higher temperatures which favour SO2.

Plume heights above sea level were estimated by Legendre (2012) with a large uncertainty given the paucity of outcrops. Although the plume heights cover a wide range, the upper estimate of the 1657 Cal. CE and 341 Cal. CE eruption is 15 km, which indicates sulphur may not have reached the stratosphere (15 km) when considering plume heights lower than this upper limit. The Plinian eruption columns are more likely to have reached the stratosphere with plume heights estimated at 10 -25 km.

In order to calculate the forcing produced by the eruptions, we also need a sulphate aerosol forcing model. For this study we use EVA_H [START_REF] Aubry | A new volcanic stratospheric sulfate aerosol forcing emulator (EVA_H): Comparison with interactive stratospheric aerosol models[END_REF] which builds on the EVA (Easy Volcanic Aerosol) model of [START_REF] Kremser | Stratospheric aerosol-Observations, processes, and impact on climate[END_REF] and predicts the life cycle of a sulphate aerosol and the perturbation in atmospheric optical properties (Sulphur Aerosol Optical Depth (SAOD)). SAOD is then converted to forcing using the scaling provided for tropical eruptions in [START_REF] Marshall | Exploring how eruption source parameters affect volcanic radiative forcing using statistical emulation[END_REF].

EVA_H is an empirical box model predicting the temporal and spatial variation of SAOD given the characteristics of a volcanic SO2 injections (mass, latitude and time; [START_REF] Aubry | A new volcanic stratospheric sulfate aerosol forcing emulator (EVA_H): Comparison with interactive stratospheric aerosol models[END_REF]. EVA_H was calibrated using: i) sulphur emissions from [START_REF] Carn | Multi-decadal satellite measurements of global volcanic degassing[END_REF] who report the date, location, mass of SO2, and altitude of volcanic emissions for eruptions from 1978 -2015; and ii) the Global Space-based Stratospheric Aerosol Climatology which is the latest reconstruction of aerosol extinction at 525 nm from satellite data from 1979 to 2016 which is dependent on latitude and altitude. Overall, EVA_H can better account for the variations of global mean stratospheric aerosol optical depth as a function of the vertical evolution of extinction, and also has a forcing sensitivity to eruption latitude and injection height.

We chose to run scenarios for both the best estimate and the maximum estimate based on the calculated errors. However, as the petrologic method only provides a minimum estimate of volatile emissions, the magnitude of their resulting impact on the climate should also be considered a minimum estimate.

Using the EVA_H box model we injected the SO2 emissions from the central, lower most extra tropical stratosphere box, given that La Soufrière is a volcano located in the tropics (Fig 7 .12). This is important to consider as aerosols from tropical as well as equatorial eruptions can be transported in the stratosphere over both hemispheres. As a range of plume heights are estimated for La Soufrière, we performed a sensibility study and modelled SO2 injections at several heights, depending on the eruption. For the VEI 2 eruptions (Table 7.4) plume height estimates are 10 -15 km. Given the recent re-evaluation of the maximum plume height for the 1530 Cal. CE Sub-Plinian eruption [START_REF] Esposti Ongaro | Modeling Tsunamis Generated by Submarine Landslides at Stromboli Volcano (Aeolian Islands, Italy): A Numerical Benchmark Study[END_REF], we also included a scenario with aerosol lofting to 17 km in order to evaluate the impact if aerosols were to reach into the stratosphere, and for the VEI 4 eruptions plume heights of 10 -25 km.

The Effect of Selected La Soufrière Holocene Eruptions on Climate

The modelled global mean SAOD time series show a steep rise to a peak followed by a more gradual decay. In all eruptions this peak generally occurs after 9 -10 months and, in the case of the larger forcing events, returns to the background level after ~ 50 months (Fig 7 .13).

For the 1657 Cal. CE eruption, the mass of SO2 is almost negligible in terms of the effect on climate, resulting in a very small forcing. For a 15 km high plume and for which sulphur aerosol lofting is not considered, the SAOD is slightly lower at 0.0044 and the ERF is between -0.0017 and 0.0019 W/m 2 (Fig 7 .14). As with the smaller eruptions and a 10 km plume height there is no significant change in SAOD from the background level is recorded.

Overall, for the small eruptions (1657 Cal. CE and 341 Cal. CE) there is some simulated climate forcing only when the maximum plume height is considered, which is not compatible with the dynamics of such low VEI eruptions. The minimum estimates of plume height do not produce a forcing because no aerosols are injected into the stratosphere. For Plinian eruptions the maximum plume heights of 20 -25 km produces a much more significant forcing effect than the minimum plume height estimates. As the Plinian eruptions were considerably larger it is more likely that the plumes reached the height compatible with the onset of forcing.

To put this into context, we compare our data to the 1991 Mount Pinatubo which is the last wellobserved very large volcanic eruption (VEI 6). Mount Pinatubo SO2 emissions are estimated to be between 10 and 20 Tg [START_REF] Guo | Re-evaluation of SO2 release of the 15 June 1991 Pinatubo eruption using ultraviolet and infrared satellite sensors[END_REF]Timmreck et al., 2018). Plume height was determined to be 25 -26 km [START_REF] Guo | Re-evaluation of SO2 release of the 15 June 1991 Pinatubo eruption using ultraviolet and infrared satellite sensors[END_REF][START_REF] Read | Microwave limb sounder measurement of stratospheric SO2 from the Mt. Pinatubo Volcano[END_REF][START_REF] Carn | Multi-decadal satellite measurements of global volcanic degassing[END_REF]. A global mean SAOD of ~0.1 and radiative forcing of -3 W/m 2 were determined by [START_REF] Schmidt | Selective environmental stress from sulphur emitted by continental flood basalt eruptions[END_REF], several orders of magnitude greater than calculated for La Soufrière.

The eruption of Soufrière Hills (Montserrat) is more comparable to eruptions of La Soufrière analyzed in this work. The SO2 emissions from explosive eruptions between 2003 and 2010 were measured from Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) Satellite Data range from 0.022 to 0.147 Mt (Bruhl et al., 2015). Although the radiative forcing has not been calculated for these individual eruptions, the SO2 emissions suggest with plume heights between 10 and 25 km, a forcing on the same order of magnitude as calculated for the Plinian eruptions of 1010 Cal. CE and 5680 Cal. BCE at La Soufrière.

Though the eruptions studied at La Soufrière are much smaller in comparison to eruptions such as the 1991 VEI 6 Mount Pinatubo eruption, we have demonstrated the Plinian eruption at La Soufrière would most likely have resulted in some aerosols reaching the stratosphere. Though this forcing has a negligible climate, this does contribute to the SAOD background, particularly when considered together with other similar sized eruptions. As small eruptions (VEI 2 -4) are statistically more likely to occur than larger eruptions (VEI >6) it is important to consider their collective contribution, which is thought to increase the SAOD by 0.004, which is a contribution of ~50 % in the absence of large eruptions [START_REF] Schmidt | Volcanic radiative forcing from 1979 to 2015[END_REF].

This has been considered to have influenced the recovery of the Antarctic ozone hole (Solomon et al., 2016), and highlights that the contribution of aerosols from small eruptions should not be discounted especially if several of these eruptions follow in short time span.

Overall, we have demonstrated the magmas at La Soufrière have formed from fractional crystallization of a less evolved parental magma, which is comparable in composition to magma erupted during the Monts Caraïbes eruptions. Results from modelling S degassing also indicate magma experiences sulphur saturation and separation which results in the formation of Fe-S. On eruption SO2 emissions from the VEI 4 eruptions reach 15 -25 km into the stratosphere. This allows us to calculate an effective radiative forcing (ERF) for VEI 4 eruptions with a plume height of 25 km as 0.022 --0.035 W/m 2 . This is a discernible forcing effect and contributes to sulphur aerosol injection globally and the resulting cooling.

Synthèse

Les volatils de La Soufrière subissent différents processus et interactions à différents points du système. Bien que de nombreux travaux restent à faire sur les Mont Caraïbes, nous émettons l'hypothèse que le liquide parental de composition des Monts Caraïbes, subit une cristallisation fractionnée qui produit les suites de magmas plus évolués de La Soufrière dans le le système de MUSH . Nous observons ces produits évolués dans les dépôts éruptifs.

Bien que l'évolution des substances volatiles entre le basalte et les suites évoluées ne soit pas claire, il semble cohérent que, lors de la cristallisation fractionnée progressive et/ou l'ascension du magma dans le système de stockage, la saturation du S se produit, entraînant la séparation des sulfures. Cela produit des suites de magmas évolués dans le système de mush qui sont dégazés de manière variable et deviennent progressivement plus pauvres en S au fil du temps. Ces processus indiquent que les magmas dans le système de La Soufrière co-existent très probablement avec : [1] une phase liquide de Fe-S, qui peut s'accumuler à la base du système magmatique ou flotter vers des niveaux moins profonds où elle peut être libérée sous forme de gaz S, et [2] une phase vapeur exsolvée. Ces deux phases sont toutes deux importantes à prendre en compte lors de l'interprétation du dégazage passif et des bilans d'émissions du S. Ainsi, nous avons modélisé le dégazage de S peu profond à partir de faibles teneurs en S suite à la séparation des sulfures et aux faibles pressions du système magmatique supérieur. Cela montre que le magma de La Soufrière suit une trajectoire simple de dégazage de S pendant la décompression à partir de 150 MPa. Cependant, ceci n'est vrai que pour des conditions comprises entre NNO et NNO-0.5, ce qui constitue un environnement plus réduit que celui calculé précédemment pour La Soufrière. Dans un environnement plus oxydé, le dégazage du soufre nécessite de faibles teneurs en S et de faibles pressions pour produire les tendances observées dans nos données.

L'utilisation de la méthode pétrologique nous permet de montrer que les éruptions pliniennes les plus importantes présentent des pourcentages de dégazage plus élevés. 

Conclusions

Through this thesis I have investigated four eruptions from La Soufrière de Guadeloupe which cover a range of eruption styles and intensities to provide: [1] new insights in the structure of the magmatic system; [2] constraints on processes occurring in the mush system and the timescales they occur on; [3] an understanding of the controls on eruption explosivity at this volcano; [4] an understanding of the volatile evolution at this system; [5] a quantification of the impact volatiles released from this system can have on the environment.

We showed that the magmas at La Soufrière have formed from fractional crystallization of a less evolved parental magma, with the overall geochemistry trends following a fractional crystallization evolution path (Chapter 7;Fig 8.1). Results from modelling S degassing also indicate magma experiences sulphur saturation and separation which results in the formation of Fe-S. Variability within the eruption geochemistry and different populations of orthopyroxene observed can be explained by magma storage within a mush system. This storage zone extends laterally underneath the Echelle monogenetic, with eruptions from this vent also interacting with evolved magma, as shown by the melt inclusion compositions. Through our investigation of melt inclusions, we have constrained the mush storage zone to 6 -9 Km depth with an average temperature of 1000 o C (Table 8.1). Major and volatile elements of melt inclusions across the eruption series show the composition of the storage zone has remained stable across the eruptions studied (Table 8.1).

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 (e.g., 1530 CE). Alternatively, in eruptions where no mixing textures are observed (e.g., 1657 CE) exsolved fluids and heat from magma at depth may allow remobilization without injection of mafic magma (Fig 8.1). In either case, during the remobilization process, the crystals hosted in the shallow mush system are no longer in equilibrium, this allows us to calculate the timescale between remobilization of the system and eruption. At La Soufrière remobilization occurs relatively rapidly in comparison to similar systems. We observe both small (VEI 2) and large (VEI 4) eruptions occur on the order of 3 weeks following remobilization (Table 8.1). However, longer periods of remobilization are also overserved (51 -361 days; Table 8.1). Generally, remobilization of the La Soufrière mush system to a state of destabilisation resulting in an occurs in under one year.

The constant composition and physical properties of the storage zone feeding the eruptions indicate this has no control on eruption style. Instead, we find ascent rate may have resulted in contrasting explosive eruption styles. We expect ascent rates of >4 m/s to result in large eruptions (e.g., VEI 4) and ascent rates of 1 -4 m/s to result in smaller eruptions (e.g., <VEI 3; Table 8.1). Ascent rates of <1 m/s may result in feedbacks between magma degassing and crystallization, leading to an increase viscosity, further slowing magma ascent and promoting magma degassing. Magma ascending under these conditions could be expected to erupt with a low explosivity or effusively. However, we hypothesise sealing resulting from the capping dome and a reduction in permeability in the conduit by mineral precipitation related to hydrothermal fluid circulation and alteration, could favour the accumulation of gas, leading to over pressurisation and lead slow ascending magmas to erupt in large explosive eruptions (VEI 4;Fig 8.1).

VEI 4 eruptions have plume height estimates of 15 -25 km, which suggests for this size of eruption emissions will always reach the stratosphere (Fig 8.1). We calculate an effective radiative forcing (ERF)

for VEI 4 eruptions with a plume height of 25 km as 0.022 to -0.035 W/m 2 (Table 8.1). Though this is not a large forcing in comparison to large eruptions such as Mount Pinatubo in 1991, this shows that large (VEI 4) eruptions at La Soufrière have discernible forcing effect and will contribute to sulphur aerosol injection globally and the resulting cooling. In comparison, smaller eruptions (<VEI 3), where the maximum plume estimate is 15 km may not have a significate effect on climate. For such eruptions, if aerosol lofting does allow sulphur to reach the stratosphere the ERF is still negligible in comparison to larger (VEI 4) eruptions, due to the smaller amount of SO2 released (Table 8.1).

Overall, this study has highlighted La Soufrière as a particularly hazardous system. Though we have demonstrated the La Soufrière magmatic system appears to have remained relatively stable, eruptions of varying intensity are still produced. This shows eruptions from VEI 2 -VEI 4 can be produced with no systematic changes in magma geochemistry or system conditions (e.g., temperature, pressure).

A VEI 4 eruption, for example, would have a large impact on the whole of the island, potentially displacing tens of thousands of people. A VEI 4 eruption at this system becomes more hazardous when considering an eruption of this size can be produced just three weeks after mush system remobilisation. Such short timescales could suggest long periods of detectable unrest may not occur or go undetected, with unrest escalating over a short time period. This gives little time for decision making and crisis response strategies to be executed.

VEI 4 eruptions can also be produced from both fast ascending magma and slow ascending magma when combined with top-down processes such as, sealing of the hydrothermal system. VEI 4 eruptions will reach the stratosphere and have a discernible effect on the climate. However, even small eruptions will have a large impact on the communities of Guadeloupe, which could also result from short periods of escalating unrest.

Figure 8.1 Schematic diagram of the magmatic system underneath La Soufrière. This system feeds magmatic eruptions and supplies the hydrothermal system with heat and fluids. Pressures calculated during this study indicate eruptions are fed from 7 -9 Km depth, with more mafic magmas fractionating below this. Temperatures calculated indicate eruptible magma is at 1000 o C, however local variations occur and the un-eruptible system may be cooler. Numbers on the figure relate to key processes and features of the system described below:

1. Basaltic to basaltic-andesite magma below the main mush storage region, experiences fractional crystallisation (forming cumulates), sulphur separation (forming Fe-S rich deposits) and volatile exsolution forming an exsolved fluid phase.

2. Injection of magma delivers magma, heat and volatiles to the shallow system. In some cases, this results in remobilisation of magma in the shallow system and magma mixing. This may also result in periods of unrest felt at the surface (e.g., 2018).

3. Magma may also be remobilised by volatile exsolution and heat produced from the basaltic magma at depth, without the need for magma injection. 4. Diffusion timescale studies show remobilisation of the La Soufrière mush system occurs rapidly, with eruption occurring < 1 year after the systems equilibrium has been disturbed (by injection of magma, or influx of heat and volatiles). However, large eruptions can be produced on very short timescales on the order of 3 weeks following remobilization. 5. Rapid ascent of magma in the conduit (e.g., up to 12 m/s) results in larger, more intense eruptions (VEI 4) in the 6. Slow ascent of magma in the conduit (e.g., 1 -4 m/s) results in smaller less intense eruptions (<VEI 3). Very slow ascent of magma (e.g., <1 m/s) may result in feedback effects between degassing and crystallization leading to an increase viscosity, further slowing magma ascent. 7. Sealing of the conduit through hydrothermal processes can impact eruption style by trapping exsolved fluids, this may also allow slow ascending magmas to produce large eruptions (e.g., VEI 4). 8. Gas emissions from degassing of magma at depth. These gases experience scrubbing from the hydrothermal system and can reveal information about the presence of magma in the shallow system. These exsolved gases may include an excess of S resulting from the flotation of Fe-S. 9. Eruption plumes from small magmatic eruptions (<VEI 3) are <15 km and may not reach the stratosphere. This would result in negligible impact on the climate. 10. Eruption plumes of large magmatic eruptions (>VEI 3) are more likely to reach >15 km, even up to 25 km. This results in SO2 reaching the stratosphere and a climate forcing of up to -0.035 W/m 2 . This contributes to global volcanic sulphur aerosol injections and ultimately contributes to global cooling. This highlights the need for the ongoing monitoring at La Soufrière, with an effort to develop crisis response strategies which can be implemented effectively on a short time frame. Monitoring efforts must also take into account the issue of tracking magma ascent and shallow-depth conduit processes, which could result in a low explosivity/effusive eruption escalating to a large explosive eruption.

Overall, this study has greatly improved our understanding of La Soufrière de Guadeloupe and provided new constraints on the storage system, geochemistry and timescales of processes occurring

Perspectives

The data collected during this thesis has increased our understanding of volcanic activity not only in Guadeloupe but for the Lesser Antilles and its MI data has expanded the Lesser Antilles MI dataset (Fig 8 .2). The MI data from this study fits with the Lesser Antilles liquid line of descent. Notably, the addition of our data, shows Guadeloupe covers a wide range of compositions compared to many other systems. In particular, Guadeloupe data expands to less evolved compositions and are slightly more H2O-rich magmas compared to Martinique and Dominica, also in the Central Arc (Fig 8 .2). St Vincent has a similar spread of data, covering a similar range of compositions, despite being in the Southern Arc.

The wide range of compositions recorded by Guadeloupe MI gives us an important snapshot of the mush system including both a shallow storage region (<9 km) and a deeper zone where a less evolved magma is undergoing fractionation. This is comparable to many magmatic systems including; Martinique [START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF][START_REF] Annen | Conditions for the growth of a longlived shallow crustal magma chamber below Mount Pelee volcano (Martinique, Lesser Antilles Arc)[END_REF], Montserrat (Murphy et al., 1999;Wadge et al., 2014) and St Vincent [START_REF] Cole | Explosive activity of the last 1000 years at La Soufrière, St Vincent, Lesser Antilles[END_REF][START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF]).

The magmatic system in St Vincent shows a similar range of magma composition (Fig 8 .2) but also has a shallow storage area where relatively chemically homogeneous magmas are erupted from, and a deeper system where differentiation of a less evolved, basaltic, parental melt occurs. The eruption of relatively homogenous magmas can result from both exsolved volatiles and magma rejuvenation events from a less evolved magma [START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF].

This makes La Soufrière St Vincent very comparable to La Soufrière de Guadeloupe, and the recent 2020-21 eruption could provide an insight into how future magmatic eruption could evolve and what lessons can be learnt for crisis response plans.

This leads us to identify important topics for further studies of magmatic systems not only for Guadeloupe but also for the Lesser Antilles in general: [1] It is necessary to understand the large-scale trends in the Lesser Antilles data and the differences in magmas, particularly within the central arc. The central arc in particular has a wide range of magma styles and also contains outliers in arc wide trends, such as the lack of amphibole in the majority of Guadeloupe phase assemblages and the multiple large volcanic complexes on Dominica. A step towards this would be a better understanding of the parental magmas of each volcano. The Monts Caraïbes data provides a start for this at Guadeloupe and extends the Guadeloupe MI dataset to compositions recorded in Grenada and Kick 'Em Jenny MI. Further investigation of the most primitive magmas from each volcano would provide a clearer picture of how magmas at this system are connected as well as how they differentiate and evolve. This could be done through further MI studies comparing the most primitive inclusions using isotopes, which could provide information on magma sources and differentiation processes. This could build upon [START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF] who used boron isotopes to determine the structure and hydration of the subducted plate control variations along the arc. Building on this, using isotopes which fractionate during differentiation processes, could determine how further differentiation of the variable magmas leads to variation in the shallow storage regions.

[2] Due to the similarities observed between the La Soufrière de Guadeloupe and La Soufrière St Vincent further comparisons could be made. La Soufrière St Vincent also provides an opportunity to further understand how both bottom-up and top-down processes can drive eruptions, as homogenous magmas also produce a variety of eruption styles at this system. Another system which could contribute to this study is Montserrat, where explosive and effusive phases within one eruption have been observed, could also provide important data on such controls. This will allow us to understand if the top-down processes affecting eruption style at La Soufrière are unique to this system, or if this is observed across the arc.

[3] The disparities between timescales calculated for La Soufrière and the Roseau and Layou eruptions on Dominica [START_REF] Solaro | A system dynamics approach to understanding the deep magma plumbing system beneath Dominica (Lesser Antilles)[END_REF]) also provide the perfect opportunity to expand the diffusion timescale database for the Lesser Antilles. As the eruptions studied in Dominica are particularly large in comparison to other eruptions in the arc, investigation of smaller eruptions on the island would provide a better base to compare to other systems and understand if Dominica is an outlier. Further diffusion timescale studies on other systems across the arc would allow us to understand if diffusion timescales are unique to each system, or if similar timescales are observed across the arc. Using the method presented in Metcalfe et al. (2021) would allow comparison between the disparate eruptions occurring along the arc which would be needed for this study. Using a variety of minerals would not only provide opportunity for the method presented in Metcalfe et al. (2021) to be expanded and useable with different element and mineral combinations, but would also allow us to understand the [START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]St Kitts (Toothill et al., 2007;Melekohva et al., 2017;[START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Redonda [START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Montserrat (Humphreys et al., 2010;[START_REF] Mann | Phenocryst-hosted melt inclusions record stalling of magma during ascent in the conduit and upper magma reservoir prior to vulcanian explosions, Soufrière Hills volcano, Montserrat, West Indies[END_REF][START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Guadeloupe [START_REF] Poussineau | Dynamique des magmas andésitiques: approche expérimentale et pétrostructurale; application à la Soufrière de Guadeloupe et à la Montagne Pelée[END_REF][START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF]Pichavant et al., 2018;[START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF] this study); Dominica (d'Augustine et al., 2020;[START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Martinique (Martel, 2012;[START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; St Lucia [START_REF] Heath | Magmagenesis at Soufriere Volcano, St Vincent, Lesser Antilles Arc[END_REF][START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Petite Mustique [START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]; Grenada [START_REF] Cooper | Variable water input controls evolution of the Lesser Antilles volcanic arc[END_REF]Bouvier et al., 2010); Kick 'Em Jenny [START_REF] Camejo-Harry | Evolution in magma storage conditions beneath Kick-'em-Jenny and Kick-'em-Jack submarine volcanoes, Lesser Antilles arc[END_REF].

variation in timescales from different minerals. This may reveal processes occurring on different timescales within the same system, or provide further evidence for different processes affecting different areas of a mush system. This could also be incorporated into a wider study across the arc, two systems in particular where diffusion studies would be particularly useful would be Soufrière Hills Volcano, Montserrat and La Soufrière St Vincent. Diffusion timescale studies on recent explosive and effusive eruption deposits from these volcanoes would allow correlation of timescales with monitoring data. This would provide vital information to add to these systems forecasting models.

Future perspectives for the study of magmatic systems for La Soufrière could address the following challenges: [4] It is fundamental to determine further constraints on the genesis and evolution of Monts Caraïbes MI to understand how the magmas supply the La Soufrière mush system. This would allow the deeper storage area to be better constrained with depths and temperatures, this would contribute to our understanding of storage systems across the arc. This could be accomplished through further MI studies, as there were few MIs observed in the Monts Caraïbes samples, and many were crystallised, heating experiments could be useful to build up the Monts Caraïbes MI database. However, as shown by [START_REF] Venugopal | Melt inclusion vapour bubbles: the hidden reservoir for major and volatile elements[END_REF], heating experiments can result in the sequestration of volatiles in bubbles.

As volatiles would be particularly important to constrain the depth (Papale et al., 2006) the Monts Caraïbes magma is supplied from, this study may require vapour bubble and MI volatile content to be constrained using Raman spectroscopy (e.g., [START_REF] Venugopal | Melt inclusion vapour bubbles: the hidden reservoir for major and volatile elements[END_REF][START_REF] Kotov | Method for determining water content in natural rhyolitic melts by Raman spectroscopy and electron microprobe analysis[END_REF]. In addition to MIs, studies of the grabbroic and cumulate Monts Caraïbes samples collected during this thesis would also be important in understanding the deeper storage system. Understanding the mineral phases and textures present in these samples can not only provide further constraints on magma differentiation at this system, but also potential accumulation and crystal contamination occurring in the deeper parts of this system (e.g., [START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF].

[5] This thesis has focused on explosive eruptions but in order to provide a more complete picture of the system the dome eruptions should also be investigated. A large part of this should include investigation of ascent rates, which will allow us to better understand the correlation between ascent rate and eruption style/size. At La Soufrière, comparing effusive eruptions ascent rate to the 5680 Cal. BCE ascent rate would allow us to confirm the importance of top-down controls on slow ascending magma. This could be part of a wider study on multiple systems in the Lesser Antilles to understand controls on eruptions style. As discussed above, this could contribute to our understanding the important of top-down effects across the arc. Including both explosive and effusive eruptions from multiple systems would provide a more complete picture of the variations and similarities of the systems. As with this study, this should be done using investigation of groundmass glass. ConFlow has worked well in this study to provide ascent rates using the groundmass crystallinity, however, further crystal size distribution CSD studies (e.g., Cashman 2020) could provide more detailed constraints. Many CSD study's incorporate decompression experiments (e.g., Martel, 2012;Martel et al., 2021), which allows decompressions conditions to be linked to observed groundmass glass textures for various eruption styles, in this case the differences between the ascent of effusive and explosive magma. Combining this study with an understanding of the cycles of sealing of the hydrothermal system (e.g., Moune et al., 2022), could then provide a constraint on how the upper system can influence eruption style.

[5] Further diffusion timescale studies on both explosive and effusive eruptions would also be useful to compare to the current database. Additional diffusion timescales incorporating other minerals, for example, plagioclase would allow us to understand if all minerals are experiencing the same processes. Plagioclase was also observed to have more complex zoning, this could provide insights into the timing of processes occurring before eruption, for example mixing events and recharge events which do not result in eruption and that might generate signals recorded by monitoring networks and that would represent false-positive magmatic unrest, not leading to an eruption (e.g., [START_REF] Mourey | Diffusion timescales in olivine from the 2018 eruption at Kilauea Volcano reveal syneruptive (months) and long term (years) magma mixing processes[END_REF]. This would firstly, allow the diffusion timescale database for this system to be expanded, and secondly allow us to begin investigating if the effusive and explosive eruptions experience the same processes before eruption and on what timescales. Again, as stated above, this could again, provide opportunity for the method presented in Metcalfe et al. (2021) to be expanded.

[7] Further investigation of sulphur saturation at this system would also provide further constraints on degassing and S behaviour. Understanding the timing of S-saturation in the system and constraints on whether S is sequestered or if flotation occurs. This could greatly affect S-emissions at the surface, and could help interpretations of gas measurements as well as interpretation of magma below the hydrothermal system [START_REF] Collins | Two phases of sulphide saturation in Réunion magmas: Evidence from cumulates[END_REF]. Though at many systems the composition of the magmatic gas phase is well preserved after separation from the magma and can be used in understanding degassing pathways, at La Soufrière this gas phase experiences alteration by scrubbing, making this impossible. Sulphur solubility experiments, however, could not only allow a better understanding of fO2 at this system, but also sulphur behaviour during magma differentiation and degassing. For example, Gennaro et al. ( 2020) investigated S-behaviour using MIs and experimental constraints of sulphur solubility for Mount Etna. This allowed S-behaviour to be characterised over a range of compositions and conditions and understand the interplays between magma differentiation, decreasing redox conditions and the resulting degassing

[8] Another important study could be made on the Echelle deposits. This study found MIs of the same composition as the La Soufrière MIs, however, the Echelle MI are hosted in less evolved WR in comparison to La Soufrière. Understanding the variation in the Echelle geochemistry is key to understanding the variations in the mush system. As with the Monts Caraïbes samples, a better constraint on the volatile contents of the MIs is essential in order to provide more accurate constraints on storage depths for the Echelle magmas. A key sample to be included in this study would be a lava flow sample with both more evolved, light-coloured and less evolved, dark-coloured lava observed with mixing textures. This sample could potentially provide important constraints on the timescales of magma mixing at this system. This could be achieved through diffusion timescale studies (e.g., [START_REF] Sundermeyer | Timescales from magma mixing to eruption in alkaline volcanism in the Eifel volcanic fields, western Germany[END_REF][START_REF] Mourey | Diffusion timescales in olivine from the 2018 eruption at Kilauea Volcano reveal syneruptive (months) and long term (years) magma mixing processes[END_REF] combined with textural and isotope studies (e.g., [START_REF] Chen | Element and Sr isotope zoning in plagioclase in the dacites from the southwestern Okinawa Trough: insights into magma mixing processes and time scales[END_REF] which would allow different magma sources to be defined.

Conclusions

A travers cette thèse, j'ai étudié quatre éruptions de La Soufrière de Guadeloupe qui couvrent une gamme de styles et d'intensités d'éruption afin de fournir: [1] de nouveaux aperçus de la structure du système magmatique; [2] une contrainte sur les processus se produisant dans le système de la Soufrière de Guadeloupe et les échelles de temps sur lesquelles ils se produisent; [3] une compréhension des contrôles sur l'explosivité des éruptions de ce volcan; [4] Une éruption de VEI 4, par exemple, aurait un impact important sur l'ensemble de l'île, pouvant entraîner le déplacement de dizaines de milliers de personnes et de nombreux dégâts. Une éruption de VEI 4 dans ce système devient plus dangereuse si l'on considère qu'une éruption de cette taille peut être produite seulement trois semaines après la remobilisation du système de MUSH. Des délais aussi courts pourraient suggérer que de longues périodes de réactivation détectable ne se produisent pas ou passent inaperçues, avec une escalade de la réactivation sur une courte période de temps. Cela laisse peu de temps pour la prise de décision et l'exécution des stratégies de réponse aux crises.

Les éruptions VEI 4 peuvent également être produites à partir de magma à ascension rapide et de magma à ascension lente lorsqu'elles sont combinées à des processus descendants qui se propagent de la surface vers la profondeur tels que la fermeture du système hydrothermal. Les éruptions VEI 4 atteindront la stratosphère et auront un effet perceptible sur le climat. Cependant, même de petites éruptions auront un impact important sur les communautés de la Guadeloupe, qui pourrait également résulter de courtes périodes de réactivation.

Cela souligne la nécessité d'une surveillance continue à La Soufrière de Guadeloupe, avec un effort pour développer des stratégies de réponse à la crise qui peuvent être mises en oeuvre efficacement sur un court laps de temps. Les efforts de surveillance doivent également prendre en compte la question du suivi des processus d'ascension du magma et de l'évolution de ses propriétés physicochimiques dans les conduits à faible profondeur, qui pourraient entraîner une éruption peu explosive/effusive se transformant en une éruption explosive de grande ampleur. Dans l'ensemble, cette étude a grandement amélioré notre compréhension de La Soufrière de Guadeloupe et a fourni de nouvelles contraintes sur le système de stockage, la géochimie et les échelles de temps des processus en cours.

Perspectives

Les données recueillies au cours de cette thèse ont permis d'améliorer notre compréhension non seulement de la Guadeloupe mais aussi des Petites Antilles, les données MI ont élargi l'ensemble des données MI des Petites Antilles (Fig 8.2). Les données MI de cette étude correspondent aux séries de différentiation des Petites Antilles. Notamment, l'ajout de nos données montre que la Guadeloupe couvre une large gamme de compositions par rapport à de nombreux autres systèmes. En particulier, la Guadeloupe s'étend à des compositions moins évoluées et est légèrement plus riche en H2O que la Martinique et la Dominique, également dans l'Arc central (Fig 8.2). Saint-Vincent présente une répartition similaire des données de MI, couvrant une gamme similaire de compositions, bien qu'elle se trouve dans l'Arc Nord.

La large gamme de compositions enregistrées par les inclusions de La Soufrière de Guadeloupe nous donne un instantané important du système magmatique comprenant à la fois une région de stockage peu profonde (<9 km) et une zone plus profonde où un magma moins évolué subit un fractionnement. Ceci est comparable à de nombreux systèmes dont la Martinique [START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF][START_REF] Annen | Conditions for the growth of a longlived shallow crustal magma chamber below Mount Pelee volcano (Martinique, Lesser Antilles Arc)[END_REF], Montserrat (Murphy et al., 1999 ;Wadge et al., 2014) et St Vincent [START_REF] Cole | Explosive activity of the last 1000 years at La Soufrière, St Vincent, Lesser Antilles[END_REF][START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF].

Saint-Vincent en particulier, en plus de présenter une gamme similaire de composition du magma (Fig 8 .2), possède à la fois une zone de stockage peu profonde d'où sont éjectés des magmas chimiquement relativement homogènes, et un système plus profond où se produit la différenciation d'un magma parental moins évolué et basaltique. L'éruption de magmas relativement homogènes peut résulter à la fois de volatiles exsolvés et d'événements de renouvellement du magma à partir d'un magma moins évolué [START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF]. Cela rend La Soufrière St Vincent très comparable à La Soufrière de Guadeloupe, et la récente éruption de 2020-21 pourrait donner un aperçu de la façon dont une future éruption magmatique pourrait évoluer et pourrait apporter des contraintes supplémentaires pour les plans de réponse aux crises.

Cela nous amène à envisager une étude plus approfondie non seulement sur La Soufrière de Guadeloupe mais aussi sur les autres volcans des Petites Antilles en général : [1] Le premièr objectif est de comprendre les tendances à grande échelle dans les données des Petites Antilles et les différences entre les magmas. L'arc central, en particulier, présente un large éventail de styles magmatiques et contient également des valeurs aberrantes dans les tendances à l'échelle de l'arc, comme l'absence d'amphibole dans la majorité des assemblages de phases de la Guadeloupe et les multiples grands complexes volcaniques de la Dominique. Un pas en avant dans cette direction serait une meilleure compréhension des magmas parentaux de chaque volcan afin d'obtenir une image plus claire de la manière dont les magmas de ce système sont connectés, ainsi que de la manière dont ils se différencient et évoluent. Les données des Monts Caraïbes permettent de commencer à le faire en Guadeloupe et d'étendre l'ensemble de données MI de la Guadeloupe aux compositions enregistrées à Grenade et à Kick 'Em Jenny.

[2] En raison des similitudes observées entre La Soufrière de Guadeloupe et La Soufrière St Vincent, ce volcan offre également l'opportunité de mieux comprendre comment les processus ascendants et descendants peuvent conduire à des éruptions, car les magmas homogènes produisent également une variété de styles d'éruption dans ce système. Un autre système qui pourrait contribuer à cette étude est celui de Soufrière Hills à Montserrat, où des phases explosives et effusives au sein d'une même éruption ont été observées. Cela nous permettra de comprendre si les processus descendants qui affectent le style d'éruption à La Soufrière sont uniques à ce système, ou si cela est observé à l'échelle de l'arc.

[3] Les disparités entre les échelles de temps calculées pour La Soufrière de Guadeloupe et les éruptions du Roseau et du Layou sur la Dominique [START_REF] Solaro | A system dynamics approach to understanding the deep magma plumbing system beneath Dominica (Lesser Antilles)[END_REF] fournissent également l'occasion parfaite d'étendre la base de données des échelles de temps de diffusion pour les Petites Antilles. D'autres études des échelles de temps de diffusion sur d'autres systèmes à travers l'arc nous permettraient de comprendre si les échelles de temps de diffusion sont uniques à chaque système, ou si des échelles de temps similaires sont observées à l'échelle de l'arc. Comme les éruptions étudiées à la Dominique sont particulièrement importantes par rapport aux autres éruptions de l'arc, l'étude d'éruptions plus petites sur l'île fournirait une meilleure base de comparaison avec les autres systèmes et permettrait de comprendre si la Dominique est un outlier.

Plus spécifiquement pour La Soufrière de Guadeloupe, les perpectives prioritaires d'études futures devraient apporter : [4] Des contraintes supplémentaires sur les inclusions des Monts Caraïbes permettraient de mieux comprendre les magmas qui alimentent La Soufrière. Cela pourrait être accompli par des études supplémentaires sur les MI, comme il y avait peu de MI observés dans le Monts Caraïbes et beaucoup étaient cristallisés, les expériences de ré-homogénisation pourraient être utiles pour construire la base de données des MI du Mont Caraïbes. Cela permettrait de mieux contraindre la zone de stockage plus profonde avec des profondeurs et des températures plus élévées, ce qui contribuerait à notre compréhension des systèmes de stockage à l'échelle l'arc.

[5] Cette thèse s'est concentrée sur les éruptions explosives mais afin de fournir une image plus complète du système, les éruptions de dômes devraient également être étudiées. Une grande partie de cette étude devrait inclure l'étude des vitesses d'ascension, qui nous permettra de mieux comprendre la corrélation entre la vitesse d'ascension et le style/la taille des éruptions. Si les éruptions du dôme ont une vitesse d'ascension similaire à celle de l'éruptions de 5680 Cal. BCE., cela nous permettra de confirmer l'effet du colmatage du système hydrothermal sur le magma à ascension lente. Cela pourrait faire partie d'une étude plus large sur de multiples systèmes dans les Petites Antilles pour comprendre les contrôles sur le style des éruptions. Comme discuté ci-dessus, cela pourrait contribuer à notre compréhension de l'importance des effets descendants à travers l'arc.

[5] D'autres études sur les échelles de temps de diffusion des éruptions explosives et effusives seraient également utiles pour les comparer à la base de données actuelle. Des échelles de temps de diffusion supplémentaires incorporant d'autres minéraux, par exemple le plagioclase, nous permettraient de comprendre si tous les minéraux subissent les mêmes processus. On a également observé que le plagioclase présentait une zonation plus complexe, ce qui pourrait donner un aperçu de la chronologie des processus qui se produisent avant l'éruption, par exemple les événements de recharge qui n'entraînent pas d'éruption. Cela permettrait d'une part d'élargir la base de données des échelles de temps de diffusion pour ce système, et d'autre part de commencer à étudier si les éruptions effusives et explosives subissent les mêmes processus avant l'éruption et sur quelles échelles de temps.

[7] Une étude plus approfondie de la saturation en soufre dans ce système permettrait également d'obtenir des contraintes supplémentaires sur le dégazage et le comportement du soufre.

Comprendre le moment de la saturation en S dans le système et les contraintes pour savoir si le S est séquestré ou si une flottation se produit. Cela pourrait grandement affecter les émissions de S à la surface, et pourrait aider les interprétations des mesures de gaz ainsi que l'interprétation du magma sous le système hydrothermal [START_REF] Collins | Two phases of sulphide saturation in Réunion magmas: Evidence from cumulates[END_REF].

[8] Une autre étude importante pourrait être réalisée sur les échantillons du cône de l'Echelle. Cette étude a trouvé des MIs de la même composition que les MIs de La Soufrière, cependant les roches totales associées sont moins évoluées comparées à celle de La Soufrière. La compréhension des variations de la géochimie de l'Echelle est essentielle pour comprendre les variations du système de MUSH. Un échantillon clé à inclure dans cette étude serait un échantillon de coulée de lave avec des laves claires et sombres observées avec des textures mixtes. Barnoud et al., 2016 andKomorowski et al., 2008.

Plagioclase

Ascent Rate

For all the methods described above the depth ascent begins from is needed. The depths used for La Soufrière de Guadeloupe vary between eruptions and have been calculated from the maximum H2O-CO2 contents recorded in melt inclusions (Table B.6). The ascent rate calculated therefore represents the magma's movement from the storage zone below La Soufrière, through the conduit to the surface.

ConFlow 1.0.5 from Mastin 2002 using the same input parameters used when calculating the viscosity of the groundmass + crystals will be used. The largest unknown when using this method is the conduit radius, as no magmatic eruptions have been observed at La Soufrière the conduit radius must be estimated. The conduit is defined as the connection between the magma storage area and the surface [START_REF] Wilson | Relationships between pressure, volatile content and ejecta velocity in three types of volcanic explosion[END_REF]. At basaltic volcanoes the eruption is thought to begin along fissures that localise to a central vent (Wilson et al., 1980). In explosive eruptions at more evolved systems the conduit is hypothesised to begin as a small fracture which widens and allows higher velocities and results in erosion of the conduit and widening to the vent (Wilson et al., 1980). To simplify the model, the conduit is assumed to be a vertical cylinder with a constant radius from the storage area to the surface and not include any widening in the upper parts of the conduit or the vent radius (Fedotov, 1981;Colucci et al., 2014). This means any enlargement of the vent during eruption due to syn-eruptive partial edifice collapse, as hypothesised occurred during the 1530 CE eruption, will not be taken to affect the ascent rate and the ascent rate will be considered as a minimum estimate (Esposti-Ongaro et al., 2020).

Conduit radius is used in the calculation of conduit flow using an analytical equation for incompressible, laminar, Newtonian pipe flow, which predicts the mass flux is proportional to the fourth power of conduit radius and inversely proportional to mixture viscosity (Mastin, 2002).

Many conduit radii are estimated from observing an eruption. Many observations of conduit radii fall between 10 and 50 m [START_REF] Bonaccorso | Models of ground deformation from vertical volcanic conduits with application to eruptions of Mount St. Helens and Mount Etna[END_REF], however, though this may be a useful technique for future eruptions of La Soufrière, for the eruptions discussed observation is impossible. One way to get an estimate of conduit radius is to look at similar systems. At the neighbouring volcano Soufrière Hills Volcano, Montserrat, a conduit radius of 15 m has been estimated for the sub-Plinian eruption on 17 th September 1996 (Robertson et al., 1998). This is based on Bower and Woods (1996) which models a sustained discharge from a narrow conduit into a wide crater, from the initial crater dimensions, spine widths from earlier eruption phases and fluid dynamic models (Robertson et al., 1998).

A 15 m radius is also estimated for smaller Vulcanian eruptions occurring at Soufrière Hills Volcano during August 1997 where a 30 m ±5 m diameter conduit, widening into a flared crater was estimated using spine dimensions. magma ascent rates and volume extrusion rates (Voight et al., 1999;Clarke et al., 2002). A radius of 15 m has also been used for modelling the dynamics of lava dome extrusion during the 1995-1999 period (Devine et al., 1998;Melnik and Sparks, 1999). For the 2000 to 2014 eruptions of Soufrière Hills Volcano Montserrat a conduit radius of 15 m is also used when understanding and interpreting the eruptions (Wadge et al., 2014b;Burgisser et al., 2019). However. strain meter observations from the 29 July 2008 Vulcanian explosions indicate the conduit radius could be up to 40 m [START_REF] Young | Shallow crustal mechanics from volumetric strain data: Insights from Soufrière Hills Volcano, Montserrat[END_REF].

Based on the range of eruption styles observed at Soufrière Hills Volcano, conduit radius could remain relatively constant between different eruption styles, even when considering an explosive-effusive transition. This is further confirmed by [START_REF] Carr | Volcanic conduit controls on effusiveexplosive transitions and the 2010 eruption of Merapi Volcano (Indonesia)[END_REF] 15 m is often taken for a constant conduit radius and has been used in many studies on both explosive and effusive eruptions. as shown by the work on Montserrat (Voight et al., 1999;Clarke et al., 2002;Devine et al., 1998;Melnik and Sparks, 1999) and work modelling the complexity of conduit flow dynamics [START_REF] Kozono | Effects of gas escape and crystallization on the complexity of conduit flow dynamics during lava dome eruptions[END_REF]de' Michieli Vitturi et al., (2013). Based on this. the minimum value for conduit diameter will be 10 m and the maximum will be 40 m. This covers many natural examples observed in natural systems. This range will remain constant across the different eruption styles, based on the observations that conduit radius remains relatively constant between different eruption styles, with the range capturing any natural variation between eruptions.

This method provides a good distinction between eruption styles, with larger eruptions having faster ascent rates. However, this does present an issue for the Plinian eruptions which could be expected to have similar ascent rates, but using ConFlow have very different results. This will be discussed in more detail in Chapter 6.

When considering the control of ascent rate on eruption style it's important to consider La Soufrière de Guadeloupe in a global context and understand different ascent rates for different eruption styles. Fig B .3 shows a compilation of ascent rates from across the globe for eruption styles ranging from ultraplinian to effusive eruptions. Cassidy et al., (2018) compiled many ascent rates when comparing the controls on effusive and explosive eruptions. The database presented by Cassidy et al., (2018) has been used as a start for this study which has expanded the database Generally, Plinian and sub-Plinian eruptions have the fastest recorded ascent rates, while in comparison vulcanian eruptions generally show slower ascent rates, indicating larger eruptions are fed by rapid ascent rates up to 100 m/s [START_REF] Lloyd | Timescales of magma ascent recorded by H2O zonation in clinopyroxene[END_REF]Cashman, 2004;[START_REF] Gennaro | Sulphur behaviour and redox conditions in etnean magmas during magma differentiation and degassing[END_REF]. Ascent rate has been shown to be a factor in controlling whether an eruption is effusive or explosive. with effusive eruptions generally showing slower ascent rates (Jaupart and Allégre, 1991;Woods and Koyaguchi, 1994;Cassidy et al., 2018).

The La Soufrière ascent rates generally fit into this distribution, with the Plinian eruptions showing a similar range of ascent rates to other basaltic-andesite systems. Considerable overlap is observed between the Plinain and sub-Plinian eruptions, the 1530 CE sub-Plinian eruption does fall into the range shown in the global-data base, however, 1530 CE has one of the slowest ascent rates in the sub-Plinian database. For La Soufrière the sub-plinian eruption fits into the trend of decreasing intensity with decreasing ascent rate.

As Soufrière Hills Volcano, Montserrat is the closest and most analogue volcano for the behaviour and process expected for La Soufrière de Guadeloupe, it is important to compare the ascent rates. Vulcanian eruptions at Soufrière Hills Volcano, Montserrat (from 1997-2009) have a range of ascent rates from 0.0006 -0.02 m/s [START_REF] Giachetti | Bubble nucleation, growth and coalescence during the 1997 Vulcanian explosions of Soufrière Hills Volcano, Montserrat[END_REF]Murch and Cole, 2019) which is slower than the ascent rate observed at La Soufrière. In a global context, the 1657 CE ascent rate is the fastest from this database, suggesting the lower end of the range calculated maybe more realistic. Alternatively. the 1657 CE vulcanian eruption may have erupted a larger volume or been of higher intensity, particularly when compared to Soufrière Hills Volcano.

Strombolian eruptions generally show faster ascent times than Vulcanian eruptions with a range from 0.01 -25 m/s (Johnson et al., 2010;Denis et al., 2013;[START_REF] Ferguson | Measuring the speed of magma ascent during explosive eruptions of Kilauea, Hawaii[END_REF]Peslier et al., 2015;Brenna et al., 2018;Parmukca et al., 2019;Cannavo et al., 2019). The ca. 341 Cal. CE Echelle eruption is at the lower end of this estimate and follows the trend observed at the La Soufrière system, with the smallest intensity eruption having the slowest ascent rate. C.2). Run 5 -isobaric equilibrium crystallization, run 6 -fractional crystallization, run 7 -equilibrium fractional crystallization, run 8 -fractional crystallisation. All scenarios provide a reasonable fit for the dataset and can be considered plausible.

As the eruptions presented here, in contrast to 1530 Cal. CE, do not show and textural evidence of mixing with more primitive compositions this suggests mafic recharge from the supply system may not been directly involved in these eruptions. In order to understand the individual eruptions how the composition observed in the individual eruptions we ran MELTS simulations for the 1657 CE, 1010 CE and 1530 CE eruptions (Table C.1). Equilibrium and fractional crystallisation and assimilation scenarios were all trialled. Equilibrium crystallisation involves all phases remaining in equilibrium, in contrast to the fractional crystallisation model where the solid phase is removed from the liquid. Assimilation scenarios involve the mixing of a specified amount of liquid into a host at specified intervals (Table C.2).

Temperatures used were calculated using the MELTS liquidus mode which calculated the liquidus temperature for a specified pressure and fugacity. Temperature was the decreased in 20 o C increments down to 700 o C or to the point where there is no remaining liquid. Both isobaric and decompressing scenarios were trialled. Start pressures used were calculated using Papale et al., 2006 from H2O-CO2 contents in melt inclusions.

For 1657 CE we used an average of the WR which is the least evolved component. We ran several simple scenarios. these included two isobaric runs, one equilibrium crystallisation (run 5) and one fractional crystallisation (run 6), with temperature decreasing at 20 More complex crystallisation models were also considered as magma mixing is often considered an important process at La Soufrière and similar systems in the Lesser Antilles. The first scenario investigated is a less evolved parental magma moving into the system (run 9; Fig C. All assimilation scenarios provide a reasonable fit for this dataset. This suggests that processes leading to eruptions does not need to involve magma moving from the supply zone into the storage system. Instead heat moving from the supply zone to the storage system can promote the migration and mixing of mush lenses resulting in the production of eruptible magma eruptions. However, as the assimilation trends involving less evolved magma also provide a reasonable fit for the dataset, the. involvement of a less evolved magma cannot be discounted. We repeated these scenarios using the 1010 CE compositions (Table C.2). Fractional crystallisation, equilibrium crystallisation and assimilation have all been shown to produce trends close to those in the 1010 Cal CE data (Fig C.3;C.4). This may suggest a combination of processes have contributed to the evolution of the data. As with the 1657 CE data, assimilation of a less evolved composition for this eruption is also a plausible scenario. Assimilating evolved compositions, do not fit the dataset as well as for the 1657 CE data. This suggest migration and mixing between lenses alone cannot produce the range of compositions and trends observed and though some lens mixing and migration may have been involved, a significant proportion of recharge from a less evolved source also may have been involved.

For 1530 CE we preformed the same scenarios as with 1657 CE and 1010 CE (Table C.2). As expected, the assimilation of less evolved magma provide reasonable fits with the 1530 CE data, particularly run 26 (assimilation with Echelle). However, run 21 and 22 also provide a reasonable fit for the data (Fig C.6). Though the MELTS data highlights other plausible scenarios the mixing textures observed in this eruption and the reasonable MELTS assimilation runs (run 26). strengthen the hypothesis of magma mixing for the 1530 CE eruption.

Overall, this suggests that two mechanisms must be proposed for the triggering of eruptions. First. is the influx of less evolved. mafic magma into the mush system from depth which mixes with evolved magma in the mush system e.g., 1530 CE. Second, is mafic magma supplying heat and fluids to the mush system leading to the remobilization of the evolved magma in the mush system. this may lead to the mixing of different evolved melt lenses. Both these scenarios appear plausible at this system and have both been hypothesised to occur at the neighbouring systems of Montserrat (Edmonds et al., 2016) and Dominica [START_REF] Solaro | A system dynamics approach to understanding the deep magma plumbing system beneath Dominica (Lesser Antilles)[END_REF].

Other evidence which supports the hypothesis of remobilisation of the mush system without the mixing of less evolved magma as observed at Dominica [START_REF] Solaro | A system dynamics approach to understanding the deep magma plumbing system beneath Dominica (Lesser Antilles)[END_REF]. includes: 1) a homogenous MI composition in variable OPX compositions (e.g., MI compositions are stable across Type 1 -Type 6 OPX); and. 2) evidence of mixing is not observed in all of the eruptions. in either the whole rock or the groundmass glasses. This indicates a range of processes, perhaps occurring in combination prior to some eruptions, are occurring in the La Soufrière magmatic system including mixing and migration of mush lenses and recharge from a less evolved source Further investigation of these processes essential due to the lack of mixing features visible in the 1657 CE and 1010 CE eruption. products. For 1010 Cal. CE Metcalfe et al. 2021 calculated 361 days for process occurring in the storage zone, this could suggest, in comparison to 1657 Cal CE and 5680 Cal. BCE with short diffusion timescales (19 and 21 days, respectively), complete mixing and homogenisation of a less evolved magma is more likely. However, more specific timescale studies looking at mixing would be required. C.2). Run 21 -isobaric equilibrium crystallization, run 22 -fractional crystallization, run 23 -equilibrium fractional crystallization, run 24 -fractional crystallisation. All scenarios provide a reasonable fit for the dataset and can be considered plausible; however, fractional crystallisation scenarios often provide a slightly better fit.
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Figure 1 . 1

 11 Figure 1.1 Adapted from[START_REF] Cashman | Vertically extensive and unstable magmatic systems: a unified view of igneous processes[END_REF] To show the four regions schematised by[START_REF] Scandone | Magma supply, magma ascent and the style of volcanic eruptions[END_REF] The supply system includes a dyke feeder system from the mantle and temporary storage regions in the lower crust. The storage zone where magma may reside for years to centuries undergoing cooling and differentiation is fed by the supply system. The top of the storage zone is at a depth where magma becomes saturated in volatiles resulting in volatile exsolution and crystallisation. The conduit is the transport system connecting the storage system to the surface which is initially formed through a fracture network allowing magma to rise. Finally, the vent from which magma is erupted.

Figure 1 . 2

 12 Figure 1.2 Taken from[START_REF] Hildreth | Gradients in silicic magma chambers: implications for lithospheric magmatism[END_REF] showing a zoned magma chamber model. This developed model illustrates the upward movement of magma which following injections of basaltic dykes. The magma fractionates as it moves up through the crust, in this case resulting in a zoned chamber. Magma generally rises through diapirs as shown in the upper crust. The upper liquid chamber experiences convection which enhances fractionation. The roof zone of the upper chamber may become stagnant due to the concentration of volatiles in this area. Though this model was widely used to explain many volcanic phenomena, the lack of evidence and questions on the longevity of large amounts of liquid in the crust have resulted in this model being used less often.

Figure 1 . 3

 13 Figure 1.3 Taken from[START_REF] Marsh | Solidification fronts and magmatic evolution[END_REF]. This schematic illustration of the magma chamber model illustrates two concepts of magma chamber crystallisation. On the left the crystallisation occurs throughout the chamber and crystals accumulate at the base of the chamber, cooling occurs from the roof of the chamber and crystallisation from the base. On the right crystallisation occurs through mushy solidification fronts around the margin of the chamber.

Figure 1 . 4 A

 14 Figure 1.4 A now widely used model taken from Cashman et al., 2017 who provided a unified view of the mush model. This schematic diagram shows a trans-crustal magma system which is vertically and laterally extensive beneath the volcano. Melts in the deep crust are transferred through the mid and upper crust.Liquid is generally thought to fractionate as it moves up resulting in more evolved melts hosted in the upper crust. The majority of the system is locked as a crystal mush with lenses of liquid melt containing suspended crystals and dissolved volatiles distributed throughout between the interlocking network crystals. The vertical connectivity of the systems allows for successive remobilisation of mush and destabilisation of melt lenses leading to eruption.

Figure 1 . 5

 15 Figure 1.5 Figure from Cas and Wright, 1997 and updated by USGS. Schematic diagram showing the different eruption styles and the increase in explosiveness and eruption column height between Hawaiian and Ultra-Plinian eruptions. Also shown are the less common Surtseyan and Phreatoplinian eruption styles.

  Fig 2.1).Activity on the arc has migrated westward forming the western arc, which has been active since 20 Ma (Early Miocene to present(Fig 2.1)). Pleistocene to recent volcanism has occurred in narrow ~10 Km wide zones which are split into three segments: The Northern Arc (Saba to Montserrat), the Central Arc (Guadeloupe to Martinique) and the Southern Arc (St. Lucia to Grenada[START_REF] Sigurdsson | Marine tephrochronology and Quaternary explosive volcanism in the Lesser Antilles arc[END_REF][START_REF] Wadge | Segmentation of the Lesser Antilles subduction zone[END_REF] (Fig 2.1). In the Holocene twelve volcanoes have been active in the western arc.

Figure 2 . 1 (

 21 Figure 2.1 (Left) Taken from[START_REF] Leone | Integrating spatial accessibility in the design of "volcano" evacuation plans: application in the French West Indies (Guadeloupe and Martinique)[END_REF], schematic map of the Lesser Antilles. The major volcanic centres which are <2 Ma, the centres are split into three areas of the arc Northern, Central and Southern[START_REF] Wadge | Segmentation of the Lesser Antilles subduction zone[END_REF]. (Right) Taken from[START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF] showing the seismotectonic setting of the Lesser Antilles with the active plate boundary faults shown in black. Also shown are coloured circles which are precisely relocated seismicity, colour coded as a function of depth[START_REF] Engdahl | Global teleseismic earthquake relocation with improved travel times and procedures for depth determination[END_REF]. Thrust focal mechanisms are shown in blue and others in red.

  Guadeloupe across the whole island shows a wide range of compositions spanning the Lesser Antilles trend. The Grande Découverte-La Soufrière volcano complex whole rock data, which is basalticandesite to andesite in composition, shows a large amount of overlap with other central arc islands (Martinique and Dominica). While the Mont Caraïbes (Guadeloupe) basalts extending to the less evolved compositions observed in the Northern and Southern arcs (Fig 2.2).

Figure 2 . 2

 22 Figure 2.2 Compilation of representative whole rock data from across the arc to show across arc variations. The central arc (square symbols) generally extend to more evolved compositions than the northern and southern arcs which are typically less evolved. Guadeloupe (including La Soufrière and Mont Caraïbes, this study;[START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF] Pichavant et al., 2018); St Vincent[START_REF] Fedele | Petrological insights on the last 1000 years of explosive activity at La Soufrière volcano, St. Vincent (Lesser Antilles)[END_REF][START_REF] Cole | Explosive activity of the last 1000 years at La Soufrière, St Vincent, Lesser Antilles[END_REF]; Dominica(D'Augustine et al., 2020;[START_REF] Balcone-Boissard | Deep pre-eruptive storage of silicic magmas feeding Plinian and domeforming eruptions of central and northern Dominica (Lesser Antilles) inferred from volatile contents of melt inclusions[END_REF]; Martinique[START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF]; Montserrat[START_REF] Christopher | Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at S oufrière H ills V olcano, M ontserrat[END_REF]; St Lucia[START_REF] Lindsay | Volcanic stratigraphy and geochemistry of the Soufrière Volcanic Centre, Saint Lucia with implications for volcanic hazards[END_REF]; Kick 'em Jenny[START_REF] Camejo-Harry | Evolution in magma storage conditions beneath Kick-'em-Jenny and Kick-'em-Jack submarine volcanoes, Lesser Antilles arc[END_REF]; Saba[START_REF] Defant | Evidence suggests slab melting in arc magmas[END_REF]; St Kitts[START_REF] Baker | Geochemical evolution of St Kitts and Montserrat, Lesser Antilles[END_REF]; Grenada[START_REF] Arculus | Geology and geochemistry of the alkali basalt-andesite association of Grenada, Lesser Antilles island arc[END_REF].

Figure 2 . 3

 23 Figure 2.3 Schematic map of Basse-Terre showing the main volcanic fields, faults and volcanoes. La Soufrière is found in the Grande Découverte-Soufrière complex in the south of the island which host the most recent volcanism. (Adapted from[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Samper | Timing of effusive volcanism and collapse events within an oceanic arc island: Basse-Terre, Guadeloupe archipelago (Lesser Antilles Arc)[END_REF].

Figure 2 . 4

 24 Figure 2.4 Whole rock data for Basse-Terre covering most of the major complexes plotted in a TAS diagram.Overall, the data ranges from basalt to dacite with the majority of the data falling in the basaltic-andesite to andesite range. GDS has been split to show the different volcanoes and though most data is basaltic-andesite to andesite, Echelle and Citerne is basalt to basaltic-andesite in composition. The basaltic Mont Caraïbes is often considered to be the parental magma as it is the least evolved composition observed. Data compiled from[START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF][START_REF] Samper | Effusive history of the grande decouverte volcanic complex, southern basse-terre (guadeloupe, french west indies) from new k-ar cassignol-gillot ages[END_REF][START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF] Pichavant et al., 2018; Metcalfe et al., 2021; Villement (Unpublished).

Figure 2 . 5

 25 Figure 2.5 Schematic cross-sections to demonstrate the evolution of GDS from the first phase of Grande Découverte through the Carmichaël phase to the current day La Soufrière de Guadeloupe phase (Adapted from[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF].

Figure 2 .

 2 Figure 2.6 A) Model from Touboul et al. (2007) depicting the time evolution of the La Soufrière system which undergoes fractional crystallization, shallow intrusions are shown which crystallise rapidly, the magma present in the deep zoned chamber entrains material from this zone during the 1530 Cal. CE eruption. B) Model fromPichavant et al. (2018) showing the evolution of the La Soufrière prior to the 1530 Cal. CE eruption. An andesite magma body is remobilized by a basaltic magma with the white rectangles representing the phenocryst assemblage present. Following remobilization, a hybrid magma is formed with the interface between the unaffected magma and hybrid magma marked by banded pumices.

Figure 2 . 7

 27 Figure 2.7 Map fom Moretti et al. (2020) andOVSG-IPGP (1999-2021) of the main structures, sites of historical eruptive activity and current hydrothermal activity of the La Soufrière dome (modified after[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF] Lesparre et al., 2012; and OVSG-IPGP, 1999-2019, with data taken fromHapel- Lachênaie et al., 1798; Peyssonnel and Maty, 1756; Lherminier, 1815; Lherminier, 1837a Lherminier, , 1837b Lherminier, , 1837c;; Jolivet, 1958; Barrabé and Jolivet, 1958; Sheridan, 1980;[START_REF] Le Guern | Soufriere of Guadeloupe 1976-1977 eruption-Mass and energy transfer and volcanic health hazards[END_REF][START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF][START_REF] Boudon | Notice explicative de la carte géologique au 1/20.000 ème du massif volcanique de la Soufrière (Département de la Guadeloupe, Petites Antilles)[END_REF] Komorowski et al., 2008; Nicollin et al., 2006; Feuillard, 2011;[START_REF] Brothelande | Fluid circulation pattern inside La Soufrière volcano (Guadeloupe) inferred from combined electrical resistivity tomography, self-potential, soil temperature and diffuse degassing measurements[END_REF][START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF][START_REF] Villemant | Evidence for a new shallow magma intrusion at La Soufrière of Guadeloupe (Lesser Antilles): insights from long-term geochemical monitoring of halogen-rich hydrothermal fluids[END_REF][START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF][START_REF] Rosas-Carbajal | Volcano electrical tomography unveils collapse hazard linked to hydrothermal system structure and dynamics[END_REF].

  Fig 2.7; Fig 2.8). Over the next five years fumarolic activity extended from Cratère Sud to the Napoleon fracture and the Gouffre Tarissan pit crater(OVSG-IPGP, 1999-2021;[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Tamburello | Spatio-temporal relationships between fumarolic activity, hydrothermal fluid circulation and geophysical signals at an arc volcano in degassing unrest: La Soufrière of Guadeloupe (French West Indies)[END_REF] Moretti et al., 2020; Fig 2.8). More recently fumarolic activity has spread along the eastern flanks of the volcano, and to the

Figure 2 . 8

 28 Figure 2.8 Google Earth image of the dome showing location of the principal fumaroles active on the dome which are regularly monitored by OVGS (adapted from Moretti et al., 2020).
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 3 Inclusions magmatiques (MIs) et verres matriciels : Une sélection de cristaux de pyroxène, de plagioclase et d'olivine, qui avaient été séparés à la main de la fraction tamisée de 500 μm, ont été montés dans l'époxy et sur lame mince. Ces cristaux ont été partiellement polis afin de sélectionner les cristaux qui hébergeaient des inclusions magmatiques (MIs-voir définition précise au chapitre 4). Les cristaux avec des MIs ont été montés dans des anneaux individuels d'aluminium et remplis d'époxy et polis individuellement à l'aide de tapis de polissage en carbure de silicium. Afin d'éviter la contamination par le carbone pour la détermination du CO2 par spectrométrie de masse des ions secondaires (SIMS), les autres MI ont été préparées séparément, sans polissage avec carbure de silicium[START_REF] Rose-Koga | Silicate melt inclusions in the new millennium: A review of recommended practices for preparation, analysis, and data presentation[END_REF]. Les verres matriciels ont été sélectionnés, montés en époxy, polis et recouverts de carbone en utilisant la même technique que pour les minéraux et les MIs pour les analyses au Microscope électronique à Balayage (MEB) et microsonde électronique (Chapitre 6; Fig 3.3).Plusieurs techniques d'analyse ont ensuite été utilisées :[1] ICP-MS : Des poudres (100 µm) provenant d'échantillons de roches totales et de clastes broyés ont été analysées pour les éléments majeurs (Ti, Ca, Na, Mg, Al, Si, P, K, M et Fe) à l'Institut de Physique du Globe de Paris (IPGP) en utilisant l'ICP-QMS 7900 Agilent, qui fait partie de la plateforme PARI.[2] MEB : Le MEB a été utilisé dans cette étude pour visualiser les cristaux d'orthopyroxène et le verre matriciel en utilisant le mode d'imagerie des électrons rétrodiffusés (Backscattered electrons, BSE), ce qui a permis d'observer la zonation des cristaux et les textures du verre matriciel. Ceci a été fait en utilisant le SEM EVO MA10 Zeiss qui fait partie de la plateforme PARI à l'IPGP.

Figure 3 . 1

 31 Figure 3.1 Map showing key locations for samples used in this study. For the La Soufrière and Echelle samples, a combination of proximal and distal locations were sampled, depending on the best-preserved exposures. For the Monts Caraïbes samples the best-preserved outcrops are found in the south of the island, for this study coastal exposures were sampled.

  at 555 ± 26 and 472 ± 16 ka,[START_REF] Ricci | High-resolution K-Ar dating of a complex magmatic system: the example of Basse-Terre Island (French West Indies)[END_REF] refine these dates to 508 ±11 to 317 ±7 ka using new K-Ar ages. There are several exposures of Monts Caraïbes in the south of Basse-Terre. The samples used in this study were collected from coastal exposures, including cliff exposures and slumps from the cliffs.The SOU 1907 and SOU 1908 outcrop are accessed from the Ravine Comar on the Route de Beausejour (Fig 3.1; Table

Figure 3 . 2

 32 Figure 3.2 Schematic logs from Legendre, 2012 for outcrops which samples in this study were taken from. (A) 1657 CE -SOU 0913, the sample was taken from the upper pumice fall unit; (B) 1010 CE -SOU 0111, the pumice fall unit was sampled; (C) 1010 CE -SOU 0924, the pumice fall unit was sampled; (D) 5680 BCE -SOU 1101, the scoria fall units were sampled.

Figure 3 . 3

 33 Figure 3.3 Methodology flowchart with preparation processes shown in yellow, the resulting sample components shown in orange and analytical techniques shown in red. Also shown are photographs of the components after the preparation processes. Samples already partially processed by Legendre (2012) (e.g., SOU 1101 viA) began with mineral separation. Samples which were not bulk samples and instead individual clast samples had alteration removed and then were cut into sections, with a section crushed for powder and a section gently crushed to release crystals, this section was then sieved.

Figure 3 . 4

 34 Figure 3.4 Examples of the calibration curves used to calibrate H2O. Shown are the more evolved standards (orange) and less evolved standards (blue). This allowed us to ensure the standard composition was in the same range as the inclusions analysed.

Figure 4 . 1

 41 Figure 4.1 Schematic illustration of crystals experiencing re-equilibration, a plot is shown for each mineral showing the changes in the composition across a profile in the mineral, along with schematic atoms which illustrate the changes.Also shown are BSE images of orthopyroxene from this study to show how this appears in real samples (adapted from[START_REF] Costa | Diffusion chronometry and the timescales of magmatic processes[END_REF][START_REF] Rosen | Crystal clocks[END_REF]. Crystal (A) is the initial crystal prior to interaction with a new magma composition, this is relatively Mg rich in comparison to the magma injected. The pyroxene interacts with the new magma and grows a lower Mg (higher Fe) rim (B). The schematic atoms show initially a sharp boundary is formed, however, the longer the crystal spends in the reservoir the more diffuse this boundary will become, with the profile becoming modified through diffusion over time (C). If the diffusivity of Mg/Fe in pyroxene is known diffusive re-equilibration can be modelled to calculate the time between the crystals first interaction with a new magma composition and eruption when diffusion is stopped. A crystal may record multiple mixing/recharge events shown through multiple compositional zones. A population of erupted crystals may also record a range of timescales or show different populations of timescales which relates to how the recharge magma has interacted with the reservoir and the different lenses of magma mush.

Figure 4 . 2

 42 Figure 4.2 Pyroxene crystal from the SOU 0913D sample (1657 CE) during polishing with melt inclusions. Left image shows the crystal under polarized light, the right image shows the crystal under reflected light. The large inclusions show various levels of PEM, with white plagioclase crystals growing in many inclusions. Smaller inclusions have less PEM which were chosen for analysis.

Figure 4 . 3

 43 Figure 4.3 Plagioclase mineral from sample SOU 1101viA (5680 BCE) with MI highlighted. In red are examples of primary inclusions, these tend to be in the centre of this mineral. In green are secondary inclusions which are located in the rim of the crystal and are more elongated in shape forming a distinct pattern. Also highlighted are blue fluid inclusions which are not the typical pale brown colour of the MI.

Figure 4 . 4

 44 Figure 4.4 Sketch showing the main post-entrapment modifications (PEM) that can affect an inclusion. During cooling the effects of crystallisation, diffusion and bubble formation are key, whereas during ascent and eruption ruptures and fractures are the main PEM occuring (taken from Wallace, 2005).

Figure 4 . 5

 45 Figure 4.5 Example of groundmass glass textures, vesicles and microlites are visible in varying quantities in all images. (A -this study; B and C -Legendre, 2012).

Figure 4

 4 Figure 4.6 Schematic of magma moving through the volcanic system (not to scale). The conduit is shown as a constant

Figure 4 . 7

 47 Figure 4.7 Taken from Pichavant et al. (2018), showing composition of MI (glass inclusions) and GM (matrix glass) for 1530 CE. MI data is clustered in comparison to the matrix glass which show a wider range of compositions
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  style éruptif à La Soufrière nous donne l'opportunité de comprendre les contrôles de l'explosivité des éruptions de ce volcan. Les quatre éruptions discutées ici sont une éruption vulcanienne (VEI 2), une éruption sub-plinienne (VEI 3) et deux éruptions pliniennes(VEI 4), couvrant une large gamme d'activité magmatique explosive produite par La Soufrière. Les éléments majeurs et volatils des inclusions magmatiques à travers la série d'éruptions montrent que la composition de la zone de stockage du magma est restée stable.Les inclusions magmatiques nous permettent également de limiter la zone de stockage du magma à une profondeur de 6 à 9 km avec une température moyenne de 1000 o C. La composition constante et les propriétés physiques de la zone de stockage alimentant les éruptions indiquent que pour certaines éruptions, des processus se produisant de haut en bas et des forces externes ont également déterminé la vitesse d'ascension du magma et a contrôlé le style d'éruption, en particulier l'intensité de l'activité explosive. Le magma alimentant l'éruption de 1010 Cal. CE est monté relativement rapidement (0,6 -12 m/s) empêchant la croissance des microlites. Le magma et les gaz exsolvés sont restés couplés et sont montés rapidement pour déclencher une éruption explosive qui était principalement dirigée par des processus ascendants. Durant l'éruption de 1657 Cal. CE, quant à elle, le magma est monté à une vitesse d'ascension plus lente (0,7 -3 m/s), et peu de preuves géochimiques et pétrologiques montrent pour des contrôles descendants majeurs. Cela suggère que les différences de vitesse d'ascension ont pu donner lieu à des styles d'éruption explosive contrastés. Le magma qui alimente l'éruption de 5680 Cal. BCE est monté relativement lentement (0,04 -1 m/s) en raison des rétroactions entre le dégazage et la cristallisation. Ces processus conduisent à une augmentation de la viscosité, ce qui ralentit encore l'ascension du magma et favorise son dégazage. En l'absence de tout contrôle descendant, on aurait pu s'attendre à ce que ce magma fasse éruption avec une faible explosivité ou de manière effusive. Cependant, l'étanchéité du dôme et la réduction de la perméabilité du conduit ont favorisé l'accumulation de gaz, conduisant à une surpression et à une éruption explosive plinienne. Des forces externes ont également joué un rôle dans l'éruption de 1530 Cal. CE où un effondrement de flanc a entraîné une décompression rapide d'un magma riche en gaz à faible profondeur qui a rapidement conduit à une phase d'activité explosive sub-plinienne au début de l'éruption multiphase. Les multiples contrôles sur le style d'éruption explosive, et notamment sur les éruptions les plus intenses observées à La Soufrière, les éruptions pliniennes (VEI 4), rendent ce système volcanique particulièrement dangereux. Par conséquent, la prévision du scénario d'éruption le plus crédible est particulièrement difficile. Étant donné que plusieurs styles d'éruption sont possibles et que le style d'éruption peut évoluer au cours d'une même éruption, nous insistons sur le fait que les efforts de surveillance doivent également aborder la question du suivi des processus d'ascension et des conduits à faible profondeur qui peuvent influencer le style d'éruption, et en particulier l'intensité de l'explosivité. Compte tenu de ces incertitudes,

Figure 7 . 1

 71 Figure 7.1 Temperature-Pressure graph from isobaric-fractional crystallisation MELTS runs at different temperatures starting from the Mont Caraïbes composition. This shows when each phase is expected to crystallise and what phase assemblages would be expected at different temperature-pressures following crystallisation of the Mont Caraïbes magma. Phase abbreviations: Ol = olivine, Feld = feldspar, CPX = clinopyroxene, OPX = orthopyroxene, Bio = Biotite, Qz = Quartz, Am = Amphibole. Also shown are the average MI temperature and pressures from the 1657 CE, 1010 CE and 5680 BCE eruptions, this confirms that the phase assemblage observed in these eruptions (shown on the right), can be produced from the Mont Caraïbes magma.

Figure 7 . 2

 72 Figure 7.2 TAS diagram showing whole rock (square), groundmasses glasses (open circle) and melt inclusions (closed circle) for all eruptions. Some Na2O loss from the inclusions and groundmass create a large spread of data, however, it can still be seen the compositions lie on the same LLD.

Figure 7 . 3

 73 Figure 7.3 Geochemical data set for the glass data, we include MELTS scenarios for the differentiation of two Mont Caraïbes compositions. Scenarios include isobaric equilibrium and fractional crystallisation and decompression equilibrium and fractional crystallisation.

  The 1657 Cal. CE, 1010 Cal. CE and 5680 Cal. BCE MI all fall within this δD -20 --80 ‰ range, which indicates the trapping of variably degassed melts has occurred rather than post-entrapment H2O loss. However, the majority of the Monts Caraïbes and 341 Cal. CE eruption inclusions have a large range of positive values (δD 50 -290 ‰). Positive δD values indicate loss of hydrogen, addition of seawater and/or secondary hydrothermal alteration

Figure 7 . 4

 74 Figure 7.4 Our δD data indicates the majority of MI from the 1657 CE, 1010 CE and 5680 BCE eruptions have experienced no H+ loss for most inclusions. This is in particular highlighted by the 341 CE and Mont Caraïbes MI which nearly all have positive δD values indicating diffusive H+ loss.

Figure 7

 7 Figure 7.5 (A) H2O; (B) CO2; (C) S; (D) Cl; (E) F vs K2O for melt inclusion (MI -circles) and average groundmass (GM -diamonds) for the eruption series. The Mont Caraïbes and 341 CE inclusions have lost H2O so the data does not follow the trends of the La Soufrière MI. In comparison, the 341 CE and Mont Caraïbes CO2, S and Cl data appears to fit with the trend from the other eruptions, F data however, is generally below the detection limit.

Figure

  Figure 7.6 (A) H2O/K2O; (B) CO2/K2O; (C)S/K2O; (D) Cl/K2O vs K2O. (A) also indicates the typical trends expected for volatiles experiencing degassing, crystallisation and degassing plus crystallisation. A clear degassing plus crystallisation trend is observed in H2O/K2O and Cl/K2O data. Again, the Monts Caraïbes and 341 Cal. CE H2O loss results in these inclusions not fitting with the degassing and crystallisation trend.

Figure 7

 7 Figure 7.7 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 BCE MI 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).
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 72 Figure 7.2 Values used for the petrologic method and the percentage degassing calculated.

Figure 7 . 8

 78 Figure 7.8 Pie charts showing the percentage of each volatile making up the total volatile emissions for (A) 1657 CE; (B) 1010 CE; (C) 341 CE; (D) 5680 BCE. The H2O loss experienced by the 341 CE MI results in the percentage of H2O emitted appear low.

  9). Overall, H2O represents 91 -95 % H2O of the total emissions (Fig 7.8). For the 341 Cal. CE eruption, where water was lost from the MI, H2O makes up 42% of emissions (Fig 7.8C). The emissions CO2 from the 1657 Cal. CE and 341 Cal. CE eruptions are comparable at 0.002 Mt and 0.003 Mt, respectively (Fig 7.9). For the 1657 Cal. CE eruption this corresponds to 2% of emissions, for 341 Cal. CE, due to the loss of H2O the percentage of CO2 appears much higher at 16% (Fig 7.11). This is much lower in comparison to the two Plinian eruptions, with the 1010 Cal. CE eruption emitting 0.1 Mt of CO2 and the 5680 Cal. BCE eruption emitting 0.21 Mt of CO2, which corresponds to 1 -2 % of emissions (Fig 7.8).

Figure 7 . 9

 79 Figure 7.9 Volatile emissions for (A) total volatiles; (B) H2O; (C) CO2 (D) SO2; (E) HCl; (F) HF vs eruption year. This shows larger eruptions have higher volatile emissions.

Figure 7 .

 7 Figure 7.10 (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), 1010 CE (green), 341 (blue) and 5680 BCE (yellow) eruptions.

Figure 7 .

 7 Figure7.11 SO2 emissions for subduction zone volcanoes calculated from the petrologic method after[START_REF] Wallace | From mantle to atmosphere: magma degassing, explosive eruptions, and volcanic volatile budgets[END_REF] 2005 and Scaillet et al., 2003. Emissions calculated for this study fit within the global trend, with the 5680 Cal. BCE and 1010 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;[START_REF] Self | Petrology and sulfur and chlorine emissions of the 1963 eruption of Gunung Agung, Bali, Indonesia[END_REF]; Samalas 1257 Cal. CE. (sa;[START_REF] Vidal | The 1257 Samalas eruption (Lombok, Indonesia): the single greatest stratospheric gas release of the Common Era[END_REF]; Krakatau 1885 (kr;[START_REF] Mandeville | Open-system degassing of sulfur from Krakatau 1883 magma[END_REF] Pinatubo 1991 (pi;[START_REF] Westrich | Magmatic gas source for the stratospheric SO2 cloud from the June 15, 1991, eruption of Mount Pinatubo[END_REF]; Toba 71000 BP (tob;Scaillet et al.,1998b; Zielinski et al., 1996b); Tambora 1815 (tam;[START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF] Scaillet et al., 1998b); La Soufrière de Guadeloupe 1657 Cal. CE (1657); La Soufrière de Guadeloupe 1010 Cal. CE (1010); La Soufrière de Guadeloupe 341 Cal. CE (341); La Soufrière de Guadeloupe 5680 Cal. BCE (5680); Montserrat 1995 (shv;[START_REF] Scaillet | Experimental constraints on volatile abundances in arc magmas and their implications for degassing processes[END_REF]; Mont Pelée 1902 (mp;[START_REF] Pichavant | Physical conditions, structure, and dynamics of a zoned magma chamber: Mount Pelée (Martinique, Lesser Antilles Arc)[END_REF]; Roseau Tuff 28000 BP (ros;[START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF]; SoufrièreSt Vincent 1979 (ssv;[START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF][START_REF] Devine | The liquid composition and crystallization history of the 1979 Soufriere magma, St. Vincent[END_REF]; Unzen 1991 (u;[START_REF] Scaillet | Experimental constraints on volatile abundances in arc magmas and their implications for degassing processes[END_REF]; Shinmoedake 2011 (shi; Mori and Kato 2013); Santa Maria 1902 (sm;[START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF][START_REF] Rose | Santa María, Guatemala: bimodal soda-rich calc-alkalic stratovolcano[END_REF] Pacaya 1972 (pac;[START_REF] Andres | Excessive sulfur dioxide emissions from Chilean volcanoes[END_REF]), Fuego 1974 (f;[START_REF] Rose | Volcán El Chichón, Mexico: pre-1982 S-rich eruptive activity[END_REF][START_REF] Roggensack | Sizing up crystals and their melt inclusions: a new approach to crystallization studies[END_REF] El Chichon 1982 (ec;[START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF][START_REF] Carey | The 1982 eruptions of El Chichón volcano, Mexico (2): Observations and numerical modelling of tephra-fall distribution[END_REF][START_REF] Krueger | Volcanic sulfur dioxide measurements from the total ozone mapping spectrometer instruments[END_REF][START_REF] Luhr | Sulfur isotope systematics of the 1982 El Chichón trachyandesite: An ion microprobe study[END_REF]; Ruiz 1985 (ru;Sigurdsson et al., 1990b); Lascar 1989 (ls;[START_REF] Andres | Excessive sulfur dioxide emissions from Chilean volcanoes[END_REF][START_REF] Matthews | The Piedras Grandes-Soncor eruptions, Lascar volcano, Chile; evolution of a zoned magma chamber in the central Andean upper crust[END_REF]; Rabaul (ra;[START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF]; Coseguina 1835 (cos;[START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF] Huaynaputina (hu;[START_REF] Costa | Diffusion coupling between trace and major elements and a model for calculation of magma residence times using plagioclase[END_REF] Mount St Helen's 1980, 1800, 1480 (msh;[START_REF] Gerlach | Total sulfur dioxide emissions and pre-eruption vapor-saturated magma at Mount St. Helens, 1980-88[END_REF][START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF] Bezymianny 1956 (bz;[START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF][START_REF] Zielinski | Stratospheric loading and optical depth estimates of explosive volcanism over the last 2100 years derived from the Greenland Ice Sheet Project 2 ice core[END_REF] Redoubt 1989-91 (re; Gerlach et al., 1994;[START_REF] Nye | Geochemistry of the 1989-1990 eruption of Redoubt Volcano: Part I. Whole-rock major-and trace-element chemistry[END_REF] Katmai 1912(kt;[START_REF] Westrich | Degassing of the 1912 Katmai magmas[END_REF]; Minoan 3650 BP (min;[START_REF] Devine | Estimates of sulfur and chlorine yield to the atmosphere from volcanic eruptions and potential climatic effects[END_REF] Sigurdsson et al., 1990a); Campanian (cam;[START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF][START_REF] Civetta | Geochemical zoning, mingling, eruptive dynamics and depositional processes-the Campanian Ignimbrite, Campi Flegrei caldera, Italy[END_REF] Stromboli 1980-93 (s;[START_REF] Allard | Sulphur output and magma degassing budget of Stromboli volcano[END_REF]; Tarawera 1886 (tar;[START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF]; Taupo 181 Cal. CE. (tau;[START_REF] Palais | Petrologic evidence of volatile emissions from major historic and pre-historic volcanic eruptions. Understanding Climate Change[END_REF].

Figure 7 .

 7 Figure 7.12 Taken from Aubry et al., 2019b demonstrating the 8 box model which EVA_H is based, boxes are shown relative to the tropopause. Arrows show the SO4 fluxes from and into the southern hemisphere.

Figure A. 1

 1 Figure A.1 Enstatite (En). Fosterite (Fs). Wollastonite (Wo) for the pyroxenes from the 1657 CE (red), 1010 CE (green), 341 CE (blue), 5680 BCE (yellow) and Monts Caraïbes (orange) eruptions.

  who investigate conduit controls on effusiveexplosive transitions at Merapi Volcano, Indonesia.[START_REF] Carr | Volcanic conduit controls on effusiveexplosive transitions and the 2010 eruption of Merapi Volcano (Indonesia)[END_REF] finds conduit radius causes a variation in mass flow rate but changes in conduit radius over the range of 10 -30 m do not lead to a change in eruption style. The ranges used by[START_REF] Carr | Volcanic conduit controls on effusiveexplosive transitions and the 2010 eruption of Merapi Volcano (Indonesia)[END_REF] were chosen based on values used in previous works addressing a number of different volcanic system.

  The 1010 CE Plinian eruption fits into the upper range of global Plinian eruptions, with several systems showing maximum ascent rates of ~ 10 m/s. The 5680 BCE Plinian eruption fits into the lower range of global Plinian eruptions, with several eruptions showing a maximum ascent rate of ~1 m/s. However, to have two Plinian eruptions with such different ascent rates, with the 5680 BCE ascent rate not fitting into the general trend of high intensity and faster ascent rate, indicates the 5680 BCE Plinian eruption has experienced different processes.

Figure C. 1

 1 Figure C.1 1657 CE geochemical dataset with simple MELTS runs (details in TableC.2). Run 5 -isobaric equilibrium crystallization, run 6 -fractional crystallization, run 7 -equilibrium

Figure C. 3

 3 Figure C.3 1010 CE geochemical dataset with simple MELTS runs (details in table3.14). Run 13 -isobaric equilibrium crystallization, run 14 -fractional crystallization, run 15 -equilibrium fractional crystallization, run 16 -fractional crystallisation. All scenarios provide a reasonable fit for the dataset and can be considered plausible.

Figure C. 4

 4 Figure C.4 1010 CE geochemical dataset with assimilation MELTS runs (details in table 3.14). Run 17 -assimilation with MC, run 18 -assimilation with Echelle, run 19 -assimilation with GM, run 20assimilation with MI. The assimilation scenarios are often not a perfect fit compared to the simple scenarios Figure C.3, and for several elements including MgO, CaO and FeO the trends do not fit with the dataset.

Figure C. 5

 5 Figure C.5 1530 CE geochemical dataset with simple MELTS runs (details in TableC.2). Run 21 -isobaric equilibrium crystallization, run 22 -fractional crystallization, run 23 -equilibrium fractional crystallization, run 24 -fractional crystallisation. All scenarios provide a reasonable fit for the dataset and can be considered plausible; however, fractional crystallisation scenarios often provide a slightly better fit.
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  . ................................................................................................ 348 Figure C.1 1657 CE geochemical dataset with simple MELTS runs (details in Table C.2). Run 5 -isobaric equilibrium crystallization, run 6 -fractional crystallization, run 7 -equilibrium fractional crystallization, run 8 -fractional crystallisation. All scenarios provide a reasonable fit for the dataset and can be considered plausible. .......................................................... 352 Figure C.2 1657 CE geochemical dataset with assimilation MELTS runs (details in Table C.2). Run 9assimilation with MC. run 10 -assimilation with Echelle. run 11 -assimilation with GM. run 12 -assimilation with MI. No scenario is a particularly bad fit though run 11 and 12 can be considered a closer fit for this dataset, particularly for TiO2, FeO, Al2O3 and K2O. ............................................................................................................................ 353 Figure C.3 1010 CE geochemical dataset with simple MELTS runs (details inTable C.2). Run 13isobaric equilibrium crystallization, run 14 -fractional crystallization, run 15 -equilibrium fractional crystallization, run 16 -fractional crystallisation. All scenarios provide a reasonable fit for the dataset and can be considered plausible. ............................... 355 Figure C.4 1010 CE geochemical dataset with assimilation MELTS runs (details in Table C.2). Run 17assimilation with MC. run 18 -assimilation with Echelle. run 19 -assimilation with GM.
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 21 Summary table of La Soufrière eruptions described in detail inLegendre, 2012, a version of this table is presented inMetcalfe et al., 2021. Shown in bold are the eruptions focused on during this thesis. Dashes (-) indicate where information is not relevant for that eruption and question marks (?) indicates where information is unavailable or unknown. ..........
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 C1 Compositions used for MELTS input with the composition column related to TableC.2 showing which scenarios each composition was used in.
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354 Chapter 1 Introduction 1.1 Motivation Les

  volcans et le volcanisme d'arc en particulier, sont associés à certaines éruptions les plus meurtrières et destructrices et pour les populations vivant près de ces volcans actifs, les éruptions peuvent avoir des effets dévastateurs (par exemple, l'éruption de la Montagne Pelée, Martinique

Table 1 .1 Index 0 1 2 3 4 5 6 7 8 Bulk tephra volume (m 3 ) <10

 1 

	4	<10 6	<10 7	<10 8	<10 9	<10 10 <10

11 <10 12 >10 12 Eruption plume column heigh (km)

  

		<0.1	0.1-1	1-5	3-15	10-25	>25
	Qualitative description	Gentle	Effusive	Explosive		Cataclysmic, paroxysmal
	Stratospheric injection	None	None	None Possible		Certain
	Percentage					

of known eruptions in the past 10,000 years

  

	13	16	49	14	5	2	<1	<0.1	0
	Typical recurrence interval (years)	Days to weeks		0.3	3	20	80	500	7x10 5

Table 1 .1

 1 Categories of the volcanic explosivity index taken from[START_REF] Pyle | Sizes of volcanic eruptions[END_REF] 

  ). Cette éruption était une petite éruption explosive vulcanienne (VEI 2-3), avec un volume éruptif minimum estimé à ~0,001 km3. Aucune preuve d'effondrement de flanc associé ou d'activité de dôme n'est rapportée pour cette éruption. Six explosions phréatiques/hydrothermales non-magmatiques ont eu lieu depuis 1657 Cal.

Table 2 .1 Summary

 2 

table of La Soufrière eruptions described in detail in

Legendre, 2012, a version of this table is presented in Metcalfe et al., 2021

. Shown in bold are the eruptions focused on during this thesis. Dashes (-) indicate where information is not relevant for that eruption and question marks (?) indicates where information is unavailable or unknown. There is an additional edifice collapse event not listed in this table, dated at 7140 Cal. BCE (8170 yrs BP) that was not associated with a magmatic eruption and that occurred in the stages of the La Soufrière episode. DRE: dense rock equivalent.

  1657 Cal. CE eruption (GDS1) was first sampled in 2009 from outcrop SOU 0913 in Ravine Goyavier, which is a proximal outcrop, located about 1 km from La Soufrière (Fig 3.1; Table 3.1). Within this outcrop deposits from both the 1657 Cal. CE and 1530 Cal. CE eruptions are preserved. These outcrops were constrained using a lower palaeosol unit dated at 585 ± 30 BP years (1334 ± 35 Cal. CE -69%; 1398 Cal. CE ± 18 -31%; Legendre, 2012) located below the 1530 Cal. CE eruption units, and an upper paleo-fire unit dated at 245 ± 30 years BP (1656 ± 26 Cal. CE -58%; 1783 ± 20 Cal. CE -27%; Legendre, 2012) (Fig 3.2), which separates the 1657 Cal. CE above and the 1530 Cal. CE deposits below. This paleo-fire unit allows the clear distinction between the 1657 Cal. CE and 1530 Cal. CE deposits, and marks them as two distinct explosive eruptive events with a temporal eruptive hiatus between.

  may be incomplete and not include an accurate description of the magmatic eruption phase which could be the 1657 ±25 Cal. CE eruption. A good candidate for the location of the 1657 Cal. CE eruption vent is the South Crater, given the size depth and low degree of alteration of the crater.1010 ± 10 Cal. CEThe 1010 Cal. CE eruption (GDS 3) is poorly preserved in the geological record and is found best preserved in the south west of Basse-Terre(Fig 3.1; Table 3.1). The samples used in this study for the 1010 Cal. CE eruption was sampled from two main distal outcrops, SOU 0111 and SOU 0924 in 2001 and 2009. These outcrops are found in the Ravine Bonne Espérance (Fig 3.

Table 3 .

 3 

1 Summary of sample types and locations from the samples used in this study.

Table 3 .1

 3 

	Eruption	Sample Type	Location	Outcrop	Unit used in this study	UTM N (m)	UTM O (m)	Distance from Vent (Km)	Altitude (m)	Collected
	1657 Cal. CE	Fallout	Ravine Goyavier	SOU 0913	SOU 0913D	641465.52	1773774.28	1	875	2009
	1010 Cal. CE	Fallout	Ravine Bonne Espérance	SOU 0111 SOU 0924	SOU 0111A SOU 0924A	63822.96	1769737.64	7	225 185	2001 2009
	341 Cal. CE	Scoria clasts	Slump at Echelle cone base	SOU 1904	SOU 1904A	643368.40	1773659.56	<1	1160	2019
	5680 Cal. BCE	Fallout	Chantier du SDIS, Basse-Terre	SOU 1101 SOU 1101viA	637417.01	1770275.81	7	202	2011
					SOU 1907					
	Monts Caraïbes 508±11 to 317±7 ka	Lava	Beach at the bottom of Ravine Comar	SOU 1907 SOU 1908	SOU 1908A SOU 1908B	640724.61	1763819.68	-	0	2019
					SOU 1908C					

Table 3 .2

 3 

	Standard	TiO2	CaO	Na2O	MgO	Oxides (wt%) Al2O3 SiO2	P2O5	K2O	MnO Fe2O3 (t)
	BHVO2	2.78	11.61	2.23	7.30	13.54 50.24	0.29	0.52	0.17	12.54
	BEN	2.81	15.75	3.25	13.85 10.40 40.24	1.03	1.31	0.21	13.41
	ML_I	0.71	8.61	2.65	4.40	18.18 56.21	0.07	0.60	0.17	8.49
	ML_H	0.69	8.56	2.65	4.45	18.02 55.65	0.07	0.57	0.18	8.68
	ML_SF	0.74	4.66	2.47	2.41	14.53 58.74	0.17	0.80	0.11	7.72
	ML_L	0.75	5.87	3.14	2.64	16.12 57.64	0.12	0.69	0.19	8.03
	ML_M	0.68	7.17	3.13	3.05	17.95 59.12	0.09	0.79	0.17	8.16
	ML_E	0.83	9.33	2.54	5.39	20.63 50.44	0.10	0.30	0.20	10.83
	ML_F2	0.77	8.85	2.83	4.52	19.27 57.53	0.09	0.64	0.18	9.03
	ML_E3	0.81	9.31	2.59	5.36	19.86 50.57	0.12	0.30	0.19	10.61
	ML_E2	1.02	10.24	2.59	5.91	20.40 46.51	0.14	0.10	0.19	10.46
	ML_F1	0.66	7.12	2.93	3.15	16.85 58.96	0.07	0.82	0.16	7.88
	ML_J	0.77	8.82	2.71	4.79	19.16 57.57	0.10	0.59	0.19	9.22
	ML_G	0.72	8.74	2.77	4.49	19.26 56.32	0.06	0.63	0.17	8.72

Table 3 .

 3 

2 ICP-MS standards

Table 3

 3 

	.3																			
		O	Mg	Al	Si	Ca	Ti	Cr	Mn	Fe	K	Na	Cr	F	P	Cl	Ca	Ba	S	V	Pb
	Diop	43.95 10.16 0.33	25.21	17.58 0.15	0.14	0.06	2.25		0.18								
	Ortr	46.14		9.9	30.06					0.05	0.02	0.80								
	Fe2O3	30.06								69.94										
	Albr	48.82		10.25 32.13					0.05	0.02	8.75								
	MnTiO3 31.82					31.77		36.42											
	Cr2O3	31.58											68.42							
	Apat	38.92												3.40	18.31 0.35	39.02			
	Baso	28.19																58.81 13.00	
	Vana	13.10															2.62			10.48 73.80

Table 3 .

 3 

3 EMPA standards mol wt%

Table 3 .

 3 

		4					
		LIP (mean ±SD)	LIP a	LGM (mean ±SD)	LGM b	CO5 (mean ±SD)	CO5 c
	SiO2	77.84 (1.6)	75.62	77.19 (2.7)	73.31	78.6 (2.9)	74.49
	TiO2	0.07 (0.002)	0.07	0.25 (0.02)	0.22	0.2 (0.02)	0.2
	Al2O3 13.5 (0.002)	13.5	14.22 (0.07)	14.32	10.00 (0.01)	9.99
	FeO	1.43 (0.08)	1.32	1.76 (0.14)	1.96	4.82 (0.3)	5.24
	MnO	0.07 (0.275)	0.46	0.01 (0.01)	0.02	0.16 (0.02)	0.13
	MgO	0.04 (0.001)	0.04	0.22 (0.05)	0.29	0.02 (0.004)	0.01
	CaO	0.7 (0.07)	0.8	1.13 (0.16)	1.36	0.18 (0.01)	0.19
	Na2O	1.90 (1.6)	4.19	2.03 (1.4)	4.04	2.63 (1.8)	5.14
	K2O	4.16 (0.6)	4.99	3.59 (0.6)	4.50	4.56 (0.04)	4.62
	Sum	100	100	100	100	100	100
	Cl	0.378 (0.001)	0.376	0.056 (0.01)	0.066	0.177 (0.0001)	0.177

Table 3 . 4 .

 34 Glass standards used for microprobe calibration[START_REF] Balcone-Boissard | Non-volatile vs volatile behaviours of halogens during the AD 79 plinian eruption of Mt. Vesuvius, Italy[END_REF] 

Table 3 .5 SIMS standards

 3 

Table 3 .

 3 

	5							
			wt%			ppm	
		SiO2	Al2O3	H2O	CO2	S	Cl	F
	M40	47.51	17.27	3.07	2183	-	-	-
	N72	50.07	18.36	0	0	-	-	-
	M43	47.46	17.21	2.62	3172	-	-	-
	M48	50.17	18.28	0.77	178	-	-	-
	M35	48	17	4.2	1019	-	-	-
	StHs	63.7	17.7	0.025	4.4	2.7	231	320
	KE12	70.3	7.62	-	-	210	4200	3280
	KL2-G	50.1	13.1	0.015	5.2	7.7	26	177
	VG2	50.81	14.06	0.28	153	1424	298	300
	MC-84df	76.37	12.56	0.7	7	-	-	-
	TAN25-0	60.22	15.39	0.85	-	-	-	-
	TAN25-2	60.22	15.39	2.61	-	-	-	-
	TAN25-4	60.22	15.39	4.29	-	-	-	-
	25603	49.66	17.24	0.99	-	708	799	767
	47963	48.18	18.17	1.45	-	776	1356	777
	40428	50.4	15.89	0.85	-	890	494	650
	60701	49.09	16.99	0.63	-	700	435	720
	ETNA_0	46.8	12.71	1.35	-	-	-	-
	ETNA_4	46.9	12.71	3.64	-	-	-	-

  . Le taux auquel la diffusion se produit est principalement contrôlé par la température, et est éteint pendant le refroidissement du système en dessous d'une température de fermeture généralement associée au refroidissement soudain lors de l'éruption. Cette technique est donc importante pour calculer l'échelle de temps entre les processus perturbant l'environnement des cristaux magmatiques dans la zone de stockage des magma et leur refroidissement rapide lors de l'éruption. Par conséquent, la modélisation des gradients chimiques dans les cristaux peut être utilisée pour extraire des informations temporelles sur les systèmes magmatiques(Fig 4.1). Les échelles de temps peuvent également être liées aux processus magmatiques, notamment: le mélange, la recharge et l'ascension du magma menant à l'éruption.

	L'étude de Bourgeoisat (2018) rapporte une grande population de cristaux non zonés et de petites
	populations de cristaux zonés simples et multiples, liés à trois environnements magmatiques
	différents. Les échelles de temps pour les cristaux zonés simples sont rapportées à l'aide d'un
	histogramme de fréquence qui montre une probabilité maximale de 20-30 jours et une incertitude de
	-5/+10 jours est calculée à l'aide d'une simulation de Monte Carlo. Une gamme d'échelles de temps
	en dehors de cette probabilité maximale, avec un minimum de ~10 jours et un maximum de 90 jours.
	Les échelles de temps calculées pour les orthopyroxènes avec plusieurs zones, montrent des échelles

Echelles de temps à La Soufrière

Pichavant et al., 2018 

ont examiné les zones riches en Mg de l'orthopyroxène afin de calculer les échelles de temps de diffusion du Fe-Mg pour l'éruption de 1530 Cal. CE. Les zones riches en Mg sont interprétées comme le résultat d'une recharge basaltique dans un corps andésitique. Ainsi, les échelles de temps de diffusion calculées en utilisant la zone de composition la plus externe représentent l'échelle de temps qu'un cristal, dans un système andésitique, a passé à interagir avec la recharge basaltique avant l'éruption. Cependant, un événement de recharge n'aboutit pas nécessairement au déclenchement d'une éruption, d'où les multiples zones de composition souvent observées.

Les échelles de temps de diffusion ont été calculées à deux températures (900 et 950 o C) qui ont été déterminées pour les rubanées ponces, caractéristiques de cette éruption. L'étude

de Pichavant et al. (2018) 

donne des échelles de temps pour deux cristaux : 26 jours (900 o C) et 10 jours (950 o C), ces échelles de temps sont citées comme une échelle de temps minimale. Des échelles de temps courtes pour la période 1530 Cal. CE de l'ordre de ~1 mois avant l'éruption ont également été rapportées par

[START_REF] Bourgeoisat | Spatio-temporal dynamics of the magmatic reservoir at the origin of the 1530 AD eruption of La Soufrière of Guadeloupe[END_REF]

. Bien que des températures de 953-972 o C aient été calculées à l'aide du géothermobaromètre à oxyde de Fe-Ti

[START_REF] Ghiorso | Thermodynamics of rhombohedral oxide solid solutions and a revision of the Fe-Ti two-oxide geothermometer and oxygen-barometer[END_REF] 

et de 880 o C avec QUILF

(Andersen et al., 1993)

, une température de 900 o C a été utilisée, suivant les calculs

de Pichavant et al. (2018)

. de temps entre 2 et 4 ans pour la zone interne, qui est considérablement plus longue que les zones externes.

  The compositional heterogeneities suggest that timescales are closer to the shorter timescale bound, closer to tens of hours, shown by mixing experiments which obtained in 50 hours heterogenous glass compositions, identical to those observed in the 1530 CE banded pumice

	Diffusion timescales were calculated at two temperatures (900 and 950

o C) which were determined for the banded pumices, characteristic of this eruption. This study yields timescales for two crystals: 26 days (900 o C) and 10 days (950 o C), these timescales are cited as a minimum timescale with further diffusion calculations indicating between 438 years (900 o C) and 184 years (950 o C) are necessary for full chemic homogenisation of the orthopyroxene.

  P*@' -S P*@X -S P)P*@X )and enstatite + ferrosilite (EnFs; S W(<X (Ns O tu O h I ) = (S <$ + S => -S 8'VT /2). Also used is Mg#(liq) where OP#(^uv) = (OPh %'; /40.3)/[((OPh %'; /40.3) + (N&h %'; / 71.85))], with MgO liq , for example, representing the wt% of MgO in the liquid.Olivine thermometry was first calibrated by Hakli and[START_REF] Häkli | The fractionation of nickel between olivine and augite as a geothermometer[END_REF] based on Ni partitioning. More recently olivine thermometry has focused on Mg partitioning, however, many models including the model of[START_REF] Beattie | Olivine-melt and orthopyroxene-melt equilibria[END_REF] only provide accurate temperatures for anhydrous systems, at temperatures <1650 o C. At higher temperatures and pressures systematic errors occur, with the barometer also overestimating temperature for hydrous compositions.Putirka et al. (2007) provides a pressure sensitive correction for the[START_REF] Beattie | Olivine-melt and orthopyroxene-melt equilibria[END_REF] equations. The equation 2 (equation 21 in Putirka, 2008) of Putirka et al. (2007) and equation 4 (equation 22 in Putirka, 2008) are shown below (equations 4.10 and 4.11, respectively):

	^_! => 9%/%'; = -2.158 + 55.09	c(kcf) #( 9 /)	-6.213 × 10 :O Qg O h %'; V +	4430 #( 9 /)	+ 5.115 × 10
	';	+ S LK /., %'; T -1.1ROP# %'; T -0.18^_RS W(<X UNR T -0.027c(def5)
						(4.9)
						ST UNR =
	S "%(YZ) UNR r5 S				

This equation includes clinopyroxene components calculated on a 6-oxygen basis: jadeite (Jd; S Q* UNR , whichever is less), diopside + hedenbergite (DiHd; S W(<X (/fNstu O h I ) = (S P* -S :O [wf O h %';
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	1			
	Reference	A	B	C*
	Eugster and Wones, 1962	-24709	8.94	0.046
	Charette and Flengas, 1968	-24405	8.867	0.046
	Hubner and Sato, 1970	-24930	9.36	0.046
	Schwab and Kusger, 1981	-24753.5	9.141	0.046
	Haas (unpublished)	-25025	9.460	0.046

Table 4 . 1

 41 Input parameters for Eqn 4.14. * C = -∆Vs /2.303 R (-∆Vs from

  [START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF] report the composition of one Monts Caraïbes melt inclusion(Fig 7.5), although they do not report any value for deuterium, which fits with the trend of the La Soufrière data from this study. The H2O loss reported here also appears to have affected CO2 as the[START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF] report 0.4 wt% CO2, this inclusion fits with the trend of the 341 Cal. CE CO2. Although the S content of the MI from the 341 Cal. CE magma fits with the La Soufrière S data, the composition of the MI from[START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF], indicates S has also been lost from the Monts Caraïbes inclusions in this study. The Monts Caraïbes inclusions appear not to have lost Cl. Importantly, the MI data from[START_REF] Allard | Steam and gas emission rate from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for the magmatic supply during degassing unrest[END_REF] fits into the trend of increasing Cl with increasing K2O (Fig 7.5). The dataset for the 341 Cal. CE and Monts Caraïbes MI are not included because of the water loss that has occurred.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(Fig 7.5). The H2O values measured for this study range from 1.05 -4.42 wt%. The H2O values for 1530 Cal. CE (reported byPichavant et al., 2018; calculated by difference), extend this range to 5.6 wt%. H2O shows a weak positive correlation with H2O, however, there is no correlation between eruption style and H2O content.CO2 for this study range from <50 -2070 ppm, with the highest CO2 values recorded in the 341 Cal. CE eruption(Fig 7.5). The upper values above 1700 ppm may be outliers with most of the 341 Cal. CE CO2 data falling below 1500 ppm. A clear trend of decreasing CO2 with increasing K2O is observed, which could relate to ascent and crystallisation of the magma, assuming incompatible behaviour

  is also highlighted by the average GM values(Fig 7.6). This suggests the magma experiences S degassing without the influence of crystallisation. Cl/K2O vs K2O shows a clear negative correlation which again could indicate degassing and crystallisation of the magmas(Fig 7.6). As with H2O/K2O, the 1657 Cal. CE magmas appear to suggest the magma is undergoing progressive crystallisation and degassing, resulting in the younger magmas being more evolved with lower volatile contents. The 341 Cal. CE eruption does not fit with the degassing and crystallisation with MI appearing to show a vertical degassing trend(Fig 7.6). This suggests that while the 1657 Cal. CE, 1010 Cal. CE and 5680 Cal. BCE magmas have experienced Cl degassing and crystallisation, the 341 Cal. CE magma has undergone simple Cl degassing.Comparing the (volatile/K2O)GM and (volatile/K2O)MI can also provide information about the degassing history. For example, the (S)GM and (S)MI across all the eruptions are similar which indicates little eruptive degassing of S has occurred. Similarly, for the 1657 Cal. CE, 1010 Cal. CE and 5680 Cal. BCE (Cl/K2O)GM and (Cl/K2O)MI are relatively similar. However, the 341 Cal. CE and 1530 Cal. CE (Cl/K2O)GM are much lower than the (Cl/K2O)MI, suggesting a large amount of eruptive degassing has occurred(Fig 7.6).

	7.6 (A) H2O/K2O; (B) CO2/K2O;
	(C)S/K2O; (D) Cl/K2O vs K2O. (A) also
	indicates the typical trends expected
	for volatiles experiencing degassing,
	crystallisation and degassing plus
	crystallisation. A clear degassing plus
	crystallisation trend is observed in
	H2O/K2O and Cl/K2O data. Again, the
	Monts Caraïbes and 341 Cal. CE H2O
	loss results in these inclusions not
	fitting with the degassing and
	crystallisation trend.

this
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	.1								
	Starting Pressure (MPa)	Temp. ( o C)	Composition	H2O (wt%)	CO2 (ppm)	S (ppm)	System	NNO	Figure
	220	1020	5680 BCE	4.4	1300	800	Closed	0.8; 0; 0.5	7.7A
	220	1020	5680 BCE	4.4	1300	800	Open (0.3)	0.8; 0; 0.5	7.7A
	220	1020	5680 BCE	4.2	900	450	Closed	0.8; 0; 0.5	7.7B
	20	1020	5680 BCE	4.2	900	450	Open (0.1)	0.8; 0; 0.5	7.7B
	200	1000	1010 CE	4.4	900	250	Closed	0.8; 0; 0.5	7.7C
	200	1000	1010 CE	4.4	900	250	Open (0.1)	0.8; 0; 0.5	7.7C
	190	1000	1657 CE	4.1	700	300	Closed	0.8; 0; 0.5	7.7D
	190	1000	1657 CE	4.1	700	300	Open (0.1)	0.8; 0; 0.5	7.7D
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 71 Parameters input into CHOSETTO.

  Table7.2). The S degassing percentage across the eruption ranges from 7 -66 %. The degassing percentage in greater for the larger VEI 4 eruptions (1010 Cal. CE -58 % and 5680 Cal. BCE -66 % Table7.2) than for the smaller VEI 2 eruptions (1657 Cal. CE -29 % and 341 Cal. CE -7 %). The Cl degassing ranges from 33 -93 % and shows that the 341 Cal. CE eruption has a considerably higher degassing percentage (83 %) than other eruptions. For the other three eruptions there is no clear variation in degassing percentage with eruption size (33 -53 %; Table7.2). Cl data is also available for 1530 Cal. CE (Cl degassing -33 %) and shows a similar degassing percentage as 1657 CE (35 %). The F data is more complicated to analyse than other volatiles, with the GM F content higher than the MI F content for the 1657 Cal. CE and 1010 Cal. CE magma despite the presence of very few microlites and a P2O5 content that suggests the absence of apatite. This results in negative degassing
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	2													
	Volatile		S					Cl				F		
	Eruption	1657	1010	341	5680	1657	1530	1010	341	5680	1657	1010	341	5680
	Max MI (ppm)	564	654	219	777	3610	3006	3470	3341	2914	510	400	527	866
	Average GM (ppm)	402	277	205	265	2354	2028	2021	221	1368	928	406	400	507
	% of degassing	29	58	7	66	35	33	42	93	53	-	-	24	25

  Table 7.3. Overall, the larger Plinian (VEI 4) eruptions have higher emissions, while 1657 Cal. CE eruption has the lowest emissions (Fig 7.9), as expected. This is observed in the total volatile emissions, where the 1010 Cal. CE eruption has the highest total emissions (11.48 Mt) which is comparable to the 5680 Cal. BCE eruption (11.16 Mt), the 1657 Cal. CE and 341 eruptions have considerably lower total emissions at 0.11 and 0.02 Mt, respectively (Table 7.3). The emissions of each volatile species have also been calculated. For H2O, the 1530 Cal. CE eruption has the highest emissions (11.35 Mt) and the two Plinian eruptions have similar H2O emissions (10.2 -10.8 Mt) (Table 7.3; Fig 7.

Table 7 .3 Results of the petrologic method
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	3					
			Volatile	Volatile emission rate	Volatile emission rate	Percentage of Total
			emission (Mt)	(Mt/hour) Max	(Mt/hour) Min	Volatiles (%)
		SO2	0.001	0.01	0.001	0.8
	1657	HCl CO2	0.003 0.002	0.04 0.021	0.003 0.002	3.0 1.6
		H2O	0.1	1.27	0.1	96
	1530	HCl H2O	0.22 12.35	0.44 24.7	0.19 10.29	--
		SO2	0.19	0.05	0.01	1.6
	1010	HCl CO2	0.37 0.1	0.09 0.025	0.02 0.006	3.2 0.9
		H2O	10.83	2.71	0.6	94
		SO2	0.00007	0.0009	0.00007	0.4
		HCl	0.008	0.01	0.16	39.5
	341	HF	0.0003	0.004	0.0007	1.7
		CO2	0.003	0.04	0.007	16.4
		H2O	0.008	0.1	0.02	42.0
		SO2	0.25	0.06	0.01	2.2
		HCl	0.39	0.08	0.02	3.5
	5680	HF	0.044	0.007	0.001	0.4
		CO2	0.21	0.05	0.01	1.9
		H2O	10.23	2.57	0.57	93
		1657	0.11	1.32	0.11	-
	Total	1010 341	11.48 0.02	2.85 0.25	0.63 0.04	--
		5680	11.16	2.76	0.61	-

  ; La Soufrière de Guadeloupe 1657 Cal. CE (1657); La Soufrière de Guadeloupe 1010 Cal. CE (1010); La Soufrière de Guadeloupe 341 Cal. CE (341); La Soufrière de Guadeloupe 5680 Cal. BCE (5680); Montserrat 1995 (shv; Scaillet and Pichavant, 2003); Mont Pelée

  1 km 3 and emitted 0.25 Mt of SO2). Data available from the Lesser Antilles eruptions Montagne Pelée 1902 (0.3 Mt) and Soufrière St Vincent 1979 (0.46 Mt) also have comparable SO2 emissions and have magma volume a similar to that of the 5680 Cal. BCE and 1010 Cal. CE eruptions(Fig 7.11). 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 noteworthy that volatile emissions for the voluminous eruption of the Roseau Tuff on nearby Dominica, however, are much larger than those of any La Soufrière eruptions, although both neighboring magmatic systems are formed as a result of the Lesser Antilles subduction.

  As with the 1657 Cal. CE eruption, the 341 Cal. CE eruption mass of SO2 erupted is negligible and results in a small forcing. The 341 Cal. CE eruption has the same VEI as the 1657 Cal. CE eruption and the same estimate plume height. The resulting SAOD peak at 17 km is comparable to the 1657 Cal. CE eruption at 0.004294 for both the maximum and best estimate SO2 emissions(Fig 7.13). However, the ERF is lower than the 1657 Cal. CE and between -0.000004 and -0.00001 W/m2 (Fig 7.14). Again, similar to the 1657 Cal. CE eruption the lower plume heights do not result a major change from the background

	The maximum climate forcing of the 1657 Cal. CE eruption is
	calculated using a 17 km SO2 injection height. This results in SAOD peak of 0.004297 (Fig 7.13) and an
	ERF of -0.000062 --0.000073 W/m 2 (Fig 7.14), with lower estimates coming from the best estimate
	SO2 emission and upper estimates from the maximum SO2 emission. At lower plume heights the
	forcing is much less, for example at 15 km, though the SAOD peak is similar (0.004294) the ERF is less
	between -0.0000045 and -0.0000057 W/m 2 (Fig 7.14). For a plume height of 10 km the SAOD and ERF
	do not produce a clear forcing signal, with no rise and decay as there is no injection into the
	stratosphere (Fig 7.13; 7.14).
	level, with a 15 km plume height having a similar SAOD peak (0.004294; Fig 7.13) and ERF (between -
	0.00000039 and -0.00000095 W/m 2 ; (Fig 7.14). For the 10 km plume height there is no significant
	forcing.
	In comparison to these two smaller VEI 2 eruptions, the 1010 Cal. CE and 5680 Cal. BCE Plinian

eruptions (VEI 4) exert a larger forcing. The 1010 Cal. CE eruption, which is considered the smaller of the two Plinian eruptions, and the case of a 25 km plume, the resulting SAOD is 0.0053 -0.0054 (Fig
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	Eruption VEI	SO2 (Mt)*	SO2 Max. (Mt)**	Plume heights (km)
	1657 CE	2	0.0008	0.001	10, 15, 17
	1010 CE	4	0.18	0.21	10, 15, 20, 25
	341 CE	2	0.00007	0.0002	10, 15, 17
	5680 BCE	4	0.25	0.28	10, 15, 20, 25

Table 7 .

 7 4 EVA_H input parameters. *SO2 (Mt) best estimate; ** SO2 (Mt) maximum estimate. .13) and ERF is between -0.022 and 0.026 W/m 2 . For 20 km, the SAOD is slightly lower between 0.0051 and 0.0053(Fig 7.13) and the ERF is between -0.0020 and 0.0014 W/m 2 .For a 15 km the SAOD is slightly lower at 0.0044(Fig 7.13) and the ERF is between -0.0012 and 0.0014 W/m 2 (Fig 7.14). As with the smaller eruptions a 10 km plume height no significant change from the background level is recorded. The 5680 Cal. BCE Plinian eruption records the most climate impact as it is considered the largest La Soufriere eruption. In comparison, for the 1010 Cal. CE eruption and a 25 km plume, the SAOD is slightly higher between 0.0056 and 0.0058(Fig 7.13), and similarly the ERF is also higher at between -0.031 and -0.035 W/m 2 (Fig 7.14). For a 20 km the SAOD is slightly lower at between 0.0051 and 0.0053 and the ERF is between -0.002 and 0.0023 W/m 2 (Fig 7.14).

	Figure 7.13 Global-mean SAOD at 550 nm vs
	time after eruption for (A) 1657 Cal. CE; (B) 1010
	Cal. CE; (C) 341 Cal. CE; (D) 5680 Cal. BCE. Peaks
	for both the maximum estimate of SO2 and best
	estimate of SO2 at plume heights ranging from
	10 -25 km height. Aerosols transported to a
	height of 25 km during the largest Plinian
	eruptions have the largest impact on the SAOD
	as these aerosols reach well into the
	stratosphere.
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  Ce pourcentage de dégazage plus élevé est corrélé à des émissions plus importantes et à un taux d'émission plus élevé pendant les éruptions pliniennes par rapport aux éruptions plus petites de 1657 CE et 341 CE. On pense que les émissions des éruptions pliniennes ont atteint jusqu'à 25 km, ce qui est significatif si l'on considère les émissions de SO2 qui sont converties en SO4. Il en résulte un forçage radiatif effectif compris entre -0.022 et -0.035 W/m 2 . Bien que ce ne soit pas un forçage important en comparaison avec de grandes éruptions comme celle du Mont Pinatubo en 1991, ces résultats montrent que les éruptions pliniennes de La Soufrière ont un effet de forçage significatif. Même les petites éruptions, si l'on considère l'estimation de la hauteur maximale du panache combinée à la dérive des aérosols, ont un forçage radiatif effectif faible mais notable. Cependant, à des hauteurs de panache plus faibles qui n'atteignent pas la stratosphère, le forçage climatique est négligeable.Ce chapitre a démontré le large éventail d'informations qui peuvent être dérivées des données sur les volatils et comment elles peuvent être utilisées pour étendre notre compréhension du système magmatique et volcanique de La Soufrière. En particulier, cela a élargi notre compréhension des volatils dans le système magmatique et les processus qui se produisent. Cela montre que les différents styles d'éruption entraînent des quantités différentes de dégazage et donc un impact climatique variable.
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 81 Summary table of the key results for each eruption. *1530 Cal. CE results taken from[START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF] Pichavant et al., 2018;[START_REF] Bourgeoisat | Spatio-temporal dynamics of the magmatic reservoir at the origin of the 1530 AD eruption of La Soufrière of Guadeloupe[END_REF] Maximum ERF for the 5680 BCE and 1010 CE eruptions calculated at 25 km plume height, the 1657 CE and 341 CE eruptions calculated at 17 km plume height.

  Melt inclusion data from across the Lesser Antilles. The data for Guadeloupe covers a wide range of compositions observed in the Lesser Antilles, but generally extends to less evolved compositions compared to Dominica and Martinique, which are also in the central arc. The Guadeloupe MI data covers a comparable range of compositions to of St Vincent. The magmas of Guadeloupe are relatively H2O rich, particularly in comparison to magmas in Dominica and Martinique, Cl-data is clustered and comparable to many other magmas in the arc. Overall, our data fits well with the Liquid Line of Descent of the Lesser Antilles and expands our understanding of the Lesser Antilles magma composition. (Statia

	Figure 8.2

  une compréhension de l'évolution des volatils de ce système; [5] l'impact des volatils libérés par ce système sur l'environnement.Nous avons montré que les magmas de La Soufrière de Guadeloupe se sont formés à partir de la cristallisation fractionnée d'un magma parental moins évolué, les tendances géochimiques globales suivant une trajectoire d'évolution de cristallisation fractionnée(Chapitre 7 ; Fig 8.1). Les résultats de la modélisation du dégazage du S indiquent également que le magma subit une saturation et une séparation du soufre, ce qui entraîne la formation de Fe-S. La variabilité des données géochimiques par éruption et les différentes populations d'orthopyroxène observées peuvent être expliquées par le stockage du magma dans un système de mush. Cette zone de stockage s'étend latéralement sous le cône monogénétique de l'Echelle, les éruptions de ce dernier interagissant également avec le magma évolué, comme le montrent les compositions des inclusions magmatiques. Nous avons également limité la zone de stockage à une profondeur de 6 à 9 km, avec une température moyenne de 1000 o C (Tableau 8.1). Les éléments majeurs et volatils des inclusions magmatiques à travers la série d'éruptions montrent que la composition de la zone de stockage est restée stable à travers les éruptions étudiées (Tableau 8.1).La remobilisation de ce système de mush pour produire du magma éruptible peut se produire par l'injection de magma mafique profond dans le système peu profond, ce qui entraîne un mélange de magmas (par exemple, 1530 Cal. CE). Alternativement, dans les éruptions où aucune texture de mélange n'est observée (par exemple, 1657 Cal. CE), les fluides exsolvés et la chaleur du magma en profondeur peuvent permettre une remobilisation sans injection de magma mafique(Fig 8.1). Dans les deux cas, pendant le processus de remobilisation, les cristaux hébergés dans le système de mush peu profond ne sont plus en équilibre, ce qui nous permet de calculer l'échelle de temps entre la remobilisation du système et l'éruption. A La Soufrière de Guadeloupe, la remobilisation se produit relativement rapidement en comparaison avec des systèmes similaires. Nous observons que les petites (VEI 2) et grandes (VEI 4) éruptions se produisent dans l'ordre de 3 semaines après la remobilisation (Tableau 8.1). Cependant, des périodes de remobilisation plus longues sont également survenues (51 -361 jours ; Tableau 8.1). En règle générale, la remobilisation du système de MUSH de La Soufrière de Guadeloupe pour produire du magma éruptible se produit en moins d'un an.La composition constante et les propriétés physiques de la zone de stockage alimentant les éruptions indiquent que cela n'a aucun contrôle sur le style d'éruption. Au lieu de cela, nous trouvons que le taux d'ascension peut avoir entraîné des styles d'éruption explosifs contrastés. Nous nous attendons 'ascension du magma et favorisant son dégazage. On peut s'attendre à ce que le magma qui monte dans ces conditions fasse éruption avec une faible explosivité ou de manière effusive. Cependant, nous supposons que l'étanchéité résultant du bouchon formé par le dôme et une réduction de la perméabilité dans le conduit pourraient favoriser l'accumulation de gaz, conduisant à une surpression et conduisant les magmas à ascension lente à faire éruption lors de grandes éruptions explosives(VEI 4 ; Fig 8.1).Les éruptions VEI 4 ont une hauteur de panache estimée entre 15 et 25 km, ce qui suggère que pour cette taille d'éruption, les émissions atteindront toujours la stratosphère(Fig 8.1). Nous calculons un forçage radiatif effectif (ERF) pour les éruptions VEI 4 avec une hauteur de panache de 25 km de 0,022 à -0,035 W/m2 (Tableau 8.1). Bien qu'il ne s'agisse pas d'un forçage important par rapport aux grandes éruptions telles que celle du Mont Pinatubo en 1991, cela montre que les éruptions de grande ampleur (VEI 4) de La Soufrière ont un effet de forçage discernable et contribuent à l'injection d'aérosols de soufre au niveau mondial et au refroidissement qui en résulte. En comparaison, les éruptions plus petites (<VEI 3), pour lesquelles l'estimation maximale du panache est de 15 km, peuvent ne pas avoir d'effet significatif sur le climat. Pour ces éruptions, si le soufre atteint la stratosphère grâce à l'envol des aérosols, le ERF reste négligeable par rapport aux éruptions plus importantes (VEI 4), en raison de la plus petite quantité de SO2 libérée (Tableau 8.1).Globalement, cette étude a mis en évidence que La Soufrière est un système particulièrement dangereux. Bien que nous ayons démontré que le système de La Soufrière semble être resté relativement constant, des éruptions d'intensité variable sont toujours produites. Cela montre que des éruptions de VEI 2 à VEI 4 peuvent être produites sans changement systématique de la géochimie du magma ou des conditions du système (par exemple, température, pression).

à ce que des vitesses d'ascension supérieures à 4 m/s entraînent de grandes éruptions (par exemple, VEI 4) et que des vitesses d'ascension de 1 à 4 m/s entraînent des éruptions plus petites (par exemple, <VEI 3 ; Tableau 8.1). Des vitesses d'ascension <1 m/s peuvent entraîner des retours entre le dégazage et la cristallisation du magma, conduisant à une augmentation de la viscosité, ralentissant davantage l
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	5680 BCE	1657 CE CE 1101viaplg5	54.70 0.01 29.60 0.48 50.78 0.44 1.78 12.13 0.60 13.77 19.35 0.28 0.02 -0.01 11.84 4.98 -0.64 -61.72 0.26 21.99 1.54 0.00	0.12 -0.01 0.20	0.56 0.97	0.43 0.03 8.07	2.23	0.70	0.068	0.008*	0.29*	1.66*	-	-	0.36
	5680 BCE 5680 BCE BCE BCE BCE BCE BCE BCE BCE BCE BCE	1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE CE CE 1101viaplg3 CE 1101viaplg5 CE 1101viApyx2E CE 1101viApyx2E CE 1101viApyx2E CE 1101viApyx2F CE 1101viApyx1 CE 1101viApyx1 CE 1101viApyx2A CE 1101viApyx2A CE 1101viApyx2B	53.23 0.02 30.33 0.40 53.23 0.02 30.33 0.40 52.12 0.01 31.24 1.04 53.10 0.02 29.74 1.48 53.49 0.04 29.73 0.39 52.88 0.03 29.14 0.44 54.11 -0.01 29.84 1.37 52.20 0.01 30.73 0.53 53.88 0.03 30.12 0.44 54.20 0.01 30.21 0.45 55.40 0.02 29.82 0.42 49.01 -0.02 32.91 0.56 70.19 0.53 14.63 2.32 73.15 0.46 12.43 2.70 -0.67 -63.50 53.40 -0.02 29.94 0.49 -0.62 -66.06 52.52 0.20 1.19 24.81 0.89 19.96 1.17 0.03 -0.02 12.68 3.82 0.03 -0.02 12.68 3.82 -0.02 0.05 13.87 3.74 0.02 0.06 12.55 4.32 0.04 0.03 12.23 4.32 -0.04 0.02 11.94 4.59 0.02 0.10 12.12 4.98 0.02 -0.01 13.39 3.51 0.03 0.05 11.98 4.85 0.00 0.05 12.04 4.36 0.01 0.07 11.91 4.66 0.01 0.05 15.62 2.70 0.08 0.40 3.52 3.25 0.09 0.37 2.18 3.23 0.27 20.26 1.81 0.04 -0.02 0.04 13.02 4.15 0.50 16.07 4.05 0.21 0.03 0.64 --61.30 0.75 15.25 7.77 0.16 60.79 0.30 22.92 1.75 0.04 0.30 8.66 4.14 0.65 --62.20 0.68 13.87 6.73 0.11 55.00 0.03 28.96 0.51 -0.02 0.03 11.58 4.96 0.62 --63.17 0.58 14.00 6.57 0.15 46.43 0.01 33.33 0.65 0.04 -0.01 16.90 1.40 0.55 --72.93 0.52 12.72 3.90 0.08 47.29 0.01 33.55 0.61 0.05 0.03 16.91 1.48 0.58 --65.32 0.41 12.96 7.56 0.26 47.35 0.02 34.54 0.69 0.07 0.02 17.78 1.09 0.56 --69.68 0.47 14.79 6.63 0.31 51.00 0.02 32.32 0.65 0.03 0.01 14.96 2.35 0.37 --73.35 0.47 12.26 4.08 0.16 46.50 0.03 33.99 0.54 -0.06 -0.01 17.57 1.24 0.34 --71.93 0.53 11.87 3.72 0.12 47.58 0.02 34.14 0.58 0.09 0.01 16.34 1.49 0.37 --71.80 0.57 12.90 3.83 0.10	0.12 0.12 0.08 0.11 0.13 0.15 0.12 0.12 0.12 0.12 0.11 0.05 2.08 2.42 0.23 0.12 0.78 0.04 2.61 0.74 2.35 0.13 2.40 0.03 0.83 0.05 0.94 0.00 0.81 0.06 1.08 0.03 0.83 0.03 0.87	0.64 0.67 0.61 0.61 0.58 0.57 0.67 0.57 0.60 0.58 0.76 0.61 0.30 0.20 0.63 0.92 0.51 0.56 0.87 0.86 0.90 0.78 0.89 0.86	0.35 0.33 0.38 0.39 0.41 0.42 0.32 0.42 0.39 0.41 0.24 0.38 0.49 7.96 0.54 4.83 0.36 6.10 0.05 4.09 0.44 4.29 0.43 2.85 0.13 3.99 0.14 4.17 0.10 3.36 0.22 3.26 0.11 0.14 3.31	2.05 2.16 0.23 2.90 2.37 0.09 1.47 1.88 0.05 1.55 0.88	0.89 1.31 0.69 1.05 1.12 1.42 1.24 1.46 1.19 2.08 1.56	0.001 0.0004 <dl <dl <dl <dl 0.048* 0.044* <dl <dl <dl	<dl 0.006* 0.08 0.02 0.04 <dl 0.02* 0.02* 0.02 0.02 0.05	0.17 0.21 0.17 0.21 0.20 0.22 0.23* 0.19* 0.26 0.13 0.23	------4.2* 3.5* ---	------866* 448* ---	-------59 -33.1 ---	0.40 0.21 0.30 0.30 0.36 0.29 0.26 0.25 0.31 0.25 0.26
	BCE	1657 CE CE 1101viApyx2E	53.25 0.00 29.47 1.51 47.96 0.02 34.40 0.78 0.64 --60.80	-0.01 -0.03 0.60	0.05 12.74 4.40 0.03 15.96 1.65 14.43 6.60 0.19	0.09 0.02 2.66	0.58 0.84	0.41 0.16 4.41	2.92	1.10	<dl	0.03	0.23	-	-	-	0.36
	BCE	1657 CE CE 1101viApyx5	53.00 0.02 29.59 0.46 47.18 0.00 31.80 0.57 0.62 --65.46	0.03 0.05 0.78	0.05 12.38 4.86 0.05 15.82 1.97 16.22 3.33 0.21	0.13 0.05 0.60	0.74 0.81	0.26 0.18 4.52	2.89	1.32	0.043*	0.02*	0.19*	3.4*	129*	-64.8	0.35
	BCE	1657 CE CE 1101viApyx5	48.89 0.01 32.08 0.55 50.27 0.03 33.64 0.52 0.59 --63.14	0.03 -0.06 0.98	0.04 15.09 2.94 0.02 15.09 1.71 17.12 7.37 0.15	0.09 0.05 1.19	0.69 0.83	0.30 0.17 6.49	0.08	1.10	0.051*	0.02*	0.2*	3.1*	182*	-50.8	0.23
	BCE BCE BCE BCE BCE BCE BCE BCE BCE BCE	1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE 1657 CE CE CE CE CE 1101viAplg1D CE 1101viAplg1D CE 1101viAplg1D CE 1101viAplg1C BCE 1101viAplg1C BCE 1101viAplg1A BCE 1101viAplg1A BCE 1101viAplg1E BCE 1101viAplg1B BCE 1101viAplg1B	50.80 0.03 31.84 0.53 54.28 -0.01 30.04 1.10 52.15 0.00 30.57 1.27 52.59 0.01 31.28 1.37 51.01 0.03 30.34 0.64 52.47 0.02 29.83 0.49 50.65 -0.02 31.64 0.43 49.30 0.06 33.11 0.41 51.72 -0.01 29.96 0.38 52.93 0.02 29.13 0.55 52.78 0.00 29.29 0.51 70.28 0.70 13.35 5.19 49.96 0.02 32.39 0.58 -0.69 -73.19 49.74 -0.02 31.47 0.56 -0.73 -71.26 49.18 0.01 32.07 0.54 -0.67 -72.02 48.51 0.01 32.08 0.58 -0.77 -72.24 54.70 0.02 30.02 0.49 -0.68 -72.35 52.16 0.02 31.12 0.51 -0.01 -71.93 54.70 0.02 30.02 0.49 -0.68 -72.04 52.16 0.02 31.12 0.51 -0.70 -71.30 52.30 0.06 30.96 0.58 -0.67 -71.49 54.18 0.03 29.62 0.53 -0.66 -71.31	-0.01 0.05 0.03 0.00 -0.02 -0.04 -0.03 0.03 -0.06 -0.02 0.09 0.24 0.02 0.33 0.01 0.46 0.04 0.48 0.02 0.47 0.05 0.35 0.05 0.61 0.05 0.66 0.05 0.40 0.08 0.45 0.03 0.44	0.05 14.19 3.44 0.03 12.06 4.98 0.06 13.45 4.05 0.02 13.17 4.14 0.00 13.47 3.39 0.01 12.64 4.42 0.00 14.26 3.45 0.03 15.57 2.67 0.00 12.67 4.32 0.04 12.31 4.54 0.05 12.12 4.45 1.10 3.38 1.72 0.03 15.51 1.77 13.62 2.90 0.12 0.00 14.95 1.94 12.11 2.44 0.13 0.02 15.68 1.71 12.14 2.66 0.07 -0.01 14.87 1.54 12.68 2.75 0.06 0.04 11.93 3.97 12.61 2.66 0.07 0.01 13.71 3.21 12.20 2.98 0.22 0.04 11.93 3.97 12.02 3.17 0.01 0.01 13.71 3.21 13.05 2.62 0.02 0.04 13.98 3.11 12.30 3.07 0.08 0.03 12.38 3.74 12.08 3.36 0.04	0.10 0.11 0.07 0.10 0.11 0.13 0.07 0.02 0.09 0.09 0.12 1.51 0.04 0.37 0.03 0.44 0.02 0.45 0.01 0.41 0.07 0.38 0.06 0.52 0.07 0.53 0.06 0.41 0.06 0.43 0.14 0.44	0.57 0.64 0.63 0.68 0.61 0.66 0.59 0.67 0.75 0.60 0.60 0.41 0.83 0.81 0.83 0.84 0.62 0.70 0.71 0.64 0.67 0.62	0.42 0.35 0.36 0.31 0.38 0.33 0.40 0.32 0.25 0.40 0.40 0.38 2.64 0.17 2.85 0.19 2.62 0.16 2.70 0.16 2.68 0.37 2.72 0.30 2.71 0.29 3.20 0.35 2.69 0.33 0.37 2.78	1.17 2.62 1.56 1.38 1.38 1.99 1.53 2.29 1.47 1.32	1.80 1.94 1.92 1.88 1.93 1.88 1.78 1.81 1.78 1.65	0.06* <dl <dl <dl <dl <dl <dl <dl <dl <dl	0.003* 0.01 0.02 0.01 0.01 0.02 0.02 <dl 0.01 <dl	0.14* 0.24 0.23 0.25 0.21 0.22 0.24 0.21 0.18 0.10	2.4* ---------	116* ---------	-33.2 ---------	0.12 0.04 0.09 0.06 0.10 0.07 0.09 0.07 0.10 0.12
	BCE	CE BCE 1101viAplg1B	49.06 0.04 31.53 0.61 53.47 0.01 30.19 0.49 -0.71 -67.83	-0.05 0.00 0.53	0.05 15.14 2.88 0.04 12.68 3.49 11.36 3.45 0.03	0.05 0.05 1.31	0.74 0.61	0.26 0.38 3.59	2.67	1.76	<dl	0.02	0.13	-	-	-	0.06
	341 CE	CE BCE 19042A	51.75 0.01 30.46 0.64 54.90 0.01 28.82 0.56 0.65 --69.75	-0.04 -0.05 0.53	0.06 13.51 3.69 0.02 11.67 3.87 14.35 2.39	<dl	0.07 0.09 0.67	0.67 0.61	0.33 0.38 2.13	3.99	0.89	<dl	<dl	0.32*	0.01*	1769*	155	0.25
	341 CE 341 CE 341 CE 341 CE 341 CE	CE CE CE CE CE CE BCE BCE 19042A BCE 19042A BCE 1904-2A BCE 1904-2C BCE 19042C	49.44 -0.03 31.90 0.63 49.88 0.02 30.84 0.53 53.14 0.00 29.44 0.54 52.79 -0.02 29.30 0.45 52.48 0.01 30.38 0.59 72.55 0.52 12.21 2.64 55.52 0.04 28.44 0.42 48.98 0.05 35.27 0.42 0.66 --66.9 53.03 0.04 29.40 0.70 0.65 --71.56 54.60 0.02 28.58 0.40 0.65 --67.83 53.38 0.06 28.71 0.54 0.67 --66.29 49.16 0.00 31.35 0.70 0.66 --65.51	-0.02 0.02 0.01 0.07 -0.02 0.04 0.04 0.02 0.26 0.07 0.26 0.06 0.34 0.00 0.32 0.02 0.61	0.05 15.41 2.89 0.01 14.60 3.08 0.05 12.87 4.28 0.05 12.40 4.34 0.04 13.53 3.69 0.43 2.24 3.25 0.03 11.54 3.94 0.02 13.76 0.50 16.89 2.44 0.04 0.03 11.93 5.12 16.27 1.89 0.13 0.03 11.42 3.10 16.89 3.42 <dl 0.02 11.94 3.02 17.62 2.49 0.04 0.03 14.89 2.00 15.12 4.33 0.17	0.05 0.05 0.11 0.14 0.09 2.16 0.13 0.03 0.10 0.78 0.7 0.13 0.83 0.09 0.75 0.07 1.22	0.74 0.72 0.62 0.61 0.67 0.21 0.64 0.94 0.56 0.01 0.68 0.80	0.25 0.28 0.37 0.38 0.33 0.55 0.35 0.81 0.06 3.91 0.43 0.78 0.99 0.61 0.31 0.19 4.26	5.62 2.15 4.03 5.64 3.22	1.07 0.80 0.83 1.08 0.5	0.021* 0.013* 0.005* 0.011* 0.013	0.008* <dl 0.02* 0.010 <dl	0.21* 0.17* 0.21* 0.20* 0.06	0.01* 0.01* 0.01* 0.01* -	2073* 1222* 908* 1004* -	367 382 223 237 -	0.26 0.35 0.22 0.25 0.24
		CE BCE	53.40 -0.02 29.94 0.49 50.21 0.08 31.05 0.49	-0.02 0.00	0.04 13.02 4.15 0.01 14.69 2.21		0.12 0.06	0.63 0.78	0.36 0.21									
		CE BCE	54.60 0.01 29.52 0.61 53.10 0.05 28.60 0.64	-0.06 0.02	0.01 12.01 4.69 0.02 11.71 3.13		0.15 0.13	0.58 0.67	0.41 0.32									
		CE BCE	54.63 0.02 28.88 0.58 52.51 0.03 29.64 0.77	0.01 0.00	0.01 11.96 4.68 0.02 12.73 2.84		0.14 0.11	0.58 0.71	0.41 0.29									
		CE BCE 3 Eruption CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE CE CE BCE	54.65 0.00 29.47 0.57 52.88 0.07 28.49 0.62 SiO2 TiO2 Al2O3 FeO 51.30 -0.02 31.04 0.64 54.01 0.03 28.66 0.53 52.14 -0.01 30.65 1.14 54.72 0.02 28.83 0.53 51.05 0.00 31.37 0.59 49.52 0.03 31.71 0.66 54.35 0.03 28.48 0.59 53.60 0.06 29.97 0.51 50.87 0.01 30.18 1.12 55.19 0.04 28.72 0.58 51.18 0.02 31.69 0.52 51.12 -0.01 32.45 0.67 55.06 -0.01 28.82 0.66 52.80 0.07 29.10 0.53 51.21 0.02 30.51 0.54 53.78 -0.01 28.21 0.50 54.44 0.01 29.53 0.57 49.25 0.03 32.30 0.65 51.95 0.05 29.37 0.60 53.15 0.08 30.39 0.59 51.06 0.02 31.21 0.79 51.88 0.01 29.83 0.51 54.13 0.00 29.68 0.57 53.49 0.04 29.86 0.50 52.78 0.03 29.27 0.46 54.42 0.04 29.48 0.51 52.19 0.03 30.97 0.44 54.37 0.03 28.24 0.57 53.37 0.02 29.07 0.63 49.23 0.01 31.79 0.53 51.36 0.04 30.53 0.55 52.79 0.05 29.90 0.44 55.44 0.04 28.90 0.54 51.33 -0.02 29.79 0.61 53.08 0.07 28.89 0.60 54.79 0.01 29.47 0.45 53.14 0.03 29.72 0.47 51.12 0.00 31.31 0.56 53.31 0.01 29.24 0.43 53.09 0.39 1.69 10.60 0.49 14.40 20.16 0.26 0.00 0.05 12.63 4.09 0.00 0.03 11.79 3.16 MnO MgO CaO Na2O 0.01 0.08 14.20 3.20 0.08 0.03 11.95 3.37 0.03 0.06 13.66 3.65 0.02 0.03 11.88 4.61 0.06 0.01 14.62 2.32 0.00 0.07 14.45 2.79 -0.06 0.03 12.10 4.53 0.00 0.01 12.61 2.97 0.02 0.00 13.43 3.76 0.00 0.05 11.90 4.58 0.00 0.03 14.61 2.35 0.09 0.02 15.13 2.87 0.08 0.05 11.94 4.56 0.00 0.03 12.42 3.13 0.02 0.04 13.88 3.49 -0.02 0.04 11.68 5.12 0.00 0.02 11.94 3.40 0.02 -0.06 15.09 3.00 -0.04 0.05 12.70 4.54 0.00 0.03 13.45 2.71 0.06 0.03 14.07 3.59 0.04 0.03 12.84 4.53 0.07 0.03 12.51 2.98 -0.06 0.01 11.99 4.48 -0.01 0.02 12.00 4.74 0.05 0.03 12.25 3.20 0.00 0.06 13.59 3.56 0.01 0.04 11.07 5.27 0.00 0.03 12.17 3.14 -0.03 -0.06 15.06 2.79 -0.04 0.06 13.70 3.99 0.04 0.02 12.69 2.89 0.00 0.01 11.87 4.13 0.04 0.06 12.92 4.14 0.00 0.03 12.09 2.96 0.06 -0.01 11.76 4.81 -0.03 0.05 12.47 4.66 0.02 0.00 14.20 2.42 -0.02 0.03 11.98 4.49 50.75 0.02 31.40 0.65 0.02 0.03 14.34 2.24 53.01 0.05 30.58 1.22 0.06 0.06 13.29 3.78 51.52 0.54 1.97 12.77 0.48 13.31 18.98 0.32 53.49 0.05 28.55 0.61 0.00 0.02 11.80 3.55	0.13 0.10 K2O 0.07 0.13 0.11 0.16 0.09 0.09 0.18 0.10 0.11 0.19 0.09 0.08 0.20 0.11 0.10 0.13 0.12 0.06 0.11 0.11 0.06 0.13 0.13 0.12 0.14 0.13 0.10 0.11 0.09 0.04 0.05 0.10 0.22 0.10 0.12 0.14 0.10 0.10 0.12 0.01 0.09 0.12 0.00 0.13	0.63 0.67 An 0.71 0.66 0.67 0.58 0.77 0.74 0.59 0.70 0.66 0.58 0.77 0.74 0.58 0.68 0.68 0.55 0.65 0.73 0.60 0.73 0.68 0.61 0.69 0.59 0.58 0.67 0.67 0.53 0.68 0.75 0.65 0.70 0.61 0.63 0.69 0.57 0.59 0.76 0.59 0.98 0.77 0.66 0.97 0.64	0.37 0.32 0.29 0.34 Ab 0.41 0.22 0.32 0.40 0.30 0.26 0.41 0.22 0.33 0.40 0.31 0.25 0.44 0.34 0.31 0.39 0.27 0.26 0.39 0.30 0.31 0.41 0.32 0.40 0.46 0.32 0.32 0.34 0.29 0.25 0.36 0.30 0.38 0.40 0.23 0.42 0.02 0.22 0.40 0.34 0.03 0.35									

Table B . 2

 B2 Summary of the pressures calculated for each eruption usingPapale et al., 2006. Two depths are calculated based on different density values from

Table B

 B 

	.6						
			1657	1530	1010	341	5680
	ConFlow 1.0.5	Max	3.0	1.9	12.1	0.8	1.1
	(m/s)	Min	0.7	3.9	0.6	0.02	0.04

Table B.6 Summary of ascent rate calculations

  o C intervals from the liquidus (1150°C) to 700 o C, at 190 MPa, with a fixed oxygen fugacity of NNO +0.8 (Fig C.1; TableC.2). We also investigated equilibrium (run 7) and fractional (run 8) crystallisation conditions, with temperature decreasing at 20 o C intervals from the liquidus (1150°C) to 700 o C, and decreasing pressure at 10 MPa intervals from 190 MPa to 100 MPa, with a fixed oxygen fugacity of NNO +0.8(Fig C.1; Table C.2).

  2; Table C.2) and assimilating with the 1657 WR. Pichavant et al. (2018) use an Echelle composition to model magma mixing in the 1530 CE scenario. We run a similar scenario for the 1657 CE scenario (run 10; Fig C.2; TableC.2) with a less evolved magma of Echelle composition moving into the system and assimilating with the 1657 WR. We also modelled the assimilation of 1657 CE GM (run 11) and MI (run 12) with the WR composition, with the mixing of two relatively evolved scenarios simulating the mixing of mush lenses(Fig C.2; Table C.2).

The 1530 Cal. CE eruption is interpreted as smaller VEI 3, sub-Plinian eruption with a short-lived column that reached a minimum 9 -12 km in height and a maximum of 18 km(Komorowski et al., 2008; 2012; 2013;[START_REF] Esposti Ongaro | Modeling Tsunamis Generated by Submarine Landslides at Stromboli Volcano (Aeolian Islands, Italy): A Numerical Benchmark Study[END_REF]. This column produced pumice and scoria fallout deposits, as well as associated column-collapse and scoriaceous pyroclastic density-currents which reached up to 6 km in distance for a combined pyroclastic DRE erupted volume of ca. 0.06 km 3[START_REF] Boudon | A new scenario for the last magmatic eruption of La Soufrière of Guadeloupe (Lesser Antilles) in 1530 AD Evidence from stratigraphy radiocarbon dating and magmatic evolution of erupted products[END_REF] Komorowski et al., 2008; Legendre, 2012;[START_REF] Esposti Ongaro | Modeling Tsunamis Generated by Submarine Landslides at Stromboli Volcano (Aeolian Islands, Italy): A Numerical Benchmark Study[END_REF]. This eruption is considered a typical calibrated scenario for a future magmatic eruption, given the eruptive style diversity is representative of La Soufrière de Guadeloupe's complete eruptive past and the many multiphase eruptions recorded (excluding the directed blast phenomena not observed for the 1530 Cal. CE eruption). This serves as a good analogue for hazard assessment studies when modelling different highly impact phenomena, such as debris avalanche deposits[START_REF] Peruzzetto | Modeling of partial dome collapse of La Soufrière of Guadeloupe volcano: implications for hazard assessment and monitoring[END_REF], pumice fallout(Komorowski et al., 2008), and pyroclastic density currents[START_REF] Esposti Ongaro | Modeling Tsunamis Generated by Submarine Landslides at Stromboli Volcano (Aeolian Islands, Italy): A Numerical Benchmark Study[END_REF].The 1530 Cal. CE eruption was, until recently, known as La Soufrière de Guadeloupe's most recent magmatic eruption[START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF], Boudon et al., 2008; Komorowski et al., 2008; Pichavant et al., 2018). However, new field data indicates a more recent, small magmatic eruption (GDS 1) occurred in 1657 ± 20 years Cal. CE(Legendre, 2012; Komorowski et al., 2012; 2013; Metcalfe et al., 2021). This eruption was a small, explosive Vulcanian eruption (VEI 2 -3), with a minimum estimated erupted volume of ~0.001 km 3 . No evidence for associated flank collapse or dome activity is reported for this eruption.Six phreatic/hydrothermal non-magmatic explosions have occurred since 1657 Cal.CE: 1690CE: , 1797CE: - 1798CE: , 1809CE: -1812;; 1836 -1837 , 1956 and 1976 -1977[START_REF] Feuillard | The 1975-1977 crisis of La Soufrière de Guadeloupe (FWI): a still-born magmatic eruption[END_REF][START_REF] Komorowski | Volcanic hazard atlas of the Lesser Antilles[END_REF][START_REF] Hincks | Retrospective analysis of uncertain eruption precursors at La Soufrière volcano, Guadeloupe, 1975-77: volcanic hazard assessment using a Bayesian Belief Network approach[END_REF][START_REF] Rosas-Carbajal | Volcano electrical tomography unveils collapse hazard linked to hydrothermal system structure and dynamics[END_REF].
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Figure C.2 1657 CE geochemical dataset with assimilation MELTS runs (details in Table C.2). Run 9 -assimilation with MC, run 10 -assimilation with Echelle, run 11 -assimilation with GM, run 12assimilation with MI. No scenario is a particularly bad fit though run 11 and 12 can be considered a closer fit for this dataset, particularly for TiO2, FeO, Al2O3 and K2O.

Acknowledgements

This thesis wouldn't have been possible without funding from Make Our Planet Great Again, IDEX 2018, Université de Paris, IPGP and EUROVOLC.
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Appendix A

Geochemistry Data

Appendix A Geochemistry Data Whole Rock SOU 0913 groundmass glass is described by Legendre (2012) as having a high density of spherical vesicles (a few tens of microns) and microlites of pyroxene, plagioclase, and iron and titanium oxide. Also observed are vesicles ranging to elongated shapes with thin bubble walls between 1 and 5 μm and areas of glass which appear to be microlite free.

Minerals Pyroxenes

Olivine

The majority of SOU 0111 glass is described to have spherical to very elongated vesicles which range from tens to several hundred microns in size, with thin vesicle walls (<1 micron). Very few microlites are observed. Also observed are some areas where vesicle walls are thicker and more microlites of pyroxenes and iron and titanium oxides are present.

The Echelle groundmass glass described by Legendre (2012) is severely altered with vesicles infilled with weathering minerals and microlites showing destabilisation textures, chlorite is also reported to be present. The groundmass glass is described to have vesicles with thick walls (between 10 and 100 microns), partially related to weathering textures. The sample is also described to be rich in microlites of pyroxenes. plagioclase feldspars. iron oxides and titanium, and contain a small proportion of olivine microlites. The sample SOU 1904 used in this study is observed to contain less alteration.

The SOU 1101 sample is not described by Legendre (2012) however, other samples from the 5680 BCE eruption are described. From this the 5680 BCE groundmass glass is vesicular with spherical to subspherical vesicles a few microns to a few tens of microns in size with bubble walls which are a few tens of microns thick. The groundmass is described to be very rich in microlites of pyroxenes and iron and titanium oxides. 

Melt Inclusions

Oxygen Fugacity

Sulphur contents in the melt inclusions for 1657 CE, 1010 CE, 341 CE and 5680 CE are low (Chapter 5), which makes determining the sulphur speciation difficult. In very oxidised or very reduced systems the sulphur speciation can be taken as dominantly sulphate or sulphide. However, in intermediate systems sulphide or sulphate cannot be assumed to be dominant. This limits the use of the sulphur content in determining fO2 for these eruptions. We therefore opt to use the Ghiorso and Sack (1995) model, which produces results consistent with Pichavant et al., (2018): However, as discussed in Chapter 7, fO2 at this system is more complex than previously thought and further work is essential. 

Viscosity

First, Giordano et al., 2008 was used to calculate viscosity. assuming no crystallisation or vesiculation. for both MI and GM for each eruption. The MI represent the pre-eruptive melt so should represent the viscosity before any crystallisation or degassing. Across the eruption series this produces MI viscosities ranging from 10 3 -10 4 Pa•s. with the 1010 CE eruption having the lowest viscosity (10 3.6 Pa•s) and 1657 Cal. CE having the highest viscosity (10 4.1 Pa•s) (Table B.4). The GM, using Giordano et al., 2008 represents the viscosity after syn-eruptive degassing and therefore has a higher viscosity than the MI, ranging across the eruptions from 10 6 -10 8 Pa•s (Table B.4).

The syn-eruptive crystal fraction was calculated by evaluating the microlite content using groundmass glass BSE images. The images were point counted. with ~1000 points counted per eruption. From this we report an 18 vol% for the 1657 Cal. CE eruption, 8 vol% for the 1010 Cal. CE eruption, 49 vol% for the 341 Cal. CE eruption and 47 vol% for the 5680 Cal. BCE eruption. Here, we note a difference between the 5680 Cal. BCE microlite rich Plinian eruption and the 1010 Cal. CE microlite poor Plinian eruption, with the groundmass glass and microlite content being very different for the two eruptions. This immediately indicates that the viscosities of the two eruptions will be very different. Using the microlite vol% and the ConFLow 1.0.5 model (Mastin, 2002) we calculate the melt viscosity after syneruptive crystallisation (Table B.5). We obtain viscosities of 10 8 Pa•s for the 1657 Cal. CE eruption, 10 6 Pa•s for the 1010 Cal. CE eruption and 10 7 Pa•s for both the 341 Cal. CE and 5680 Cal. BCE eruptions. Together these can be used to look at the syn-eruptive viscosity changes. with the largest changes observed in the 341 Cal. CE and 5680 Cal. BCE eruptions and smallest changes observed in the 1657 Cal. CE and 1010 Cal. CE eruptions (Table B.5). This is discussed in more detail in section Chapter 6.

Table B.5

Results from viscosity calculations and the viscosity differences to show the syn-eruptive viscosity changes and viscosity differences between MI and GM. C.2). Run 25 -assimilation with MC, run 26 -assimilation with Echelle, run 27 -assimilation with GM, run 28 -assimilation with MI. The assimilation scenarios provide a good fit compared to the dataset, in particular the scenarios assimilating a less evolved magma (runn25 and 26).