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Chapter 1. Introduction 

Volcanology is the study of the physical and chemical evolution of magma from the 

Earth’s mantle, its transport and ascent through the crust and spectacular eruption at the 

surface. Volcanoes are the surficial representation of the complex interplay of magmatic, 

crustal, and hydrothermal processes operating at depth. Volcanism is capable of 

producing a spectrum of eruptive phenomena, from tephra to lava flows; stratospheric 

volcanic plumes to fumarolic gases. The study of each of these phenomena provides a 

unique snapshot into the magmatic plumbing system, the mantle at depth and the overall 

chemical differentiation of the Earth. Small-scale features within these eruptive deposits 

preserve multi-faceted records of magma petrogenesis. An excellent example of such 

small-scale features is the minute inclusions of magma trapped within the crystal lattice of 

growing phenocrysts. Though the eruption of solid matter (i.e. lava, tephra, ash, etc) is 

dominant, a significant component of volcanic eruptions is the emission of volcanic gases 

separated from the magma at depth. Volcanic gases are an important factor controlling 

whether an eruption is gentle and effusive, or violent and explosive. A greater amount of 

gas that separates at depth can trigger enormous eruptions (Devine et al., 1998; 

Shinohara, 2008). Gas detection at the surface also sheds light on the shallow-level 

processes of a volcano. Furthermore, large volcanic eruptions are capable of delivering a 

significant amount of greenhouse gases and aerosols into the atmosphere, which can 

have a direct and lasting effect on climate patterns. Moreover, temporal changes in the 

emitted gas composition, and rate, provides insight into the current activity of a volcano 

and thereby act as an essential monitoring tool. 

 In this thesis, I propose that the combination of small-scale petrographic features 

and volcanic gas emissions provides a widespread overview of the chemical evolution of 

magma from mantle to surface. Both approaches provide insight into the history and 

petrogenesis of the magma and vapour phase as they ascend independently through the 

crust and erupt at the surface. By fully characterising and understanding a volcano in this 

way, its impact on the global population and climate patterns can be well understood. 

Furthermore, knowledge of past eruptive behaviour allows for better eruption forecasting, 

as well as awareness of possible risks and hazard mitigation in the event of violent and or 

widespread activity.  
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1.1. Arc Volcanism 

Subduction zones, which are convergent boundaries where incoming dense, 

oceanic lithosphere is pushed below more buoyant oceanic, or continental, lithosphere 

(Figure 1.1; Sigurdsson, 2015), are the most important tectonic features on Earth, and a 

major environment for element recycling. Arc volcanism is produced as the downgoing 

plate sinks further into the asthenosphere and undergoes dehydration reactions and fluid 

release into the overlying mantle (Figure 1.1). These fluids drastically lower the melting 

temperature of the local mantle and generate melts that rise quickly to the surface and 

erupt as arc magmas (Figure 1.1). Due to the addition of fluids, arc volcanoes emit more 

volatiles than any other type of volcano. Arc volcanism represents only 10 – 20 % of the 

total volcanism on Earth, but has produced some of the most destructive events in human 

history (Stern, 2002). The study of volcanology becomes particularly important as arc 

magmas outgas and impact climate and weather patterns (e.g., 1815 Tambora eruption 

and 1257 Salamas eruption; Stothers, 1984; Vidal et al., 2016; Sigurdsson, 2015). 

Moreover, as the global population is increasing, cities and regions above active 

subduction zones are becoming rapidly developed and populated. Since some of the most 

powerful earthquakes have been recorded at subduction zones, mitigating risk in these 

settings becomes increasingly important. To do so, understanding the dynamics of a 

subduction zone is therefore vital to the development of hazard assessments and risk 

mitigation.    

The mechanisms of a subduction zone can be understood by breaking it down into 

its various components: the downgoing lithosphere, the sediment veneer, and the mantle 

wedge.  
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Figure 1.1. Schematic cross section through a subduction zone. The principal components are the 
subducting lithosphere, including the oceanic crust and sediment veneer, the overriding buoyant 
plate and the mantle wedge, which is the part of the mantle in-between the overriding and 
subducting plates. See text for further details about each component. Figure from Stern (2002).  

1.1.1. The Downgoing Lithosphere 

 The subducted lithosphere is composed of an upper layer of oceanic crust, and a 

lower layer of lithospheric mantle, which is peridotite in composition (Stern, 2002). The 

oceanic crust is typically 6 km thick and has a composition of mid-ocean ridge basalts 

(MORB; Stern, 2002). The subducting lithosphere delivers some of the most important 

chemical reactors to a subduction zone, including water. The amount of water that enters 

a subduction zone is dependent upon the oceanic crust. The type of mid-ocean ridge (fast 

vs. slow) that forms the oceanic crust controls the chemical composition (Stern, 2002; 

Karson, 1998; Macdonald, 1983). Fast-spreading ridges, such as the East Pacific Rise, 

form basaltic and gabbroic crust that is overall dry and contains a low proportion of 

incompatible trace elements (ref). Slow-spreading ridges, such as the Mid-Atlantic Ridge, 

produce oceanic crust that contains a large proportion of altered, or serpentinized, 

peridotite (Karson, 1998). Serpentinite is a hydrous mineral that carries a significant 

amount of water, up to 13 wt % (Ulmer and Trommsdorff, 1995). Moreover, it is stable to 
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greater depths than a basaltic and gabbroic oceanic crust (70 kbar versus 30 kbar; Ulmer 

and Trommsdorff, 1995). Therefore, the subduction of oceanic crust that was formed at 

slow-spreading ridges will release more water at greater depths to the mantle wedge than 

fresh oceanic crust that was formed at fast-spreading ridges (Pawley and Holloway, 1993; 

Ulmer and Trommsdorff, 1995). However, oceanic crust formed at fast-spreading ridges 

may become altered with age. As the fresh oceanic crust moves away from the ridge, 

seawater begins to circulate within the crust and induce hydrothermal alteration (Stern, 

2002; Karson, 1998; Macdonald, 1982). This alteration thickens the crust, enriches it with 

water, CO2 and other incompatible trace elements (K and U), a process similar to 

serpentinization (Stein and Stein, 1996; Stern, 2002). 

 

 

 

Figure 1.2. The two main endmember regimes of subduction: Chilean and Mariana. Chilean type 
involves the subduction of young, hot, and buoyant oceanic lithosphere. This results in shallow 
subduction, a shallow trench and an upward push against the overriding plate. Shallow subduction 
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also restricts the flow of asthenosphere into the mantle wedge (Stein and Stein, 1996; Kincaid and 
Sacks, 1997). The high degree of coupling between the young buoyant plate and the overriding 
plate leads to some of the highest magnitude earthquakes. Mariana-type subduction involves old 
(> 30 Ma), cold and dense oceanic lithosphere that subducts at steep angles below the overriding 
plate. There is minimal contact between the two plates, leading to a low degree of coupling. 
However, the ability of the cold lithosphere to retain its heat and remain brittle until great depths 
means that Mariana-type subduction zones experience very deep earthquakes. Figure from Stern 
(2002), modified after Uyeda and Kanamori (1979). 

 

The age of the oceanic crust (and lithosphere) also controls the type of subduction 

zone (Figure 1.2). Broadly speaking, there are two endmember subduction types: Chilean- 

and Mariana-type (Figure 1.2; Uyeda and Kanamori, 1979). Chilean-type involves the 

subduction of young (< 30 Ma) and hot oceanic lithosphere. The resulting subduction 

angle is very shallow due to the buoyancy of the young plate. This not only leads to an 

upward push against the overriding plate, but also restricts the flow of asthenosphere into 

the mantle wedge (Figure 1.2; Stein and Stein, 1996; Kincaid and Sacks, 1997). There is 

also a high degree of coupling between the young buoyant slab and the overriding plate. 

As such, Chilean-type subduction zones tend to have some of the highest magnitude 

earthquakes (e.g., Cascades). Mariana-type subduction involves old (> 30 Ma), cold and 

dense oceanic lithosphere that subducts at steep angles below the overriding plate (Figure 

1.2). Though there is weak coupling between the two plates, the ability of the cold 

lithosphere to remain brittle until great depths means that deep earthquakes are 

characteristic of Mariana-type subduction.  

1.1.2. The Sediment Veneer 

Another important component of subduction is the sediment veneer transported by 

the downgoing oceanic lithosphere. Sediments do not contribute to the overall mechanics 

of subduction but are vital for element recycling. At similar depths as crustal dehydration, 

sediments also dehydrate and melt, and can deliver a significant amount of water to the 

mantle wedge. In so doing, they deliver some of the most important geochemical 

signatures of arc basalts: fluid-mobile elements, specifically K, Sr, Ba and Th (Plank and 

Langmuir, 1998). The variability of sediment types is one of the main causes of the global 

diversity in arc lava compositions. For example, within the Central American and Aegean 

subduction zones, there is a high proportion of carbonate sediments, leading to an 

enrichment in Sr and Ba (Plank and Langmuir, 1998). In the Cascades and Aleutian 
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subduction zones, sediments are dominantly terrigenous, and thus deliver rare earth 

elements (REE). Finally, pelagic and siliceous sediments contribute a significant amount 

of Th and U to the mantle wedge, as seen beneath Kamchatka (Rea and Ruff, 1996).  

1.1.3. Mantle Wedge 

Finally, the mantle wedge is the part of the mantle that lies between the overriding 

and downgoing plates. Here, convecting asthenosphere interacts with slab-derived fluids 

to generate arc magmas (Stern, 2002). If the subducting lithosphere is very young (< 30 

Ma), and slowly subducted, the upper layer of oceanic crust could be warm enough to melt 

and contribute silicic melts to the mantle wedge (Peacock et al., 1994). Oceanic crustal 

melts are referred to as adakites, which are a specific type of intermediate, high-silica 

(dacitic) magma composition generated by partial melting of altered basalt subducted 

below volcanic arcs. They have a unique geochemical signature with a very high Sr/Y ratio 

that is derived from garnet in the subducted oceanic crust (Defant and Drummond, 1990). 

Similarly, the sediment veneer may also melt and deliver a significant amount of 

incompatible elements (K, U, Be, B, Th etc) to the mantle wedge, much more than any 

fluid (Elliott et al., 1997). Finally, once all the components have entered the mantle wedge, 

they must ascend to a hotter region wherein the mantle wedge can be partially melted 

(Stern, 2002). Melt and fluid transport can occur in three ways: porous flow, channelized 

flow and/or diapiric ascent. Porous flow involves the continuous release of fluids from the 

downgoing slab that then metasomatizes the mantle wedge. Fluids are able to travel 

through the pore spaces between the solids of the metasomatized mantle (Navon and 

Stolper. 1987). Though porous flow is relatively slow, it involves the maximum amount of 

interaction between exsolved fluids and the mantle wedge (Navon and Stolper. 1987). 

Channelized flow is much more rapid and occurs as fluid channels become connected at 

intermediate depths via faulting (Davies, 1999). The final transport mechanism is diapiric 

ascent whereby exsolved fluids from the slab migrate through the mantle. This method 

was originally proposed after the discovery of adakites and how slab melts were capable 

of migrating upwards with minimal alteration during ascent (Defant and Drummond, 1990). 

Once slab-derived fluids and melts induce partial melting within the mantle wedge, 

the resulting melt is a unique arc magma with a geochemical signature influenced by the 

various components. The general trace and REE signature of arc magmas consists of an 
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enrichment in fluid mobile, large ion lithophile elements (LILE) such as K, Rb, Sr, Ba, Pb 

and U. Relative to magmas derived from any other tectonic setting, arc magmas also 

contain the most water, up to 6 wt% (Danyushevsky, 2001). Both LILE and water are 

delivered by fluids exsolved from the oceanic crust and sediment layer (Plank and 

Langmuir, 1998; Stern, 2002). The arc signature also implies a depletion in fluid-immobile, 

heavy rare earth elements (HREE) and high field strength elements (HFSE), including Y, 

Zr, Hf, Nb and Ta. These elements are found in the mantle wedge and become 

progressively overprinted due to the addition of slab-derived components. 

 In terms of petrographic characteristics, arc magmas tend to be fractionated and 

porphyritic as a result of the thick overlying crust (Stern, 2002). Mafic melts are not buoyant 

enough to ascend through the overriding plate, and therefore stagnate at the base of the 

crust. As the magma pools, it progressively crystallises until it is buoyant enough to rise 

through the crust (Stern, 2002). Following magmatic ascent, a major control on the 

resulting eruption style at the Earth’s surface is the magmatic volatile content. Volatiles 

are elements, or compounds, that generally begin as dissolved species in magma, but 

have a strong affinity for gas phases. Following their saturation in the magma, volatiles 

will separate as bubbles of exsolved gas (or vapour) that are capable of rising quickly to 

the surface, where they are emitted as volcanic gases (Wallace et al., 2015). Volatiles 

may also have a high affinity for fluid phases.  

Indeed, the exsolution and expansion of magmatic volatiles is the major driving 

force for eruptions. Though volatiles comprise a small mass proportion of the total system, 

they play a key role in eruption style and duration. Through progressive dehydration and 

flux melting of the downgoing slab, volatiles are transferred into the hydrated mantle 

wedge. Following partial melting, volatiles partition into the melt and behave incompatibly. 

The enrichment and composition of volatiles in the melt can control the degree of magma 

fractionation, oxygen fugacity and temperature. Volatiles also control the formation of 

hydrothermal systems, and dictate the economic potential of magmatic-hydrothermal ore 

deposits. The effusive or explosive emission of volatiles at Earth’s surface as volcanic 

gases has a direct impact on the greenhouse gas content of the atmosphere and can 

influence local and global climate patterns.  
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1.2. Volatiles from Source to Surface 

The recycling of volatile elements at convergent plate boundaries strongly 

influences the chemical differentiation of Earth. These volatiles are primordial in nature 

and were trapped in the mantle during planetary accretion. Volcanic processes have 

caused these volatiles to be lost through degassing. From the Earth’s atmosphere, 

hydrosphere, and crust, present-day subduction zone processes return volatiles to the 

mantle (Hilton et al., 2002). Since subduction zones are the major conduit through which 

volatiles are lost and returned to the mantle, characterising the volatile flux, and storage, 

through arc volcanism poses significant implications for the mechanics of recycling 

between the mantle and the atmosphere, as well as the nature and scale of chemical 

heterogeneities in the Earth’s mantle (Hilton et al., 2002). 

 The volatile flux through a subduction zone is firstly dependent upon the initial 

volatile content in the primitive magma at depth. Volatiles begin as dissolved species in 

the magma and, with differentiation, they progressively saturate in the melt. Hydrous, or 

volatile-bearing minerals (hornblende, apatite, anhydrite, phlogopite, etc.) may also 

partition volatile elements from the melt. Once volatiles reach their saturation point within 

the magma, they exsolve and form a separate gas/fluid phase. As such, another aspect 

that controls the volatile flux is the pattern of saturation and exsolution, which in turn is 

dependent upon solubility. Solubility is defined as the maximum amount of a volatile 

species that can be dissolved in a silicate melt of a given composition, under a certain 

temperature and pressure (Wallace et al., 2015). Following exsolution and partitioning into 

the vapour phase, the gases interact with the subsurface (wall rock) and, potentially, 

hydrothermal systems, before being emitted at the surface as volcanic gases. Therefore, 

the best way to constrain the flux and behaviour of volatiles in a given magmatic system 

is to determine their starting composition in the magma at depth (pre-eruptive) as well as 

their final composition when emitted as volcanic gases (post-eruptive). By comparing 

these two end member compositions, the degassing pathway, and the potential influence 

of the hydrothermal system, can be approximated.  

Volatile systematics are complex at subduction zones due to the interaction of 

volatile-rich fluids and melts from the subducting lithosphere (oceanic crust and sediment) 

with the mantle wedge. Understanding the behaviour of volatiles recycled by subduction 
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zone processes can be achieved indirectly using mineral-melt equilibria (experimental or 

natural) based on thermodynamic models calibrated with experimental data (Wallace, 

2005), or through direct methods such as melt inclusions trapped inside phenocrysts. The 

imperfect growth of crystals from a magma causes small amounts of melt to become 

trapped inside. Theoretically, the rigid crystal host protects the melt inclusion from large 

pressure and compositional changes, as well as volatile loss, during magmatic ascent. 

Upon eruption, melt inclusions cool to a glassy state. If rapidly cooled (quenched), melt 

inclusions preserve the conditions and composition of the melt at the moment of 

entrapment. More importantly, they provide a snapshot into the pre-eruptive volatile 

content of the melt prior to exsolution and degassing. However, if they are cooled slowly 

following eruption, which is the more likely case, melt inclusions will undergo post-

entrapment modifications, the details of which are discussed in Chapter 4.   

1.2.1. Solubility of Volatile Elements in the Magma 

The most common magmatic volatiles are H2O, OH, CO2, S, and Cl. Volatile 

solubility is mainly controlled by pressure. During ascent and decompression, the amount 

of volatiles that can be dissolved in the melt decreases, resulting in exsolution into a 

vapour phase once the solubility threshold has been exceeded. The least soluble volatile 

species is CO2, meaning that it is exsolved from the melt at great depths and high 

pressures. Conversely, the most soluble volatile species is Cl due to its high affinity for 

silicate melts (Wallace, 2005).  

Water and carbon dioxide are arguably the most important volatile species 

because their behaviour controls magma rheology and eruption intensity. At high 

pressure, H2O and CO2 are both dissolved in the melt, and exert significant controls on 

magma crystallization, temperature, and viscosity (Wallace et al., 2015).  Water is the 

most abundant volatiles species in subduction zones, but its concentration is highly 

variable. The solubility of water is strongly dependent upon pressure, such that at high 

pressure, more water can be dissolved in the melt. This relationship is nonlinear, such that 

the solubility rapidly decreases with decreasing pressure. Solubility is also dependent 

upon magma composition and temperature. Rhyolitic melts at relatively low temperatures 

(~ 850 ºC) contain more dissolved water than basaltic melts at high temperature (~1200 

ºC; Wallace et al., 2015).  
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The solubility of carbon dioxide is the most sensitive to pressure, and the 

concentration of CO2 in a melt can rapidly drop during magmatic ascent and 

decompression. Solubility also decreases with increasing temperature for rhyolitic melts 

but has no apparent relationship in basaltic melts (Blank and Brooker, 1994; Lowenstern, 

2000; Ni and Keppler, 2013). At a given temperature and pressure, the amount of CO2 

dissolved in the melt is significantly less than the amount of dissolved H2O (Wallace et al., 

2015). In terms of magma composition, experimental data show that, for a given silica 

content, there is a dramatic solubility increase in alkaline melts (Brooker et al., 2001; Ni 

and Keppler, 2013; Iacovino et al., 2013; Shishkina et al., 2014; Wallace et al., 2015). This 

is due to the speciation of CO2, which is controlled by the bulk silicate melt compositions. 

In mafic magmas, such as basalts, CO2 is present as structurally bound carbonate (CO3
2-

), which easily adheres to cations such as Ca, K and Na (Dixon, 1997; Blank and Brooker, 

1994; Lowenstern, 2000). Therefore, mafic melts with a higher alkaline content are 

capable of dissolving more CO2 (Lowenstern, 2000). In felsic magmas, such as rhyolite, 

CO2 is in its molecular form, which is not as reactive and thus the solubility in felsic melts 

varies very little as a function of temperature, pressure and melt composition (Fogel and 

Rutherford, 1990; Lowenstern, 2000; Wallace et al., 2015)   

The composition of the vapour phase further exerts a control on the solubility of 

CO2. In a H2O-CO2 system, the sum of the partial pressures (PH2O and PCO2) must equal 

the total pressure, following Henry’s Law (Holloway and Blank, 1994; Wallace et al., 2015). 

The low solubility of CO2 implies that once H2O begins to saturate and exsolve, the vapour 

phase already contains CO2 gas. Therefore, the addition of H2O to the vapour further 

decreases the solubility of CO2 in the melt, such that an increase in PH2O must be 

accompanied by a decrease in PCO2. This feedback process is shown in Figure 1.3, 

wherein the solubility of CO2 at a given temperature and pressure is dependent upon the 

H2O content in the melt and vapour (Blank et al., 1993; Holloway and Blank, 1994; 

Lowenstern, 2000).  
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Figure 1.3. Solubility curves of H2O and CO2 in basalts at 1200 ºC. Solid black curves are isobars, 
and indicate the maximum amount of CO2 and H2O dissolved in the melt at the given pressure. 
These lines are curved, which reflect the non-linear dependence of H2O solubility on pressure. 
Dashed lines are XH2O, which refers to the mol fraction of H2O in the vapour phase in equilibrium 
with the melt. As the pressure decreases, the gas phase becomes more H2O-rich. From Holloway 
and Blank, 1994.  

 Sulphur is an important volatile species, as its behaviour in magmatic systems 

controls the partitioning of metals into sulphide phases, facilitates oxidation of the mantle 

wedge above subduction zones, and, upon eruption, forms sulphuric acid aerosols 

capable of catalyzing ozone depletion (Wallace, 2003). The solubility of sulphur is much 

more complex than those of water or carbon dioxide, and it is dependent upon pressure, 

temperature, magma composition, and oxygen fugacity (Figure 1.4; Shinohara, 2008). The 

varying behaviour is caused by multiple valence states in both the melt and gas phase, as 

well as the appearance of non-volatile sulphur-rich phases (anhydrite, immiscible 

globules, pyrrhotite etc). In the melt, sulphur can be dissolved as sulphide (S2-) or sulphate 

(S6+)  (Carrol and Webster, 1994; Symonds et al., 1994). At relatively low oxygen fugacity 

(i.e. reducing conditions, fO2 < QFM + 1.5), sulphide is dominant, while under oxidising 

conditions (fO2 > QFM + 1.5), sulphate is dominant.  

Experimental studies show that sulphate is more soluble than sulphide, meaning 

that oxidising conditions are capable of dissolving more sulphur in the melt (Figure 1.4; 



 
 

12 

Luhr, 1990). The solubility of sulphide increases with the Fe content of the magma, as S2- 

readily bonds with Fe2+ (Wallace et al., 2015). The solubility of both valence states drops 

with decreasing temperature (Figure 1.4; Wallace and Edmonds, 2011). Pressure, on the 

other hand, has a more complex influence as it depends on the oxygen fugacity (Figure 

1.4; Wallace et al., 2015). Under oxidizing conditions, the solubility increases with 

pressure while, the opposite is true for reducing conditions (solubility decreases with 

increasing pressure). In terms of a compositional dependence, the solubility of S rapidly 

decreases with increasing SiO2 content, meaning that felsic melts have a lower dissolved 

sulphur content (Devine et al., 1984; Wallace, 2005; Wallace and Edmonds, 2011).  

 

Figure 1.4 Sulphur solubility as determined experimentally for hydrous silica-rich melts at different 
pressure and fO2 conditions. Thick lines are anhydrite saturated melts, where the dominant sulphur 
species is sulphate (S6+), and the oxygen fugacity is at the NNO buffer, which is oxidising 
conditions. Dashed line is sulphide-saturated (S2-) melts under more reducing conditions. At 2 kbar, 
sulphur is more soluble as sulphate under oxidising conditions than as sulphide under reducing 
conditions. Solubility increases further at 4 kbar. Increasing temperature leads to increasing 
solubility regardless of pressure and oxygen fugacity. Figure from Wallace et al., (2015) and based 
off of experimental data by Luhr (1990). 

  

In terms of the gas phase, S can be present as SO2, and H2S. Under reducing 

conditions, sulphide forms H2S gas, while under oxidising conditions, sulphate degases to 
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SO2 (Wallace, 2003). The concentration of S in the vapour phase strongly depends upon 

oxygen fugacity (Carroll and Rutherford, 1985). The total amount of sulphur in the vapour 

reaches a minimum at the NNO buffer, but systematically increases on either side of this 

fO2 buffer (Wallace, 2003). As temperature decreases, the partitioning of sulphur into the 

gas phase rapidly increases (Wallace. 2003). 

Chlorine plays an important role in the formation of a brine phase, and the 

development of a hydrothermal system. Solubility is strongly dependent upon the silicate 

melt composition, and increases with the (Na + K)/Al content of the melt (Lowenstern, 

2000). However, most magmas do not contain Cl-rich minerals that remove Cl from the 

melt. Therefore, Cl becomes progressively concentrated in the magma, and does not 

degas until it reaches shallow (near-surface) pressure (Wallace et al., 2015). Solubility 

experiments show that Cl-rich low-density vapour and high-density brine, exsolve from the 

magma at low pressure and temperature (below 800 ºC and 1.4 kbar; Lowenstern, 2000). 

The vapour is rich in HCl, while the brine is rich in NaCl (Shinohara and Fujimoto, 1994). 

Both these phases can contribute to the formation of magmatic-hydrothermal systems and 

ore deposits (Wallace et al., 2015).  

1.2.2. Volcanic Gas Emissions 

Volatiles are the driving force of volcanic eruptions. Since the amount of volatiles 

dissolved in magma is significantly greater than the quantity needed to generate explosive 

eruptions, the depth and mechanisms of magma-gas differentiation are some of the most 

important parameters controlling eruption dynamics. Magma degassing refers to the 

formation and separation of a free vapour phase from the melt, and the ultimate release 

of the gas phase to the hydrosphere and atmosphere (Fischer and Chiodini, 2015). A 

greater amount of trapped volatiles in a magma leads to greater degrees of overpressure, 

rapid volatile exsolution and magma fragmentation, thus triggering explosive eruptions. 

This is the case during closed-system degassing, where the melt remains in equilibrium 

with the exsolved gas phase. Open-system degassing, or outgassing, occurs when the 

gas is separated from the melt, and its composition evolves independently from the 

magma as it ascends through the crust. Typically, open-system degassing results in 

effusive eruptions, since the magma has lost a significant proportion of its gases (Devine 

et al., 1998; Shinohara, 2008). Overall, a volcano can release gases either actively, or 



 
 

14 

passively, or both. Active degassing refers to gas emission during an eruption, while 

passive degassing is the constant emission of gases during periods of dormancy, repose 

and/or unrest (Shinohara, 2008). Globally, passive degassing represents the majority of 

the volatile release in all volcanic systems. Gases can be emitted passively from lava 

lakes, gas vents or fumaroles located in the summit crater, and from bubbling springs and 

mud pools. The term volcanic gas refers to the general emission of volatile species that 

exsolved from the magma at depth.  Magmatic gas is a type of volcanic gas that is directly 

released by the magma, and emitted by high temperature (> 400 ºC) fumaroles. The 

interaction of magmatic gas with the hydrosphere forms a hydrothermal system that emits 

hydrothermal gases (Fischer and Chiodini, 2015). Fumaroles can emit both magmatic and 

hydrothermal gas. Another type of passive degassing is diffuse degassing, where gases 

are emitted from the flanks of volcanoes through soil, faults, fractures and groundwater 

(Shinohara, 2008). Due to the importance of passive degassing, constraining the flux of 

volatiles emitted passively is essential to global volcanic gas emissions, and element 

recycling (Fischer and Chiodini, 2015). 

Volcanoes are the main pathways through which mantle-derived volatiles reach 

the Earth’s surface. The relative gas abundances and fluxes provide insight into the 

sources and processes that operate both at depth and at shallow levels (Fischer and 

Chiodini, 2015). Temporal changes in the gas composition and fluxes yield a unique and 

immediate snapshot into the activity of a volcano, and thereby act as an essential 

monitoring tool. The compositions of volcanic and hydrothermal gases are a direct result 

of the volatile sources and degassing processes that occur as gases ascend from the 

magma to the Earth’s surface (Oppenheimer et al., 2011; Fischer and Chiodini, 2015). 

The location of gas emissions, however, strongly affects their chemical composition 

(Fischer and Chiodini, 2015). The main distinction is hydrothermal versus magmatic gases 

(Figure 1.5). Figure 1.5 is a ternary diagram that compares the CO2, H2O, and total sulphur 

(H2S + SO2) of magmatic and hydrothermal gases. Due to the high temperature emission 

of deeply sourced gases, magmatic gases are generally sulphur-rich and include H2O, 

CO2, SO2, H2, HCl and HF (Figure 1.5; Fischer and Chiodini, 2015). If ascending gases 

interact with the hydrothermal system, then they are emitted by low temperature (< 100 

ºC) fumaroles, bubbling springs and mud pools on the volcano’s flanks (Fischer and 

Chiodini, 2015). Hydrothermal gases are much more water-rich and acidic relative to 

magmatic gases, and include the emission of CH4 and H2S (Figure 1.5; Fischer and 
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Chiodini, 2015). The axes of the ternary diagram in Figure 1.5 show the common gas 

ratios: H2O/CO2 and CO2/Stotal. H2O/CO2 is similar between magmatic and hydrothermal 

gases (Fischer and Chiodini, 2015). Magmatic gases have a higher total sulfur content, 

leading to a lower CO2/Stotal relative to hydrothermal gases..  

 

Figure 1.5 Ternary diagram showing the relative proportions of H2O, CO2 and total sulphur (SO2 + 
H2S) of magmatic and hydrothermal gases (here, volcanic gas refers to magmatic gas). Emission 
of CO2 gas is considered magmatic due to its low solubility. Sulphur is generally removed from 
hydrothermal gases due to interactions with wall rocks and fluids, leading to a relative enrichment 
of sulfur in magmatic gases. H2O/CO2 are similar between the two types of emissions. The 
CO2/Stotal ratio of gases measured at the surface is the best indicator for the origin of gases (>10 = 
hydrothermal, <10 = magmatic). Figure from Fischer and Chiodini, 2015.  

1.3. Research Objectives and Thesis Structure 

The aim of this thesis is to better understand magmatic sources, processes and 

degassing on a volcanic and arc wide scale through geochemical analyses. These 

phenomena can be investigated through analyses of major, volatile and trace element 

concentrations of deeply sourced, minimally degassed magma, and late-stage degassed 

magma, to constrain saturation and crystallisation pathways in the subsurface. These 

compositions can then be compared to surficial gas emissions to quantify the extent and 

contribution of the hydrothermal system, understand the nature of magmatic degassing 

and estimate the efficiency of volatile recycling at subduction zones. Major, volatile and 
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trace element analyses of olivine-hosted melt inclusions and groundmass glass are 

excellent proxies for primitive and late-stage melts, respectively, while direct gas detection 

methods are used to measure the dilute gas emissions emanating from vents and 

fumaroles in a volcanic field.  

The above objectives are applied to the Garibaldi Volcanic Belt in western Canada, 

which is a Quaternary-aged glaciovolcanic arc that lies to the north of the Cascades Arc 

in western United States. Knowledge of the magmatic source, processes and gas 

emissions is significantly lacking. Therefore, compositional data from melt inclusions and 

groundmass from each volcano, supplemented with gas measurements from one 

degassing centre, will provide a broad and comprehensive geochemical overview of the 

Garibaldi Volcanic Belt.  

This thesis is organized into seven chapters: this first chapter provides 

foundational knowledge on subduction zones, volatiles and gas emissions. The second 

chapter describes the convergence of the Pacific Plate and the western margin of North 

America as it led to the formation of the Cascadian Subduction Zone, and the subsequent 

construction of two rather distinct volcanic arcs: the Garibaldi Volcanic Belt (GVB) and the 

High Cascades. Detailed sample preparation, including rock crushing, crystal sieving and 

picking, melt inclusion reheating experiments, and all analytical techniques are outlined in 

Chapter 3. Chapter 4 provides a brief review of melt inclusions, including their formation, 

as well as the modifications they undergo following entrapment in the host crystal. This 

chapter also describes how their compositions can be applied to the calculation of various 

magmatic conditions. Chapter 5 outlines melt inclusion compositions from each volcano 

along the Garibaldi Volcanic Belt, and how they reveal distinct and systematic 

geochemical trends in the magma source, from south to north. This chapter is structured 

as a peer-reviewed paper that has been accepted by Chemical Geology. Chapter 6 takes 

a deeper look into the importance of the vapour bubble in a melt inclusion, along with the 

compositional effects imposed by melt inclusion reheating. This study extrapolates the 

chemical changes that occur during melt inclusion reheating to natural storage conditions, 

and suggests that magmas can lose elements during prolonged residence times. 

Considering the important implications of this study for volcanology, this section is 

structured as a paper that will be submitted for peer review to a high-impact journal such 

as Nature Geoscience or Geology. These results are applied to a natural case study in 
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the second part of Chapter 6. The Mount Meager Volcanic Complex is the largest complex 

in the GVB. There are at least three summit fumaroles currently emitted volcanic gases. 

As such, this case study compares melt inclusion data with the composition of emitted 

gases to better understand the degassing style and mechanism at depth. However, 

considering the elemental diffusion in the magma, the melt inclusion compositions are 

recalculated, and similarly compared to the composition of gases. Finally, Chapter 7 

summarises the findings of this thesis, addresses the research objectives and provides 

perspectives for future research. Appendix A provides a map and GPS locations of every 

sample used in this thesis. Appendices B, C and D are supplementary material to chapters 

5, 6.1 and 6.2, respectively. Appendix E provides preliminary research done within another 

subduction zone, the Lesser Antilles arc, which is considered as an excellent analogue for 

the GVB.  Melt inclusion analyses and diffuse gas data from the Lesser Antilles arc are 

shown and will be used as part of the perspectives for further research.  
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Chapter 2. Geological Context 

2.1. The Western Margin of North America 

Quaternary magmatism along the western margin of North America is due to the 

north-easterly subduction of the Juan de Fuca and Gorda plates beneath the North 

American plate (du Bray and John, 2011; Mullen et al., 2017). Shortly after the initiation of 

subduction, the northern portion of the Juan de Fuca plate, called the Explorer plate, 

detached and ceased subduction; at present it slides past the North American plate at 20 

mm yr-1 (Riddihough, 1984; Audet et al., 2008; Mullen et al., 2017). The subduction of the 

Juan de Fuca and Gorda slabs between 30 and 45 mm yr-1 produces the Cascadia 

Subduction Zone, and results in volcanic activity that extends from northern California to 

southwestern British Columbia (e.g., Mullen and Mccallum, 2014; Mordensky and 

Wallace, 2018; Ruscitto et al., 2010; Moore and DeBari, 2012; Green and Harry, 1999; 

Sas et al., 2017). This subduction system is segmented into two distinct volcanic arcs: the 

High Cascades Arc in the south, and the Garibaldi Volcanic Belt (GVB) in the north.  

The cause for segmentation is the age of the downgoing plate, and its control on 

the slab dip and thermal structure. The age of the downgoing Juan de Fuca plate 

decreases from 11 Ma beneath the High Cascades to 4 to 5 Ma beneath the GVB (Mullen 

and Weis, 2013, 2015. Syracuse et al., 2010). There is a distinct 90 km non-volcanic gap 

between these two arc segments that represents a change in dip of the Juan de Fuca 

Plate, which is caused by the age of the slab (DeBari et al., 2011; Green and Harry, 1999). 

Models have revealed that older plates, such as the Juan de Fuca Plate beneath the High 

Cascades, typically have steeper subduction angles due to their increased density and 

lower slab temperatures. These colder slabs still retain their fluid content at sub-arc 

depths, and are therefore capable of supplying a higher flux of fluids to the mantle wedge 

(Hyndman and Wang, 1993; Green and Harry, 1999; Syracuse et al., 2010; Ohtani et al., 

2004). Moreover, the depth at which partial melting occurs exerts a major control on arc-

trench distances and the overall framework of the volcanic arc (England and Katz, 2010). 

A steeply dipping slab reaches the anhydrous solidus of the mantle wedge and initiates 

melting at shorter distances from the trench than a shallowly dipping slab, resulting in 

typical arc-trench distances of 150 to 200 km (England and Katz, 2010; LaFemina, 2015). 

Young slabs, on the other hand, are much more buoyant, retain their internal heat, and 
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thus subduct much more shallowly beneath the arc. As such, only a minor amount of 

heating is required before the downgoing slab begins to dehydrate and thus loses a 

significant proportion of its fluid content before reaching the trench. This slab must then 

subduct to greater depths in order to intercept the mantle wedge solidus and begin melting 

(Stern, 2002). In this case, there is a reduced contribution of fluids to the mantle wedge, 

resulting in lower degrees of partial melting at depths greater than in cases of more steeply 

dipping, cold plates. Therefore, young slab subduction, such as that beneath the GVB, 

produces melts that are more alkaline than typical arc magmas and erupt at much greater 

arc-trench distances (> 200 km; Green and Harry, 1999; Ruscitto et al., 2010; Leeman et 

al., 1990, 2004; Brocher et al., 2003; Hurwitz, et al., 2005; Rondenay et al., 2008). 

2.2. The High Cascades Arc 

Beginning in the south, the High Cascades arc (hereafter referred to as the 

Cascades) stretches between Mount Lassen in northern California to Mount Rainier in 

central Washington (Figure 2.1). Volcanism within this segment is caused by the 

subduction of the Gorda Plate beneath northern California and southern Oregon, and the 

Juan de Fuca plate beneath the remainder of the arc (Figure 2.1). Overall, there are 22 

major volcanic centres with nearly 2300 separate volcanic vents including 

stratovolcanoes, shield volcanoes, lava domes, and cinder cones (Wilson and Russell, 

2018). The compositions of these centres are geochemically diverse and ranges from 

calc-alkaline andesite to dacite, while the cinder cones are dominantly basaltic and 

comprise approximately 85% of the Cascades magmatic output (Hildreth, 

2007; Mordensky and Wallace, 2018). Of the basaltic compositions, the most widespread 

are high alumina olivine tholeiites (HAOT; Mullen et al., 2017). Seismic imaging reveals 

that the Juan de Fuca Plate dips at 45° ENE beneath the northern Cascades, increasing 

to 65 - 70° E under Oregon (Lay, 1994). There is also a higher flux of fluids beneath the 

Cascades, leading to a high degree of partial melting of the mantle wedge, thereby 

producing voluminous calc-alkaline andesites (Sas et al., 2017; DeBari et al., 2011; 

McCrory et al. 2004; Green and Harry, 1999; Hildreth, 2007). Overall, the magmatic 

production rate is high in the Cascades and has been estimated at 7.8 km3 km-1 yr-1 

(Hickson and Monger, 1994). Furthermore, the higher flux of fluids in the Cascades also 

leads to an increased proportion of H2O in the ascending magma, and hence, more 

explosive volcanism (Green and Harry, 1999; See Introduction). In terms of the arc 



 
 

26 

framework, the steeper slab dip of the Juan de Fuca Plate beneath the Cascades results 

in arc-trench distances of 150 to 200 km, which is typical of volcanic arcs (Green and 

Harry, 1999; Wilson and Russell, 2018).  

The sources of the Cascade magmas have been thoroughly investigated due to 

their diverse range of eruptive compositions. Previous studies have found that the mantle 

beneath the Cascades is heterogeneous, with both mid-ocean ridge (MORB) and ocean-

island basalt (OIB) source compositions that have been previously modified by 

subduction-derived fluids, as well as slab and sediment melts (Mullen et al., 2017; 

Walowski et al., 2016; Green and Sinha, 2005; Righter, 2000; Hildreth, 2007; Bacon et al., 

1997; Leeman et al., 1990, 2004; Borg et al., 1997, 2002; Conrey et al., 1997; Grove et 

al., 2002; Schmidt et al., 2008; Green and Harry, 1999; Hughes, 1990; Baker et al., 1994). 

The steeply subducting Juan de Fuca Plate contains a thick veneer of juvenile (referring 

to magmatic material) and unweathered sediment from the Canadian Cordillera 

(Carpentier et al., 2014). The thickness of the sediment cover is nearly 2500 m near the 

northern edge of the Cascades Arc, as estimated from cores of the Oceanic Drilling 

Program (ODP Site 888 and 1027 located off the coast of the Olympic Peninsula in 

Washington, west of the trench; Carpentier et al., 2014). The subduction and partial 

melting of the sediment veneer gives rise to a unique magma composition beneath the 

Cascades, with elevated Hf, Th, and Pb isotopic compositions (Mullen and Weis, 2015). 

Trace element modelling of melt inclusion data from the southern Cascades shows that 

primitive magmas along the arc can be formed through partial melting of a mix between 

the mantle wedge, subducting slab, and less than 10% of sediment melts (Walowski et 

al., 2016). Overall, the diverse compositions of Cascade arc magmas are the result of a 

complex mix of subduction components.   
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Figure 2.1 Regional map of the Cascadia Subduction Zone along western North America. This arc 
is separated into the High Cascades from northern California to northern Washington and the 
Garibaldi Volcanic Belt (GVB) from northern Washington to southwest Canada. Beneath the GVB, 
the subducted Juan de Fuca plate youngs in age from 10 Ma below Glacier Peak to 5 Ma beneath 
Mount Meager where it terminates against the Nootka fault beneath Salal Glacier and Bridge River.  
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2.3. The Garibaldi Volcanic Belt 

The Garibaldi Volcanic Belt (GVB) is a 1100 km-long Quaternary-aged 

glaciovolcanic belt that extends from northwestern Washington to southwestern British 

Columbia and terminates in the north against the Nootka fault (Figure 2.2; Green et al. 

1988; Guffanti and Weaver 1988; Read 1990; Sherrod and Smith 1990; Hickson 1994; 

Kelman, 2005). Volcanism within the GVB is caused by the slow and oblique subduction 

of the northern edge of the young (<7 Ma) Juan de Fuca plate beneath the North American 

plate (e.g., Green et al., 1988; Rohr et al., 1996). There are at least eight separate volcanic 

complexes, including stratovolcanoes, isolated flows, domes, spines, cones, and tuyas. 

The major centres include Glacier Peak, Mount Baker, and the volcanic fields of Mount 

Garibaldi, Garibaldi Lake, Mount Cayley, Mount Meager, Salal Glacier, and Bridge River 

(Figure 2.2). Shallow subduction (15°; Hyndman et al., 1990) yields sparsely spaced 

volcanic vents that lie at arc-trench distances that are larger than the global average (> 

200 km). Eruptive products are Miocene to Holocene in age, and compositions include 

intermediate alkaline to calc-alkaline suites with basaltic eruptions comprising a small 

volume fraction in the south and a higher volume fraction in the north (Salal Glacier to 

Bridge River; Kelman et al., 2002; Wilson and Russell, 2018). The more alkaline nature of 

the northern eruptive products, as well as the higher overall proportion of basalt, is due to 

the local tectonics and the young and dehydrated Juan de Fuca plate supplying a low 

proportion of fluids to the sub-arc mantle, and thereby producing small melt fractions that 

erupt in low volumes at the surface (Green and Harry, 1999; Mullen and Weis, 2015; 

Walowski et al., 2016; Venugopal et al., 2019). In fact, the magma production rate within 

the Garibaldi Belt is much lower relative to the Cascades, and is estimated to be 0.23 km3 

km-1 yr-1 (Hickson and Monger, 1994). However, this estimate is a minimum due to glacial 

erosion.   
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Figure 2.2. Schematic representation of the Garibaldi Belt, which extends from northwestern 
Washington to southwestern British Columbia, and terminates in the north against the Nootka fault. 
This fault is the surficial manifestation of a slab tear between the Juan de Fuca and Explorer Plates. 
Major centres include Glacier Peak, Mount Baker and the volcanic fields of Mount Garibaldi, 
Garibaldi Lake, Mount Cayley, Mount Meager, Salal Glacier and Bridge River. One of the main 
differences between the Garibaldi Belt and the High Cascades is the age and dip of the subducting 
Juan de Fuca Plate. Beneath the Garibaldi Belt, the plate is < 7 Ma and shallowly dips at 15°. 
Beneath the High Cascades, on the other hand, the plate is much older at 10 Ma and dips steeply 
at 45°. The dip increases further to 65° beneath Oregon.  

 

As mentioned, the Garibaldi Belt is a glaciovolcanic arc with features such as 

subglacial domes, ice-marginal flows, and intermediate tuyas. Due to the extensive 

present-day glacial coverage of the Garibaldi Belt, access is limited for many of these 

dormant eruptive centres. Furthermore, as the advance of the Cordilleran ice sheet has 

likely removed significant portions of fallout deposits, determining the eruptive style of 

these systems is difficult. Glacial erosion and subsequent poor consolidation of slopes 

have led to numerous mass wasting events both historically and prehistorically (Souther, 

1980; Clague and Souther, 1982; Evans and Brooks, 1991).  

Previous geochemical studies along the arc include major and trace element 

analyses of whole rock suites (Harry and Green, 1999; Green and Harry, 1999; Green and 

Sinha, 2005; Green, 2006), as well as isotopic analyses of the same samples from each 
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edifice (Mullen and Weis, 2013, 2015; Mullen and McCallum, 2014, Mullen et al., 2017). 

However, none of these studies have analysed samples from Mount Garibaldi or Mount 

Cayley. Nonetheless, there exists a general, yet incomplete, dataset for the Garibaldi Belt 

magmas. The presence of alkaline basalts in the northern Garibaldi Belt (Mount Meager 

to Bridge River) was originally attributed to the progressive northward dehydration of the 

younger Juan de Fuca slab (Green and Harry, 1999). This was based on the reduced fluid 

input into the mantle wedge beneath the northern Garibaldi Belt, thus leading to smaller 

melt fractions, which are inherently more alkaline. Through high precision Pb and Sr 

isotope analyses, the northern Garibaldi Belt basalts were shown to lack a subduction 

signature entirely, and have a signature akin to ocean-island basalts, thereby accounting 

for the magma alkalinity seen from Mount Meager to Bridge River (Mullen and Weis 2013; 

Mullen and Weis, 2015; Mullen et al., 2017). The remaining centres analysed (Glacier 

Peak and Mount Baker) are shown to have subduction signatures in their chemistry. These 

two centres are also the only ones along the Garibaldi Belt to have published melt inclusion 

data. The study by Shaw (2011) used melt inclusion data to determine the depth of 

magmatic storage, as well as the temperature and pressure of the system. Trace element 

modelling of the melt inclusions show that Glacier Peak and Mount Baker have a 

compositionally heterogenous source, with MORB and OIB-like components that have 

been modified by 13 to 15 wt% of a fluid component derived from the downgoing slab 

(Shaw, 2011). Similar in-depth geochemical data for the rest of the Garibaldi Belt is 

lacking, especially for Mount Garibaldi and Mount Cayley. This thesis is the first 

geochemical overview of the entire Garibaldi Belt, and provides detailed insight into the 

unique calc-alkaline to alkaline transition seen from south to north along the arc.  

The following sections describe each volcano along the Garibaldi Belt from south 

to north.  

2.4. Glacier Peak 

Glacier Peak is the southernmost volcanic centre along the Garibaldi Belt, and lies 

just above the change in the arc axis. Activity at Glacier Peak dates back to the late 

Pleistocene, however deposits from these eruptions have been significantly eroded due 

to glacial retreat (Hildreth, 2007; Tabor and Crowder, 1969; Beget, 1982a,b; Sherrod and 

Smith, 1990). The edifice is the only dominantly dacitic centre along the GVB and it is 
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surrounded by a large pyroclastic apron (Hildreth, 2007). Within the Glacier Peak field are 

two cinder cones, Whitechuck and Indian Pass, which are low-K olivine tholeiites and calc-

alkaline basalts, respectively (Shaw, 2011; DeBari et al., 2011).  

2.5. Mount Baker  

Mount Baker lies immediately north of Glacier Peak. The volcanic field, in general, 

has been active for the past 1.3 Ma, with the most recent eruption occurring at 6.5 ka 

(DeBari et al., 2011; Hildreth et al., 2003). The main edifice is located approximately 350 

km from the trench, which reflects the shallow dip of the Juan de Fuca plate (Hyndman et 

al., 1990; DeBari et al., 2011). Dominantly an andesitic stratovolcano, Mount Baker is likely 

the most volcanically productive along the GVB with a current estimate of ~160 ± 50 km3, 

although a large proportion of products have been glacially eroded (Hildreth, 2007; 

Hildreth et al., 2003). Eruptive compositions range from rhyodacite to andesite with the 

most recent eruption being an explosive blast of andesitic ash from the main edifice 

(Hildreth et al., 2003). The most recent basaltic eruption occurred at 9.8 ka from a scoria 

cone called Schreibers Meadow (Green et al., 1988; Hildreth, 2007).  

2.6. Mount Cayley, Mount Garibaldi and the Garibaldi Lake 
Volcanic Field  

Preliminary petrographic studies have been published by Souther (1980) and 

Kelman et al. (2001), but in-depth geochemical investigations have yet to be made. At 

present, what is known geochemically is that these complexes are overall calc-alkaline, 

but display compositions from basaltic andesite to dacite (Kelman, 2005). Trace element 

contents of whole rocks show typical subduction-zone trends with depletions in Nb and 

high Ba/La and LILE/HFSE ratios (Kelman, 2005).  

Mount Cayley is a mid-Pleistocene aged glacially eroded edifice dominantly 

composed of andesitic to rhyodacitic eruptive products (Hildreth, 2007).  Remnants today 

are likely a very small portion of a much larger multivent edifice. Eruptive products include 

dykes, subglacial domes, lava flows, shallow intrusions, breccias, and tuffs (Hildreth, 

2007). Ember Ridge, a collection of Mount Cayley’s glaciovolcanic deposits, contains a 

prominent cluster of olivine-bearing andesite domes (Hildreth, 2007).   
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The Mount Garibaldi dome complex represents several episodes of activity from 

670 ka to the Holocene (Hildreth, 2007; Green et al., 1988; Green, 1990). Andesite to 

dacite lavas and domes, and their pyroclastic counterparts, are common and believed to 

be sourced from several vents within the Mount Garibaldi dome complex (Hildreth, 2007). 

Twenty kilometers to the north is the Garibaldi Lake Volcanic Field, containing nearly 14 

compositionally diverse centres that range from dacite to alkali basalts, with some 

exposures of olivine basalts (Hildreth, 2007). The Cinder Cone volcanic complex lies 

within the Garibaldi Lake Volcanic Field, and consists of two overlapping tephra cones 

that are dominantly basaltic in composition (Mathews, 1948, 1958; Green, 1977; Green et 

al., 1988; Wilson and Russell, 2018). The most recent eruption within The Cinder Cone is 

estimated at 110 ± 30 ka using K-Ar dating (Wilson and Russell., 2018; Green et al., 1988). 

2.7. Mount Meager Volcanic Complex 

The Mount Meager Volcanic Complex (MMVC), located 150 km north of 

Vancouver, British Columbia, is an intensely glaciated complex of deeply eroded 

fragments from numerous episodes of eruptive activity. Detailed mapping of the MMVC 

has shown that deposits are sub-alkaline with a wide variety of felsic to mafic 

compositions. An exception is the Pleistocene-aged Mosaic assemblage with alkali olivine 

basalts and trachybasalts (Stasuik and Russell, 1989, Hickson et al., 1999). Overall, the 

diverse rock types (basalt to dacite, airfall pyroclastic to domes, and flows) belonging to 

the MMVC are clear evidence of its variable past eruptive style.  

Mount Meager was the site of the most recent postglacial eruption within the GVB 

in 2360 B.P. This explosive eruption deposited fine-grained distal products as far as 530 

km eastward from the source. Proximal deposits include an array of fallout pumice, 

pyroclastic flows, welded breccias, lahars, and a lava flow (e.g., Hickson et al., 1999). 

Collectively, the 2360 B.P. eruption created the Pebble Creek Formation (previously 

known as the Bridge River Assemblage) (e.g., Hickson et al., 1999). In total, approximately 

2 to 3 km3 of rhyodacite magma was extruded during this singular Holocene eruption, 

including a 9 km long valley filling pyroclastic and lava flow assemblage (e.g., Nasmith et 

al., 1967; Read, 1990; Stasiuk and Russell, 1990). The vent source for this eruption, on 

Plinth Peak, is no longer exposed.  
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The presence of hot (greater than 200 °C) hydrothermal reservoirs has promoted 

geothermal investigations in the MMVC. Drilling in the 1980s also revealed that high-

temperature geothermal fluids at 3000 m depth were capable of long-term energy 

production. Despite the success of Canada’s first geothermal program, the project was 

shut down in 1984. Nonetheless, Mount Meager continues to have unused exploration 

wells, but long-term capabilities have yet to be tested. There is great potential for 

geothermal energy at Mount Meager but the lack of sufficient financial resources has left 

the area as an untapped resource.  

Mount Meager is considered dormant. However, as of August 2016, there have 

been reports of gas emanating from pockets of hot ground, as well as the appearance of 

several summit fumaroles that have melted through the overlying ice. Though these 

fumaroles are not an implicit sign of reactivation, they are nevertheless an indication of 

unrest.  

2.8. Salal Glacier and Bridge River 

The northern termination of the GVB represents a unique outcropping of 

dominantly alkaline basalt deposits. The Salal Glacier Volcanic Field is a collection of six 

separate edifices, five of which are alkaline basalt and another calc-alkaline 

andesite (Lawrence et al., 1984; Mullen and Weis, 2013; Wilson and Russell, 2018). The 

Bridge River Volcanic Field is the northernmost edifice of the GVB. Deposits are alkaline 

basalt, hawaiite, and mugearite in composition (Roddick and Souther, 1987; Mullen and 

Weis, 2013, 2015; Wilson and Russell, 2018).  

Many features in both volcanic complexes are glaciovolcanic, and were 

subsequently formed through ice-lava and lava-water interactions as well as subaqueous 

depositional processes (Wilson and Russell, 2018). Eruptive products include columnar 

jointed lava flows, breccia, ashfall, bombs, and pillow lavas. The most recent deposits of 

the Salal Glacier volcanic field are radially jointed lava flows that were K-Ar dated to 590 

± 50 ka (Lawrence et al., 1984; Wilson and Russell, 2018), while the most recent deposits 

within the Bridge River field are crudely jointed basaltic lava flows, with a K-Ar date of 374 

± 11.5 ka.   
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Chapter 3. Sample Preparation and Analytical 
Techniques  

3.1. Rock Sampling  

The majority of rock samples used in this study were collected through field 

campaigns, while others were provided by Alex Wilson and Kelly Russell at the University 

of British Columbia. The study by Shaw (2011) provided data for Glacier Peak and Mount 

Baker.  

For the purpose of olivine-hosted melt inclusions, we sampled as many outcrops 

and eruptions as possible that were mapped as basalt to basaltic-andesite by previous 

authors. In most cases, only one sample, or eruption, per volcano contained olivines that 

hosted sufficiently large melt inclusions for analyses.  

From the Mount Cayley Volcanic Field, we sampled fine-grained, poorly-jointed, 

subglacial columnar basalts on the southwest side of Tricouni Peak. From the Garibaldi 

Lake Volcanic Field, we sampled dark brown basaltic tephra from The Cinder Cone. 

Olivine-bearing basaltic tuff breccia from Cracked Mountain in the Mount Meager Volcanic 

Complex contained the only primary (non-crystallised) melt inclusions along the GVB.  

From the Bridge River Volcanic Field, we sampled pyroclastic breccia from Tuber Hill, 

which is a large complex tuya. From the Salal Glacier Volcanic Field, we sampled 

hyaloclastite from the Ochre Mountain tindar. Samples from Mount Meager, Salal Glacier 

and Bridge River cones were provided by UBC. The map of sample locations, including 

GPS coordinates, can be found in Appendix A.   

Rock samples were crushed at the Laboratoire Magmas et Volcans (LMV). One 

small portion (100 g) of each crushed sample was set aside for whole rock analyses. This 

small portion was crushed to a fine powder, dissolved in solution, and analysed through 

emission spectrophotometry using ICP-AES (inductively coupled plasma–atomic emission 

spectrometry).  
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3.2. Melt Inclusion Preparation 

After crushing and whole rock analyses, the remaining portions were sieved into 

four size fractions: 1 mm – 500 µm, 400 – 500 µm, 300 – 400 µm and < 300 µm. Figure 

3.1 illustrates the steps for melt inclusion preparation. To begin, olivine crystals were hand-

picked from each fraction. Crystals greater than 400 µm were preferred for both polishing 

and analytical purposes. Picked olivines were then mounted on a glass slide using silica 

bond that was heated on a hot plate at a temperature of 150 – 200 ºC. Once all the olivines 

were mounted, the slide was removed from the hot plate and allowed to cool. Each crystal 

was then inspected under the microscope to determine whether any large (> 15 µm 

diameter) melt inclusions were present. If so, the crystal was circled using a permanent 

marker. In total, out of 100 crystals per sample, approximately 30% yielded appropriate 

melt inclusions. After all the olivines were inspected, the glass slide was transferred back 

to the hot plate, the circled crystals were removed one at a time and the individual polishing 

process was initiated.   

 It was apparent that tephra samples from Mount Meager were the only ones to 

contain glassy, crystal-free, olivine-hosted melt inclusions. Every other sample along the 

GVB contained large, well-formed crystallised olivine-hosted inclusions. These inclusions 

are still usable, but only after experimental reheating to dissolve the crystals and retrieve 

the original melt composition. Sample preparation therefore depended upon the nature of 

the melt inclusion: primary (or glassy) melt inclusions were straightforward and relatively 

simple to prepare. Crystallised inclusions, on the other hand, took twice as long due to 

reheating experiments.  
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Figure 3.1. Flowchart describing the polishing process. The steps taken depend on the nature of 
the melt inclusion, whether it is primary (solid blue line; glassy, no daughter crystals) or crystallised 
(dashed line; contains daughter crystals). MI refers to melt inclusion.  

 

 To polish crystals, I used a handheld polishing tool that ensured each crystal was 

polished as flat as possible (Figure 3.2). This tool consisted of a small stage, where the 

crystal was temporarily mounted, and a large handheld device with a slot for the stage 

(Figure 3.2). The small stage was placed on the hot plate, and the individual crystal from 

the glass slide was transferred to the stage and mounted using silica bond. The stage was 

then allowed to cool fully before being inserted into the handheld device. The full device 

was used to initially polish the crystal with silica-based polishing pads with grit sizes 

between 1200 and 2400 µm. The crystal was then slowly and progressively polished until 
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the desired inclusion was reached. If the inclusion was crystallised, the crystal was flipped 

and polished slightly (i.e. double polished) to ensure a flat surface for reheating.  

 

 

Figure 3.2. Handheld polishing tool used to polish melt inclusions as flat as possible. On the right 
is the small stage upon which the crystal was mounted using crystal bond. The stage can be 
inserted into the handheld device on the left and polished. The large handheld device is only used 
with silica-based polishing pads. After transferring to aluminum polishing mats, only the small stage 
was used.  

  

If the melt inclusion was less than 30 µm in diameter and contained a clear, well-

formed bubble, the crystal was prepared for Raman analyses of the bubble. In this case, 

the crystal was polished as usual, but once the bubble was approximately 30 µm from the 

surface (measured using the Raman microscope), the crystal was removed from the small 

stage and stored in a small glass vial full of acetone to remove any residual silica bond. In 

total, at least 5 melt inclusion bubbles were analysed with Raman per sample (refer to 

Section 3.2.1). Until this point, preparation was the same for glassy and crystallised melt 

inclusions. After Raman analyses, primary melt inclusions were either mounted in Indium 

or Epoxy, detailed further below.  

8 cm 

2 cm 
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3.2.1. Reheating Experiments 

Crystallised inclusions began the reheating process. To clarify, melt inclusion 

reheating refers to the process of heating melt inclusions to the point of a molten silicate 

glass, but with the bubble intact. Melt inclusion homogenisation, on the other hand, refers 

to further heating until a completely molten glass is achieved. Generally speaking, 

reheating apparatuses cannot achieve temperatures high enough to fully homogenise 

olivine-hosted melt inclusions. Therefore, reheating is more common. To reverse daughter 

crystallisation and retrieve the original melt compositions, inclusions from Bridge River, 

Salal Glacier, Mount Cayley, and Garibaldi Lake were reheated at LMV. Figure 3.3 shows 

an example inclusion from Garibaldi Lake containing daughter crystals. The olivine hosts 

were double-polished, mounted on sapphire discs, and heated progressively and quickly 

to a constant temperature using a heating stage.  

 

Figure 3.3. The olivine-hosted melt inclusion pictured here is from Garibaldi Lake and was taken a) 
before and b) after reheating experiments. The melt inclusion is 20 µm in diameter and contained 
a vapour bubble that was approximately 7 µm in diameter. Prior to reheating, the melt inclusion 
contained daughter crystals as a result of post-entrapment modifications. The melt inclusion was 
re-heated using a Vernadsky-type heating stage until the crystals disappeared, the melt was molten 
and the bubble began to move. At this point, the sample was quenched by rapidly reducing the 
temperature within the apparatus. The bubble diameter increased slightly upon quench, to a 
diameter of 9 µm. What appears to be a remnant daughter mineral within the melt inclusion in b) is 
a deep-seated spinel crystal below the inclusion.  

 

The most common type of heating stage is a Vernadsky-type heating stage with a 1 

atm gas-tight sealed furnace cooled by water (Figure 3.4). The stage is connected to an 

external power source, and increasing the current increased the temperature in the 

20 µm 

20 µm 

a) b) 
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furnace. Pure He gas, purified by Zr metal at 973 K, was circulated through the furnace to 

maintain reducing conditions (fO2 < 10-10 atm) such that no oxidation of olivine occurred. 

Helium was also used because of its high thermal conductivity (3.63 mW cm-1K-1), which 

significantly improves the cooling rate during sample quench (Schiano, 2003).  

Temperatures inside the furnace were recorded by a type-S thermocouple welded to the 

sample holder. Two quartz windows allowed for the direct and real-time observation of 

melting during a heating run (Figure 3.4). Crystals are placed on top of a sapphire disc in 

order to prevent pollution of the sample holder by decrepitated melt inclusions (Figure 

3.4). To calibrate the temperature, crystals can be covered by compounds with a known 

melting point; the most common being a piece of gold foil, which melts at approximately 

1000 ºC.  

 

Figure 3.4. Microscope heating stage. (1) Gas-tight sealed furnace cooled by water; (2) metal lid 
that screws on; (3) quartz windows that allow for direct observations; (4) heating element and the 
sample stage upon which the sapphire disc and crystal sit; (5) electrode. From Schiano (2003).  
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Every minute, the current was increased by 0.2 Amps, which caused the 

temperature to increase by approximately 150 °C. After reaching 1000 °C, the current was 

increased by 0.1 Amps in order to reach a molten silicate melt. In this way, inclusions were 

heated rapidly to avoid re-equilibration with the host olivine, which would lead to melts that 

were not representative of the initial composition. Reheating lasted 15 minutes in order to 

reduce water loss, as described by Chen et al. (2011). For each experiment, the daughter 

crystals disappeared, whereas the bubble remained. In total, 16 olivine-hosted melt 

inclusions from Bridge River, 9 from Salal Glacier, 12 from Mount Cayley and 8 from 

Garibaldi Lake were re-heated. 

Following reheating, the melt inclusion bubbles were analysed again with Raman 

in order to track compositional changes induced by reheating. These results are further 

discussed in Chapter 6.   

3.2.2. Final Stage of Melt Inclusion Polishing 

For all inclusions, both primary and crystallised, the crystal was returned to the 

small stage, mounted with silica bond and the polishing process resumed. Once the 

inclusion was intercepted slightly, only the small stage was used for polishing after 

removing it from the hand-held device. From here, the crystal was polished using 

aluminum pads with grit sizes of 6, 3 and 0.3 µm. Diamond polishing mats were avoided 

as they were a source of carbon contamination, which becomes increasingly important for 

CO2 analyses. Based on the size and the analytical method used, melt inclusions were 

spilt into two groups: one group would be mounted in indium and another in epoxy. The 

requirement for water and CO2 analyses using the Secondary Ion Mass Spectrometer 

(SIMS; Section 3.2.2) are inclusions larger than 20 µm in diameter, hosted in crystals that 

are mounted in Indium holders. Indium is a rare earth element that ensures optimal 

conductivity within the SIMS. Larger inclusions are necessary due to the 15 µm 

instrumental beam size.  

3.2.3. Indium Sample Holders 

To prepare the holder and mount crystals in indium, the required tools were: indium 

shots, sample holders, hot plate, sample press, binocular microscope and a glass slide. 
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The sample holder was placed on a glass slide on the hot plate, which was heated to 180 

ºC (the melting point of indium). Approximately 20 solid indium shots were added to the 

sample holder. Within a few minutes the shots melted and filled the holder with molten 

indium; the glass slide protected the hot plate from overflow. The sample holder was 

carefully removed from the heat and moved to the press. The holder was pressed relatively 

quickly while the indium was still warm; the surface of the holder was now flat, but not full. 

The holder was returned to the hot plate and additional indium shots were added and the 

holder was re-pressed. This process was repeated until the holder was 95% full of indium. 

The holder was then cleaned with ethanol and polished using 3 and 0.3 µm grits to ensure 

a flat, smooth surface.  

To mount crystals in indium, the sample press was placed on the hot plate and the 

temperature was reduced to 100 ºC. This ensures the press was slightly warm when 

pressing crystals into the indium. Under a binocular microscope, the crystal (with the 

polished melt inclusion facing up) was placed on top of the holder. A hole slightly smaller 

than the crystal was made using tweezers and the crystal was placed snugly inside. The 

holder was then placed onto the sample press, and both were kept on the hot plate for 

one minute or less. After this, the press (containing the sample holder) was carefully 

removed from the hot plate and the crystal was slowly pressed into the indium. There 

needs to be full contact between the crystal and the indium to ensure proper conductivity 

during analyses. If the crystals were small (< 400 µm) then 2 crystals can be mounted 

simultaneously. In total, between 15 – 20 crystals were mounted into one holder, with 

crystals concentrated close together and towards the centre of the holder. At the end, the 

entire holder was carefully cleaned with acetone and polished with 0.3 µm aluminum 

polishing pads. After taking pictures of each crystal, and its associated melt inclusion, 

under reflected light, the holder was ready for analyses. For these samples, the order of 

analyses was SIMS, microprobe and LA-ICP-MS. For SIMS analyses, the holders were 

gold-coated. After analyses, this coating was polished off and the holders were carbon-

coated for microprobe. Once again, this coating was removed following analyses and no 

coating was required for LA-ICP-MS.  
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3.2.4. Epoxy Sample Holders 

To mount smaller inclusions (< 20 µm) in epoxy, the required tools were a glass 

slide, double sided tape, epoxy, sample pucks and brass holders. One sample puck held 

8 brass holders, with each containing one crystal. The glass slide was covered with double 

sided tape and crystals, with the polished melt inclusion side facing down. Crystals were 

placed 0.5 cm apart and brass holders were then positioned around each crystal. Epoxy 

resin was then prepared and, using a thin plastic pick, the holders were slowly filled to the 

brim. The double-sided tape ensured a closed seal and prevented epoxy leakage. Once 

the holders were filled, the samples were left to set for 24 hours to allow the epoxy to 

solidify. The holders were fully polished and mounted into pucks. After taking pictures of 

each under transmitted and reflected light, the holders were ready for microprobe and LA-

ICP-MS analyses.  
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3.3. Analytical Techniques 

This section details the analytical instruments in the specific order of use. For 

example, microprobe analyses for major and volatile elements (S and Cl) require carbon-

coating of samples. However, this coating is a direct source of contamination when 

analysing for carbon dioxide, which is done using the Secondary Ion Mass Spectrometer. 

Therefore, CO2 analyses were performed before the microprobe. LA-ICP-MS is always 

done at the end due to the destruction of the melt inclusion by the beam. The following 

sections outline the elements that can be analysed by each instrument, as well as the 

analytical parameters and margins of error.  

3.3.1. Raman Spectroscopy 

In total, the composition of 30 vapour bubbles were analysed using Raman 

spectroscopy at LMV. In the case of Mount Cayley and Garibaldi Lake, the bubble was 

analysed before and after reheating in order to track any compositional changes. Spectra 

were collected using an InVia confocal Raman micro-spectrometer manufactured by 

Renishaw and equipped with a 532 nm diode laser (200 mW output power), a Peltier-

cooled CCD detector of 1040 x 256 pixels, a motorised XYZ stage and a Leica DM 2500M 

optical microscope. Scattered light was collected via a back-scattered geometry. Laser 

power was periodically checked and reduced to 8 mW on the sample surface such that 

the power was lower than this value in the bubble. A grating of 2400 grooves mm-1, a 100x 

microscope objective and a 20-μm slit aperture (high confocality setting) were used, which 

resulted in spectral resolution better than 0.4 cm-1, and in lateral and vertical spatial 

resolutions of ~1 and 2-3 μm, respectively, near the sample surface. Vertical resolution 

decreases with depth mainly due to light refraction at the air/glass/bubble interfaces. Daily 

calibration of the spectrometer was performed based on a Si 520.5 cm-1 peak. The spectra 

were recorded using the Wire 4.2 software in the wavenumber range 60-1410 cm-1, which 

includes the vibrational frequencies characteristic for mineral phases, such as carbonates, 

sulphates, sulphides and silicates, for CO2 and SO2 gases (e.g. Frezzotti et al., 2012), and 

for the alumino-silicate network domain of glasses (e.g. Schiavi et al., 2018; Figure 3.4). 

Spectra were also collected in the 2800-3900 cm-1 region to detect H2O and/or OH 

molecules. Presence of thin films of liquid water inside the bubble was difficult to detect in 

some bubbles, especially in the smallest ones (< 10 µm), because of fluorescence or 
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contamination of the spectrum by more intense glass water bands. Acquisition time for a 

single analysis ranged between 60 and 120 s.  

Before volume acquisitions, we performed depth profiles to define the vertical 

dimension of the 3D map. The selected volume was generally within 30 µm depth below 

the sample surface, so the signal/noise ratio remained high. The step between each point 

of analysis was 1 - 1.5 µm on the x- and y-axis and 1 - 2 µm on the z-axis. The total 

number of acquisitions for a single 3D map varied from 7000 to 16700. The acquisition 

time was set to 20 s/point and the spectra were centred at 850 cm-1. For spectra treatment, 

we first applied a polynomial baseline correction to the entire dataset. Then main peaks 

representative of different phases were selected to build the 3D map. Due to small size 

and transparency of the bubbles, the collected spectra generally show a mixture of signals 

coming from different phases. Therefore, for 3D reconstruction, the variation of the relative 

peak intensities must be carefully evaluated to correctly assign Raman acquisitions to 

distinct phases. When the errors associated with 3D volume acquisition, spectra treatment 

and subsequent calculations are considered, the estimated total error on the obtained 

volatile budget is < 30%. Slices of a 3D map are shown on Figure 3.6.  

 

 

Figure 3.5 Example of Raman spectral acquisition of a vapour bubble inside a melt inclusion from 
Mount Meager. Each chemical species has a characteristic Raman shift.  
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Figure 3.6. 3D scan of a primary bubble from Mount Meager (MMA100). The diameter of the bubble 
is 9.5 μm and slices are shown at depths of 2, 4.5 and 7 μm. Pyrite (yellow) forms a shell around 
the bubble, and encloses a centre of CO2 gas (red), anhydrite (pink), marcasite (grey) and 
carbonates (cyan and dark blue).  

3.3.2. Secondary Ion Mass Spectrometer (SIMS) 

Water, CO2 and δD values of indium-mounted melt inclusions were analysed using 

the CAMECA IMS 270 Ion Probe (SIMS) at the Centre de Recherches Pétrographiques 

et Géochimiques (CRPG) in Nancy, France with a 15 μm beam size for all analyses. 

Indium-mounted samples were gold-coated and pre-sputtered with a 10 kV Cs + primary 

beam of 10 to 15 nA. No sample mounts experienced any carbon contamination before 

SIMS (i.e., carbon coating or diamond polish). Background C counts were monitored to 

ensure stable signals during analyses. Before and after each analytical session, a series 

of well characterised basaltic and andesitic glass standards (KL2G, Etna, Mount St 

Helens, M34, M35, M40, M43 and M48; Bindeman et al., 2012; Kendrick et al., 2012; 

Jochum et al., 2006; Newman et al., 1988; Hauri et al., 2002; Kamenetsky et al., 2000; 

Kamenetsky and Maas, 2002) were used for calibration of water and carbon contents (total 

range: 4.4 – 3172 ppm CO2 and 0.015 – 5.7 wt% H2O; Figure 3.7).  

Z = 2 um Z = 4.5 um Z = 7 um 



 
 

53 

 
Figure 3.7. Example of calibration curves for CO2 and H2O used during one round of SIMS 
analyses. The standards used for calibration include the basaltic glasses KL2G, Etna, Mount St 
Helens, M34, M35, M40, M43 and M48.  

 

The D/H ratios of 26 representative melt inclusions were analysed by SIMS with 

the same primary beam as for H2O and CO2. Negative secondary ions H and D were 

measured at a mass resolution of 1500, without energy offset and a 30 eV energy slit, in 

monocollection mode by ion counting for D, and with a faraday cup for H. Samples were 

pre-sputtered through their gold coat. The D/H ratio calibrations were done using 6 

standard glasses of basaltic to dacitic in composition (Etna, Mount St Helens, 60701, 

47963, MC-84 and TAN 25; Metrich and Deloule, 2014). No systematic matrix effect was 
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observed as a function of either SiO2 or H2O content, so the same correction was applied 

to all of the measured compositions, with a calibration error of < 8 %. 

 The D/H contents of melt inclusions provide insight into the degree of H+ diffusion 

(i.e., water loss) following entrapment. Values are commonly reported as δD, which is the 

per mil deviation of the D/H isotope ratio from the D/H ratio of Standard Mean Ocean 

Water (δDSMOW=0‰; Shaw et al., 2008).  

3.3.3. Electron Microprobe 

Major and volatile (S and Cl) elemental compositions of melt inclusions, host 

crystals, and matrix glasses were analysed at LMV using a SX-100 CAMECA electron 

microprobe with a 15 kV accelerating voltage. Mineral analyses were performed using a 

15 nA focused beam that was defocused to 10 or 20 μm during glass analyses to reduce 

Na loss. In order to collect the most precise data and reduce volatile loss during analysis, 

the beam was blanked regularly with a Faraday cup and 5 measurements were taken at 

20 s intervals. Volatile analyses were measured with a 40 nA sample current and a 50 s 

acquisition time using the LPET diffraction crystal for S and Cl. Sulphur speciation 

(S6+/Stotal) was obtained from the S Kα peak shifts relative to the peak position of barite 

and sphalerite, temperature and linear regression coefficients (Wallace and Carmichael, 

1994) in order to estimate the oxygen fugacity of the melt inclusions following the method 

of Jugo et al. (2005). Speciation was measured at least 3 times in Mount Meager melt 

inclusions, as they are the only primary, non-re-heated inclusions in this study. This 

method cannot be applied to re-heated inclusions since the internal oxygen fugacity is 

reset to that of the reheating stage during experiments. The precisions of the electron 

microprobe analyses (2σ) are better than 5 % for major elements, except for MnO, Na2O 

and K2O, which had an EMP precision < 10 %. The approximate 2σ precision for S and Cl 

is 4 % and 7 %, respectively.  

3.3.4. Laser Ablation Inductively-Coupled Mass-Spectrometry (LA-
ICP-MS)  

In-situ trace element analyses of melt inclusions were also performed at the LMV 

with a Resonetics M50 EXCIMER Laser and a 193 nm wavelength coupled to an Agilent 

7500cs ICP-MS (LA-ICP-MS). The standard glasses used were NIST 612, NIST 610 and 
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BCR2-G. Raw data were processed with Glitter Software using CaO content as an internal 

standard. Analytical precision and accuracy of measurements were stable, and most 

elements were better than 20 % at a 95 % confidence level. Due to their low abundances, 

other elements have higher errors and are not considered in this study. 

3.4. Gas Sampling 

The MultiGAS (Multi Component Gas Analyser System; Shinohara, 2005; Aiuppa 

et al., 2005) instrument used in this thesis was built at Simon Fraser University (SFU). It 

consists of two separate waterproof Pelican cases: one houses the gas sensors and the 

other contains the power supply and a computer with real-time display of the gas 

compositions (Figure 3.8; Vigouroux et al., 2013). The gas sensors include two 

Alphasense non-dispersive IR (NDIR) detectors for CO2 (calibration range: 0 - 5000 ppm 

and 0 to 5 wt %; accuracy, ± 1 and ± 1.5 %; resolution, 1 and 1 ppm) and electrochemical 

sensors for SO2 (Alphasense sensor type EZT3ST/F; calibration range, 0 - 2000 ppm; 

accuracy, 1 %; resolution, 0.5 ppm) and H2S (Alphasense sensor type EZT3H; calibration 

range, 0-2000 ppm; accuracy, 1 %; resolution, 0.25 ppm). Temperature (measuring range 

from -30 to 70 °C, resolution, 0.2 °C), and relative humidity sensors (Galltec, measuring 

range 0 to 100 % Rh, accuracy, ±2 %) are used to calculate H2O vapour content within 

the plume, assuming a constant standard pressure, with the empirical relation of Jensen 

et al. (1990). These latter sensors are placed externally on the MultiGAS since humidity 

and temperature readings are affected by gas circulation within the MultiGAS, and to avoid 

any water condensation inside the instrument and within the sensor tubing. This prevents 

the underestimation of measured water/gas ratios.  
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Figure 3.8. The two components of a traditional MultiGAS instrument. Left photo, from Vigouroux 
et al. (2013), shows the internal mechanics with the pump, filters and sensors outlines. The right 
photo shows the computer that is attached to the MultiGAS, with the real time gas composition and 
concentration displayed on the screen.  

 

Before and after each gas measurement, sufficient background data was 

measured such that atmospheric values could be easily removed during post-processing 

to yield the relative proportions of volcanic gas. The distance between the MultiGAS and 

the fumarole depends on the gas concentrations; the input valve cannot be too close to 

the vent source since it would cause saturation within the instrument. Conversely, the 

valve cannot be too far from the source as diluted gas compositions would be under the 

detection limit. Typical surveys were 30 to 45 minutes long. Over the course of this PhD, 

MultiGAS surveys have been performed three times on Mount Meager, and these 

represent the first in-situ gas measurements within the GVB. Collected gas compositions 

are processed with RatioCalc software (Tamburello, 2015).  
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Chapter 4. Are Melt Inclusions a Robust Tool to 
Investigate Magmatic Sources and Pre-Eruptive 
Volatile Contents? 

4.1. A Brief Overview of Melt Inclusions  

As mentioned in Chapter 1, the imperfect growth of crystals during magma 

crystallisation results in the entrapment of melt inclusions (Figure 4.1). These inclusions 

are smaller than their host mineral, between 1 and 300 μm in size, and vary from spherical 

to ellipsoidal in shape (Figure 4.1; Roedder, 1984; Schiano 2003). Once entrapped, the 

host crystal acts as a pressure vessel, and protects the inclusion from extensive 

compositional changes and degassing during magmatic ascent. However, post-

entrapment modifications are inevitable. Modelling results suggest that the internal 

pressure of a melt inclusion will drop at a lower rate than the external magma during 

adiabatic ascent (Zhang, 1998; Schiano and Bourdon, 1999; Tait, 1992; Schiano and 

Bourdon, 1999). Regardless of the limited pressure decrease within the melt inclusion, 

this illustrates that the host crystal is unable to protect the inclusion in a truly closed system 

(Schiano, 2003). Upon eruption, the internal pressure of the melt inclusion will drop 

significantly, quench to glass and preserve the composition of the entrapped magma, 

including the pre-eruptive volatile content and information about the magmatic storage 

conditions (temperature, pressure and redox state). By studying various host minerals with 

chemically different melt inclusions, the magmatic evolution and volatile exsolution 

histories can be reconstructed (Metrich et al., 1993). For example, the most primitive and 

evolved melt inclusions would be trapped, respectively, in the first and last minerals that 

crystallise from the magma. Comparing these melt inclusions provides insight into the 

magmatic processes and degassing behavior. Considering a basaltic magma, the most 

primitive melt inclusions are trapped in olivine crystals, while more evolved compositions 

are trapped in pyroxene or plagioclase. However, in a dacitic magma, the most primitive 

inclusions would be trapped in pyroxene or plagioclase and the most evolved would be 

found in quartz crystals. As such, “primitive” is a relative term that is dependent upon the 

whole rock composition.  
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Figure 4.1. Examples of olivine-hosted melt inclusions from the Garibaldi Volcanic Belt. Left image: 
melt inclusions are distributed concentrically, suggesting they were trapped in crystal zones. In this 
case, melt inclusions towards the centre would be considered the most primitive. Also scattered 
throughout the olivine host are clusters of black, opaque spinel inclusions. Right: large melt 
inclusion containing a vapour, or shrinkage, bubble, as well as small a spinel inclusion that pre-
dates the inclusion.   

 

To gain knowledge of the primary magmatic source, the initial volatile content and 

the associated storage conditions, primitive olivine-hosted (Fo > 80) melt inclusions are 

used. More evolved melt inclusions can be used to provide insight into the magmatic and 

volatile composition immediately prior to eruption. Furthermore, the comparison of the 

volatile contents of evolved inclusions with the associated groundmass yields volatile 

budget estimations (Devine, 1984) that can be directly compared with remote sensing 

measurements of surficial gas emissions. The following chapters will focus primarily on 

olivine-hosted melt inclusions.  

4.2. Post Entrapment Modifications  

In ideal situations, the host crystal protects the inclusion from extensive 

compositional changes during ascent and eruption. However, post-entrapment 

modifications are unavoidable due to the pressure changes within the inclusion during 

ascent (Schiano, 2003). The extent of modification is also determined by any temperature 

changes, as well as whether equilibrium is reached between the host mineral and the 

enclosed melt (Figure 4.2; Schiano, 2003). Considering olivine-hosted melt inclusions 

specifically, post-entrapment modifications include the formation of vapour, or shrinkage, 

bubbles, crystallisation of an olivine rim on the melt inclusion-host interface, nucleation of 
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daughter minerals and re-equilibration with the external environment (Roedder, 1979; 

Danyushevsky et al., 2000; Wallace, 2005; Hartley et al., 2015; Gaetani et al., 2012). Post-

entrapment modifications that most commonly occur during ascent and eruption are 

illustrated in Figure 4.2.  

4.2.1. Vapour Bubbles 

Following entrapment, the system (i.e., magma containing crystals and enclosed 

melt inclusions) continues to cool and crystallise. Due to the greater thermal expansion 

coefficients of silicate melts compared to host minerals, the inclusions will experience a 

large decompression, causing the melt to contract relative to the host crystal, creating a 

void space or vacuum in the melt inclusion (Schiano, 2003; Wallace, 2005). 

Simultaneously, the pressure-dependency of CO2 solubility, coupled with the contraction 

of the melt in response to decompression, leads to rapid CO2 saturation in the melt. 

Therefore, CO2 gas exsolves from the melt and floods the void space, creating a vapour 

(or shrinkage) bubble (Figure 4.1, 4.2). A small proportion of the bubble may also be 

comprised of H2O vapour. Similarly, if the entrapped melt is already vapour-saturated prior 

to cooling and decompression, then the melt-saturated bubble that subsequently forms 

will be relatively large. Cooling-related shrinkage bubbles are inherent to melt inclusions. 

However, pre-existing bubbles that formed externally in a vapour-saturated system may 

also become trapped within melt inclusions. Furthermore, vapour bubbles can also form 

during melt inclusion leakage (leakage-generated bubbles) and rupturing of the host 

crystal (decrepitation-generated bubbles; Lowenstern, 1995, 2015). Discriminating 

between various bubble types depends upon the size of the bubble relative to the total 

inclusion. Since the volumetric proportions of vapour bubbles depend upon the cooling 

rate, volatile content and melt composition, cooling-related shrinkage and melt-saturated 

bubbles normally comprise 0.2 to 10 vol % of the inclusion (Lowenstern, 1995; Metrich 

and Wallace, 2008; Moore et al., 2015 and references therein). Larger bubble/inclusion 

ratios suggest that the bubbles were formed in response to volatile leakage, and/or host 

crystal rupturing, and thus do not represent the melt inclusion system.  
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Figure 4.2. Post-entrapment modifications of melt inclusions. During magmatic ascent, a slight 
decompression within the melt inclusion will cause contraction of the melt relative to the host 
crystal.  This leads to i) the creation of a void space in the inclusion, ii) rapid CO2 saturation within 
the melt and iii) flooding of the void space with the exsolved CO2, creating a vapour (or shrinkage) 
bubble. Following entrapment, crystallisation of the host olivine will continue at the melt inclusion-
host interface, creating an overgrowth rim. Crystallisation of this rim will progressively deplete the 
residual melt (i.e., the remaining melt inside the inclusion) in Mg and enrich in Fe. Further 
modifications are induced during ascent and eruption when the pressure difference between the 
inclusion and host is large enough to cause the host to crack at the inclusion walls. This is 
commonly referred to as decrepitation, and will lead to rapid decompression, further vapour bubble 
formation and volatile leakage out of the melt inclusion. Finally, if the melt inclusion is not rapidly 
and completely quenched to glass upon eruption, then slow cooling will cause the melt to nucleate 
daughter minerals. Slow cooling processes will also lead to H2O loss as the melt inclusion will 
attempt to re-equilibrate with the external degassed magma. See text for details. From Wallace 
(2005).  

4.2.2. Crystallisation 

Following the formation of a vapour bubble, another post-entrapment modification 

within the melt inclusion is the overgrowth of the host phase, in this case olivine, on the 

melt inclusion walls (Schiano, 2003). Indeed, olivine crystallisation along the rim of the 

inclusion decreases the internal pressure, promotes CO2 saturation and thus enables 

further transfer of CO2 gas into the bubble (Steele-Macinnis et al., 2011; Sides et al., 2014; 

Aster et al., 2016). Crystallisation of this rim will continue until the residual melt inclusion 

is saturated with olivine (Figure 4.2). During the overgrowth process, the residual melt 

becomes progressively depleted in Mg and enriched in Fe. Though the composition of the 

melt inclusion can be significantly altered, there is a well-established correction method 

for the olivine overgrowth rim (see Section 4.3.1). Heating experiments are another 
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method whereby the overgrowth rim dissolves back into the melt inclusion, and the sample 

can be rapidly quenched to yield the original primary melt composition (see Section 4.3.2). 

The extent of olivine overgrowth within the melt inclusion is referred to as post-entrapment 

crystallisation (PEC). Overall, studies have shown that the degree of overgrowth 

crystallisation is correlated with cooling rate, such that rapid quenching preserves glassy 

inclusions while slow cooling promotes a high degree of rim crystallisation (Skirius et al., 

1990), demonstrating the importance of analysing rapidly quenched scoria rather than 

lava samples for melt inclusion studies.  

Following eruption, if melt inclusions are not immediately and completely quenched 

to a glass, then slow cooling will cause the melt inclusion to nucleate crystals, termed 

“daughter” minerals, which further modify the composition of the inclusion. This is typically 

observed in lava flows and domes, where the crystals towards the centre of the flow and 

dome are thermally insulated by a cooled exterior. If the lava continues to cool, then the 

melt inclusions will become completely microcrystalline through the process of 

devitrification (Schiano, 2003). Reversing daughter mineralisation and devitrification to 

retrieve the original melt composition can be done through reheating and homogenisation 

experiments (detailed further in Section 4.3.2).  

4.2.3. Volatile Leakage 

When the internal pressure of an inclusion overcomes the external pressure of the 

host crystal, the crystal around the walls of the melt inclusion will rupture. Also known as 

decrepitation, this leads to a depressurisation within the inclusion, the rapid formation of 

additional vapour bubbles and volatile leakage out of the inclusion (Wallace, 2005; Figure 

4.2). This process can be recognised by thin fingers of glass formed as the melt inclusion 

leaks through the cracks (Figure 4.2). Other types of leaked melt inclusions are those 

shaped like an hourglass (Anderson, 1991). These melt inclusion types consist of 

channels of glassy, or crystallised, melt in contact with the groundmass (Anderson, 1991; 

Lowenstern, 2003). Anderson (1991) developed a model that uses the devolatilization of 

ruptured or hourglass melt inclusions to infer the rate of magmatic ascent. Regardless of 

whether there is a partial or total volatile loss from the decrepitated or hourglass melt 

inclusion, the resulting melt is not representative of the original magma. These post-
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entrapment modifications cannot be reversed or corrected for; therefore, ruptured or 

hourglass melt inclusions are avoided.  

4.2.4. Diffusive Loss 

The final, and potentially most important, post-entrapment modification is re-

equilibration of the melt inclusion with the external environment, mainly in terms of Fe, 

H2O and trace elements. Upon further cooling and/or prolonged magma residence times, 

the compositional gradient imposed by the olivine overgrowth rim can cause the residual 

melt to re-equilibrate with its olivine host (Danyushevsky et al., 2000, 2002). Re-

equilibration is achieved though diffusive exchange of Fe and Mg; Fe leaves the melt 

inclusion and Mg enters (Danyushevsky et al., 2000, 2002). Commonly referred to as Fe-

loss, the degree of Fe depletion (extent of re-equilibration) in the melt inclusion is based 

on the amount of FeO* lost by the residual melt relative to the amount that would have 

been lost in the case of total re-equilibration (Danyushevsky et al., 2000). Melt inclusions 

that have suffered Fe-loss generally have significantly lower FeO and higher MgO 

contents relative to the original trapped melt and the whole rock composition 

(Danyushevsky et al., 2002). Thus, Fe-loss results in a negative correlation between the 

forsterite content of the host and the FeOT content of the melt inclusion prior to corrections 

(Danyushevsky et al., 2002). Models for correcting for Fe-loss use the Fe content of 

groundmass glasses and whole rocks to estimate the original Fe content of melt 

inclusions.  

Melt inclusions may also re-equilibrate with the external environment in terms of 

H2O content. Dehydration and hydration experiments have shown that at magmatic 

temperatures H+ is a fast-diffusing species, and is capable of leaving the melt inclusion 

on a timescale of hours to days (Hauri 2002; Massare et al. 2002; Portnyagin et al. 2008; 

Gaetani et al. 2012; Chen et al. 2011; Hartley et al., 2015). Oxygen, on the other hand, 

diffuses slower and remains in the melt inclusion. Previous authors believed that the 

remaining oxygen in the melt inclusion would lead to oxidation of the glass through 

reactions with Fe (Roedder, 1979; Danyushevsky et al., 2002; Sobolev and 

Danyushevsky, 1994). In other words, the H2O loss from a melt inclusion was controlled 

by redox reactions. Experiments have shown that the concentration of H2O in melt 

inclusions can change by several weight percent over a period of a few hours (Chen et 
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al., 2011; Massare et al., 2002; Portnyagin et al., 2008), and that the rapid movement of 

H2O between a melt inclusion and the olivine is through the creation of point defects in the 

olivine host (Gaetani et al., 2012). In natural cases, the degree of water loss is greatest 

following eruption and during slow cooling of degassed magma, since the melt inclusion 

attempts the re-equilibrate with the low water contents of the external environment (Hauri, 

2002; Gaetani et al., 2012; Hartley et al., 2015).  

Cottrell et al. (2002) found that the extent of trace element re-equilibration is 

dependent upon mineral-melt partition coefficients, elemental diffusivity and inclusion 

radius. Within smaller inclusions, fast-diffusing elements with a high mineral-melt partition 

coefficient were affected the most. In terms of olivine-hosted melt inclusions, the higher 

partition coefficients make heavy rare earth elements (HREE) more susceptible than light 

rare earth elements (LREE). However, their model found that olivine-hosted melt 

inclusions generally undergo minimal trace element diffusion as compared to plagioclase-

hosted melt inclusions whose trace element compositions becomes fully equilibrated over 

very short timescales. Especially when PEC is less than 10%, trace element re-

equilibration in olivine-hosted melt inclusions becomes negligible (Cottrell et al., 2002). 

4.2.5. Secondary Melt Inclusions 

The above addresses the mechanisms of primary melt inclusions i.e., cogenetic 

melt inclusions that were trapped during the growth of the host crystal. However, following 

the initial growth stage, inclusions may still become entrapped through cracks in the crystal 

(Roedder, 1979; Schiano, 2003). These inclusions are termed secondary, and are not 

considered to be representative of the primary melt from which the host crystal initially 

grew. Inclusions aligned along a straight line or along a zone boundary tend to be 

secondary in nature and are usually avoided in magmatic studies (Roedder, 1979). In 

terms of the shape, secondary melt inclusions generally begin as spherical or 

subspherical, but often are deformed before they pass the glass transition and therefore 

become ellipsoidal or flat and elongated (Schiano, 2003). Exceptions to this rule are melt 

inclusions trapped within phenocrysts that commonly grow as zones, such as pyroxene 

and plagioclase (Roedder, 1979). 
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4.3. Correcting Melt Inclusion Compositions 

Many of the post-entrapment modifications outlined in Section 4.2 can be corrected 

for by either heating the melt inclusion in order to experimentally reverse modifications, or 

by using diffusion models to mathematically retrieve the original melt composition. The 

following sections outline these different methods.  

4.3.1. Correcting for the Olivine Overgrowth Rim  

Olivine overgrowth along the inclusion-host interface leads to a depletion of Mg 

and enrichment of Fe within the melt inclusion. This causes the melt inclusion and the 

crystal host to be in disequilibrium. Therefore, known olivine-melt equilibrium models can 

be used to restore equilibrium and retrieve the original melt inclusion composition. Emslie 

(1970) originally showed that the partitioning of Fe and Mg between olivine and basaltic 

melt have similar temperature dependencies. This means that the exchange coefficient 

(KD), which is the ratio of their partition coefficients, is independent of temperature: 
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Experimental studies have shown that the equilibrium distribution of Fe and Mg 

between basaltic melt and olivine crystals should be 0.30 ± 0.03 (Roedder and Emslie, 

1970). However, this value was measured independent of the melt composition. Toplis 

(2005) conducted experiments to determine whether the melt composition has an effect 

on the equilibrium coefficient. He found that the activity of Fe2+ and Mg is a function of the 

silica and alkali content of the melt. When accounting for these additional parameters, 

natural KD values vary between 0.17 and 0.45 ± 0.03 (Toplis, 2005). This model is 

becoming more widespread in the literature as it considers more parameters, such as 

silica content, temperature and pressure, than the original model by Roedder and Emslie 

(1970).  

Before any corrections, the KD value should be calculated between the original 

(uncorrected) melt inclusion and the olivine host to determine whether any correction is 
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necessary. If values are well below the equilibrium value, then the correction must be 

applied using the desired KD between an olivine and basaltic melt at equilibrium. The 

growth of the olivine rim is essentially the removal of olivine from the melt inclusion. 

Therefore, correcting the melt composition simply involves adding olivine back into the 

melt inclusion until an equilibrium value of KD is achieved. The amount of olivine that is 

added is a proxy for the degree of PEC. Accepted values of PEC are typically below 10%. 

Values higher than this suggest the melt inclusion re-equilibrated with the olivine host. 

Using the model by Roedder and Emslie (1970), the only required parameters are the pre-

correction KD, the desired KD, as well as the Fe and Mg content of the melt inclusion and 

olivine host. Using the model by Toplis (2005) however, the whole melt inclusion 

composition and temperature is required and thereby strengthens the model.   

If uncorrected values are significantly high (KD > 0.4), this suggests that Fe-loss 

has occurred within the system (Danyushevsky et al., 2000) and the correction method 

outlined above is not sufficient to restore original melt inclusion compositions. To correct 

for Fe-loss, knowledge of the original FeOT content is required i.e., the Fe content before 

Fe-loss occurred. This value can be approximated using the FeOT content of the 

corresponding whole rock sample. Danyushevsky et al. (2000) developed a model that 

uses the relative proportions of Fe2+ and Fe3+ in the originally trapped magma as well as 

the estimated “final” FeO content of the melt inclusion. This user-friendly model is available 

in Petrolog3 software (Danyushevsky and Plechov, 2011).  

4.3.2. Reversing Daughter Mineralisation 

Slow ascent rates and/or slow cooling following eruption can cause melt inclusions 

to nucleate daughter minerals. In these cases, the composition of the melt phase in the 

inclusion is not representative of the original magma. To reverse the daughter 

crystallisation process and retrieve the original melt compositions, melt inclusions can be 

experimentally re-heated using a microscope heating stage. Reheating experiments can 

also be used on primary melt inclusions to re-dissolve the olivine overgrowth rim and 

restore equilibrium with the host. Specific details on reheating experiments conducted 

during this thesis can be found in Chapter 3.  

Melt inclusion homogenisation refers to a uniform melt phase i.e., heating until 

daughter minerals dissolve and the bubble disappears. The temperature at which 
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homogenisation occurs can provide information related to the physical and chemical 

characteristics of the magmatic system (e.g., Student and Bodnar, 1996). Homogenisation 

temperatures approximate the volatile-saturated liquidus temperature of the trapped melt, 

at the internal pressure (Schiano, 2003). If the trapped melt was volatile-saturated at the 

time of entrapment, then the homogenisation temperature should be similar to the 

temperature of entrapment. For volatile-undersaturated melt inclusions, the minimum 

trapping temperature is the temperature at which daughter minerals inside the inclusion 

completely re-dissolve (Schiano, 2003).  

In the case of olivine-hosted melt inclusions, the homogenisation temperature can 

be quite high (> 1200 ºC). However, reheating apparatuses cannot achieve such 

temperatures. Temperatures between 1000 and 1200 ºC are sufficiently high for daughter 

minerals to dissolve, but the bubble will likely remain. Therefore, melt inclusions that have 

been experimentally re-heated, but with the persistence of the bubble, are referred to as 

re-heated inclusions.  

This method is effective in reversing daughter crystallisation; however, the process 

of reheating would cause melt inclusions to re-equilibrate with the external conditions 

imposed by the heating apparatus, leading to water loss from the inclusion. Through 

controlled heating experiments, Chen et al. (2011) showed that water loss is most 

significant when the melt inclusion is held at temperatures above 1100 ºC longer than 30 

minutes (Figure 4.3). They also show that the amount of water loss is more dependent 

upon the size of the olivine host rather than the size of the melt inclusion (Figure 4.3). As 

such, reheating and homogenisation experiments that last under 30 minutes, and use 

olivine crystals that are greater than 150 µm in radius, experience negligible water loss 

(Chen et al., 2011).  
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Figure 4.3. The relationship between the amount of water lost by the melt inclusion and the time 
spent above 1373 K (1100 ºC). Lines represent 2 melt inclusion radii (a) hosted in crystals of 2 
different radii (b). Overall, melt inclusions help above 1100 ºC for longer than 30 minutes result in 
significant water loss. The most affected are small melt inclusions (a < 10 µm) hosted in relatively 
small crystals (b < 150 µm). It appears that the major controlling fact is the size of the olivine host. 
Small melt inclusions hosted in large crystals lose less water (or lose water less rapidly) than large 
melt inclusions hosted in small crystals. From Chen et al. (2011). 

4.4. Accounting for the Vapour Bubble  

An important post-entrapment modification is the nucleation of a vapour bubble in 

response to a pressure decrease during cooling and crystallisation (Schiano, 2003; 

Wallace, 2005; Aster et al., 2016). Due to the pressure-dependency of CO2 solubility, the 

contraction of the melt in response to decompression also leads to rapid CO2 saturation 

in the glass. Consequently, the vapour bubble becomes flooded with exsolved CO2. 

Olivine crystallisation along the rim of the inclusion similarly decreases the internal 

pressure, promotes CO2 saturation and thus enables further transfer of CO2 gas into the 

bubble (Steele-Macinnis et al., 2011; Sides et al., 2014; Aster et al., 2016). As such, 

analyses of only the glass yield erroneously low CO2 concentrations. This poses significant 

problems, as the CO2 content is commonly used to infer the pressure of crystallisation and 

entrapment as well as magmatic storage depths. By considering only the glass, these 

values are grossly underestimated.  
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Since the vapour bubble sequesters a significant proportion of the CO2 content of 

the magma and the melt inclusion, there has been a recent surge in the number of studies 

aimed at quantifying the original CO2 budget of an inclusion. Various approaches have 

been proposed, including the use of trace element proxies such as the Nb proxy proposed 

by Hartley et al. (2014) to determine the pre-eruptive CO2 content of undegassed and 

bubble-free melt inclusions from the AD 1783–1784 Laki eruption. Homogenisation 

experiments have also been used to return the inclusion to a silicate melt which can then 

be rapidly quenched to obtain the CO2 content at the time of entrapment (Cervantes and 

Wallace, 2003; Wallace et al., 2015; Hudgins et al., 2015). Further advances include the 

measurement of CO2 density in the bubble and the calculation of the CO2 mass via Raman 

spectroscopy (Esposito et al., 2011; Hartley et al., 2014; Moore et al., 2015; Wallace et 

al., 2015; Aster et al., 2016; Robidoux et al., 2018). Initial estimates proposed that 40 to 

90 % of the total CO2 is found in the vapour bubble (Moore et al., 2015 and references 

therein; Wallace et al., 2015; Aster et al. 2016; Robidoux et al., 2018). Raman 

spectroscopy has also revealed the presence of solid C-bearing phases (carbonates) in 

the vapour bubble (Webster, 1992; Kamenetsky et al., 2007; Esposito et al., 2016 and 

references therein). Therefore, accurate estimates of the total CO2 budget in vapour 

bubbles also depends on the amount of CO2 that is sequestered in carbonate phases 

precipitated at high magmatic temperatures (Kamenetsky et al., 2002; Kamenetsky & 

Kamenetsky, 2010 and references therein; Moore et al., 2015; Robidoux et al., 2018).  

The detection of CO2 and other magmatic volatiles, including halogen phases, in 

the bubble has further advanced the accurate estimation of the total volatile budget of melt 

inclusions. Kamenetsky et al. (2002) reported the presence of water in vapour bubbles, 

but as a component of gypsum (CaSO4 x 2H2O), nahcolite (NaHCO3) and hydrous silicate 

solids at the bubble rim. The study by Robidoux et al. (2018) investigated olivine-hosted 

melt inclusions, the relationship between the different vapour bubble components and their 

implications for fluids or brines that exsolved from a magmatic-hydrothermal system. This 

was based on the detection of liquid H2O in most bubbles, and the electron backscattered 

imaging of mineral phases along the bubble rim. Esposito et al. (2016) re-heated Somma-

Vesuvius melt inclusions and identified liquid H2O, calcite, gypsum and native sulphur at 

the bubble-glass contacts in some samples. They estimated up to 1190 ppm of S was 

contained in the bubble but did not expand this further into volatile budget estimations. 

Esposito et al. (2016) were the first, if not only, to address the effect of melt inclusion 
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reheating on the bubble composition. However, they did not analyse the bubbles before 

reheating and therefore assumed all the phases in the bubble were present prior to 

reheating. This was a large assumption.  

4.5. Calculating Magmatic Conditions 

Melt inclusions are capable of recording vital information on magmatic storage 

conditions including temperature, pressure, sulphur speciation and redox state. These 

parameters are not mutually exclusive; the calculation of one requires knowledge of 

others. There are a plethora of equations and models available for the calculation of 

magmatic conditions. This section will outline the choice of the tools and equations used 

in this thesis to determine each condition.  

4.5.1. Temperature of Entrapment 

The temperature of a magma at depth is an important parameter that controls 

numerous factors including the composition, crystallisation sequence, degree of partial 

melting, viscosity, and volatile saturation. In a broader sense, temperature, along with melt 

structure, exerts a strong control on the style of eruption, where high temperature, low 

viscosity magmas erupt much more effusively, while lower temperature, high viscosity 

magmas tend to have explosive eruptions.  

There are a large number of different geothermometers that can determine the 

temperature of a rock using its components (crystal assemblage, matrix composition, etc.). 

One of the most common geothermometers for olivine-bearing basalt was developed by 

Putirka (2008). In this work, various equations are proposed that can be used to determine 

the temperature, given the composition of the olivine host and the entrapped melt 

inclusion. Putirka (2008) gives three equations. The first is originally based on the 

straightforward Helz and Thornber (1987) thermometer, and only involves the MgO 

composition of the melt inclusion: 

 4	(°7) = 26.3	=>?%() + 999.4	°7 (2) 
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This equation yields a standard error of estimate (SEE) of ± 71 °C (Putirka, 2008). 

The following two equations consider more compositional terms in order to reduce the 

error of calculation. Both equations require the Mg and Fe content of the olivine host as 

well as the MgO, FeO, alkaline and H2O content of the melt inclusions (SEE ± 51 °C). 

Equation 4 builds upon this and considers pressure (SEE ± 60 °C).  

 

 
4	(	°7) = 754 + 190.6	(=>#) + 25.52	=>?%() + 9.585IJK?%()L

+ 14.87	IMNO?%() +	"O?%()L − 9.176	(QO?%()) 
(3) 

   

 

4	(	°7) = 815.3 + 265.5	I=>#%()L + 15.37	=>?%()

+ 8.61IJK?%()L + 6.646	IMNO?%() +	"O?%()L

+ 39.16	[S(TSN)] − 12.83	IQO?%()L 

(4) 

 

These equations can be applied to basaltic melts that are saturated with olivine, 

until pressures of 140 kbar, 2000 °C, SiO2 contents up to 73.6 wt% and H2O contents up 

to 18.6 wt% (Putirka, 2008). A significant caveat to the application of these equations is 

that the olivine must be in equilibrium with their entrapped melt inclusion (i.e, KD(Fe-Mg)ol-

liq = 0.30 ± 0.03; Roedder and Emslie, 1970; Section 4.3.1). In this thesis, equation 2 is 

used to determine the temperature of melt inclusion entrapment because not all melt 

inclusion samples were analysed for water. Nonetheless, equation 3 is used for melt 

inclusions that do have water analyses, and values obtained from both equations are 

comparable.   

4.5.2. Sulphur Speciation and Oxygen Fugacity  

Sulphur is one of the most important, but complex, species in silicate melts. 

Dissolved sulphur can occur in multiple valence or oxidation states and, as such, the 

speciation of sulphur depends upon the magmatic oxygen fugacity (fO2), which is the 

partial pressure of oxygen in the system (Wallace et al., 2015). Experiments also show 
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that the solubility of sulphide increases with the Fe2+ content of the melt (Section 1.2.2; 

Luhr, 1990). Therefore, knowledge of the sulphur content of a melt, the speciation and 

temperature allow for the calculation of fO2 and the speciation of Fe. The following section 

is applicable for basaltic melts.  

Determining the speciation of sulphur is straightforward and can be done during 

electron probe analysis (Chapter 3). This method was originally outlined by Carroll and 

Rutherford (1988). The peak position for the wavelength of sulphur Kα radiation (λSKα) 

can be found by scanning the sample from 535.5 pm to 538.4 pm λ (Jugo et al., 2005). 

Reference materials of sphalerite and barite are used to define the peak position for SKα 

for pure sulphide and pure sulphate, respectively. The output of this method is the 

wavelength of the sulphur radiation within the sample (Equation 5), which will be different 

from the reference materials due to the speciation of sulphur within the sample.  

 

 ∆W(X"Y)Z[\]%+ = 	W(X"Y)Z^%_(`+	Za[b`[c` −	(X"Y)Z[\]%+ (5) 

   

 0(Xde) = 	
∆W(X"Y)Z[\]%+

∆W(X"Y)Z^%_[a+	Za[b`[c`
1  (6) 

   

Knowing the wavelength of the sample and the standards, the speciation of sulphur 

can then be calculated by dividing the wavelength of the sample by that of the reference 

material (either sulphide or sulphate; Equation 6; Jugo et al., 2005). From here, the oxygen 

fugacity of the sample can be determined using various methods. The equation derived 

by Wallace and Carmichael (1994) determines the fO2 with knowledge of sulphur 

speciation, temperature (in Kelvin) and 3 experimentally known constants:  

 

 log(0(Xde) 0(XO&)⁄ ) = N log j?O + k 4(")⁄ + l (7) 
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Where a= 1.02, b = 25, 420 and c= -10. Jugo et al. (2005) combines the equations 

by Wallace and Carmichael (1994), Métrich and Clocchiatti (1996), Gurenko and 

Schmincke (1998, 2000) and proposes the following model to derive oxygen fugacity from 

the speciation:  

 

Using the conversion of ΔNNO = ΔFMQ – 0.7 (Wallace and Carmichael, 1994) in 

Equation 8 yields Equation 9.  

Figure 4.4 compares available data for sulphur speciation with independent 

estimates of oxygen fugacity (Jugo et al., 2005). To summarise the above equations, at a 

given temperature, a basaltic melt containing predominantly sulphate (S6+) will be under 

more oxidising conditions (high fO2, FMQ > 1), while a melt containing more sulphide (S2-

) will be under reduced conditions (FMQ <1).  

 ΔMM? = 0.43 ln(0(Xde) 0(XO&)⁄ ) + 0.46 (8) 

   
 ΔFMQ = 0.43 ln(0(Xde) 0(XO&)⁄ ) + 1.16 (9) 
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Figure 4.4. Graphical representation of Equation 9 (above) by Jugo et a. (2005). Black dots 
represent the equation results while all other data points are available data of sulphur speciation 
and oxygen fugacity. There is a strong correlation between literature data and the work by Jugo et 
al. (2005). At a given temperature, a basaltic melt containing predominantly sulphate (S6+) will be 
under more oxidising conditions (high fO2, QFM > 1) while a melt containing more sulphide (S2-) 
will be under reduced conditions (QFM <1).  

4.5.3. Iron Ratio 

 As mentioned in Section 4.5.2, sulphur solubility is also dependent upon the Fe 

content of a magma (Wallace, 2005). Similar to sulphur, iron also has multiple valence 

states: ferrous (Fe2+) and ferric (Fe3+). Fe3+ is the more oxidised species. Under reducing 

conditions (QFM <1), a higher amount of Fe2+ leads to an increase in the solubility of 

sulphide (Wallace, 2005).  The Fe ratio of a basaltic melt (i.e., Fe3+/ΣFe) can be considered 

as a proxy for the oxygen fugacity, and is governed by the following reaction (Kress and 

Carmichael., 1991):  
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1
2
?O
-[Z 	→ 	JKO?s\+%a (10) 

For example, subduction zone basalts tend to be more oxidised than basalts in 

other tectonic settings. Since Fe3+ is the oxidised form, subduction zone basalts would be 

enriched in Fe3+ relative to Fe2+, leading to a high Fe3+/ΣFe value (Kelley and Cottrell, 

2012). Conversely, a basalt under reducing conditions, such as ocean island basalts, 

would have predominantly Fe2+, leading to a very low Fe3+/ΣFe. More than the redox state, 

the crystallisation assemblage can also control the resulting Fe3+/ΣFe of a basalt. Olivine 

and clinopyroxene will incorporate Fe2+ from the melt into their crystal structure, thereby 

enriching the residual melt in Fe3+ (Kelley and Cottrell, 2012). As mentioned in Section 

4.2, diffusive loss of H+ from a melt inclusion was previously believed to cause oxidation 

of Fe2+ to Fe3+ (Holloway, 2004; Danyushevsky et al., 2002; Roedder, 1979; Sobolev and 

Danyushevsky, 1994). However, this direct dependency has been disproven by hydration 

and dehydration experiments (Gaetani et al., 2012).  

 Kress and Carmichael. (1991) derived an equation that calculates Fe3+/ΣFe of a 

basaltic melt, knowing the composition, T, P and fO2: 
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The specific constants and major oxides (i) used in Equation 11 are:  

 Value Unit 

N 0.196  

k 1.1492 x 104 K 

l -6.675  

x}%2$u -2.243  

x*+$∗ -1.828  

x�[$ 3.201  

xÄ[2$ 5.854  

xÅ2$ 6.215  

K -3.36  

j -7.01 x 10-7 K Pa-1 

> -1.54 x 10-10 Pa-1 

ℎ 3.85 x 10-17 K Pa-2 

   

As seen, the relationship between Fe3+/ΣFe and fO2 is not linear (Gaillard et al., 

2006). Nonetheless, the ratio is an excellent indicator of the redox state of the magma. 

Unfortunately, homogenised or re-heated melt inclusions cannot be used to determine the 

oxygen fugacity of the original magma at depth. Such experiments rapidly reset the 

internal oxygen fugacity and Fe ratio of the melt inclusion to that imposed by the heating 

apparatus. As such, other methods can be used to determine the Fe3+/ΣFe ratio; the most 

notable being wet chemistry and olivine dissolution. From here, the fO2 can be reversed 

calculated using the remaining parameters (re-heated melt inclusion composition, 

pressure and temperature). In this thesis, available literature estimates of the Fe3+/ΣFe 

ratio of re-heated melt inclusions are used to reverse calculate the oxygen fugacity.  

4.5.4. Pressure of Entrapment 

As mentioned in Chapter 1, the solubility of H2O and CO2 in a melt strongly 

depends on pressure (Figure 4.5). When a melt is saturated with H2O or CO2, any further 

additions will result in volatile exsolution, where the dissolved species changes phase to 

a gas and re-achieves saturation within the melt (Wallace et al., 2015). Hence, the H2O 
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and CO2 contents of a basaltic melt can be used to determine saturation pressure, or in 

the case of melt inclusions, the entrapment pressure. Isobaric plots, as shown in Figure 

4.5, can be constructed using the volatile saturation model VolatileCalc (Newman and 

Lowenstern, 2002). Adding melt inclusion data to this plot can reveal where the data and 

isobars intercept, thus providing an idea of the saturation pressure.  These models can be 

applied up to a pressure of 4 kbar. Beyond this, increased H2O solubility enhances CO2 

solubility in basaltic melt through the stabilisation of carbonate species (Botcharnikov et 

al. 2005; Moore 2008).  

 

 

Figure 4.5. Thick black lines represent H2O and CO2 solubility in a vapour-saturated basaltic melt 
at 1200 C, between 1 and 3 kbar. Due to the non-linear dependence of H2O solubility on pressure, 
the lines are curved. Thin lines are the compositions of the vapour phase in equilibrium with the 
melt, expressed as mole fraction of CO2. Data from Newman and Lowenstern, 2002; Figure from 
Wallace et al., 2015.  

 More complex models include those of Papale et al. (2006) and Ghiorso and 

Gualda (2015), both of which are available as online web applets. The work by Papale et 

al. (2006) essentially recalibrates that of Papale (1999) using up-to-date volatile saturation 

data, and creates a non-ideal model that is dependent upon thermodynamic equilibrium 

between all oxide phases in the melt. The model by Ghiorso and Gualda (2015) is similar 

in that it determines saturation conditions of H2O-CO2 mixed fluids. However, this model 

is calibrated and applicable to natural melt compositions to a maximum of 30 kbar. It also 
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compatible with rhyolite-MELTS, a common and popular modelling program developed by 

Ghiorso and Sack (1995). Ghiorso and Gualda (2015) add to the calibration database of 

Papale et al. (2006) and improve the formula that determines the activity of H2O in the 

melt. Both models require an input of the melt composition and temperature of entrapment. 

A significant caveat for any model that estimates the pressure of entrapment is that the 

melt in question must be saturated with respect to H2O and CO2. The use of degassed 

melt inclusions will yield erroneously low pressure values that do not reflect the true 

pressure of entrapment. In a given melt inclusion set, the samples with the highest H2O 

and CO2 contents are closest to saturation and typically yield the highest pressure values. 

To avoid underestimation, these maximum values can be used to estimate the depth of 

magma storage. Pressure estimates in this thesis were calculated using the model by 

Papale et al. (2006) since the model by Ghiorso and Gualda (2015) was only recently 

made available.  
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Chapter 5. Two Distinct Mantle Sources Beneath 
the Garibaldi Volcanic Belt: Insight from Olivine-
Hosted Melt Inclusions1.   

5.1. Abstract 

The nature of the magmatic source beneath the Garibaldi Volcanic Belt (GVB) in 

NW Washington (USA) and SW British Columbia (Canada) has been debated both due to 

its classification as the northern equivalent of the High Cascades and to the alkaline nature 

of northern basalts. Whole rock studies have shown that the GVB magmas do not share 

the same mantle source as the High Cascades (Mullen and Weis, 2013; 2015). 

Nonetheless, the presence of alkaline basalts in this arc raises questions about the exact 

source of mantle enrichment and whether it is related to the young age of the downgoing 

Juan de Fuca Plate (< 10 Ma), or the presence of a slab tear at the northern end of the 

arc (Thorkelson et al., 2011). To gain insight into the mantle source that underlies the 

GVB, we sampled olivine-hosted melt inclusions from each volcanic centre along the arc. 

Major, volatile and trace element data reveal a northward compositional trend from arc-

typical calc-alkaline magma in the south to OIB-like melts in the north near the slab tear. 

Furthermore, contributions from the subducting slab are relatively high beneath the 

southern end of the arc (Cl/Nb > 80) but rapidly decreases to the north (Cl/Nb < 50). 

Finally, the significant differences in Zr/Nb from south to north (80 and 9, respectively) 

suggest two distinct mantle sources since one source cannot produce melts with such 

different ratios. As such, we propose that the GVB should be segmented into the Northern 

and Southern groups, each having its own mantle source. Based on the geographic 

proximity, the enriched nature of the Northern group melt inclusions is likely controlled by 

the slab tear at the northern termination of the subducting Juan de Fuca Plate.  Melt 

modelling results show that 3 – 7 % partial melting of the primitive mantle with a garnet 

lherzolite residue can reproduce the composition of the Northern group. Melt inclusions 

from the Southern group, on the other hand, imply a depleted MORB mantle that has been 

 
1 The following chapter has been accepted by the journal Chemical Geology under the co-
authorship of S. Moune, G. Williams-Jones, T. Druitt, N. Vigouroux-Caillibot, A. Wilson and J. K. 
Russell.  
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modified by fluids derived from the downgoing slab. Variability within the Southern group 

itself reflects the amount of hydrous fluids supplied beneath each centre and is correlated 

with slab age and subsequent degree of dehydration. This study addresses the 

compositional diversity along the arc, and provides evidence that the age of the downgoing 

plate and the presence of a slab tear exert a strong compositional control over eruptive 

products within one arc. 

5.2. Introduction 

The main compositional controls of eruptive products in subduction zone settings 

are arguably the age and tectonic context of the downgoing slab (Cooper et al., 2012; 

Saginor et al., 2013). Dictated by the age, factors such as slab temperature, subduction 

angle and the amount of slab-derived fluids can cause significant variations in the 

composition of the wedge-generated melt (Saginor et al., 2013; Weller et al., 2018). The 

presence of faults and fractures can facilitate the rise of more primitive melts by acting as 

favourable pathways (e.g., Connor and Conway, 2000; Gaffney et al., 2007; Venugopal et 

al., 2016)  whereas slab tears and slab windows can contribute melts derived from the 

deeper mantle that does not carry the arc signature (e.g., Gorring and Kay, 2001).  

Modelling of slab thermal structure has shown that older slabs, such as the Pacific 

Plate beneath the Aleutian Islands, generally have steeper subduction angles, have lower 

slab temperatures at a given depth, and supply a higher flux of fluids to the sub-arc mantle 

(Syracuse et al., 2010; Ohtani et al., 2004; ; Stern, 2002; Ulmer, 2001). Younger slabs, on 

the other hand, acquire higher temperatures at a given depth, and have lower slab dips 

(Syracuse et al., 2010). Though poorly investigated, the release of fluids (due to 

dehydration reactions) from young slabs has been shown to be at shallower depths than 

that from older slabs (Ruscitto et al., 2010; Walowski et al., 2016). This suggests that 

ascending primary melts derived from young, dehydrated slabs should be relatively 

depleted in volatiles and slab-derived elements.  

An excellent case study for studying the effect of slab age and tectonic framework 

on the resulting eruptive compositions is the Juan de Fuca Plate, which is considered to 

be a young and hot endmember case of global subduction zone systems (Syracuse et al., 

2010). The north-easterly subduction of the Juan de Fuca Plate beneath the North 
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American Plate produces the Cascades Volcanic Arc along the western margin of North 

America (Figure 5.1). This arc is subdivided into the High Cascades in the south and the 

Garibaldi Volcanic Belt (GVB) to the north (Figure 5.1). The age of the Juan de Fuca Plate 

at the trench decreases northward from 10 Ma beneath the northern end of the High 

Cascades to approximately 5 Ma beneath the GVB, where it terminates against the 

Explorer Plate (Figure 5.1), which has a lower dip angle (Candie et al., 1989; Wilson, 

2002). This difference of dip produces a gap, or slab tear, between the two plates 

(Thorkelson et al., 2011).  

 

Figure 5.1 Regional map of the Cascade Volcanic Arc along western North America. This arc is 
separated into the High Cascades from northern California to northern Washington and the 
Garibaldi Volcanic Belt (GVB) from northwest Washington to southwest Canada. Beneath the GVB, 
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the subducting Juan de Fuca Plate youngs in age from 10 Ma below Glacier Peak to 5 Ma beneath 
Mount Meager where it terminates against the Nootka Fault beneath Salal Glacier and Bridge River. 

The relatively older Juan de Fuca Plate beneath the southern Cascades is capable 

of supplying more subduction-derived fluids to the mantle wedge, thereby initiating partial 

melting and producing arc-typical calc-alkaline magma (Green, 2005). In terms of the 

GVB, however, little is known concerning primitive melt compositions and volatile 

contents. What is known is the coeval presence of calc-alkaline rocks in the southern GVB 

and alkaline rocks in the northern GVB (Green, 2006; Mullen and Weis, 2013; 2015). The 

GVB therefore provides an opportunity to examine both the effects of slab age and slab 

tearing on mantle sources and volatile contents within a single subduction zone system. 

Here we present olivine-hosted melt inclusion data for the volcanic centres within 

the Canadian segment of the GVB alongside melt inclusion data from Glacier Peak and 

Mount Baker compiled by Shaw (2011). Major element, volatile and trace element 

contents of the melt inclusions are used to decipher the dynamics of the GVB sub-arc 

mantle and to better understand the effect of slab age and slab tear on the compositions 

of mantle melts.  

5.3. Geological Context of the GVB 

The subdivision of the Cascades Arc is based on the change in strike of the arc 

axis and a bend in the alignment of volcanic centres; the change in strike is evident 

between Mount Rainier and Glacier Peak (Figure 5.1; Mullen et al., 2017). The High 

Cascades, which strikes north-south, stretches between northern California and northern 

Washington. The GVB, on the other hand, is a Quaternary-aged glaciovolcanic arc 

extending between northern Washington and southwestern British Columbia. This belt 

strikes northwest-southeast and terminates in the north against the Nootka Fault (Figure 

5.1). Volcanism within the GVB has resulted in more than 2300 distinct vents and 22 major 

volcanic structures, including Glacier Peak, Mount Baker and the volcanic fields of Mount 

Garibaldi, Garibaldi Lake, Mount Cayley, Mount Meager Volcanic Complex, Salal Glacier, 

Bridge River and Silverthrone (Wilson and Russell, 2018; Hildreth, 2007). Recently, the 

study by Mullen et al. (2017) classifies Glacier Peak as the northern termination of the 

High Cascades segment. The dominant eruptive products of the GVB are intermediate 

calc-alkaline suites with basaltic eruptions comprising a small volume fraction in the south 
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and a large volume fraction in the north (Bridge River to Salal Glacier; Wilson and Russell, 

2018). The current geochemical literature consists of high-precision Sr, Pb and Hf isotopic 

data of basaltic whole-rocks, generally one sample per volcanic centre (Mullen et al., 2017; 

Mullen and Weis, 2013; 2015).  To gain further chemical insight into the primary mantle 

melt beneath the arc, samples of primitive magma preserved as melt inclusions in an early-

crystallizing phase such as olivine, are considered excellent proxies. Melt inclusions are 

tiny pockets of melt trapped within growing crystals. Upon entrapment, the melts are 

considered to be sealed in a closed-system environment. In ideal situations, these 

inclusions are protected by the host crystal during magmatic ascent and eruption, at which 

time they quench to glass and preserve their initial composition. However, slow ascent 

rates and/or slow cooling following eruption can cause post-entrapment processes such 

as nucleation of daughter minerals, which modify the initial inclusion composition and 

should be taken into account (Section 5.5.2). Nonetheless, analyses of melt inclusions 

yield valuable information about the magmatic conditions at the time of entrapment as well 

as the unique nature of the source at depth.  

5.4. Sample Description and Analytical Methods 

Detailed sample descriptions and methods can be found in Appendix B and sample 

locations are given in Table B1. The reader is referred to Shaw (2011) for descriptions of 

Glacier Peak and Mount Baker samples. Olivine-bearing basalts and basaltic-andesites 

were sampled from each centre between Garibaldi Lake and Bridge River. Tephra 

samples were collected for Garibaldi Lake and Mount Meager while lava flows were 

sampled from Mount Cayley. Hyaloclastite and pyroclastic breccia were sampled from 

Salal Glacier and Bridge River, respectively. Samples were crushed, sieved and hand-

picked for olivine crystals, which ranged in size from 300 to 600 µm. In all samples, melt 

inclusions were 15 – 40 μm in diameter, elliptical to spherical in shape and contained a 

vapour bubble that occupied less than 10 vol% of the inclusion (Appendix B, Figure B1). 

Bubbles that occupied a larger volumetric proportion were avoided as they most likely do 

not represent primary vapour bubbles (Moore et al., 2015). Melt inclusions that showed 

evidence of decrepitation (i.e., loss of volatiles through fractures extending from the melt 

inclusion into the olivine host) were also avoided (Maclennan, 2017).  Glassy, crystal-free 

melt inclusions were only present in the Mount Meager sample as well as Glacier Peak 
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and Mount Baker (Shaw., 2011). Some Mount Meager melt inclusions contained 

immiscible sulphide globules that ranged in size between 5 - 10 μm.  Olivines from 

Garibaldi Lake, Mount Cayley, Salal Glacier and Bridge River hosted melt inclusions 

containing pre-existing spinel and occasional sulphides. Based on their irregular shape, 

rounded embayments and diverse volumetric proportions relative to their olivine hosts, the 

sulphides were likely co-entrapped with the silicate melt. These melt inclusions also 

contained daughter crystals, which typically form due to volatile loss, slow ascent rates 

and/or slow cooling following eruption (Schiano, 2003; Wallace, 2005; Figure B1). As 

such, these inclusions are not representative of the original magma. To reverse the 

daughter crystallisation process and retrieve the original melt compositions, inclusions 

from Bridge River, Salal Glacier, Mount Cayley and Garibaldi Lake were reheated at the 

Laboratoire Magmas et Volcans (LMV) in Clermont-Ferrand, France. Reheating 

experiments for each inclusion were 15 minutes in duration to reduce volatile loss 

(Portnyagin et al., 2008; Chen et al., 2011; Gaetani et al., 2012; Bucholz et al., 2013) and 

stopped when the final daughter crystal disappeared (see Appendix B). The heating stage 

was not able to accommodate the high temperatures required for complete melt inclusion 

homogenisation. Melt inclusions, olivine hosts and matrix glasses were analysed for major 

elements (plus S and Cl for all glasses) at LMV using a SX-100 CAMECA electron 

microprobe. The precision of electron microprobe analyses (2σ) are better than 5 % for 

major elements, except for MnO, Na2O and K2O, which had an EMP precision < 10 %. 

The approximate 2σ precision for S and Cl is 4 % and 7 %, respectively. In-situ trace 

element analyses of melt inclusions were also performed at the LMV with a Resonetics 

M50 EXCIMER Laser and a 193 nm wavelength coupled to an Agilent 7500cs ICP-MS 

(LA-ICP-MS). Analytical precision and accuracy of measurements were stable, and most 

elements were better than 20 % at a 95 % confidence level. Sulphur speciation (S6+/Stotal) 

was obtained from the S Kα peak shifts relative to the peak shift of barite and sphalerite, 

temperature and linear regression coefficients (Wallace and Carmichael, 1994) in order to 

estimate the oxygen fugacity of the melt inclusions following the method of Jugo et al. 

(2005). H2O, CO2 and D/H of select melt inclusions were analysed using the CAMECA 

IMS 270 Ion Probe (SIMS) at the Centre de Recherches Pétrographiques et 

Géochimiques (CRPG) in Nancy, France. The D/H contents of melt inclusions provide 

insight into the degree of H+ diffusion (i.e., water loss) following entrapment. Values are 

commonly reported as δD, which is the permil deviation of the D/H isotope ratio from the 

D/H ratio of Standard Mean Ocean Water (δDSMOW = 0 ‰; Hauri, 2002; Shaw et al., 2008). 
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Errors per mil were calculated using the instrumental drift and are between 2-9 ‰ with 

one value of 19 ‰ for Mount Meager. Finally, based on current literature estimates 

(Anderson & Brown, 1993; Hartley et al., 2014; Moore et al., 2015; Wallace et al., 2015; 

Neave et al., 2015; Aster et al., 2016 and references therein), the quantity of CO2 within 

the shrinkage bubble is roughly 40 - 90% of the total amount of CO2 in the melt inclusion. 

In order to avoid the underestimation of CO2 contents, Raman analyses were done within 

the bubble for most melt inclusions; analyses for Bridge River, Salal Glacier, Mount Cayley 

and Garibaldi Lake were post reheating. The size and volume of bubbles and melt 

inclusions were estimated using a microscope under transmitted light and Leica imaging 

software. Melt inclusion volumes were assumed to be ellipsoidal and the two observable 

axes were measured. The best estimate for the third axis was approximated using the 

smaller ellipsoidal axis measured in the microscope. Bubble volumes were assumed to be 

spherical and calculated using measured diameters that were accurate to 2 μm. The 

associated errors for size and volume estimates is less than 10 %.  

The analytical procedure for Mount Baker and Glacier Peak can be found in Shaw 

(2011). The main instrumental difference between Shaw (2011) and this study is their use 

of FTIR for H2O analyses of melt inclusions. Further details about analytical techniques 

can be found in Appendix B. 

5.5. Results 

5.5.1. Whole Rock and Groundmass Glass 

Whole rock compositions for Bridge River, Salal Glacier, Mount Meager, Mount 

Cayley and Garibaldi Lake are presented in Table B1. Major oxide compositions for these 

centres are broad with 47 – 55 wt% SiO2, 8 – 14 wt% Fe2O3, 5 – 11 wt% MgO and 4 – 5 

wt% total alkalis (Na2O + K2O; Figure 5.2). While most samples are calc-alkaline arc 

basalts, the samples from Bridge River and Salal Glacier are the most alkaline (Figure 

5.2). Mount Baker and Glacier Peak whole rock and groundmass glass compositions were 

not provided by Shaw (2011). 
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5.5.2. Melt Inclusions 

All melt inclusions experienced some degree of post-entrapment modification. 

Glassy melt inclusions from Glacier Peak, Mount Baker and Mount Meager were corrected 

for olivine-rim crystallisation considering the Fe-Mg equilibrium KD [= 

(FeO/MgO)olivine/(FeO/MgO)melt inclusion]. Corrections were preformed using Petrolog3 

software (Danyushevsky and Plechov, 2011) and the equation calibrated by Toplis (2005). 

Overall, melt inclusions experienced minimal post entrapment crystallization (PEC = 0 - 

6.5%) and are in equilibrium with the olivine host (KD = 0.30 – 0.36; Toplis, 2005; = 

Appendix Table B2). Melt inclusions from the other centres experienced daughter 

crystallisation. Reversing this process through reheating also reverses the post-

entrapment olivine rim crystallisation, thus yielding melt inclusions in equilibrium with the 

olivine host (KD = 0.30 – 0.33; Table B2). The temperature at which all daughter crystals 

melted within the inclusion range from 1150 to 1190 ˚C (Table B2). It should be noted that 

some re-heated Salal Glacier melt inclusions contained anomalously high FeO* contents 

(up to 29 wt %). This phenomenon, described by Rowe et al. (2006), is due to the presence 

of pre-entrapment magnetite, chromite and Fe-Ni sulphides. As the latter are present in 

three inclusions, we attribute Fe gain during reheating to the partial melting of Fe-Ni 

sulphides within Salal Glacier inclusions. These inclusions are not considered 

representative of the initial trapped melt and will not be shown in diagrams nor discussed 

in this study. 

The complete dataset of corrected major, volatile and trace element data is 

provided in Tables B2 and B3.   

 

Major Elements 

Olivine hosts from all volcanic centres have forsterite contents of 77 to 89 mol % 

(Table B2). Corrected melt inclusions along the arc are rather variable and have 43 – 58 

wt% SiO2, 4 – 15 wt% FeO*, 2.5 – 10 wt% MgO, 0.4 - 2 wt% K2O and 2 – 8 wt% total 

alkalis (Figure 5.2; Table B2). The most evolved compositions, with the highest SiO2, K2O 

and lowest FeO* are from Glacier Peak, Mount Baker and Garibaldi Lake (Figure 5.2). 

Bridge River and Salal Glacier melt inclusions are the most primitive with the lowest SiO2 
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and highest MgO and FeO* (Figure 5.2). These melts also contain up to 2.8 wt% TiO2, 

which is higher than typical arc values (up to 1.5 wt%; Aragón et al., 2013).  

 

Figure 5.2 Post entrapment crystallisation-corrected major elements of melt inclusions in this study. 
a) Total alkalis versus SiO2. Left of the think black line represent alkaline compositions, and the 
right side is subalkaline; b) MgO vs SiO2; c) K2O vs SiO2 and d) FeO* vs SiO2. There is a narrow 
range in olivine host Fo content along the arc, meaning the melt inclusion compositions should be 
comparable. In each diagram, Bridge River and Salal Glacier are consistently the most primitive 
along the arc. This is followed by a gradual southward increase in K2O and decrease in MgO and 
FeO* wt%. Errors are 2σ. Data from Glacier Peak and Mount Baker are from Shaw (2011). 
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Volatiles 

Volatile contents (H2O, CO2, S and Cl) are variable along the arc. Chlorine and 

sulphur contents vary significantly between 100 – 1700 ppm and 90 – 4000 ppm, 

respectively (Table B2). The highest Cl contents are from Garibaldi Lake and Mount 

Cayley while the highest S contents are from Mount Meager, which is consistent with the 

presence of sulphide globules and suggests saturation of the melt with respect to S. For 

many samples, carbon dioxide was measured both in the melt and in the shrinkage 

bubble. Without the bubble, the melt inclusion CO2 contents across the arc range between 

90 – 6000 ppm (Figure 5.3a; Table B2). Both Glacier Peak and Mount Baker contain the 

lowest CO2 contents (< 850 ppm) while Mount Meager contains the highest (> 1500 ppm). 

Raman analyses allowed for the calculation of the CO2 density within shrinkage bubbles 

from Garibaldi Lake, Mount Cayley, Mount Meager, Salal Glacier and Bridge River. Using 

the distance between the main CO2 peaks and the equation by Wang et al. (2011), the 

CO2 densities range from 0.15 to 0.6 g cm-3. From here, the total amount of CO2 in GVB 

melt inclusions was calculated and varies between 1300 – 10,000 ppm (Figure 5.3b; Table 

B2); this range excludes Glacier Peak and Mount Baker (explained below). The highest 

total CO2 values are from Bridge River. Consistent with current literature estimates 

(Anderson and Brown, 1993; Hartley et al., 2014; Moore et al., 2015; Wallace et al., 2015; 

Neave et al., 2015; Aster et al., 2016; Maclennan, 2017 and references therein), 

approximately 40 – 80 % of the total CO2 is found in the bubble (see Table B5 for a worked 

example)  

Shaw (2011) did not perform Raman analyses in the bubbles of Glacier Peak and 

Mount Baker samples, thus the total CO2 content of the melt inclusion is unknown. The 

amount of CO2 that partitions between the glass and bubble depends on several factors 

including the PEC, magma ascent pathway, closure temperature and the potential for 

decrepitation (Moore et al., 2015; Wallace et al., 2015; Aster et al., 2016; Maclennan, 2017 

and references therein). Comparing with the glassy Mount Meager melt inclusions, Glacier 

Peak and Mount Baker have similar PEC (1-5 %; Table B2) and entrapment temperatures. 

Since none of the melt inclusions in this study showed evidence of decrepitation, the only 

unknown parameter is the magma ascent pathway, which we assume to be similar 

between the 3 centres. Based on these factors, the amount of CO2 that partitions into the 

bubble of Mount Meager samples can be extrapolated to Glacier Peak and Mount Baker. 

The average amount of the total CO2 found in the bubble of Mount Meager inclusions is 
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60% (total range 38 – 80%). Therefore, using 60%, the total CO2 content of Glacier Peak 

and Mount Baker increases to 400 – 2000 ppm and the total along arc CO2 content 

becomes 400 – 10, 000 ppm (Figure 5.3b; Table B2). However, we would like to 

emphasize that the addition of 60 % is relatively subjective but provides a reasonable 

baseline for comparison of the total melt inclusion CO2 contents along the arc.  

Water contents, measured in the melt, varies between 0.1 – 3 wt% (Figure 5.3a, 

b, c). The lowest water contents are in melt inclusions from Garibaldi Lake and Mount 

Cayley, while the highest values are from Mount Meager (Figure 5.3; Table B2). The D/H 

isotopic ratio was measured in a select number of melt inclusions in order to assess 

whether the observed H2O trends are due to post-entrapment H+ loss as opposed to 

trapping of variably degassed melts. Values are expressed as δD, which is the permil 

deviation from Standard Mean Ocean Water (δDSMOW). The values of δD from Garibaldi 

Lake to Bridge River range from -17 to -150 ‰ (Figure 5.3c; Table B2). Values of δD 

between -20 and -80 ‰ are typical of slab fluids to the average upper MORB mantle 

(Figure 5.3c; Shaw et al., 2008) while values closer to -150 ‰ are representative of the 

upper limit of terrestrial mantle values (-140 ± 20 ‰; Figure 5.3c; Hallis et al., 2015). 

Positive δD values, and a negative trend with H2O wt%, suggest loss of hydrogen, addition 

of seawater and/or secondary hydrothermal alteration (Kyser and O’Neil, 1984; Shaw et 

al., 2008; Portnyagin et al., 2008). The highest δD values (least negative) belong to melt 

inclusions from Garibaldi Lake and Mount Cayley while melt inclusions with δD values 

closest to mantle values belong to Bridge River and Salal Glacier (Figure 5.3c). 

Nonetheless, the δD of these melt inclusions imply primary water contents that have been 

negligibly affected by post-entrapment H+ diffusion. Previous authors have shown that 

long duration reheating experiments, on timescales of hours to days, can result in 

significant water loss from the melt inclusion (i.e., Portnyagin et al., 2008; Gaetani et al., 

2012; Bucholz et al., 2013). δD of re-heated melt inclusions in this study do not provide 

any evidence for extensive water loss during experiments.   
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Figure 5.3 Comparing the water contents of all melt inclusion against a) CO2 in the glass b) total 
melt inclusion CO2 (glass + bubble) and c) δD. Isobars calculated using VolatileCalc (Newman and 
Lowenstern, 2002) are shown in a and b. a) Using only the glass measurements of CO2, the 
pressure of entrapment varies between 1 – 4 kbar, with the exception of a few melt inclusions from 
Bridge River and Salal Glacier. b) Pressure estimates rapidly increase when considering the 
amount of CO2 that partitions into the vapour bubble. Raman analyses were performed for all 
samples except for Glacier Peak and Mount Baker. Using Mount Meager as a reference, the 
average amount of CO2 that entered the bubble is 60%. Therefore, we use this amount to correct 
the CO2 contents of Glacier Peak and Mount Baker. See text for details. Bridge River and Salal 
Glacier consistently have the highest pressure of entrapment along the arc, while Glacier Peak and 
Mount Baker have the lowest. c) δD of melt inclusions, normalized to SMOW, excluding Glacier 
Peak and Mount Baker. Most inclusions lie within the range of MORB (grey box), but with elevated 
H2O contents. MORB values from Shaw et al., (2008) and Haui (2002). More negative values (up 
to -150) are typical of the upper limit of the MORB mantle (Hallis et al., 2015). Positive δD of melt 
inclusions suggest diffusive H+ loss either during magmatic ascent or during reheating 
experiments. Typically, melt inclusions suffer rapid water loss during reheating experiments, on 
timescales of hours to days (i.e., Portnyagin et al., 2008; Gaetani et al., 2012; Bucholz et al., 2013). 
However, our experiments were 15 minutes long and melt inclusions were hosted in large olivine 
hosts (e.g. Chen et al., 2011). As such, the δD of re-heated melt inclusions (Garibaldi Lake, Mount 
Cayley, Salal Glacier and Bridge River) are primary and not indicative of extensive water loss. Error 
bars are 2s and, unless otherwise shown, are the same size as data markers. Data for Glacier 
Peak and Mount Baker are from Shaw (2011). 

 

Trace Elements  

From Glacier Peak to Mount Meager, trace element contents of melt inclusions 

show arc-like characteristics with a depletion in immobile, high field strength elements 

(HFSE) as well as a relative enrichment in large ion lithophile elements (LILE) over the 

light rare earth elements (LREE) when compared to  normal mid-ocean ridge basalt 

(NMORB) and ocean island basalt (OIB) magmas (Figure 5.4a, b; Table B3). Further, 

there are notable enrichments in fluid-mobile, large ion lithophile elements (LILE), such as 

Ba, Pb and Sr, which suggest the presence of a hydrous subduction component (Figure 
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5.4a, b; Table B3; Sun and McDonough, 1989). These centres also show low 

concentrations of heavy rare earth elements (HREE) relative to primitive mantle values 

((Sm/Yb)N = 1.1 – 5.7), which is indicative of garnet in the mantle source (Jennings et al., 

2017; Mullen and Weis, 2015; Sun and McDonough, 1989).  

Trace element contents of melt inclusions from Salal Glacier and Bridge River are 

unique along the arc and characterized by enrichment in HFSE relative to primitive mantle 

values. These patterns do not resemble previously discussed centres. The signatures of 

Bridge River and Salal Glacier are similar to enriched asthenospheric melts as opposed 

to arc magmas and this is mirrored in the low Ba/Ta values between 140 – 220 for Salal 

Glacier and 120 – 250 for Bridge River (typical arc values are > 500; Borg et al., 2002; 

Figure 5.5). Relative to the trend between Glacier Peak and Mount Meager, there is a 

weaker depletion of HREE, which suggests a reduced importance of garnet in the source 

(Jennings et al., 2017). Between these two volcanoes, Salal Glacier melts tend to be 

slightly more enriched in HFSE and LILE. Overall, the trend for both Salal Glacier and 

Bridge River closely follows that of ocean island basalts based on data by Sun and 

McDonough (1989) (Figure 5.4c). 
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Figure 5.4 Primitive mantle-normalised spider diagram of melt inclusions from a) Glacier Peak and 
Mount Baker (data from Shaw, 2011) b) Garibaldi Lake, Mount Cayley and Mount Meager and c) 
Salal Glacier and Bridge River. Reference compositions of EMORB, NMORB and OIB are from 
Sun and McDonough (1989). Centres from Glacier Peak to Mount Meager exhibit arc-like patterns 
with enriched concentrations of fluid-mobile LILE and depletions in HFSE and LREE. Conversely, 
Salal Glacier and Bridge River show depletions in LILE and elevated HFSE, particularly Nb and Ta. 
These enrichments suggest preservation of mantle-derived HFSE without the dilution supplied by 
a subduction component. The trace elements patterns of Salal Glacier and Bridge River closely 
follow that of OIB, further supporting a lack of subduction influences.  
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5.5.3. Magmatic Conditions  

Melt inclusion temperatures were calculated from olivine - melt inclusion equilibria 

using equation 13 from Putirka (2008). Where applicable, calculated values are consistent 

with reheating experiments, which range from 1130 – 1190 ˚C. Using corrected melt 

inclusion compositions, Garibaldi Lake melts are 1117 – 1178 ˚C, Mount Cayley are 1090 

– 1149 ˚C, Mount Meager 1057 – 1142 ˚C, Salal Glacier 1186 – 1303 ˚C and Bridge River 

1241 – 1312 ˚C (Figure 5.5). Errors for temperature values are ± 50 ˚C. These values are 

also consistent with Petrolog3, which estimates the liquidus temperature of the melts 

(Danyushevsky and Plechov, 2011). From Shaw (2011), temperatures were originally 

determined using the equations from Sugawara (2000) and Medard and Grove (2008) but 

are comparable to the recalculated temperatures using equation 13 from Putirka (2008) 

and Petrolog3: Glacier Peak melts are 1113 – 1179 ˚C while Mount Baker melts are 1076 

– 1116 ˚C (Figure 5.5; Table B2). 
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Figure 5.5 Previous page. Trace element and magmatic conditions of melt inclusions with distance 
along the arc. Pressure values are calculated using the volatile saturation model of Papale et al. 
(2006) using H2O and CO2 contents. CO2 contents include the bubble and include the addition of 
60% for Glacier Peak and Mount Baker (see text for details). Temperatures are calculated using 
olivine - melt equilibria using equation 13 from Putirka (2008). There is a marked increase in Nb 
and decrease in Ba/Ta between Bridge River, Salal Glacier and the other centres. As Nb is mainly 
derived from the mantle, its high concentration in the northern magmas suggest the mantle 
signature is preserved and not overprinted by addition of any subduction component. Bridge River 
and Salal Glacier also report the highest temperatures and the deepest pressures of melt inclusion 
entrapment along the arc. Conversely, the remaining centres, from Glacier Peak to Mount Meager, 
show an arc-typical trend: low Nb contents that become overprinted by the addition of subduction-
derived components, which is shown by high values of Ba/Ta.  The addition of subduction-derived 
components also lowers the temperature of entrapment. Typical 2σ error bars are shown. Data for 
Glacier Peak and Mount Baker are from Shaw (2011). 

 

The pressure of inclusions was estimated using the volatile saturation model of 

Papale et al. (2006) using H2O and CO2 contents. Recalculated CO2 contents for all 

volcanic centres range between 420 – 10,000 ppm and subsequently yield pressure 

estimates between 0.4 to 6.8 kbars (Figure 5.5; Table B2). These values reflect the 

variably degassed nature of melt inclusions (shown previously by H2O and δD) and 

suggest polybaric olivine crystallization. As such, we consider these pressure values as a 

minimum. To avoid underestimation, the maximum recorded pressure (Pmax) for each 

centre is considered representative of the deepest storage conditions. The lowest Pmax 

values are from Glacier Peak and Mount Baker (2 kbars) while the highest are from Salal 

Glacier (6.8 kbars).  

The sulphur speciation was measured following the method of Jugo et al. (2005) 

and can be used to estimate the magmatic oxygen fugacity beneath Glacier Peak, Mount 

Baker and Mount Meager. Glacier Peak magmas are +0.3 < NNO < +0.82 and Mount 

Baker magmas are NNO + 0.29. Mount Meager magmas are fO2 NNO + 0.74 (Table B2). 

Oxygen fugacity cannot be calculated for Garibaldi Lake, Mount Cayley, Salal Glacier and 

Bridge River since the inclusions have been re-heated. The speciation of these melt 

inclusions will only yield fO2 values of the heating apparatus, not the magma. The 

Fe3+/∑Fe ratio, another useful proxy for the oxidation state of magma, was estimated using 

the major oxide glass composition as well as temperature and fO2 (Kress and Carmichael, 

1991). Glacier Peak and Mount Baker have Fe3+/∑Fe values between 0.14 to 0.26 while 

Mount Meager melts are more oxidised with values between 0.26 and 0.28 (Table B2). 

For Bridge River and Salal Glacier, Fe3+/∑Fe was measured using wet chemistry of whole 
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rocks by Mathews (1958) and Green (2006) and yield values of 0.16. From this value, the 

fO2 conditions can be back-calculated as the required parameters are known (T, P and 

major elements of glasses). The magma beneath both Bridge River and Salal Glacier is 

much less oxidized than the other centres with fO2 values of -0.37 < NNO < -1.27 and -

0.64  < NNO < -1.36, respectively (Table B2).   

5.6. Discussion 

5.6.1. Chemical Trends Along the Garibaldi Volcanic Belt  

Based on the above results and calculated magmatic conditions, there are clear 

along-arc trends. Consistent with previous work (Mullen and Weis, 2013; 2015), there is 

a subtle transition from arc-typical calc-alkaline magmas in the south beneath Glacier 

Peak and Mount Baker towards increasingly alkalic melts in the north (Figure 5.2). Not 

only are Bridge River and Salal Glacier the most alkaline, these melts are also the least 

hydrous and contain the lowest chlorine contents along arc (Table B2).  

There is also a clear northward increase in maximum melt inclusion entrapment 

temperature and pressure and a decrease in the degree of mantle oxidation (Figure 5.5; 

Table B2). Over the narrow range in Fo contents of olivine hosts along the entire arc, 

Glacier Peak and Mount Baker yield the lowest temperatures, shallowest pressures 

(average 1120 ˚C and up to 2 kbars) and the most oxidized magmas along the arc; Bridge 

River and Salal Glacier melts are significantly hotter, trapped much deeper (average 1260 

˚C and up to 6.8 kbars), and are much more reduced than the other centres within the 

GVB. 

5.6.2. Magmatic Sources: Northern and Southern Groups 

Trace element patterns along the arc can provide insight into the nature of the 

magmatic source beneath the arc (Figure 5.4 & 5.5). The northernmost volcanoes show 

trace element variations that are more typical of OIB magmas, which is consistent with the 

higher melt inclusion temperatures (Figure 5.4 & 5.5; Sun and McDonough, 1989). They 

also show the greatest enrichment in Nb (> 20; Figure 5.5) as well as all other HFS 

elements (Table B3). As these HFS elements are relatively fluid-immobile, and derived 

from the mantle, this suggests preservation of initial mantle values and thus minimal 
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addition (i.e. dilution) of these elements by the subducting slab. This is further shown in 

the depletion in fluid-mobile, slab-sourced elements such as Sr relative to typical arc 

magmas (maximum 836 ppm; Table B3). Based on LILE/HFSE ratios, the northernmost 

volcanoes lack a subduction or arc signature. For example, arc magmas typically have 

elevated Ba/Ta values due to fluids delivered by the subducting slab. Referring to Figure 

5.5, Ba/Ta is the lowest beneath the northern end of the arc (up to 250) and therefore 

suggests minimal or lack of subduction-derived fluids (Borg et al., 2002). Centres between 

Glacier Peak and Mount Meager show typical arc patterns with low Nb (5 – 12 ppm), and 

high Sr and Ba/Ta (up to 1920 ppm and 1900, respectively) (Figure 5.5; Table B3), all of 

which are indicative of subduction-related processes (e.g., Borg et al., 2002; Portnyagin 

et al., 2007; Vigouroux et al., 2012 and references therein). The variability of Ba/Ta 

between Glacier Peak to Mount Meager could be explained by extensive plagioclase 

fractionation prior to melt inclusion entrapment leading to lower Ba/Ta below Glacier Peak 

and Mount Baker. However, this would produce a negative Eu anomaly, which is not seen 

on Figure 4. A more likely explanation is the variable deliverance of subduction-derived 

fluids between these centres. This is discussed further in Section 5.7.1. Finally, all centres 

have very low Th/Yb (< 3.2) and Sr/Y (< 90), which shows that for the whole arc, there is 

respectively little sediment and slab melt from the downgoing plate. 
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Figure 5.6 Cl/Nb vs Sr/Nd as an indicator of subduction-derived fluids beneath each centre along 
the GVB, with a logarithmic y-axis. Each respective elemental pair shows similar partitioning 
behaviour during magmatic processes, except in fluids derived from the downgoing slab for which 
Cl and Sr have a high affinity. Bridge River and Salal Glacier show much lower values for both 
ratios, supporting the lack of subduction zone fluids while each centre between Glacier Peak and 
Mount Meager show elevated Cl/Nb and Sr/Nd, illustrating the importance of subduction-derived 
fluids. Typical 2σ error bars are shown. Data for Glacier Peak and Mount Baker are from Shaw 
(2011). 

 

These along-arc variations are best shown by comparing Cl/Nb and Sr/Nd (Figure 

5.6). Each respective elemental pair have similar partitioning during magmatic processes 

except in the presence of hydrous fluids, for which Cl and Sr have high affinity (Walowski 

et al., 2016; Portnyagin et al., 2007). Therefore, these ratios are excellent tracers for 

subduction-derived fluids. There is a clear break between Bridge River and Salal Glacier 

and the rest of the arc. The enrichment in Cl and Sr from Glacier Peak to Mount Meager, 

coupled with the higher water contents, provides strong evidence for the circulation of 

hydrous fluids within the mantle wedge. In terms of the northern centres, the depletion in 

Cl and Sr suggests negligible subduction-related fluids.   
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Figure 5.7 Ba versus Nb for all melt inclusions. Two distinct trends clearly represent two separate 
mantle sources beneath the arc. One subduction modified source beneath Glacier Peak to Mount 
Meager (Ba/Nb = 45 - 60) and another beneath Bridge River and Salal Glacier (Ba/Nb < 13), which 
experiences minor subduction influence. Typical 2σ error bars are shown. Data for Glacier Peak 
and Mount Baker are from Shaw (2011). 

 

Overall, the distinct nature of the northernmost volcanoes can be explained by the 

Ba and Nb contents of melt inclusions, which define two distinct trends (Figure 5.7). This 

suggests the presence of two different mantle sources beneath the GVB. One source 

underlies Glacier Peak to Mount Meager which is capable of producing magmas with 

Ba/Nb > 30 and another beneath Bridge River and Salal Glacier that can produce 

significantly lower Ba/Nb (<13). We therefore propose that the arc can be segmented into 

two groups: the Northern group (Bridge River and Salal Glacier; Ba/Nb = 13; Figure 5.7) 

and the Southern group (Glacier Peak, Mount Baker, Garibaldi Lake, Mount Cayley and 

Mount Meager; Ba/Nb = 45 - 60; Figure 5.7).  

The Zr/Nb ratio can be used to further distinguish these different mantle sources, 

as these values are not affected by subduction input or fractional crystallization (Mullen 
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and Weis, 2015; Pearce and Norry, 1979). Beneath the Southern group, the average 

Zr/Nb is 27, which is typical of N-MORB values (~30; Sun and McDonough, 1989) and 

indicative of partial melting of a depleted mantle plus a subduction component. 

Conversely, beneath the Northern group, the average Zr/Nb is 7, which is more typical of 

an enriched mantle source (Vigouroux et al., 2012; Sun and McDonough, 1989). A single 

source cannot produce magmas which such different Zr/Nb ratios (Mullen and Weis, 

2015).  

5.6.3. Tectonic Link  

The segmentation of the arc strongly correlates with the presence of the Nootka 

Fault, which is a transform fault that defines the boundary between the Juan de Fuca and 

Explorer Plates and transects the Northern group (Figure 5.1; Hyndman et al., 1979). 

Offshore, it is a left-lateral strike slip fault between the two plates. On shore, it is interpreted 

as the surficial manifestation of a slab tear or fracture zone between the subducting Juan 

de Fuca Plate and the relatively stagnant Explorer Plate (Hyndman et al., 1979). Schmidt 

et al. (2008) proposed that this fracture zone was a pathway for seawater to serpentinise 

the subducting oceanic crust. However, this implies that the Northern group magmas 

would experience some degree of subduction influence. Conversely, Green (2006) and 

Mullen and Weis (2015) suggest this fracture zone is deep enough to allow asthenospheric 

upwelling to occur and exert a compositional control on the eruptive suites, which would 

explain the enriched nature of the Northern group magmas.  

5.7. Modelling the Magmatic Source 

5.7.1. Southern Group 

The current whole-rock literature states that one enriched mantle source, similar 

to that of intraplate basalts, underlies the GVB, and that the along-arc variability can be 

explained through variable mixing proportions of depleted mantle with slab-derived melts 

(Mullen et al., 2017; Mullen and Weis, 2015 and references therein). Conversely, 

Walowski et al. (2016) modelled the melt inclusion compositions from the Lassen region 

in the southern High Cascades through two-component mixing between enriched MORB 

mantle and oceanic crustal melts (i.e., sediment and slab components). This model begins 
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with fluid-flux melting of the upper basaltic layer of the downgoing oceanic crust beneath 

the arc and the subsequent migration of these hydrous melts into the overlying mantle 

wedge to induce melting and generate hydrous calc-alkaline basalts (Walowski et al., 

2016). This model is based on findings that show the downgoing slab is already 

dehydrated once it reaches sub-arc depths. Based on the MORB-like boron contents of 

Lassen melt inclusions, the subducting slab is considered dry and therefore contributes 

no fluids to the mantle wedge (Walowski et al., 2016). However, melt inclusion 

compositions across the GVB do not show evidence for significant slab melt contribution 

to the mantle wedge (La/Yb < 25; Defant and Drummond, 1990; Moyen, 2009). Indeed 

the Juan de Fuca Plate subducts beneath both the High Cascades and the GVB, there is 

a distinct compositional difference between the two arcs, namely the transitional alkaline 

nature of GVB basalts and the lack of a sediment input (across arc Th/La <0.15 and based 

on high precision whole rock isotope data; Mullen et al., 2017; Mullen and Weis, 2015 and 

references therein). Based on these factors, the main subduction component beneath the 

GVB are most likely fluids delivered by the downgoing slab.     

Considering the contrasting melt models for the GVB and the High Cascades, we 

initially model magma generation beneath the GVB with a depleted MORB mantle (DMM; 

Salters and Stracke, 2004) and add a hydrous subduction component which was 

calculated using the method of Portnyagin et al. (2007) (Figure 5.8a; Table B6). 

Determining the composition of the hydrous subduction component involves first 

estimating the amount of partial melting of the DMM using elements with low solubility in 

slab-derived fluids (Nb, Zr and Yb). The degree of partial melting varies between 5 - 12 

%. Using the degree of melting and the melt inclusion composition, the composition of the 

subduction-modified mantle wedge is calculated with the batch melting equation. Finally, 

the difference, or excess, between the DMM and the subduction-modified mantle wedge 

reflects the addition by the hydrous subduction component. The amount of hydrous fluids 

added can be estimated by the H2O content of the melt inclusions. However, factors such 

as magma degassing prior to melt inclusion trapping, and to a lesser degree post-

entrapment H loss, would lead to an underestimation of the initial H2O contents and the 

amount of hydrous subduction fluids contributed. Therefore, the melt inclusion H2O values 

are corrected using the maximum H2O/K2O of each centre (Table B2; following the 

methods of Aster et al., 2016 and Walowski et al., 2016). We perform this correction for 

the sole purpose of estimating the amount of hydrous fluids contributed by the downgoing 
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slab. Reconstructed H2O values for the GVB range between 0.7 – 4.7 wt%. Using only the 

maximum reconstructed values (H2Omax) for each centre, the values vary between 1.5 – 

4.7 wt%, which is consistent with maximum reconstructed estimates for the Lassen region 

(1.3 - 3.4 wt%; Walowski et al., 2016). Using the reconstructed H2O contents, the modelled 

amount of hydrous subduction fluids delivered to the mantle wedge varies between 2 – 10 

wt% (Figure 5.8a). The composition of the hydrous subduction component varies slightly 

between the centres of the Southern group. Interestingly, the modelled concentrations of 

Ba, Cl and Sr in the hydrous component are the lowest beneath Mount Baker, reach a 

maximum beneath Garibaldi Lake and Mount Cayley, and wane beneath Mount Meager 

(Table B6). Not only is this trend mirrored in the along arc values of Ba/Ta on Figure 5.5, 

but is also consistent with the Ba, Sr and Cl-rich nature of Mount Cayley and Garibaldi 

Lake melt inclusions (up to 1700 ppm Cl). This is also seen in Figure 5.6, where there is 

a gradual increase in Cl/Nb and Sr/Nd from Mount Meager and Mount Baker towards 

Mount Cayley and Garibaldi Lake.  
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Figure 5.8 Previous page. Modelling the two distinct magmatic sources beneath the GVB. a) 
H2O/Ce vs Sr/Nd. Modelling the source beneath the Southern group starts with the depleted MORB 
mantle (black diamond) and adding variable amounts of a hydrous subduction component, 
calculated using the method of Portnyagin et al (2007). This component is enriched in Ba, Sr, Cl, 
H2O and Pb. Grey area represents the modelling results that involve 5 – 12 % partial melt of DMM 
(black lines) mixed with 2 – 10 wt% of the hydrous subduction component (dashed lines). Inclusions 
that lie above the grey area are assumed to have elevated slab fluid content and those that lie 
below are assumed to be more degassed melts. b) Modelling the enriched mantle source beneath 
the Northern group in terms of Dy/Yb and Nb/Y, with the Southern group melt inclusions plotted as 
reference. These ratios are optimal markers for the degree of partial melting, the presence of garnet 
and heterogeneities in the mantle (Vigouroux et al., 2012). Elevated Dy/Yb and Nb/Y of the 
Northern group cannot be modelled by even low degrees of partial melting (1 %) of the DMM (black 
diamond). Melt inclusions from the Northern group can be best modelled by low degrees of partial 
melting (3 – 7 %) of the primitive mantle (Sun and McDonough, 1989) indicated by tick marks along 
the model curve. The residue is garnet lherzolite (7 cpx: 25 opx: 60 olv: 8 grt). Typical 2σ error bars 
are shown. Data for Glacier Peak and Mount Baker are from Shaw (2011).  

 

5.7.2. Northern Group 

To first test the hypothesis of a single mantle source beneath the GVB, the 

Northern group melt inclusions are modelled using the same procedure as the Southern 

Group, i.e., depleted mantle with fluids delivered by the subducting slab. Even with very 

low degrees of partial melting (< 1 %), the Northern group melt inclusion compositions 

cannot be recreated using this method (Figure 5.8b). As discussed earlier, these melt 

compositions suggest an enriched mantle source that is potentially controlled by the 

Nootka Fault. It is thus useful to compare the Dy/Yb and Nb/Y contents of melt inclusions 

as these elements are derived entirely from the mantle and not added by subduction-

related components (Figure 5.8b). Furthermore, the Dy/Yb ratio is considered sensitive to 

variations in the mantle source composition while Nb/Y is a useful proxy for the degree of 

partial melting and episodes of previous melt extraction (Vigouroux et al., 2012 and 

references therein). Typical MORB compositions have Dy/Yb between 1.3 and 2.0 and 

Nb/Y < 0.4 while OIB have Dy/Yb > 2 and Nb/Y > 0.8 (Figure 5.8b; PetDB database; 

Lehnert et al., 2000). Dy/Yb can be affected by amphibole fractionation, and this would be 

shown by a negative correlation between Dy/Yb and SiO2 wt%, which is not seen in the 

dataset. Both Bridge River and Salal Glacier have higher Dy/Yb and Nb/Y than typical 

MORB melts but overlap with OIB compositions. This suggests low degrees of partial 

melting of an enriched mantle source. Modelling of the Northern group thus begins with 

the mass balance equation for batch melting and with the primitive mantle as the source 

(Figure 5.8b; Sun and McDonough, 1989). Distribution coefficients are provided in Table 
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B4. With melt fractions below 7 % and garnet lherzolite as a residual phase, the modelled 

partial melt compositions bear a strong resemblance to the Northern group in terms of 

Dy/Yb and Nb/Y ratios (Figure 5.8b).  Modelling results are consistent with the elevated 

FeO* wt% (> 9), La/Ta (< 20) and low HREE contents of Northern group melt inclusions, 

all of which support OIB-like melt generation below the garnet-spinel transition zone at 70 

km (Gorring and Kay, 2001). This model is also consistent with the whole-rock modelling 

results of Mullen and Weis (2013). However, the main and rather significant difference is 

their incorporation of Mount Meager as having the same enriched source as the Northern 

group. Although Mount Meager shows transition alkaline compositions, the trace element 

contents are clearly subduction zone derived.  

5.8. Magma Generation Beneath the GVB 

The along-arc geochemical variations expressed by melt inclusions collected from 

the majority of GVB volcanic centres requires partial melting of two distinct mantle sources 

(Figure 5.9). However, there are significant tectonic factors to consider. In the case of the 

Northern group, the derivation of deeply sourced primitive and enriched melts beneath 

Bridge River and Salal Glacier suggests that the Nootka Fault and slab tear is persistent 

through to the asthenosphere and, is a favourable pathway for ascending enriched melts.  

Based on the glaciovolcanic overview by Wilson and Russell (2018), there has 

been one recorded deposit of calc-alkaline composition within the Salal Glacier Volcanic 

Field. Though one known calc-alkaline deposit does not necessarily suggest that the 

Northern group experiences occasional subduction influence, it may however provide 

insight into the nature of the ascending pathway. A likely case for melt generation is the 

ascent of asthenospheric mantle through the slab tear and the subsequent 

decompression-induced melting in the sub-arc mantle (Figure 5.9). The ascent of 

asthenospheric melts through faults and fractures directed along the northern edge of the 

Juan de Fuca Plate followed by the periodic mixing with the subduction-modified source 

beneath the Southern group would account for the rare calc-alkaline signature within the 

Salal Glacier Volcanic Field. We therefore propose that the area of slab tear is more of a 

densely fractured zone between the Juan de Fuca and Explorer Plates with each fault 

acting as a potential pathway for ascending asthenospheric mantle (Figure 5.9).  
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Figure 5.9 Schematic diagram of magma generation beneath the Northern and Southern groups of 
the GVB. Starting at the slab tear in the north, the age of the downgoing Juan de Fuca Plate 
decreases southward from 5 Ma to 10 Ma. This subsequently leads to southward increase in slab 
dip and the degree of slab dehydration, according to the model proposed by Walowski et al., 2016. 
The amount of fluids delivered (blue arrows) to the depleted sub-arc mantle is highest beneath 
Mount Cayley and Mount Garibaldi and lowest beneath Mount Baker and Glacier Peak. Beneath 
the Northern group, the main compositional control is the slab tear. This gap between the Explorer 
and Juan de Fuca Plates allows for the upwelling of enriched asthenospheric mantle (orange 
arrow), thus yielding the OIB-like signature of the Northern group melts.  

 

The Southern group requires a hydrous subduction component that varies in 

composition between each centre. The amount of the hydrous subduction component 

contributed to the mantle wedge is at a maximum beneath Mount Cayley and Garibaldi 

Lake, and lowest beneath Glacier Peak and Mount Baker (Figure 5.9). The idea of more 

fluids exsolved from a younger slab is contrary to the normally accepted relationship 

between slab age and fluid exsolution. A younger slab typically implies higher slab 

temperatures and thus, smaller additions of slab-derived hydrous components to the 

mantle wedge (Mullen and Weis, 2015; Green and Harry, 1999). However, if we consider 

the slab dehydration model by Walowski et al. (2016), then the slightly older plate beneath 

Glacier Peak and Mount Baker would have already dehydrated prior to reaching sub-GVB 

depths thereby supplying smaller amounts of fluids. As the slab becomes progressively 

younger to the north, the degree of dehydration decreases (i.e., the slab remains hydrated) 
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and thus the amount of fluids supplied increases. Nevertheless, the Juan de Fuca Plate 

is one of the youngest subducting plates in the world and therefore the total amount of 

fluids supplied would be very low in comparison to global subduction zones with older 

slabs.  

5.9. Conclusions 

Olivine-hosted melt inclusions from the GVB provide new insight into the critical 

factors controlling the composition of subduction zone magmas. Factors such as the age 

of the downgoing slab, degree of fluid release into the mantle wedge as well as the tectonic 

framework of the GVB itself have resulted in a unique and pronounced north-south 

geochemical transition.  

Beneath the northern GVB, the reduced nature of melt inclusions coupled with 

higher temperatures and pressures of entrapment and the elevated contents of HFSE 

suggest an enriched mantle source rather than a subduction-modified source. We attribute 

these signatures to a slab tear, or dense fracture zone, between the northern edge of the 

Juan de Fuca Plate and the neighbouring Explorer Plate. Modelling of the enriched source 

beneath the Northern group suggests that the slab tear is pervasive enough to reach the 

upper mantle. Through decompression melting, asthenospheric melts ascend through the 

tear and erupt at the surface. In a global context, there are have been few eruptions of 

similarly enriched melts in an arc setting. Gorring and Kay (2001) show that Patagonia 

plateau lavas have a distinct OIB-like signature that can be attributed to the slab window 

formed by the subduction of the Chile Ridge between the Nazca and Antarctic Plates. 

Trace element and modelling results show that, similar to the Northern Group, melt 

generation began near the garnet-spinel at 70 km depth (Gorring and Kay, 2001).  

Melt inclusions from the southern GVB, on the other hand, reveal arc-typical 

compositions produced by a mix between the depleted MORB mantle and hydrous 

subduction components. The main difference between the centres of the Southern group 

is the amount and concentrations of Sr, Ba and Cl of the hydrous subduction component. 

The maximum amount of fluids with the highest Sr, Ba and Cl is delivered to the mantle 

wedge beneath Mount Cayley and Garibaldi Lake while the lowest amounts are below 

Mount Baker and Glacier Peak. This pattern of fluid exsolution correlates positively with 

the age of the downgoing Juan de Fuca Plate. Though Walowski et al. (2016) found that 
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the downgoing Juan de Fuca Plate beneath the southern Cascades had significantly 

dehydrated prior to reaching sub-arc depths, our modelling results show that slab fluids 

are the dominant subduction component beneath the southern GVB. These results 

suggest that the difference in slab age between the southern Cascades and the southern 

GVB (3 – 4 Ma) is sufficient to preserve a more hydrated slab. To test the global 

applicability of younger slabs retaining their fluids, melt inclusion compositions from young 

(<10 Ma) and hot subduction zones, such as South Chile and Mexico (Syracuse et al., 

2010), would provide further insight into the relationship between the slab age and the 

degree of dehydration.  

Our results show that abrupt along-arc compositional changes can be used to 

identify structures in the slab that cannot otherwise be identified by geophysical methods, 

either due to low-resolution imaging or a lack of available information. Furthermore, this 

work illustrates the importance of the age and degree of dehydration of the downgoing 

slab in subduction zone settings. From the delivery of slab melts in the southern Cascades, 

to the exsolution of fluids in the southern GVB and the termination against the Nootka 

Fault and slab tear beneath the northern GVB, the Juan de Fuca Plate is capable of 

producing a diverse array of volcanic centres along the western margin of North America.  
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Chapter 6. The Importance of the Vapour Bubble 

6.1. The Major, Volatile and Trace Element Composition of 
the Vapour Bubble2 

Abstract 

Melt inclusions are considered excellent proxies for magma at depth due to their 

closed-system behaviour following entrapment in the host crystal. Post-entrapment 

modifications, however, are unavoidable and can lead to significant changes in the glass 

and/or bubble composition. Reheating experiments are a common technique to restore 

crystallised melt inclusions to their primary vitreous composition. Provided that the 

inclusions are not overheated and do not decrepitate during the experiments, the effect 

on volatile contents has been assumed to be minor, but poorly investigated. To address 

this knowledge gap, we focus our work on glassy and crystallised melt inclusions from the 

Garibaldi Volcanic Belt in Western Canada. As the current literature states, 40-90 % of the 

total CO2 is found in the vapour bubble of the inclusion. Therefore, we used Raman 

spectroscopy and 3D imaging to investigate the changes in fluid (CO2) and solid phases 

filling the bubbles before and after reheating. Our data show that prior to reheating, the 

bubble contains two major phases: CO2 gas and anhydrite crystallites. Following 

reheating, the bubble becomes full of new phases including SO2 gas, native S, pyrite, 

covellite, gypsum and carbonates. The density of total CO2 in the bubble increases, 

suggesting a diffusion of CO2 from the melt into the bubble. To emphasize the 

compositional impact of reheating, we also analysed the bubbles of glassy melt inclusions. 

However, we find comparable solid phases in the bubbles of glassy and re-heated melt 

inclusions. This study shows that elemental diffusion during reheating results in melt 

inclusions that do not necessarily represent the primary magma. Furthermore, the 

chemical changes that occur during reheating can be extrapolated to natural storage 

conditions. Overall, these results pose significant implications for volatile budget 

 
2 This chapter will be re-formatted and submitted to either Nature Geoscience or Geology.  The 
authorship is as follows: S. Venugopal, F. Schiavi, S. Moune, N. Bolfan-Casanova, G. Williams-
Jones and T. Druitt.  
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estimations using melt inclusions that have or have not been re-heated, as there is a 

significant proportion of major, volatile and trace elements hidden in the bubble.  

6.1.1. Introduction 

Olivine-hosted melt inclusions are considered excellent proxies for primitive 

magma at depth as their compositions provide insight into the mantle source, magmatic 

storage conditions, as well as the pre-eruptive volatile contents (Schiano, 2003). Following 

entrapment, the melt inclusion is theoretically considered to be a closed system and 

should therefore not experience compositional changes. However, post-entrapment 

modifications are inevitable. Modelling results and calculations suggest that the internal 

pressure of a melt inclusion will drop at a lower rate than the external magma during 

adiabatic ascent (Zhang, 1998; Tait, 1992; Schiano and Bourdon, 1999). Regardless of 

the limited pressure decrease within the melt inclusion, this illustrates that the host crystal 

in unable to protect the inclusion in a truly closed system (Schiano, 2003). Subsequent 

modifications include the growth of the host olivine along the melt inclusion walls and 

crystallisation of daughter minerals (Schiano, 2003; Roedder, 1979). Another important 

modification is the nucleation of a vapour bubble in response to a pressure decrease 

during cooling and crystallisation (Schiano, 2003; Roedder, 1979). These cooling-related 

shrinkage bubbles represent the differential thermal contraction between the melt (glass) 

and the host crystal in response to cooling (Schiano, 2003, Wallace, 2005; Roedder, 

1979).  If the entrapped melt is already vapour-saturated, then the melt-saturated bubble 

that subsequently forms can be relatively large. However, pre-existing bubbles that formed 

externally in a vapour-saturated system may also become trapped inside melt inclusions. 

They may also form during melt inclusion leakage (leakage-generated bubbles) and 

rupturing of the host crystal (decrepitation-generated bubbles; Lowenstern, 1995, 2015). 

Discriminating between various bubble types depends upon the size of the bubble relative 

to the total inclusion. Since the volumetric proportions of vapour bubbles depend on the 

cooling rate, volatile content and melt composition, cooling-related shrinkage and melt-

saturated bubbles normally comprise 0.2 to 10 vol % of the inclusion (Lowenstern, 1995; 

Moore et al., 2015 and references therein). Larger bubble/inclusion ratios suggest bubbles 

that were pre-existing or formed in response to volatile leakage and thus do not represent 

the melt inclusion system. 
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Due to the pressure-dependency of CO2 solubility, the contraction of the melt in 

response to decompression also leads to rapid CO2 saturation in the glass. Consequently, 

the bubble becomes flooded with the exsolved CO2 (Steele-Macinnis et al., 2011; Aster et 

al., 2016). Olivine crystallisation along the rim of the inclusion similarly decreases the 

internal pressure, promotes CO2 saturation and thus enables further transfer of CO2 gas 

into the bubble (Steele-Macinnis et al., 2011; Sides et al., 2014; Aster et al., 2016). As 

such, analyses of the glass yield erroneously low magmatic CO2 concentrations. This 

poses significant problems as the CO2 content is commonly used to infer the pressure of 

crystallisation and entrapment, as well as magmatic storage depths. By considering only 

the glass, these values are grossly underestimated.  

Since it has been proven that the vapour bubble sequesters a significant proportion 

of the CO2 content of the magma and the melt inclusion, there has been a recent surge in 

the number of studies aimed at quantifying the original CO2 budget of an inclusion. Various 

approaches have been proposed including the use of trace element ratios such as the Nb 

proxy developed by Hartley et al. (2014) to determine the pre-eruptive CO2 content of 

undegassed and bubble-free melt inclusions from the AD 1783–1784 Laki eruption. 

Reheating experiments have also been used to return the inclusion to a silicate melt, which 

can then be rapidly quenched to obtain the CO2 content at the time of entrapment 

(Cervantes and Wallace, 2003; Hudgins et al., 2015; Wallace et al., 2015). Further 

advancements include the measurement of CO2 density in the bubble, and the calculation 

of the mass via Raman spectroscopy (Esposito et al., 2011; Hartley et al., 2014; Moore et 

al., 2015; Wallace et al., 2015; Aster et al., 2016; Robidoux et al., 2018). Initial estimates 

proposed that 40 to 90 % of the total CO2 is found in the vapour bubble (Moore et al., 2015 

and references therein; Wallace et al., 2015; Aster et al. 2016; Robidoux et al., 2018). 

Raman spectroscopy has also revealed the presence of solid C-bearing phases 

(carbonates) in the vapour bubble (Kamenetsky et al., 2007; Esposito et al., 2016 and 

references therein; Webster, 1992). Therefore, accurate estimates of the total CO2 budget 

in vapour bubbles also depends on the amount of CO2 that is sequestered in carbonate 

phases precipitated at high magmatic temperatures (Kamenetsky et al., 2002; 

Kamenetsky & Kamenetsky, 2010 and references therein; Moore et al., 2015; Robidoux 

et al., 2018).  
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The detection of other magmatic volatile and halogen phases in the bubble has 

further advanced the accurate estimation of the total volatile budget of melt inclusions. 

Kamenetsky et al. (2002) reported the presence of water in vapour bubbles, but as a 

component of gypsum, nahcolite and hydrous silicate solids at the bubble rim. The study 

by Robidoux et al. (2018) investigated olivine-hosted melt inclusions, the relationship 

between vapour bubble components, and its implication of early circulating fluids or brines 

that exsolved from a magmatic-hydrothermal system. This was based on the detection of 

liquid H2O in most bubbles, and the electron backscattered imaging of mineral phases 

along the bubble rim. Esposito et al. (2016) re-heated Somma-Vesuvius melt inclusions 

and identified liquid H2O, calcite, gypsum and native sulphur at the bubble-glass rim in 

some samples. They estimated up to 1190 ppm of S contained in the bubble but did not 

expand this further into volatile budget estimations. Esposito et al. (2016) were the first, if 

not only, study to address the effect of melt inclusion reheating on the bubble composition. 

However, they did not analyse the bubbles before reheating and therefore assumed all 

the phases in the bubble were present prior to reheating. This is a large and significant 

assumption.  

The study addresses two main questions: (1) Does reheating modify the 

composition of melt inclusion bubbles? We address this by analysing the vapour bubbles 

of crystallised olivine-hosted melt inclusions by Raman Spectroscopy before and after 

reheating experiments in order to track the compositional changes induced by the 

reheating apparatus. (2) How does the vapour bubble contribute to the total volatile budget 

of the melt inclusion? This is addressed through Raman analyses of bubble-bearing, 

glassy olivine-hosted melt inclusions to examine the migration of C–O–H–S volatiles from 

the melt to the vapour bubble during natural cooling. For both questions and samples, 

selected bubbles are imaged in 3D using Raman.  

6.1.2. Samples and Methods 

We chose primitive (Fo > 80) basaltic olivine-hosted melt inclusions that have been 

thoroughly investigated for their major, volatile and trace element contents and magmatic 

conditions from 3 volcanoes along the Garibaldi Volcanic Belt in western Canada (Mount 

Meager, Mount Cayley, Garibaldi Lake; see Supplementary material in Venugopal et al., 

2019 for detailed sample descriptions). The size and volume of bubbles and melt 
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inclusions were estimated using a microscope under transmitted light and Leica imaging 

software. Melt inclusion volumes were assumed to be ellipsoidal and the two observable 

axes were measured. The best estimate for the third unobservable axis was approximated 

using the smaller ellipsoidal axis measured in the microscope. Bubble volumes were 

assumed to be spherical, and calculated using measured diameters that were accurate to 

2 μm. The associated errors for these measurements size and volume is less than 10 %.  

To address question 1, eight crystallised melt inclusions from Mount Cayley and 

Garibaldi Lake were chosen. Melt inclusions were 15 – 30 μm, contained a vapour bubble 

that occupied < 10 vol % of the inclusion and daughter crystals that did not intersect the 

bubble (Figure 6.1a, b). To address question 2, seven melt inclusions from Mount Meager 

were chosen as they are large (20 – 40 μm), glassy and commonly contain a shrinkage 

bubble that occupied less than 10 % by volume (Figure 6.1c, d; Figure 6.3). Samples with 

vapour bubbles that occupied > 10 vol % were avoided as they likely do not represent 

primary vapour bubbles, or were entrapped as a separate phase (i.e, pre-existing bubbles; 

Moore et al., 2015). Raman spectra are more easily and efficiently obtained from small 

melt inclusions (< 25 μm) containing clear vapour bubbles. Smaller melt inclusions also 

avoid chemical gradients in the melt which is commonly observed for larger melt inclusions 

(Lu et al., 1995).  

This chapter contains two additional data tables, which are found in Appendix C.  
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Figure 6.1 The olivine-hosted melt inclusion pictured on the top row is from Garibaldi Lake and was 
taken a) before and b) after reheating experiments. The melt inclusion is 20 μm in diameter and 
contained a vapour bubble that was approximately 7 μm in diameter. Prior to reheating, the melt 
inclusion contained daughter crystals as a result of post-entrapment modifications. The melt 
inclusion was re-heated using a Vernadsky-type heating stage until the crystals disappeared, the 
melt was molten and the bubble began to move. At this point, the sample was quenched. The 
bubble diameter increased slightly upon quench, to a diameter of 9 μm. Primary Mount Meager 
melt inclusions are shown in c and d. Inclusions are large, up to 40 μm, and contained a vapour 
bubble.  

 

In total, 8 vapour bubbles (4 from Mount Cayley and 4 from Garibaldi Lake) were 

analysed before and after melt inclusion reheating. A 3D scan was performed in one 

sample from Garibaldi Lake prior to, and following, reheating.  The bubble of seven primary 

melt inclusions from Mount Meager were analysed with Raman, and three were imaged 

in 3D.   

20 µm 

20 µm 

a) b) 

c) d) 

40 µm 40 µm 
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This study will be supplemented with data from Venugopal et al. (2019), who used 

the same melt inclusion samples from Mount Cayley, Garibaldi Lake and Mount Meager. 

They analysed a set of melt inclusions for major, volatile and trace elements using Electron 

Microprobe and LA ICP-MS at LMV. Water and CO2 concentrations in the glass were 

analysed using the Secondary Ion Mass Spectrometer (SIMS) at CRPG Nancy. Raman 

analyses determined the amount of CO2 in the bubble. Detailed methodology of analytical 

instrumentation can be found in Venugopal et al. (2019). The present study adds to 

dataset with Raman spectral acquisitions, 3D mapping and Cu trace element analyses.  

Reheating experiments  

Individual olivine crystals from Mount Cayley and Garibaldi Lake were reheated at 

the Laboratoire Magmas et Volcans (LMV) in Clermont-Ferrand, France. Sample 

preparation included double polishing and mounting on sapphire discs. Olivines were 

progressively and rapidly heated to a constant temperature, between 1150 and 1200 °C 

using a Vernadsky-type heating stage containing a 1 atm gas-tight sealed furnace cooled 

by water. Pure He gas, purified by Zr metal at 973 K, was circulated through the furnace 

to maintain reducing conditions (fO2 < 10-10 atm) and inhibit oxidation of olivine occurs. 

Temperatures inside the furnace were recorded by a type-S thermocouple welded to the 

sample holder. Samples were held at a given temperature for 1 minute or less and as 

such, each experiment was approximately 15 minutes in total. Short duration experiments 

are in accordance with the study by Chen et al. (2011) in order to minimise water loss due 

to diffusion, and limit the decrease in volatile solubility that occurs due to the pressure 

decrease within softened crystals at high temperature (Schiavi et al., 2016). The maximum 

temperature of the reheating apparatus was 1200 °C and, in every case, the bubble 

remained, meaning a fully homogenised melt inclusion was not possible. Many 

apparatuses have similar maximum temperatures; therefore, the bubble likely remains in 

many reheating situations. Nonetheless, the aim of the study is to investigate the 

composition of the vapour bubble in equilibrium with the silicate melt and, as such, the 

sample was rapidly quenched once the bubble began to move inside the inclusion, 

indicating a molten silicate melt.  

Raman Spectroscopy 
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The composition of all vapour bubbles was analysed using Raman spectroscopy 

at LMV. In the case of Mount Cayley and Garibaldi Lake, the bubble was analysed before 

and after reheating in order to track any compositional changes. Spectra were collected 

using an InVia confocal Raman micro-spectrometer manufactured by Renishaw and 

equipped with a 532 nm diode laser (200 mW output power), a Peltier-cooled CCD 

detector of 1040 x 256 pixels, a motorised XYZ stage and a Leica DM 2500M optical 

microscope. Scattered light was collected via a back-scattered geometry. Laser power 

was periodically checked and reduced to 8 mW on the sample surface; so power was 

lower than this value in the bubble. A grating of 2400 grooves mm-1, a 100x microscope 

objective and a 20-μm slit aperture (high confocality setting) were used, which resulted in 

spectral resolution better than 0.4 cm-1 and in lateral and vertical spatial resolutions of ~1 

and 2-3 μm, respectively, near the sample surface. Vertical resolution decreases with 

depth mainly due to light refraction at the air/glass/bubble interfaces. Daily calibration of 

the spectrometer was performed based on a Si 520.5 cm-1 peak. The spectra were 

recorded using the Wire 4.2 software in the wavenumber range 60-1410 cm-1, which 

includes the vibrational frequencies characteristic for mineral phases, such as carbonates, 

sulphates, sulphides and silicates, for CO2 and SO2 gases (e.g. Frezzotti et al., 2012), and 

for the alumino-silicate network domain of glasses (e.g. Schiavi et al., 2018). Spectra were 

also collected in the 2800-3900 cm-1 region to detect H2O and/or OH molecules. Presence 

of thin films of liquid water inside the bubble was difficult to detect in some bubbles, 

especially in the smallest ones (< 10 µm), because of fluorescence or contamination of 

the spectrum by more intense glass water bands. Acquisition time for a single analysis 

ranged between 60 and 120 s.  

Before volume acquisitions, we performed depth profiles to define the vertical 

dimension of the 3D map. The selected volume was generally within 30 µm depth below 

the sample surface, so the signal/noise ratio remained high. The step between each point 

of analysis was 1-1.5 µm on the x- and y-axis and 1-2 µm on the z-axis. The total number 

of acquisitions for a single 3D map varied from 7000 to 16700. The acquisition time was 

set to 20 s/point and the spectra were centered at 850 cm-1. For spectra treatment, we first 

applied a polynomial baseline correction to the entire dataset. Then main peaks 

representative of different phases were selected to build the 3D map. Due to small size 

and transparency of the bubbles, the collected spectra generally show a mixture of signals 

coming from different phases. Therefore, for 3D reconstruction, the variation of the relative 
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peak intensities must be carefully evaluated to correctly assign Raman acquisitions to 

distinct phases. When the errors associated with 3D volume acquisition, spectra treatment 

and subsequent calculations are considered, the estimated total error on the obtained 

volatile budget is < 30%. 

Calculating the CO2 density  

The main gas phase was CO2 with peaks at 1282.73 – 1284.67 cm-1 and 1386.81 

– 1387.81 cm-1; this is referred to as the Fermi doublet (Kawakami et al., 2003; Frezzotti 

et al., 2012). The difference between the two main peaks (Δ) can be used to calculate the 

density of CO2, using the equation by Wang et al. (2011):  

 
	É�$2 = 47513.64243 − 1374.824414∆ + 13.25586152∆O

− 0.04258891551∆s 
(12) 

where ρCO2 is the density of CO2 (g cm-3) and Δ is the difference in wavenumber (cm-1) 

between the two peaks. The mass of CO2 can then be found by using the volume of the 

bubble measured under the microscope. The total amount of CO2 in the bubble relative to 

the glass can be calculated using the mass inside the bubble, the glass CO2 

concentrations, the volume of the bubbles and the volume of the melt inclusion (Tables 

C1 and C2).  

3D volumetric analyses: calculating the total amount of C and S in the bubble  

Volumetric analyses were preformed and calculated using ImageJ (Schneider et 

al., 2012) processing of slices through 3D scans. These slices, or cross sections, were 

taken at equal distances depending on the size of the bubble (every 1 or 1.5 um). Volumes 

between slices (called zones) were calculated using the distance between each slice and 

the different radii of each slice. For the top and bottom segment of the bubble, the volume 

was calculated using the equation for a hemisphere. Summing the total volume of all the 

zones plus the 2 hemispheres was similar to volume estimates assuming a spherical 

bubble. In most cases, the former method yielded lower values than the latter, and is 

considered to more accurately describe the exact bubble shape. From here, a global scale 

was applied to each set of slices through the vapour bubble and the area occupied by 

each phase was calculated in um2. The relative area percent was then calculated for each 
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phase and multiplied by the total volume of the zone between two slices, yielding the total 

volume of each phase. Summing the volume of each phase in each zone yielded the total 

volume in the vapour bubble.  

Using the volume estimates, the total amount of CO2, S, CaO and Fe can be 

calculated. Multiplying the volume by the density of the phase yields the mass in grams. 

From here, the relative elemental proportions of each phase yield the total grams of each 

element in a specific solid. Finally, summing up each element from all phases gives the 

total mass and wt% in the vapour bubble (Table C2). The volume and mass of the 

respective melt inclusion then yields the total proportion of CO2, S, CaO and Fe found in 

the bubble relative to the glass (Table C2). The total amount of CO2 calculated from 3D 

scans can be compared to the amount that was estimated based purely on CO2 fluid 

density (Fermi doublet).  

Laser Ablation Inductively Coupled-Plasma Mass-Spectrometry (ICP-MS) 

In-situ Cu trace element analysis of melt inclusions was also performed at LMV 

with a Resonetics M50 EXCIMER Laser and a 193 nm wavelength coupled to an Agilent 

7500cs ICP-MS (LA-ICP-MS). The standard glasses used were NIST 612, NIST 610 and 

BCR2-G. Raw data were processed with Glitter Software using CaO content as an internal 

standard. The analytical precision of measurements was stable, and accuracy was better 

than 20 % at a 95 % confidence level.  

6.1.3. Results  

Effects of reheating: before melt inclusion reheating  

Figure 6.2a shows an example of Raman spectra of bubbles at ambient 

temperature and pressure, before reheating. The main gas phase present is CO2, with 

densities varying from 0.17 to 0.42 g cm-3, corresponding to a mass between 5.4 x 10-11 

and 7.4 x 10-10 grams of CO2 in the bubble (Table C1). Figure 6.3a shows a positive 

relationship between vapour bubble size and the mass of CO2 in the bubble, while Figure 

6.3b shows a rough linear correlation between the melt inclusion and vapour bubble size. 

This suggests that the vapour bubbles are inherent to the melt inclusion system, were 

nucleated at the time of decompression and as such, contain CO2 that was originally 
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dissolved in the melt. Venugopal et al. (2019) analysed Mount Cayley and Garibaldi Lake 

melt inclusions for CO2 and found between 400 and 800 ppm CO2 in the glass. We use 

the same melt inclusion samples in this study, hence the glass CO2 content is considered 

representative. Therefore, using an average value of 600 (± 100) ppm, which is equivalent 

to 3.2 x 10-12 to 1.7 x 10-10 grams (depending on melt inclusion size) and assuming that 

the whole bubble is filled with fluid CO2, between 57 to 94 % of the total CO2 is found in 

the vapour bubble, before reheating. 

 

 

Figure 6.2 a) Raman spectra before reheating of the bubble in Figure 6.1a. The two phases present 
in the bubble are CO2 gas and anhydrite solids. b) Raman spectra of the same bubble after 
reheating. The volume of the bubble increases as well as the mass of CO2 within the bubble, 
However, the total density of CO2 decreases. Anhydrite solids present before reheating hydrates 
to form gypsum. Additional S enters the bubble and forms pyrite and SO2 gas. Delivered by S, Cu 
also diffuses into the bubble and forms covellite (not shown in this sample). 
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Water spectra were only obtained from 3 samples and show negligible water 

content inside the vapour bubbles. In our samples, anhydrite (CaSO4) is the dominant 

phase present in every single vapour bubble of Mount Cayley and Garibaldi Lake (Figure 

6.2a).  
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Figure 6.3. Previous page.  a) Mass of CO2 as determined by Raman spectroscopy versus bubble 
volume for all samples in this study. Mount Cayley and Garibaldi Lake data refer to values before 
reheating. b) Melt inclusion versus bubble volume for all samples in this study. Mount Cayley and 
Garibaldi Lake data refer to values before reheating. The linear correlation suggests that the vapour 
bubble is primary, was nucleated within the melt inclusion and contains CO2 gas that was exsolved 
from the glass. Lines indicate volume ratio between the melt inclusion and bubble; typically, the 
bubble comprises between 0.2 to 10 vol %. Volumetric proportions larger than this suggest the 
bubble is secondary or pre-existing and likely formed due to melt inclusion leakage, rupturing of 
the host crystal. 

 

Figure 6.4a shows a 3D scan of one vapour bubble from Garibaldi Lake (Brhm 33) 

prior to reheating. Anhydrite solids are mostly found at the bubble walls while CO2 gas 

remains confined within the centre of the bubble. The solids are consistently present along 

the interface with the glass, implying a partially complete shell of anhydrite (Figure 6.4a), 

which follows previous studies that have proposed that bubble-bearing solids reside on 

the bubble walls (Moore et al., 2015; Robidoux et al., 2018).  

Volumetric analyses show that CO2 occupies 42% of the total volume, while 

anhydrite occupies the remaining 58% as a shell. This corresponds to 39 wt% CaO, 20 

wt% S and 6 wt% CO2 (35 wt% Ca, 44 wt% O and 1 wt% C). As previously mentioned, 

using only the Fermi doublet on Raman spectra, 59 to 94% of the total CO2 is estimated 

to be in the vapour bubble. Using 3D scan volumes, we obtain a value of 33 % of the total 

CO2 (glass + bubble) in the bubble. Similarly, 2% of the total CaO and 38% of the total S 

is found in the vapour bubble.  

 

Z = 2 um Z = 3.5 um Z = 5 um 

a) 
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Figure 6.4. a) 3D scan of the bubble from Figure 6.1a and 6.2a, prior to reheating. This bubble is 7 
μm in diameter and contains two main phases prior to reheating: CO2 gas (red) in the centre of the 
bubble surrounded by a shell of anhydrite (pink; CaSO4). For simplicity, this scan shown as 3 slices 
through the bubble at depths of 2, 3.5 and 5 μm. b) 3D scan of the vapour bubble following 
reheating. For simplicity, slices of the 3D scan are shown at depths of 2, 4.5 and 7 μm. The diameter 
of the bubble increased to 9 μm; this was mirrored by an increase in the mass and a decrease in 
density of CO2 (red). The anhydrite shell (pink) breaks down and hydrates to form gypsum (green), 
however in this sample gypsum constitutes a small volume percent. Additional S enters the bubble 
and forms pyrite (yellow) and SO2 gas (teal). In this sample, SO2 persists from Z = 3 to Z = 6 μm. 
Delivered by S, Cu also diffuses into the bubble and forms covellite (not shown in this sample). 

 

Effects of reheating: after melt inclusion reheating  

Each olivine-hosted melt inclusion was reheated at the same rate and temperature 

at LMV. Though the bubble did not disappear during the experiments, the diameter 

increased by up to 30% (average 20% increase) corresponding to a volume increase of 

up to 120% (average 80% increase) upon quenching. This is a common natural 

phenomenon where the vapour bubble expands slightly upon eruption due to CO2 diffusion 

from the melt, and the drop in solubility during decompression (Moore et al., 2015; Wallace 

et al., 2015). The extent of bubble size increase is dependent upon the amount of CO2 in 

the melt that is able to diffuse before the glass transition temperature. For rapid quenching 

scenarios, however, the timescale is short enough to limit significant CO2 transfer from 

melt to bubble (Moore et al., 2015; Wallace et al., 2015). 

In all samples, the density of CO2 decreased by up to 50 % (average 30% 

decrease; 0.12 to 0.29 g cm-3) after reheating and quench. Combined with the increase in 

bubble volume, there is an increase in the mass of CO2 inside the bubble (up to 60% 

increase, average 30%; 5.9 x 10-11 to 7.7 x 10-10 grams; Table C1). Assuming that the 

bubble contains only fluid CO2, there is 69 to 95 % of the total CO2 is found solely in the 
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vapour bubble following reheating, which is consistent with the mass increase. It is clear 

that there is further transfer of CO2 from the glass into the bubble, either during the 

reheating process or during quenching.  

Additional compositional changes following reheating include the introduction of 

new S-bearing species into the bubble. Figure 6.2b shows that SO2, at 1151 cm-1, enters 

the bubble as a new gas phase following reheating. SO2 gas is present in most samples. 

Native S at 154 - 157 cm-1, 220 - 221 cm-1 and 461 - 462 cm-1, is also present in almost 

every sample. Fe-sulphides, commonly pyrite (FeS2) at 377 and 428 cm-1, with some 

instances of polymorphic marcasite (293 and 387 cm-1), are also present in several 

bubbles following reheating. One of the most interesting S-bearing solid species present 

after reheating is covellite (CuS), with a main peak at 471 cm-1 (Appendix C). Covellite is 

present in most bubbles and provides strong evidence that both volatiles and trace 

elements, such as Cu, are able to diffuse from the melt into the bubble during reheating 

experiments, on time scales less than 1 hour. Additionally, these S-bearing species (SO2, 

native S FeS2, and CuS) have contrasting oxidation states and thus suggest a mixed 

oxidizing-reducing environment after reheating, which is consistent with the findings by 

Gaetani et al. (2012).  

Comparing the two spectra in Figure 6.2 shows that anhydrite (CaSO4) transforms 

to gypsum (CaSO4·2H2O) through hydration. This hydration process is also accompanied 

by a volume increase which, as previously mentioned, is observed in each bubble after 

reheating. 

Figure 6.4b shows a 3D scan of the same vapour bubble (Brhm 33) as Figure 6.4a 

but following reheating. CO2 gas is still concentrated towards the centre of the bubble with 

various phases distributed throughout. Both gypsum and anhydrite are found closely 

associated in this particular sample. The persistence of anhydrite following reheating may 

be due to the availability of water in the glass as it is a limiting factor in the formation of 

gypsum. Venugopal et al. (2019) found very low water contents in the glass of Mount 

Cayley and Garibaldi Lake melt inclusions, between 0.1 and 1 wt%, with only one inclusion 

containing 2 wt%. Pyrite is shown growing in its cubic form closer towards the bubble 

centre (Figure 6.4b). SO2 gas is concentrated at the centre of the bubble. All chemical 

reactions will be detailed in the discussion.  
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One of the most interesting aspects of the 3D scan following reheating is 

examining the physical re-distribution of elements and phases within the bubble to 

compare the total elemental budget in the bubble before and after reheating. Comparing 

the 3D scan of the re-heated melt inclusion (Figure 6.4b) to the non-re-heated melt 

inclusion (Figure 6.4a) clearly shows the significant compositional change the bubble 

experiences.  In terms of volumetric proportions, the re-heated bubble contains 67% CO2, 

14 % pyrite, 9 % SO2, 8 % anhydrite and only 1 % gypsum (Table C2). The volumetric 

increase of CO2 follows with the increase of mass in the bubble following reheating (from 

42 to 67 vol %). These volume proportions correspond to 11 wt% CaO, 42 wt% S and 16 

wt% CO2 (7 wt% Ca, 22 wt% O and 4 wt% C; Table C2). Using this volume of CO2 gas, 

the amount of CO2 in the bubble, relative to the melt inclusion as a whole, increases to 

50% (before reheating there was only 33 % of the total CO2 in the bubble). The amount of 

S also increases with 79% residing in the bubble. The appearance of pyrite and gypsum 

yields 2 % of the total Fe and 0.25 % of the total water found in the bubble (Table C2). 

Conversely, there is a decrease in the amount of CaO in the bubble relative to the melt 

inclusion (0.5 %; Table C2). The increase in the total budget of C and S in the vapour 

bubble following reheating will be detailed further in the discussion.   

Volatile budgets 

The density of CO2 within Mount Meager vapour bubbles varies between 0.12 and 

0.4 g cm-3. Assuming a spherical bubble, this corresponds to a mass of CO2 between 1.3 

x 10-10 to 2.1 x 10-9 grams (Table C1). Positive correlations between vapour bubble size 

and the mass of CO2 (Figure 6.2a) and melt inclusion size (Figure 6.3b) again suggest 

that the bubbles are primary and contain CO2 gas that was exsolved from the glass. 

Venugopal et al. (2019) measured CO2 in the glass for 14 Mount Meager melt inclusions 

and found a range between 750 to 1700 ppm. Since we use the same melt inclusions in 

the present study, we consider the glass values to be representative. Thus, using the 

average value of 1200 (± 200) ppm CO2 in the glass and only the Raman spectra, the 

amount of CO2 in the vapour bubbles in this study represents 16 to 85 % of the total CO2 

content of the melt inclusion.  

The primary melt inclusions from Mount Meager were originally chosen to serve 

as a control group to determine how impactful reheating experiments would be on the 

composition of the vapour bubble. However, Raman spectra reveals that even primary 
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bubbles contain significant proportions of both C- and S-bearing solids (Figure 6.5). Every 

vapour bubble contains carbonates (mainly Mg-calcite (Ca, Mg)CO3 and/or siderite 

FeCO3), anhydrite and pyrite. A few samples also contain marcasite (MMA 100) and/or 

nahcolite NaHCO3 (found in MMA 200 and 300). Samples MMA 100 and 200 contain both 

anhydrite and gypsum. A broad spectral band generally suggests poorly formed crystals 

of gypsum, but in MMA 200 a few well crystallised grains are present (Figure 6.5).  

 

Figure 6.5 Raman spectra of a primary bubble from Mount Meager (MMA100) reveals that CO2 is 
accompanied by pyrite (with polymorphs of marcasite), anhydrite, gypsum and carbonate. In this 
specific sample, anhydrite and gypsum form a broad band, which is indicative of poorly formed 
crystals. 

3D scans (Figure 6.6) show similar phase distributions as seen in Figure 6.4b, i.e., 

the vapour bubble following reheating. There is a well-formed shell of either pyrite or 

carbonate with a centre filled with CO2 gas (Figure 6.6). Both gypsum and anhydrite are 

found both at the bubble rim and towards the centre of the bubble (Figure 6.6). 

Volumetrically, CO2 occupies between 28 and 43 % of the bubble. Anhydrite and gypsum 

are volumetrically minor at a maximum of 3 and 13 %, respectively. The vapour bubble of 

MMA 100 (Figure 6.5, 6.6) has a pyrite shell which takes up 61 % of the space whereas 

the bubble of MMA200 (not shown) has a carbonate shell, which occupies 48 %.  

Collectively, there is between 9 - 47 wt% CaO, 6 - 50 wt% S, 4 – 41 wt% CO2 and 4 - 43 

wt% Fe within the bubble (Table C2). Of the total melt inclusion components, the bubble 

represents between 0.7 and 6.8 % CaO, up to 5.7 % H2O, 3 - 93 % S and up to 31 % Fe 

(Table C2). Similar to literature estimates, there is between 38 and 81 % of the total CO2 
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in the primary vapour bubble (Table C2). These CO2 proportions are consistent with 

Raman spectra calculations, mentioned above. Considering the 3 samples with 3D scans 

and using only Raman spectra (i.e., Fermi doublet), the total amount of CO2 in these 3 

melt inclusions is 1426 to 6947 while 3D scans yield similar estimates with 1454 to 6203 

ppm.  

 

Figure 6.6 3D scan of the primary bubble from Mount Meager (MMA100). The diameter of the 
bubble is 9.5 μm and slices are shown at depths of 2, 4.5 and 7 μm. Pyrite (yellow) forms a shell 
around the bubble and encloses a centre of CO2 gas (red), anhydrite (pink), marcasite (grey) and 
carbonates (cyan and dark blue). Since anhydrite and gypsum form a broad band (Figure 5), it is 
difficult to differentiate them in the 3D scan. Water was not detected in the bubble except in the 
molecular form attached to gypsum.  

6.1.4. Discussion 

Does reheating modify the composition of a melt inclusion? 

There are clear chemical reactions occurring both in the bubble and the melt 

inclusion during reheating experiments. The main mechanism through which many of the 

phases appear post-reheating is through diffusion and reaction of elements from the melt 

inclusion. We estimate the reactions to be:  

	7NX?Ñ	(kÖkkÜK) 	+ 		2QO?	(>ÜNáá) → 7NX?Ñ	 ∙ 2QO?(kÖkkÜK)			(1) 

	7ÖOe(>ÜNáá) +		2XO&	(>ÜNáá) → 7ÖX	(kÖkkÜK) +	X	(kÖkkÜK)				(2)	 

	X?ÑO&(>ÜNáá) + 4JK?	(>ÜNáá) → X?O(kÖkkÜK) + 2JKO?s(>ÜNáá)			(3) 

JK?	(>ÜNáá) → JKOe(>ÜNáá) + ?O&(>ÜNáá)		(4N) 

Z = 2 um Z = 4.5 um Z = 7 um 
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2JKOe(>ÜNáá) + 2?O&(>ÜNáá) + 5X	(>ÜNáá) → 	2JKXO(kÖkkÜK) + X?O(kÖkkÜK)			(4k)	 

Brackets on the reactants side indicates the source of the chemical species (either 

the glass or the bubble), while brackets on the product side indicates the destination.  

Water loss  

Reaction 1 outlines the hydration of anhydrite inside the bubble during reheating 

to form gypsum. The hydration of anhydrite is known to occur slowly in natural cases at 

relatively low temperatures (between 60 to 100˚C; Farnsworth, 1925) but is easily 

accelerated at elevated temperatures (Klimchouk, 1996). This hydration process is also 

accompanied by a volume increase, which, as previously mentioned is observed in each 

bubble after reheating. As no water (or a very small amount) was detected in the bubble 

before reheating, the only possible source of H2O is from the melt. This process implies 

water loss from the glass to the vapour bubble during reheating. First shown by Chen et 

al. (2011), a significant amount of H2O is able to diffuse out of the melt inclusion and 

through the host olivine in timescales less than 4 hours, for reheating experiments 

conducted between 1200 and 1500 °C. Similarly, Gaetani et al. (2012) investigated the 

natural rate of H2O and fO2 equilibration of melt inclusions with the external magma. 

Though both experimental (Chen et al., 2011) and natural (Gaetani et al., 2012) cases 

show that water loss from the melt inclusion to the host crystal occurs on timescales 

shorter than magmatic ascent and eruption, neither considered water loss to the vapour 

bubble. Our experiments show that the glass can lose water to the bubble on timescales 

less than 40 minutes when heated to 1200 °C. This can then be applied and extrapolated 

to primary melt inclusions and vapour bubbles that have been naturally held at high 

temperatures over geologically short time periods. Both the aforementioned studies advise 

caution when considering melt inclusion water contents to be representative of the original 

magma at depth.  

Trace element diffusion 

Reaction 2 describes the diffusion of Cu from the melt into the bubble to form 

covellite solids. As copper is a chalcophile element, it is likely transported into the bubble 

with sulphur. The diffusion of copper has been experimentally shown to be rapid (in a 

matter of days) within quartz-hosted melt inclusions (Kamenetsky and Danyushevsky, 



 
 

143 

2005; Zajacz et al., 2009; Audetat and Lowenstern, 2014; Rottier et al., 2017). Similarly, 

plagioclase-hosted melt inclusions are seen to contain significantly higher Cu contents 

than other melt inclusions hosted in co-precipitated crystals, which is primarily due to the 

fast mobility of Cu in plagioclase (Halter et al., 2005; Zajacz and Halter, 2007; Agangi and 

Reddy, 2016). Audetat et al. (2018) conducted experiments to determine the diffusion 

coefficients of Cu in various phenocryst-hosted melt inclusions. Experimental setup 

matched natural conditions with temperature and oxygen fugacity up to 1200 °C and QFM-

0.7, respectively.  Diffusion rates on the order of 10-13 to 10-15 m2s-1 were measured for 

olivine-hosted melt inclusions (Audetat et al., 2018). Applying these rates to our 

experiments and assuming Cu diffusion becomes significant at temperatures between 900 

and 1200 °C, Cu ions from the glass would be able to diffuse over an area of 1.2 to 120 

um2. These values are well within the surface area of our melt inclusions. In terms of 

natural cases, olivine-hosted melt inclusions would be held at high temperatures for 

significantly longer timescales, therefore allowing more Cu to enter the bubble.   

These results may have implications for mineral exploration. Porphyry copper 

deposits (PCD) are Cu-rich orebodies formed by the precipitation of melt sulphides from 

hydrothermal fluids derived from shallowly emplaced (crustal; 1 – 5 km) silicic magma 

bodies over 10’s to 100’s of thousands of years (Chelle-Michou et al., 2017; Blundy et al., 

2015). The amount of metals, especially Cu, that degasses from the magma has a direct 

control on the economic potential of the resulting PCD. Arc basalts typically contain 90 

ppm Cu (Lee et al., 2012) and, with progressive differentiation under oxidised conditions, 

the resulting silicic magma is much more enriched in Cu (Blundy et al., 2015). At 

saturation, Cu will partition into the vapour phase along with other metals. However, recent 

experimental studies have proposed that Cu concentrations in quartz-hosted fluid 

inclusions from PCDs are too low to represent the original concentrations in the trapped 

fluids and are a result of post-entrapment diffusion through the host (Seo and Heinrich, 

2013). Our findings show that arc basalts may contain much more than 90 ppm Cu. 

However, with differentiation, saturation and exsolution, Cu may easily partition into the 

vapour bubble. As such, we also show that the apparently low concentrations of Cu in fluid 

inclusions from magmatic–hydrothermal ore deposits are a misrepresentation of the total 

Cu in the system, since a significant proportion may be trapped in the bubble. We propose 

that longer residency timescales of silicic intrusions will have even lower apparent Cu 

concentrations as a higher proportion would have diffused, or partitioned, into the bubble.  
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Oxidation of the glass and the formation of Fe sulphides 

Reaction 3 dictates an important change in oxidation during reheating and outlines 

the mobilisation of Fe. In the glass, SO4
2- degasses and liberates SO2, which then migrates 

into the bubble. During this degassing, FeO in the melt oxidizes to Fe2O3, significantly 

changing the fO2 of the melt inclusion. This was previously shown by Gaetani et al. (2012) 

through the use of hydration and dehydration experiments. The oxygen fugacity of 

naturally glassy melt inclusions can rapidly (£ 20 hours) re-equilibrate to the external 

environment in response to even minor perturbations in the external magma or magmatic 

conditions (Gaetani et al, 2012). Therefore, re-heated melt inclusions would not yield 

accurate oxygen fugacity estimates of the magma at depth. In our study, we similarly 

demonstrate that the oxidation of FeO to Fe2O3 implies that the iron ratio (i.e. Fe3+/SFe) 

and the subsequent calculation of oxygen fugacity of the re-heated melt cannot be 

considered representative of the magma at depth. Furthermore, the diffusion of Fe2+ to the 

vapour bubble during reheating experiments, and the associated loss from the glass, is 

similar to another form of re-equilibration process commonly referred to as Fe-loss 

(Danyushevsky et al., 2000). Through the comparison of whole, rock, quenched glass and 

melt inclusion FeOt contents, Venugopal et al. (2019) show that Mount Meager melt 

inclusion do not experience Fe-loss, which is Fe diffusion out of the melt inclusion entirely. 

Conversely, the diffusion of Fe2+ from the glass into the bubble can be considered as “Fe-

migration” and is rapid enough to occur on timescales of 15 minutes or less.  

Reaction 4a and 4b illustrates how Fe2+ in the glass migrates into the bubble and 

contributes to the formation of Fe sulphides. In addition to pyrite (and marcasite), another 

product of this reaction is SO2 gas in the bubble, meaning SO2 can be formed either one 

of two ways in the bubble (Reactions 3 and 4b). Pyrite and marcasite are metastable 

polymorphs at temperatures below 450 °C (Lennie et al., 1992 and references therein). 

Above this temperature, only pyrite is stable. Moreover, 3D scans show well formed, cubic 

pyrite crystals and thus implies the slow and euhedral growth of pyrite during reheating. 

Marcasite is only present in a few vapour bubbles, always associated with pyrite and is 

often represented by broad peaks in the Raman spectra, suggesting poorly formed 

crystals. Therefore, marcasite crystals likely formed through the rapid transformation of 

pyrite when the olivine was quenched.  The presence of Fe sulphides in the vapour bubble 

is physical proof of Fe migration from the glass during experimental reheating and 
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highlights the rapid nature of Fe diffusion in basaltic melts. This can then be extrapolated 

to natural cases and applied to the formation of the primary bubbles of Mount Meager. 

The natural pyrite shell in most Mount Meager samples likely formed during magmatic 

storage where melt inclusions naturally and slowly re-heat. This has significant 

implications as it is first contrary to the current theory which states that pyrite 

hydrothermally forms in vapour bubble (Robidoux et al., 2018). Furthermore, it also implies 

that the Fe and S in the vapour bubble represents a “loss” from the melt inclusion and are 

major components of the total volatile budget. This is discussed further below.  

Total volatile budget  

In terms of carbon, CO2 gas and carbonates in the primary bubbles of Mount 

Meager yield a total CO2 content between 1450 and 3800 ppm in the melt inclusion (Table 

C2). Consistent with Venugopal et al. (2019) who found 1300 – 6500 ppm total CO2 in the 

melt inclusion, these values suggest a vapour saturation at or above 5 kbar (Newman and 

Lowenstern, 2002). This is significantly higher than pressure estimates based solely on 

the glass CO2 content and thus highlights the importance of quantifying the volatile content 

of the bubble. Moreover, the slight alkalic nature of Mount Meager basaltic magmas allows 

for a higher CO2 solubility (Dixon, 1997) and supports a magmatic origin for the total 

carbon content.  

The presence of anhydrite in the Mount Cayley and Garibaldi Lake bubble prior to 

reheating as well as the Mount Meager primary bubbles implies sulphate saturation within 

the melt prior to bubble nucleation. The first observations of igneous anhydrite were noted 

in the early 1982 eruption of El Chichon and the 1991 eruption of Pinatubo (Jugo et al, 

2005; Gerlach et al., 1996 and references therein). Since then, experimental investigations 

have shown that sulphates are the primary stable S-bearing phases at fO2 above the NNO 

buffer (Carroll & Rutherford, 1985, 1988; Luhr, 1990). At 1 atm anhydrite is stable until 

1200˚C at FMQ +1.4 to +2.2 (Carroll and Rutherford, 1988; Beermann et al., 2011; Jégo 

and Dasgupta, 2015), while anhydrite-saturated melts contain up to 2300 ppm S at 2 kbar, 

at the NNO buffer and above 1000˚C (Carroll and Rutherford, 1988). Using the melt glass 

compositions analysed by Venugopal et al. (2019), olivine - glass equilibria (eqn 13 from 

Putirka (2008)) and the volatile saturation model by Papale et al. (2006), the magma 

beneath Mount Meager resides at 2 – 5 kbar, 1050 – 1140 ˚C and NNO + 0.74. Therefore, 

stable anhydrite within the bubble suggests bubble nucleation temperatures between 
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1000 to 1200˚C under oxidising conditions, which is consistent with the Mount Meager 

magmatic conditions. Combined with the presence of pyrite, there is a unique sulphur 

speciation within the Mount Meager bubbles. Based on the sulphur peak measured within 

the glass of Mount Meager melt inclusions, the speciation of sulphur transitions between 

S2- and S6+ (Figure 6.7; Metrich and Clocchiatti, 1996). This suggests that the melt can 

contain both sulphides and sulphate, especially under the intermediate oxidising-reducing 

conditions measured beneath Mount Meager (Carrol and Webster, 1994). The total 

sulphur content of Mount Meager melt inclusions is up to 2.3 wt%, indicating a sulphur 

oversaturated basaltic melt, which is consistent with the presence of sulphide globules.  

 

Figure 6.7 S6+/∑S of Mount Meager melt inclusion glasses, calculated from the S peak, show that 
the speciation of sulphur is both S2- and S6+. Based on this intermediate fugacity, both pyrite (S2-) 
and anhydrite (S6+) are stable in the vapour bubble. Data from Venugopal et al. (2019) and Metrich 
and Clocchiatti (1996).  

 

The presence of pyrite in vapour bubbles has been previously reported (Esposito 

et al., 2016; Robidoux et al., 2018) but as minor constituents and products of a brine 

interacting with the vapour bubble as the solids were only assumed to be found along the 

bubble rim. Our 3D scans show that solid phases within a primary vapour bubble can also 

be pervasive throughout the bubble. Furthermore, reheating experiments have provided 

insight into the process of Fe-migration, which can support a magmatic origin for the 

significant proportions of pyrite. Adding the sulphur from the vapour bubble to the melt 
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inclusion budget yields a total content between 2700 and 23,000 ppm (0.27 to 2.3 wt%; 

Table C2). The diffusion of S from the glass and the formation of S-bearing phases in the 

bubble likely represents the necessary exsolution processes when the glass reaches 

sulphur saturation. Natural examples of S-rich magma include Lascar volcano and its 1989 

eruption containing up to 0.4 wt% of S in the glass (Andres et al., 1991; Matthews et al., 

1999) and 0.3 wt% dissolved in the primitive inclusions from Etna and Vulcano (Allard et 

al., 1994 and references therein). Moreover, experiments by Carroll and Rutherford (1985) 

have shown that up to 0.5 wt% S can be dissolved in oxidised basaltic melts at 5 kbar. 

The magma reaches saturation and sulphur begins to exsolve. In the magma, exsolution 

creates sulphur globules. Our results show that significant sulphur exsolution can also 

occur in the melt inclusion; sulphur exsolves from the glass and deposits solid S-bearing 

phases within the bubble.  

Contribution to the excess sulphur problem 

Since the 1991 eruption of Mount Pinatubo, there has been considerable attention 

paid to the idea of excess degassing, particularly sulphur degassing (e.g., Wallace, 2001; 

Scaillet et al., 2003). Using data for sulphur in melt inclusions and in groundmass glasses 

allows for the estimation of how much sulphur would be released during an eruption, 

knowing the total volume of erupted magma. Comparison of such “petrologic” estimates 

with SO2 emissions measured by remote sensing techniques has led to a difference 

concerning the S mass balance during volcanic eruptions: the so-called “excess sulphur 

problem” (Andres et al., 1991). Concentrations of dissolved S in pre-eruptive magmas 

measured in melt inclusions are commonly far too low (by 1 to 2 orders of magnitude) to 

account for the total mass of SO2 released during an eruption (Wallace et al., 2005). More 

than the tectonic setting, the pattern of excess degassing is globally controlled by the 

composition of the magma and the eruption style. Explosive mafic and felsic eruptions 

(Plinian and Vulcanian) at subduction zone settings typically experience significant excess 

degassing. Rift and hot spot settings only experience excess degassing in the case of 

explosive rhyolitic magma (e.g. Hekla 1104 AD; Shinohara, 2008). Effusive basaltic 

eruptions at rift zones do not show considerable excess. Nonetheless, this still-debated 

discrepancy could be related to (i) the degassed and un-erupted magma that becomes 

stored in a deep reservoir, (ii) to the presence of a sulphur-rich immiscible fluid phase at 

depth (Luhr et al., 1984; Andres et al., 1991; Gerlach et al., 1994; Wallace, 2003, 
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Shinohara, 2008) and/or (iii) to an underestimation of the sulphur content measured in 

melt inclusions (e.g. Moune et al., 2007). Indeed, petrological estimates only consider the 

sulphur originally dissolved in the silicate liquid (melt) portion of the magma and does not 

consider any sulphur-rich immiscible phase or sulphur in the bubble. This present study 

shows that primary bubbles could contain up to 93 % of the total melt inclusion sulphur 

content. This relatively hidden source of sulphur could reasonably account for this excess 

degassing. Using the example of the explosive basaltic eruption of Chikurachki (Russia) 

in 1986, the total amount of SO2 released into the atmosphere was measured to be 0.7 

metric tonnes while the petrological estimate of SO2 was only 0.5 metric tonnes 

(Shinohara, 2008; Bluth et al., 1993; Gurenko et al., 2005).  Assuming that the vapour 

bubble of these melt inclusions contained similar quantities of sulphur measured here, the 

petrologic estimate would increase by up to 93 %, thereby matching the amount of SO2 

released during the eruption; no excess degassing is required. However, when 

considering the 1991 eruption of Pinatubo, the petrological estimate of total emitted SO2 

was 0.28 metric tonnes while the measured output was 20 metric tonnes (Shinohara, 

2008). Even if we consider that 93 % of the total sulphur is trapped in the bubble, 

petrological estimates increase to 3.8 metric tonnes. However, this eruption was dacitic 

and our results likely pertain to basaltic magma. This suggests that there may be more 

sulphur trapped in the bubbles of felsic melt inclusions. This is consistent with Jugo (2009) 

where the sulphur content at sulphide saturation (SCSS) is positively correlated with the 

FeO content of the glass. Overall, the main uncertainty in these estimates is the 

assumption of sulphur saturation in the magma and the exsolution to form various sulphide 

phases in the vapour bubble. 

6.1.5. Conclusions  

Reheating experiments induce significant compositional changes in the melt 

inclusion and vapour bubble 

Melt inclusion reheating is a common way to reverse melt inclusion crystallisation 

and retrieve the original magma composition. However, whether these experiments affect 

the vapour bubble composition is a hypothesis still left untested. Melt inclusion vapour 

bubbles have received more attention in recent years due to the detection of 40 – 90 % of 

the total CO2 in the bubble itself through Raman spectroscopy. This advance has led to 



 
 

149 

the detection of other solid phases and has shown that quantifying the bubble is 

increasingly important for accurate volatile budget studies.  

Eight vapour bubbles were analysed with Raman before and after reheating 

experiments. Raman spectra and 3D scans before reheating reveal at least two distinct 

phases: CO2 gas surrounded by an anhydrite shell. Concurrent with literature estimates, 

CO2 in the bubble represents 33 to 94 % of the total CO2 in the melt inclusion. Following 

reheating, there are significant compositional changes facilitated by major, trace and 

volatile elemental diffusion from the glass. These elements include Fe, Ca, Cu, S and H2O 

and lead to the formation of native S, pyrite, carbonates, covellite, SO2 and gypsum within 

the bubble. These results suggest that unless the melt inclusion is fully homogenised (i.e., 

the bubble disappears) the composition of the melt inclusion is not representative of the 

primary magma due to elemental diffusion through the glass. However, it is not usually 

feasible for reheating apparatus to reach temperatures that are capable of fully 

homogenising the inclusions. In such cases, high pressure heating stages would likely be 

the most reasonable solution, but the effect of these heating conditions has yet to be tested 

on melt inclusion and vapour bubble compositions.   

Timescales of porphyry copper deposit formation have been shown to be rapid, on 

timescales of 75 to 170 k.y. (Cernuschi et al., 2018). Our results show that over this time 

period, there may substantial Cu diffusion out of the magma and into melt or fluid inclusion 

bubbles. This increases the quantity of magma required for ore deposit formation, since a 

significant proportion of Cu may be trapped in the bubble. However, significant Cu 

diffusion also leads to erroneously low Cu contents in the magma that appear to require 

post-entrapment modifications to account for it. When prospecting for PCD, we propose 

that small volume and/or long-lived plutons have likely lost Cu to vapour bubbles and are 

likely no longer economic.  

The contribution of the vapour bubble to the total melt inclusion volatile 

budget  

The primary bubbles in this study also contained similar phases as re-heated 

bubbles, which contribute to the overall volatile budget. Across 3 samples, 32 to 81 % of 

the total CO2 content resides in the bubble. The co-existence of pyrite, anhydrite and 

gypsum reflects the intermediate speciation of sulphur, with both S6+ and S2- present. 
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Between these two phases, up to 93 % of the total melt inclusion S content is found in the 

bubble. Reheating experiments have shown that Fe and S are readily able to diffuse from 

the glass to the bubble over timescales of 40 minutes, at temperatures between 400 and 

1200 °C. Therefore, extrapolation to natural cases suggests that a significant amount of 

both elements can diffuse into the bubble and form pyrite and anhydrite. Additionally, 

temperature, pressure and fO2 conditions calculated from the melt inclusion compositions 

support a magmatic origin for both phases, which has important implications for the 

definition of the “excess sulphur problem.” Considering the sulphur in the bubble could 

explain some discrepancies between the petrological method and remote sensing 

measurements.  

6.1.6. Implications  

Our study cautions the use of re-heated melt inclusions as representative of the 

original magma. The findings further highlight the importance of melt inclusion vapour 

bubbles and their contribution to the overall volatile budget. Though we only use olivine-

hosted melt inclusions, we expect similar phases to be present within melt inclusions 

hosted in other phenocrysts. The main differences we expect would be the amount of 

gypsum and pyrite present, which is dependent upon H2O and FeO contents of melt 

inclusions, respectively.  
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6.2. Can the Vapour Bubble Bridge the Gap Between Melt 
Inclusions and MultiGAS?  

6.2.1. Introduction  

The exsolution and expansion of volatiles provides the driving force of volcanic 

eruptions. Since the amount of volatiles dissolved in a magma is significantly greater than 

the quantity needed to generate explosive eruptions, the depth and mechanisms of 

magma-gas differentiation is one of the most important parameters controlling eruptive 

dynamics. The variability of CO2, H2O, S and halogens dissolved in a basaltic melt is due 

to their solubility, which is in turn dependent upon temperature, pressure and redox 

conditions (Metrich and Wallace, 2008). Additionally, the composition of gases emitted at 

the surface is dependent upon the style of degassing (open vs closed system degassing). 

Closed-system degassing involves the ascent of magma with its gas bubbles entrained 

while open-system degassing is defined by the segregation of the gas from the melt 

(Metrich and Wallace, 2008; Dixon et al. 1995). The molar ratio of emitted gases is also 

dependent upon the presence of a hydrothermal system. Without the hydrothermal 

system, volcanic gases are emitted at higher temperatures, and are generally sulphur rich 

and include SO2, H2O, CO2, H2, HCl and HF (Fischer and Chiodini, 2015). If ascending 

gases interact with the hydrothermal system, then they are emitted by low temperature (< 

400 ºC) fumaroles, bubbling springs and mud pools on volcano flanks (Fischer and 

Chiodini, 2015). Lower sulphur contents in hydrothermal gases are primarily due to the 

phenomena of sulphur scrubbing, whereby ascending SO2 gas reduces to H2S due to 

interactions with fluids and rock (Symonds et al., 2001).  Additionally, hydrothermal gases 

are much more water-rich, acidic and include the emission of CH4 and H2S (Fischer and 

Chiodini, 2015). In terms of the molar ratio, H2O/CO2 is similar with or without the influence 

of the hydrothermal system (Fischer and Chiodini, 2015).  However, due to the low 

solubility of CO2, gases passing through a hydrothermal system have a very low C/S ratio.  

The measurement of volcanic gases at the surface, combined with melt inclusion 

compositions, provides insight into the style of degassing and magmatic storage 

conditions. It also yields information about whether there is an influence by the 

hydrothermal system, or external forcing such as rain or groundwater. It is therefore 

necessary to have an accurate record of the magma composition at depth since the 



 
 

152 

dissolved volatile content exerts a strong control on the gases emitted at the surface. The 

previous chapter outlined how melt inclusion vapour bubbles act as a hidden reservoir for 

magmatic volatiles. Up to 81% of C and 93% of S of the melt inclusion total is found in the 

bubble alone. These values have significant implications for the total volatile budget, but 

more importantly for volcanic gas emissions. This chapter applies these findings to a 

natural case study and compares melt inclusion data with volcanic gases measured at the 

surface. Gas modelling programs, MagmaSat and SolEx (Whitman et al., 2012; Ghiorso 

and Gualda, 2015), complement the melt inclusion data, and provide the theoretical 

degassing pathway of the magma with the bubble phases included. Discrepancies 

between melt inclusions, gas models and MultiGAS, are discussed with a potential 

influence by the hydrothermal system.  

6.2.2. Geological Background  

The Garibaldi Volcanic Belt (GVB), located in southwestern British Columbia, is a 

Quaternary-aged dormant glaciovolcanic belt that extends northward from the Cascade 

magmatic arc in Western USA. Volcanism is caused by the subduction of the young (<11 

Ma) Juan de Fuca plate beneath the North American plate (e.g., Green et al., 1988; Rohr 

et al., 1996). There are at least eight separate volcanic complexes within the GVB 

including stratovolcanoes, isolated flows, domes, spines, cones and tuyas (Kelman et al., 

2002). The three major centres, Mount Meager, Mount Cayley and Mount Garibaldi are 

terminated in the north by the vent fields of the Bridge River and Salal Creek cones (Figure 

6.8a; Hildreth, 2007). Most volcanic deposits are Miocene to Holocene in age and range 

in composition from basalt to rhyolite (Kelman et al., 2002).  
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Figure 6.8. a) Map of the Garibaldi Volcanic Belt and b) the Mount Meager Volcanic Complex. Right 
image from Hickson et al. (1999).   

 

The Mount Meager Volcanic Complex (MMVC), located 150 km north of 

Vancouver, British Columbia, is an intensely glaciated complex of deeply eroded 

fragments from numerous episodes of activity (Figure 6.8b). The MMVF hosts a broad 

compositional range, from alkaline olivine basalt to rhyodacitic centres. Mount Meager, 

the dominant edifice, was the site of the most recent postglacial eruption within the GVB 

in 2360 B.P. based on radiocarbon dates (Campbell et al., 2016). This explosive 

subplinian eruption deposited fine grained distal products as far as 530 km eastward from 

the source (Nasmith et al. 1967; Westgate and Dreimanis 1967; Hickson et al., 1999). 

Proximal deposits include a dacitic array of fallout pumice, pyroclastic density currents, 

welded breccias, lahars and a lava flow (e.g., Hickson et al., 1999). Collectively, the 2360 

B.P. eruption created the Pebble Creek Formation (previously known as the Bridge River 

Assemblage) (e.g., Hickson et al., 1999). The vent source for this eruption, which is on 

Plinth Peak, has been deeply eroded and is no longer exposed.  

Mount Meager is considered dormant, but fumaroles at the summit have been 

previously reported in the 1930s. During this time, the emitted gases were hot and acidic 
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enough to melt through the ice and create channels and ice caves.  Colder temperatures 

caused the overlying ice cap to thicken, thus concealing the fumaroles. Starting in 2016, 

warmer weather patterns have consequently caused the ice cap to thin, thus re-revealing 

the underlying summit fumaroles (Figure 6.9). Fumarolic gas emissions can cause melting 

and sublimation of the ice, and lead to the formation of fumarolic ice caves (Curtis and 

Kyle, 2011, 2017; Ilanko et al., 2019). Apart from preliminary geothermal investigations, 

this study represents the first gas survey within the MMVC. Although these fumaroles are 

not an implicit sign of reactivation, it is nevertheless an indication of unrest. It is therefore 

imperative to begin monitoring this complex and gain deeper geochemical knowledge in 

the event of any future eruptive precursors. Monitoring gas emission from ice-covered 

fumaroles can identify variations in heat flow and degassing due to changes in the shallow 

magmatic or hydrothermal system (Ilanko et al., 2019). Here we present a comprehensive 

overview of the MMVC by combining the first melt inclusion analyses with fumarole 

emission data to delineate the degassing pathway of ascending magma and volcanic 

gases.  

 

Figure 6.9. Image of the three main summit fumaroles at Mount Meager. Fumarole 1 is the main 
degassing vent, with 2 smaller peripheral vents (Fumaroles 2 and 3). Photo taken on September 
11, 2016.  
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6.2.3. Samples and Methods 

MultiGAS  

The re-appearance of summit fumaroles prompted the first in-situ MultiGAS (Multi 

Component Gas Analyser System; Shinohara, 2005; Aiuppa et al., 2005) survey within 

the GVB. This instrument, built at Simon Fraser University (SFU), Canada, consists of two 

separate waterproof Pelican cases: one houses the gas sensors and the other contains a 

power supply and computer for real-time display and collection of the gas compositions 

(Figure 6.10a; Vigouroux et al., 2013). The gas sensors include two Alphasense non-

dispersive IR (NDIR) detectors for CO2 (calibration range: 0 to 5000 ppm and 0 to 5 wt %; 

accuracy, ± 1 and ± 1.5 %; resolution, 1 and 1 ppm) and electrochemical sensors for SO2 

(Alphasense sensor type EZT3ST/F; calibration range, 0 to 2000 ppm; accuracy, 1 %; 

resolution, 0.5 ppm) and H2S (Alphasense sensor type EZT3H; calibration range, 0 to 

2000 ppm; accuracy, 1 %; resolution, 0.25 ppm). Temperature (measuring range, from -

30 to 70 °C, resolution, 0.2 °C) and relative humidity sensors (Galltec, measuring range, 

0 to 100 % Rh, accuracy, ± 2 %) are used to calculate H2O vapour content within the 

plume, assuming a constant standard pressure, with the empirical relation of Jensen et al. 

(1990). These latter sensors are placed externally on the MultiGAS to limit any water 

condensation inside the instrument and within the sensor tubing. This prevents the 

underestimation of measured water/gas ratios. 

 

a) 
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Figure 6.10 a) Photo of a MultiGAS in the field, including the two components of a traditional 
instrument. Left photo, from Vigouroux et al. (2013), shows the internal mechanics with the pump, 
filters and sensors outlined. The right photo shows the computer that is attached to the MultiGAS, 
with the real time gas composition and concentration displayed on the screen. b) Primary Mount 
Meager melt inclusions are shown on the bottom panel. Melt inclusions are glassy, 20 - 40 μm wide 
and contained a bubble that was between 10 and 15 % by volume.  

 

MultiGAS surveys were performed on September 11, 2016 and September 24, 

2018. The fumaroles generated small plumes (Figure 6.9) and the instrument was placed 

along the up-wind edge of two different degassing fumaroles with the inlet valve inserted 

downwind of the plume. The distance between the input valve and the vent source was 

approximately 10 m, which is the ideal distance to prevent H2S depletion (Aiuppa et al., 

2005; 2007). Before and after each gas measurement, background data was measured 

such that atmospheric values could be easily removed to yield pure volcanic gas 

compositions during post-processing. Typical surveys were 30 to 45 minutes long. Bulk 

compositions, volatile ratios and GPS of fumaroles are found in Table 6.1.  

Melt Inclusions 

Tephra samples from Mount Meager are black vesicular olivine basalts containing 

subhedral and glomeroporphyritic plagioclase and pyroxene phenocrysts (25 %, 10 %, > 

5 %, respectively). Olivine-hosted melt inclusions were handpicked from the 300 - 450 μm 

grain size fractions. 47 glassy melt inclusions without fractures and crystals were selected 

40 µm 40 µm 

b) 
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from the MMVC basalts (Figure 6.10b).  Melt inclusions are 20 - 40 μm in diameter and 

commonly contain a shrinkage bubble that occupies 10 - 15 % by volume.  

6.2.4. Analytical Techniques  

Melt inclusions, crystal hosts and matrix glasses were analysed for major elements 

(plus S and Cl for all glasses) at the Laboratoire Magmas et Volcans (LMV) at Université 

Clermont Auvergne, France, using a SX-100 CAMECA electron microprobe. In-situ trace 

element analyses of melt inclusions were also performed at the LMV with a Resonetics 

M50 EXCIMER Laser and a 193 nm wavelength coupled to an Agilent 7500cs ICP-MS 

(LA-ICP-MS). H2O, and CO2 of most melt inclusions were analysed using the CAMECA 

IMS 270 Ion Probe (SIMS) at the Centre de Recherches Pétrographiques et 

Géochimiques (CRPG) in Nancy, France.  

Following current literature estimates (Anderson & Brown, 1993; Moore et al., 

2015; Wallace et al., 2015; Aster et al., 2016 and references therein), the quantity of CO2 

within the shrinkage bubble is roughly 40 to 90 % of the total amount of CO2 in the melt 

inclusion. In order to avoid the underestimation of CO2 contents, Raman analyses were 

preformed within the bubble for most olivine-hosted melt inclusions. Based on the results 

obtained in Chapter 6.1, 3D imaging of the bubble has revealed a significant amount of C-

S- and H-bearing phases. These phases will be considered as part of the melt inclusion 

total. Further details regarding analytical techniques can be found in Venugopal et al. 

(2019). 

Details concerning the analytical techniques for the detection of gas and solid 

phases within melt inclusion shrinkage bubbles can be found in Section 6.1. The samples 

used in this case study are MMA100 and MMA300.  

 This chapter contains 4 data tables. Tables D2, D3 and D4 can be found in 

Appendix D.  

6.2.5. Results 

MultiGAS 
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Table 6.1 shows the bulk composition and molar ratios of the three fumaroles 

measured in September 2016 and 2018; Fumarole 1 is the main degassing site with two 

smaller vents to the northeast (Fumaroles 2 and 3; Figure 6.9). Overall, Fumarole 1 is 

dominated by CO2 (52 mol %) while the other fumaroles are H2O-rich (90 - 95 mol %). 

Sulphur is present as H2S and comprises 4 - 9 mol % of the total gases emanating from 

Fumarole 1. Sulphur dioxide was not detected in any plume.  

Mount Meager MultiGAS data 
Sept 11 2016 
Fumarole 1 2 3 
Lat 50.633 50.633 50.634 
Long -123.543 -123.541 -123.542 
Elevation (m) 1752 1751 1765     

CO2/H2S 4.5 3.1 2.7 
error 1.1 2.3 0.8     

H2O/H2S 4.3 - 50 
error 2.1 - 11.3 
    
H2O/CO2 0.7 21.4 12.5 
error 0.1 9.3 5.7     

Bulk composition 
   

CO2% 52 4 7 
H2S% 11 1 3 
H2O% 37 94 90 
Sept 24 2018 
Fumarole 1 
H2O/H2S 41.8 
error 12.4 

 

Table 6.1 MultiGAS ratios, bulk gas compositions and GPS positions of fumaroles from 2016 and 
2018.  

 

Figure 6.11a shows a 45-minute-long survey of H2O, CO2 and H2S concentrations 

within the Mount Meager plume. The air-corrected compositions are reported for H2O and 

CO2, which are calculated by removing ambient air values from raw measured 
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concentrations using RatioCalc software (Tamburello et al., 2015). The variable nature 

and rapid oscillation of the curve illustrates the fast response of the MultiGAS, but also 

reflects changes in plume direction and, to a lesser extent, the dynamic nature of the gases 

emanating from the fumarole. The relatively stable behavior of H2O is due to the high 

atmospheric humidity. Though this curve represents the air-corrected value of H2O, we 

must consider a small proportion of water loss due to condensation within the inlet valve. 

Conversely, we must also consider contribution of water vapour by the surrounding ice 

(via melting and sublimation). Overall, the sharp increase in CO2 and H2S (Figure 6.11a) 

will be used to represent the main intersection of the plume. Figure 6.11b compares 

concentrations of CO2 and H2O with H2S. The slope of the best-fit regression line yields 

the volatile ratio of the three main gas species within the plume for two fumaroles. Ratios 

with a regression coefficient (r2) better than 0.6 are considered representative of the 

plume: 0.72 - 21.4 (± 0.1 – 9.3) H2O/C, 4.3 - 50 (± 2.1 - 11.3) H2O/S, and 2.7 - 4.5 (± 1.1 

- 2.3) C/S.  
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a) 
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Figure 6.11 a) Stacked MultiGAS time series of CO2, H2O, H2S from Fumarole 1. SO2 was not 
detected at Mount Meager. Approximately 10 - 15 minutes of background measurements precede, 
and follow, measurements of the plume from the fumarole. Since H2S is not found locally in the 
atmosphere, it is used as a plume marker.  b) Comparing the gas compositions of Fumaroles 1 and 
3. The plume from Fumarole 3, shown in orange, contains less H2S and CO2 than Fumarole 1.  

b) 
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Melt Inclusions  

Groundmass glass and corrected melt inclusion compositions can be found in 

Table D2. Further details can be found in Venugopal et al. (2019).  

Whole rock and groundmass 

Whole rock samples are alkali basalts and contain 48.6 wt% SiO2, 9.21 wt% MgO, 

9.44 wt% FeOT and 4.32 wt% total alkalis. Groundmass values are uniform and represent 

the late stage evolved melt with 51 - 52 wt% SiO2, 4.3 - 4.6 wt% MgO, 10.4 - 11.2 wt% 

FeOT and 1.1 - 1.3 wt% K2O (Table D2). Sulphur contents of the groundmass glass are 

relatively narrow with 85 – 152 ppm (Table D2). We assume that the groundmass does 

not contain any H2O or CO2.   

Olivine host compositions 

Olivines from the basaltic tephra are subhedral, unzoned and relatively primitive 

with Fo mol% 77 - 84. Olivines also hosted Fe-Ni sulphide globules that are oblate and 

maximum 15 um in diameter. Using the average FeOT and MgO contents, and an olivine-

melt Fe-Mg equilibrium constant of 0.30 (Roeder and Emslie, 1970), olivines with a 

forsterite content of 71 are in equilibrium with the groundmass whereas olivines with a 

forsterite content of 85 are in equilibrium with the whole rock.  

Basaltic melt inclusions 

Major and trace element compositions of melt inclusions were corrected for post-

entrapment crystallisation assuming an Fe-Mg distribution coefficient (= 

(FeO/MgO)olivine/(FeO/MgO)melt inclusion) of 0.30 and an Fe3+/∑Fe ratio of 0.26  (Roeder and 

Emslie, 1970; Kress and Carmichael, 1991). Overall, the melt inclusions experienced 

minimal post entrapment crystallisation (PEC = 0 - 6.5%).  

Melt inclusions are sub-alkaline basaltic melts and have a narrow range of oxide 

values: 48.4 - 51.6 wt% SiO2, 7.13 – 9.97 wt% FeOT, 4.52 – 5.61 wt% MgO and 0.58 - 

0.92 wt% K2O (Table D2, Figure 6.12a-e). The most primitive melts are hosted in an Fo 

84 olivine and contain 49.1 – 49.8 wt% SiO2, 5.12 – 5.61 wt% MgO, 7.15 – 7.40 wt% FeOT 

and 0.73 – 0.79 wt% K2O. Typical of arc magmas, TiO2 values vary between 1.21 – 1.76 
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wt%. Sulphur concentrations of all melt inclusions vary between 1359 – 4131 ppm (Figure 

6.12g, h). Water and CO2 were measured in the glass of 15 inclusions and range between 

755 – 1767 ppm CO2 and 1.42 – 2.89 wt% H2O (Figure 6.12f). 

 

Figure 6.12 a-e. Major oxides and volatiles of the glass (i.e. without the bubble) in wt% of corrected 
Mount Meager melt inclusions. Melts are relatively primitive basalts with low K2O (< 1 wt%) and 
high FeOT and MgO (>6 wt% and >4 wt%, respectively). f-h) Volatile contents of the glass (without 
the bubble) expressed in ppm and wt%. e) The trend between CO2 and H2O is typical of closed-
system degassing, suggesting that the melt inclusions trap variably degassed melts. g, h) Relative 
to both K2O and FeOT, sulphur shows a flat trend, which implies the melt is sulphur-saturated.  

 



 
 

164 

The composition of the bubble  

The bubble composition outlined in Chapter 6.1 will be summarized here. Eight 

bubbles have been analysed in detail with Raman, and three samples have been imaged 

in 3D.  Raman spectra reveal significant proportions of both C- and S-bearing solids, and 

every vapour bubble contained carbonate, anhydrite and pyrite. One sample also 

contained marcasite, which is a polymorph of pyrite, and nahcolite (NaHCO3). Some 

samples also contained both anhydrite and gypsum.  

3D scans show a well-formed shell of either pyrite or carbonate, with a centre filled 

with CO2 gas. Both gypsum and anhydrite are found both at the bubble rim, and towards 

the centre of the bubble. Volumetrically, CO2 occupies between 28 and 43 % of the bubble. 

Anhydrite and gypsum are volumetrically minor at 3 and 13 %, respectively. The vapour 

bubble of MMA 100 (Figure 6.13) has a pyrite shell which takes up 61 % of the space, 

whereas the bubble of MMA200 (not shown) has a carbonate shell, which occupies 48 %.  

Collectively, there is between 3 - 9 wt% CaO, 45 - 50 wt% S, 4 – 7 wt% CO2 and 37 - 43 

wt% Fe within the bubble (Table D3). Of the total MI components, the bubble represents 

between 1 and 6.8 % CaO, 89 - 93 % S and 22 to 31 % Fe (Table D3). Only one sample 

contained gypsum, leading to 5.7 % of the total melt inclusion H2O content inside the 

bubble. Similar to literature estimates, between 38 and 81 % of the total CO2 is in the 

primary vapour bubble (Table D3). Using the Fermi doublets of Raman spectra, the total 

amount of CO2 in the melt inclusion is 1300 to 6500 ppm. These values are similar to 

estimates using slices of the 3D scan (1454 to 6203 ppm; Section 6.1). Since the relative 

proportion of Fe and Mg in the carbonates in sample MMA200 is unknown, this 3D scan 

is not considered here.  

 

 

Z = 7 um 
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Figure 6.13 3D scan of the primary bubble from Mount Meager (MMA100). The diameter of the 
bubble is 9.5 um and slices are shown at depths of 2, 4.5 and 7 um. Pyrite (yellow) forms a shell 
around the bubble and encloses a center of CO2 gas (red), anhydrite (pink), marcasite (grey) and 
carbonates (cyan and dark blue). Water was not detected in the bubble except in the molecular 
form attached to gypsum. 

6.2.6. Discussion 

Volatile contents of the glass  

The volatile contents of the glass reveal both saturation and degassing trends. 

Relative to both FeOT and K2O, sulphur shows a plateau (Figure 6.12g, h), suggesting that 

the melt is saturated with sulphur (Wallace and Carmichael, 1992). Sulphur contents of 

3500 ppm are typical for sulphide-saturated melts at 1200°C (Wallace and Carmichael, 

1992). The presence of Fe-Ni sulphides in the olivine host and sulphur in the bubble further 

supports a sulphur saturated system.  

The relationship between water and CO2 contents of the glass resembles closed 

system degassing, where the melt remains in equilibrium with the gas phase (Figure 6.12f; 

Dixon et al., 1995). There is a gradual decrease in H2O and CO2 with decreasing pressure 

and crystallisation. This suggests that the melt inclusions trap variably degassed melts.  

Magmatic conditions  

Magmatic conditions are calculated from the melt inclusion compositions, both with 

and without the bubble components, in order to emphasize the importance of vapour 

bubbles.  

Z = 2 um Z = 4.5 um Z = 7 um 
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Without the bubble, entrapment temperatures were calculated from olivine - glass 

equilibria using equation 13 from Putirka (2008) (equation 3 in this thesis). Calculated 

values are between 1057 and 1142 ˚C. The minimum pressure of entrapment was 

estimated using the volatile saturation model of Papale et al. (2006) and vary between 1.4 

to 2 kbar. The oxygen fugacity beneath Mount Meager was estimated using the sulphur 

speciation following the method of Jugo et al. (2005). The Fe3+/∑Fe ratio was estimated 

using the oxygen fugacity, major element chemistry of glasses and temperature (Kress 

and Carmichael, 1991). The melts at an oxygen fugacity of NNO 0.42 to 1.28 with 

Fe3+/∑Fe between 0.26 and 0.28, reflecting an oxidized system.   

When considering the bubble components, there is a significant difference in the 

calculated magmatic conditions, specifically for pressure and the relative proportions of 

Fe2+ and Fe3+. Major oxides and volatile contents of samples MMA100 and MMA300 

increase by the amounts outlined in Table D3. Based on the narrow range of the bubble 

volume percent relative to the total melt inclusion, and the fact that all melt inclusions are 

all similar sizes, the variability of the magmatic conditions is assumed to be real. We 

therefore make a reasonable assumption that all melt inclusion compositions can be 

increased by the average amount of S and Fe2+ found in samples MMA 100 and MMA 300 

(91 % and 27 %, respectively). Since only one bubble contained water, we do not 

recalculate the water content of the melt inclusion.  For CO2, we add the amount of CO2 

that was detected in each vapour bubble. Recalculated melt inclusion contents are shown 

in Table D3. The volatile saturation model by Papale et al. (2006) is sensitive to CO2 and 

H2O. Samples MMA100 and MMA300 record recalculated pressure values of 4.5 and 5.7 

kbar, respectively. All other melt inclusions yield pressure values between 2.4 to 6.2 kbar. 

In terms of the Fe3+/∑Fe, an increase in the amount of FeO* (Fe2+) will immediately lead 

to a lower proportion of Fe3+. Increasing FeO* also promotes the sulphur solubility. 

Recalculated Fe3+/∑Fe of MMA100 and MMA300 is 0.2 and 0.17, respectively. All other 

melt inclusions yield values between 0.15 and 0.22. Relative to the glass composition, 

recalculated melt inclusions yield deeper, more reduced and sulphur-rich storage 

conditions that are likely more representative of the magma at depth.  

Gas modelling 

Using the original (glassy) and recalculated melt inclusions, predicted molar ratios 

of gases exsolved from the magma were modelled using SolEx (Whitman et al., 2012) 
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and MagmaSat (Ghiorso and Gualda, 2015). Gas modeling can provide insight into the 

amount of water vapour and sulphur expected at the surface, and whether the 

hydrothermal system at Mount Meager influences the composition of emitted gases.  

MagmaSat is a thermodynamic model that is compatible with rhyolite-MELTS, and 

capable of estimating the fluid saturation (H2O and CO2) conditions using melt inclusion 

data (Ghiorso and Gualda, 2015). This model is applicable to natural melt compositions, 

at the NNO buffer, under closed -system degassing and over the pressure range 0 – 3 

GPa (0 – 30 kbar; Ghiorso and Gualda, 2015). SolEx is a similar software application that 

calculates the co-existing vapour composition of basaltic melt. The advantage of this 

program is the capability to predict the composition of S and Cl vapour, in addition to CO2 

and H2O. Furthermore, this model considers the alkali dependency of CO2 solubility 

(Lesne et al., 2011c; Dixon, 1997). SolEx is able to model both open- and closed-system 

degassing under oxygen fugacity conditions greater than NNO + 0.5 (Whitman et al., 

2012).  

Under closed-system degassing, temperatures between 1120 and 1140 ˚C and 

using a selection of primitive (Fo 85) and relatively evolved (Fo 80-81) glassy melt 

inclusions, MagmaSat predicts molar ratios of H2O/C between 0.16 to 0.22, with saturation 

pressures between 1.4 and 2.2 kbar, which is consistent with entrapment pressures 

mentioned above. SolEx closed-system modelling yields slightly higher molar ratios: 1 – 

3.3 H2O/C, 8 – 11 H2O/S and 6.1 – 8.6 C/S. Open-system degassing, on the other hand, 

gives: 0.7 - 4 H2O/C, 7 - 13 H2O/S and 8 -10 C/S.  

Under the same conditions, and using recalculated melt inclusion compositions, 

MagmaSat predicts an H2O/C molar ratio between 0.24 to 0.42 and saturation pressures 

between 4 and 8 kbar (Table D4; Figure 6.14a,b). From 4 kbars to the surface, SolEx 

closed-system degassing predicts 0.25 – 22 H2O/C, 4 – 34 H2O/S and 0.6 – 47 C/S (Table 

D4; Figure 6.14a,b). SolEx open-system degassing predicts molar ratios that are much 

higher than MultiGAS data: 0.6 – 68 H2O/C, 40 – 79 H2O/S, and 0.6 - 112 C/S (Table D4; 

Figure 6.14a,b).  
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Figure 6.14 Comparison of MultiGAS with gas models using both original and recalculated melt 
inclusions as inputs. Overall, input parameters for SolEx and MagmaSat are 48 – 50 wt% SiO2, 
1120 – 1140 ˚C, NNO + 0.74. MagmaSat is able to predict the H2O and CO2 content of the vapour 
that exsolves during closed system degassing while SolEx is capable of predicting the H2O, CO2 
and S composition of the vapour during both open- and closed-system degassing, from 4000 bars 
to the surface. Models using the original melt inclusions are not consistent with MultiGAS ratios 
and this is due to an underestimation of S and CO2 in the glass. Models using recalculated melt 
inclusions yield ratios comparable to MultiGAS. Nonetheless, there is a discrepancy in the H2O and 
S contents. Excess water vapour delivered by melting ice, and the loss of sulphur through scrubbing 
by the hydrothermal system, lead to a disagreement between measured and modeled data. Refer 
to text for details. 
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Overall, models using the original melt inclusion compositions yield molar ratios 

that are much lower than MultiGAS estimates. This is due to an underestimation of S and 

CO2 in the glass. In terms of the recalculated melt inclusions, MagmaSat still predicts low 

H2O/CO2 molar ratios relative to MultiGAS. SolEx, on the other hand, yields ratios that are 

comparable to MultiGAS and this likely due to the consideration of sulphur in the SolEx 

model, as well as the alkaline dependency of CO2 solubility. Both open- and closed-system 

degassing approach MultiGAS ratios, with some notable differences. We attribute the 

variability of H2O in the MultiGAS ratios to the ice and melt water surrounding the 

fumaroles. Similar to the ice-covered edifice of Mount Erebus, ascending hot gases lead 

to melting and sublimation of the ice, and inevitable mixing with the volcanic plume (Ilanko 

et al., 2019). Furthermore, the formation of fumarolic ice caves (FIC; Curtis and Kyle, 2011, 

2017) can create a subglacial groundwater system that, when heated by the gases, acts 

as a hydrothermal system (Ilanko et al., 2019; Flowers, 2015). Sulphur contents of the 

emitted gases can also be affected by the hydrothermal system. This phenomenon is 

referred to as sulphur scrubbing, where ascending gases become reduced due to 

interactions with water and rock (Symonds et al., 2001). In terms of the major volcanic 

gases, SO2 is most affected such that hydrolysis reactions reduce SO2 to H2S, causing a 

higher proportion of H2S to be detected in the plume. However, H2S may become scrubbed 

further if it reacts with iron to form Fe sulphide deposits (Symonds et al., 2001). In this 

case, there is a lower amount of S detected in the gas than was released by the magma.  

SolEx model results show that open- and closed-system deassing of recalculated 

melt inclusions best represents Mount Meager gas emissions. The higher C/S calculated 

by SolEx relative to MultiGAS suggests that a significant proportion of sulphur in the gas 

has been scrubbed by the hydrothermal system.  Essentially, SolEx model results yield 

the C/S ratio that would be measured at the surface without any hydrothermal influence. 

Based on the amount of sulphur dissolved in the magma, the amount of sulphur that SolEx 

proposes should be released, and the actual amount of sulphur detected by the MultiGAS, 

we estimate that approximately 2 wt% of sulphur has been lost to the hydrothermal system 

as Fe sulphides. Based on past geothermal exploration projects in the area, the 

hydrothermal system at Mount Meager appears to be sufficiently large to reduce such a 

large quantity of ascending sulphur. 
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6.2.7. Conclusions  

Section 6.1 outlined that the bubble phases are magmatic in nature and potentially 

contribute to the overall volatile budget. In this chapter, I provide a case study that shows 

the impact of the bubble on molar ratios of the magma and volcanic gases.  

Relative to calculations using the original melt inclusion compositions, the pressure 

and redox state of the magma determined using recalculated melt inclusions are shown 

to be deeper, and under more reducing conditions. Furthermore, thermodynamic gas 

models are used to establish whether the basaltic magma represented by melt inclusions 

is capable of producing the volcanic gases emanating from the summit fumaroles. Using 

two different gas models (SolEx and MagmaSat), as well as both original and recalculated 

melt inclusions as input parameters, the molar ratios of exsolved gases are determined. 

Overall, MagmaSat does not consider sulphur in the vapour composition, and therefore 

yields low H2O/C values. Without considering the bubble phases, SolEx model results are 

much lower than MultiGAS ratios, and this is due to an underestimation of S and CO2 in 

the glass. Results using the recalculated melt inclusions yield comparable molar ratios to 

MultiGAS, for both open- and closed-system degassing. However, to determine which 

degassing regime best represents Mount Meager, more MultiGAS data points are 

required. There is some discrepancy between closed-system degassing results and 

MultiGAS, specifically for H2O and S. Similar to Mount Erebus, we propose that an 

extensive subglacial groundwater system exists beneath the ice cover at Mount Meager 

(Ilanko et al., 2019).  Due to the interaction of hot ascending gases, this groundwater 

system has likely transformed into circulating hydrothermal fluids that i) contributes water 

vapour to the gas emissions, ii) scrubs, or reduces, ascending SO2 gas to H2S and iii) 

removes sulphur (as H2S) as Fe sulphide deposits. Models using the recalculated melt 

inclusion compositions emphasize the importance of the major and volatile elements 

sequestered in the vapour bubble. Magmatic conditions determined from recalculated melt 

inclusions yield a deeper and more reduced magma, which is consistent with the 

increased amount of sulphur in the melt inclusion. Without the bubble phases, the magma 

beneath Mount Meager would be considered to be more oxidized and shallower, and 

unable to produce the gas emissions detected at the surface. This would lead to incorrect 

conclusions concerning magma-gas separation, and the style of degassing. Finally, the 

importance of the subglacial groundwater system would be potentially overlooked. This 
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circulating hydrothermal system poses significant hazards to the area since it increases 

the possibility of phreatic eruptions.  
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Chapter 7. General Conclusions & Perspectives 

In this thesis I aim to better understand the link between magmatic sources, 

processes, and degassing within a volcanic system, and along an arc. To achieve this, I 

combine olivine-hosted melt inclusion data, which are excellent proxies of primitive 

magma, with plume measurements determined by MultiGAS. These techniques were 

applied to the Garibaldi Volcanic Belt (GVB), which is a dormant glacio-volcanic arc in 

western Canada that has recently shown signs of unrest. The recent re-appearance of 

summit fumaroles within the Mount Meager Volcanic Complex has emphasized the need 

for in-depth geochemical work within the GVB.  

7.1. The Magmatic Source of the GVB 

To goal of this work was to determine the composition of the magmatic source that 

supplies the GVB arc. In order to do so, I analysed the major, volatile and trace element 

compositions of olivine-hosted melt inclusions from every center along the arc.  I showed 

that there are two distinct sources beneath the GVB: an enriched mantle source beneath 

the northern volcanoes (Salal Glacier and Bridge River), and a depleted mantle source 

beneath the southern centers (Glacier Peak to Mount Meager). This produces the 

Northern and Southern groups, respectively. An enriched source beneath the Northern 

group is facilitated by the presence of a slab window, through which enriched partial melts 

ascend and supply the unique OIB-like signature. Melt inclusions from the Southern group, 

on the other hand, have trace element compositions that are typical of subduction zones. 

Trace element models suggest that the source of the Southern group is a depleted MORB 

mantle that has been modified by fluids delivered by the subducting slab. Variability within 

the Southern group is due to the difference in age of the downgoing Juan de Fuca Plate. 

Overall, olivine-hosted melt inclusions from the GVB provide new insight into the various 

factors that produce unique magma compositions within a volcanic arc. Along the GVB, 

factors such as the age and tectonic framework of the downgoing slab, and its degree of 

dehydration, creates a unique geochemical transition from south to north. These results 

further demonstrate that abrupt along-arc compositional changes can be used to identify 

structures in the slab that cannot otherwise be identified by geophysical methods, either 

due to low-resolution imaging or a lack of available information. This is the first melt 
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inclusion study within the GVB, and it has been accepted for publication by the peer-

reviewed journal, Chemical Geology.  

7.2. The Importance of Melt Inclusion Vapour Bubbles 

The goal of this study was to investigate deeper inside a melt inclusion, and 

examine two different post-entrapment modifications: the formation of a vapour bubble 

and the nucleation of daughter minerals. This study is the first to address the effect of 

reheating experiments on melt inclusion and vapour bubble compositions. I used a suite 

of crystallised and glassy melt inclusions, and Raman Spectroscopy analyses to answer 

the following questions: (i) does reheating modify the composition of the vapour bubble 

and (ii) how does the vapour bubble contribute to the total volatile budget of the melt 

inclusion. Using in-situ Raman Spectroscopy and 3D scans, I show that reheating 

experiments cause major, volatile and trace elemental diffusion between the glass and the 

bubble, leading to significant compositional changes in the overall melt inclusion.  Such a 

degree of elemental diffusion out of the glass forms an entirely new melt inclusion that is 

not necessarily representative of the original inclusion, nor the magma at depth. 3D scans 

of vapour bubbles hosted inside glassy melt inclusions reveal similar solid phases found 

inside re-heated bubbles. This suggests that glassy melt inclusions undergo elemental 

diffusion following vapour bubble formation. Overall, these results show that the vapour 

bubble can sequester a significant proportion of major, volatile and trace elements. 

Therefore, whether the melt inclusion is glassy or re-heated, the bubble components must 

be considered for accurate volatile budgets, as well as estimations of the original magma 

including the storage conditions.  

7.3. Investigating the Current Unrest of Mount Meager 

This work applied the findings concerning the importance of melt inclusion vapour 

bubbles to a natural case study of the Mount Meager Volcanic Complex. At present, there 

are three main fumaroles at the summit of Mount Meager. After melting through the ice 

cover, the fumaroles are currently emitting thick plumes of volcanic gases. MultiGAS 

measurements show that the plume is rich in CO2, H2O and H2S. The presence of H2S 

(and the lack of SO2) is a strong indication of a hydrothermal system. The goal of this 

study is to determine whether the basaltic magma, represented by melt inclusions, is 
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capable of producing the volcanic gases currently emitted at the surface. To do so, I use 

two different gas modelling software (SolEx and MagmaSat), both original and 

recalculated (with the bubble components) as input parameters and compare the molar 

ratios with those obtained by MultiGAS. Overall, gas modelling results using the original 

melt inclusion compositions yield molar ratios of H2O/C, H2O/S and C/S that are 

significantly lower than MultiGAS. SolEx closed-system degassing using recalculated melt 

inclusions yields the best approximation of MultiGAS ratios. However, MultiGAS ratios 

indicate very low sulphur, and a large variability in the water vapour within the plume. This 

is likely due to external sources of water vapour, and the removal of sulphur by the 

hydrothermal system. Using an analogous example of Mount Erebus, we propose that an 

extensive subglacial groundwater system exists beneath the ice cover at Mount Meager 

(Ilanko et al., 2019).  Due to the interaction of hot ascending gases, this groundwater 

network has likely transformed into a circulating hydrothermal system that i) contributes 

water vapour to the gas emissions, ii) scrubs, or reduces, ascending SO2 gas to H2S and 

iii) removes sulphur (as H2S) as Fe sulphide deposits. Overall, this case study successfully 

demonstrates the importance of the bubble with a case study of magmatic degassing. 

Essentially, the bubble is able to bridge the gap between melt inclusions and surficial gas 

emissions.  

7.4. Perspectives 

In addition to the above conclusions, I propose the following perspectives for 

further research. In Chapter 5, the segmentation of the arc was based on south to north 

trends in the melt inclusion chemistry.  It would be interesting to determine whether these 

trends persist when accounting for the bubble composition of each melt inclusion. 

Although the along-arc magmatic conditions were calculated after adding the CO2 content 

of the bubble, these conditions could change further if I were to consider the Fe and S 

content of the bubble. If the distinct Northern and Southern groups are maintained after 

adding the major, volatile and trace element contents of the bubble, then this further 

proves that the along-arc trends are real. If possible, the recalculated GVB melt inclusions 

should be compared with recalculated melt inclusions from the High Cascades Arc to 

investigate how the age and dip of the Juan de Fuca Plate exerts a control on the eruptive 

compositions along the western margin of North America. Comparing the recalculated 

melt inclusions will also provide insight into the real magmatic conditions of each edifice 
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within both arcs and allow for the delineation of along-margin trends. In this chapter, I also 

proposed that young slabs (< 10 Ma) retain their fluids during subduction. To test the 

global applicability of this theory, melt inclusion compositions from young and hot 

subduction zones, such as South Chile and Mexico (Syracuse et al., 2010), would provide 

further insight into the relationship between the slab age and the degree of dehydration. If 

the recalculated melt inclusion compositions from these two subduction zones preserve 

evidence of a high fluid flux from the downgoing slab, then it would show that, globally, 

young slabs remain hydrated.  

I believe that the results concerning the importance of the vapour bubble pose 

significant implications for melt inclusion research. I would like to continue this work and 

test the applicability of high-pressure heating stages. It would be interesting to see whether 

the melt inclusion composition is more or less affected by high-pressure reheating and/or 

homogenisation. Theoretically, heating a melt inclusion under high pressure and 

temperature conditions should return it to a glassy state, without appreciable 

compositional changes. However, this needs to be tested. Furthermore, the work that I 

have presented focuses on basaltic melt inclusions. I would like to expand upon this and 

apply it to bubble compositions of evolved melt inclusions (glassy and crystallised). In fact, 

the sequestering of Cu inside the bubble following reheating has important implications 

for ore mineralisation, specifically porphyry-copper deposits. Since the diffusion of Cu is 

notably rapid quartz-hosted melt inclusions (Audedat et al., 2018), I would like to focus 

future research accordingly. Quartz-hosted melt inclusions from dacitic ore-forming 

plutons could provide information regarding the timescales required for Cu diffusion into, 

and out of, the magma. The work by Blundy et al. (2015) proposes that porphyry-copper 

deposits are a result of two-step gas-brine reactions in the shallow crust. Copper 

enrichment initially involves metalliferous, hyper-saline liquids that exsolve from large, 

magmatic intrusions. The precipitation of sulphides is a subsequent result of the 

interaction of the accumulated brines with sulphur-rich gases, liberated in bursts from the 

underlying mafic magmas (Blundy et al., 2015). However, this study is based on the 

assumption that the basaltic parent magma contains, on average, 100 ppm Cu, and with 

differentiation, these copper contents increase considerably. If there is a significant 

amount of Cu in the bubble, then the composition of the parent magma becomes more 

Cu-rich than previously thought. Additionally, if reheating quartz-hosted melt inclusions 
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show significant Cu diffusion from the glass and into the bubble, then this would affect the 

timescales, and grade, of copper ore deposit formation.  

Recalculating the melt inclusion compositions of Mount Meager, and applying 

these compositions to the current degassing regime, proved to be successful in Chapter 

6.2. I would like to compare these results with pyroxene-hosted melt inclusions from the 

most recent eruption in 2360 B.P. These inclusions are rhyodacitic melts that are poor in 

sulphur (less than 100 ppm), suggesting a degassed magma. In addition to SolEx and 

MagmaSat, I would like to use D-Compress gas modelling software (Burgisser et al. 2015), 

which can predict the C-H-S composition of the exsolved gas phase. Furthermore, I plan 

to use the petrological method to determine whether the rhyodacite currently produces the 

fumarolic gas emissions. This method is the difference in volatile contents between melt 

inclusion and groundmass glass, weighted to the mass of erupted magma. To use this 

method, the groundmass glass composition of pumice samples needs to be analysed, and 

the bubble of the pyroxene-hosted melt inclusions should be imaged in 3D.  

In a global context, an excellent modern analogue for the GVB is the Lesser 

Antilles arc in the Caribbean Sea, which is one of two Atlantic subduction zone systems 

(Li, 2015). This archipelago is formed by the slow and oblique subduction of the South 

American Plate beneath the Caribbean Plate at 2 - 3 cm/year (Di Napoli et al, 2013; 

Boudon et al., 2013). The arc is bifurcated and, until the Miocene, volcanic activity was 

concentrated in the eastern branch (Figure 7.1). Activity then shifted to the western branch 

in response to a major deformation event within the South American plate (Di Napoli et al, 

2013). The arc is divided into the northern, central and southern segments. In the northern 

group, the dip of the downgoing South American Plate is 50 – 60 degrees (Macdonald et 

al., 2000). Beneath the central segment, the plate dips at 45 degrees and becomes nearly 

vertical beneath the southern group (Macdonald et al., 2000). The composition of eruptive 

products transitions from tholeiitic suites in the northern segment, calc-alkaline in the 

central region and finally to highly magnesian members in the southern islands 

(Macdonald et al., 2000). There are clear similarities between the GVB and the Lesser 

Antilles: both arcs are segmented and display along-arc chemical trends that are, in part, 

controlled by the variable slab dip. The Lesser Antilles differs such that volcanism is a 

result of ocean-ocean convergence, where the downgoing plate is very old (~ 83 Ma; 
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Syracuse et al., 2010), and delivers a high sediment load into the subduction zone (Plank 

and Langmuir, 1998).  

 

Figure 7.1 The Lesser Antilles arc in the Caribbean Sea. Volcanism is a result of the slow and 
oblique subduction of the South American Plate beneath the Caribbean Plate at 2-3 cm yr-1. There 
are three main segments along the arc (northern, central and southern) each with their own slab 
dip and dominant eruptive composition. The northern segment, St. Kitts to Monserrat, involves a 
slab dip of 50 – 60 degrees, and mainly erupts tholeiitic basalts. The central segment extends from 
Guadeloupe to Martinique, and erupts calc-alkaline magmas, with a slab dip of 45 degrees. Finally, 
the plate becomes nearly vertical beneath the southern segment, which includes the islands of St. 
Lucia, St. Vincent, Grenada and the Grenadines. Overall, there are currently 17 actively degassing 
centers along the arc. From Macdonald et al. (2000).  
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At present, there are 17 actively degassing volcanos along the Lesser Antilles. 

There exists an extensive database of the composition of emitted gases, with emphasis 

on the degassing centers of Soufriere Hills (Christopher et al., 2010), La Soufriere of 

Guadeloupe (Boudon et al., 2008; Allard et al 2014), and the Valley of Desolation and 

Boiling Lake in Dominica (Di Napoli et al., 2013; Fournier et al, 2009). Due to the 

compositional trend along-arc, many studies have analysed primitive olivine-hosted melt 

inclusions from the northern and southern segment of the arc; however, olivine-bearing 

basalts are rare in the central segment.  

The Lesser Antilles presents a unique opportunity to apply the findings from this 

thesis to an arc that shows similar along-arc chemical trends. Olivine-bearing whole rock 

samples and MultiGAS data have been collected from Mount Liamuiga in St Kitts (northern 

segment), La Soufriere of Guadeloupe and the Valley of Desolation in Dominica (central 

segment) (Appendix E). The olivine-hosted melt inclusions from these centres are all 

crystallised and are, therefore, excellent samples to use for reheating experiments. By 

analysing the bubble of these inclusions before and after reheating, I would be able to 

determine how the composition of the glass controls the phases in the bubble. Moreover, 

I would be able to retrieve the composition of the magma after including the elements 

sequestered in the bubble. Since only one major volcanic centre along the GVB contains 

fumaroles, I was not able to compare the degassing styles along-arc. The availability of 

both MultiGAS and melt inclusion data for St. Kitts, Guadeloupe and Dominica, would 

allow me to fully characterize the degassing regime of these islands, and compare them 

to the other, extensively studied, centers along the arc (e.g., Martel et al., 2000; Pichavant 

et al., 2002; Christopher et al., 2010; Annen et al., 2014). An advantage within the Lesser 

Antilles is the lack of ice-covered fumaroles that would inevitably contribute variable water 

contents in the volcanic plume.   

At present, I have re-heated and analysed the major, volatile and trace element 

compositions of olivine-hosted melt inclusions from each of these three centres. To 

compare melt inclusions and MultiGAS with the petrological method, major oxide and 

volatile contents of groundmass glasses have also been analysed. Melt inclusion, 

groundmass and MultiGAS data can be found in Appendix E. Figure 7.2 compares the 

major oxide and volatile contents of olivine-hosted melt inclusions from Mount Liamuiga, 

La Soufriere and the Valley of Desolation. 
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Figure 7.2. Preliminary data for the Lesser Antilles arc. Major oxides and volatile (S, Cl) contents 
of uncorrected, olivine-hosted melt inclusions from St. Kitts, Guadeloupe and Dominica. Melt 
inclusions are in equilibrium with their olivine host (KD Fe-Mg = 0.30 ± 0.03). The melt compositions 
are relatively primitive and consistent between the centres. The elevated Cl content, especially for 
St. Kitts, could suggest a co-existing brine phase within the melt inclusion.  
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 The work that needs to be done is analyses of the bubble of the crystallised melt 

inclusions, before and after reheating. These results could potentially have interesting 

implications. Previous studies have shown that the sediment input into the subduction 

zone delivers a high fluid and sediment melt flux into the mantle wedge (Macdonald et al., 

2000; Plank and Langmuir, 1998). The presence of a fluid, or brine, phase is shown by 

the elevated Cl contents, especially for St. Kitts melt inclusions (Figure 7.2). As proposed 

by Robidoux et al. (2018), a co-existing brine phase within the melt inclusion could exert 

a strong control on the composition, and distribution, of phases within the bubble. Samples 

from these three centres would test this theory. Finally, after determining the composition 

of the bubble, and recalculating the melt inclusion compositions, the data can be 

compared with MultiGAS measurements. Using the same degassing models, D-

Compress, MagmaSat and SolEx, I can compare the gas molar ratios using open- and 

closed-system degassing of original and recalculated melt inclusions. It is important to 

note that these three volcanic centres are underlain by extensive hydrothermal systems 

(Boudon et al., 2008; Allard et al., 2014; Di Napoli et al., 2013; Fournier et al, 2009). 

Therefore, each centre likely experiences similar, if not greater, degrees of sulphur 

scrubbing that was proposed at Mount Meager. Nonetheless, the Lesser Antilles is an 

extensively studied volcanic arc, with several estimates concerning the volatile flux and 

budget of the entire subduction system. Therefore, this perspective research has the 

potential to modify these volatile budget estimates, which, in turn, greatly impacts the rate 

at which volatile elements are recycled in a subduction zone.  
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Appendix A.  Sampling Sites.  

For GPS locations please refer to Appendix B, Table B1.  
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Figure A 1. Map showing the locations of basalt samples from Bridge River, Salal Glacier, Mount 
Meager, Mt Cayley and Garibaldi Lake used in this thesis. For the samples from Glacier Peak and 
Mount Baker, the reader is referred to Shaw (2011).  
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Appendix B. Chapter 5 Supplementary Material  

 

 

 

Figure B 1. Transmitted light images of olivine hosted melt inclusions from this study. Top two 
images are primary olivine-hosted melt inclusions from Mount Meager. Bottom two images are melt 
inclusions containing daughter crystals from Mount Cayley (left) and Garibaldi Lake (right). 

 

Sample Descriptions 

For detailed sample descriptions, the reader is referred to Wilson and Russell 

(2018). From the Bridge River Volcanic Field, we sampled pyroclastic breccia from Tuber 

Hill, which is a large complex tuya. From the Salal Glacier Volcanic Field, we sampled 
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hyaloclastite from the Ochre Mountain tindar. Mount Meager Volcanic Field samples are 

olivine-bearing basaltic tuff breccia from Cracked Mountain (Read, 1977). From the Mount 

Cayley Volcanic Field, we sampled fine grained, poorly jointed, subglacial columnar 

basalts on the southwest side of Tricouni Peak. Finally, from the Garibaldi Lake Volcanic 

Field, we sampled basaltic tephra from The Cinder Cone.  

Reheating Crystallised Melt Inclusions 

Slow ascent rates and/or slow cooling following eruption can cause melt inclusions to 

crystallize daughter minerals. In these cases, the composition of the melt phase in the 

inclusion is not representative of the original magma. To reverse the daughter 

crystallization process and retrieve the original melt compositions, inclusions from Bridge 

River, Salal Glacier, Mount Cayley and Garibaldi Lake were reheated at the Laboratoire 

Magmas et Volcans (LMV) in Clermont-Ferrand, France. The olivine hosts were double-

polished, mounted on sapphire discs, and heated to a constant temperature using a 

Vernadsky-type heating stage containing 1 atm gas-tight sealed furnace cooled by water. 

Pure He gas, purified by Zr metal at 973 K, was circulated through the furnace to maintain 

reducing conditions (fO2 < 10-10 atm) such that no oxidation of olivine occurs. 

Temperatures inside the furnace were recorded by a type-S thermocouple welded to the 

sample holder.  Inclusions were heated rapidly to avoid re-equilibration with the host 

olivine, which would lead to melts that are not representative of the initial composition. 

Reheating lasted 15 minutes in total (1 minute per temperature increase) to reduce water 

loss, as described by Chen et al. (2011). For each experiment, the daughter crystals 

disappeared whereas the bubble remained. In total, 16 olivine-hosted melt inclusions re-

heated.  

In order to achieve a comprehensive database for the GVB, major and trace element 

compositions of melt inclusions were analysed to estimate magmatic sources and 

processes while volatile species provide insight into magmatic conditions and degassing 

mechanisms. Deuterium values of melt inclusions were also analysed to assess water 

loss during ascent and reheating experiments and finally, Raman analyses of the 

shrinkage bubble were performed to reduce the underestimation of CO2 in the magma.  
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Electron Microprobe  

Major and volatile (S and Cl) elemental compositions of melt inclusions, host crystals, 

and matrix glasses were analyzed at LMV using a SX-100 CAMECA electron microprobe 

with a 15 kV accelerating voltage. Mineral analyses were performed using a 15 nA focused 

beam that was defocused to 10 or 20 μm during glass analyses to reduce Na loss. In order 

to collect the most precise data and reduce volatile loss during analysis, the beam was 

blanked regularly with a Faraday cup and 5 measurements were taken at 20 s intervals. 

Volatile analyses were measured with a 40 nA sample current and a 50 s acquisition time 

using the LPET diffraction crystal for S and Cl. Sulphur speciation (S6+/Stotal) was obtained 

from the S Kα peak shifts relative to the peak shift of barite and sphalerite, temperature 

and linear regression coefficients (Wallace and Carmichael, 1994; Table 2) in order to 

estimate the oxygen fugacity of the melt inclusions following the method of Jugo et al. 

(2005). Speciation was measured at least 3 times in Mount Meager melt inclusions, as 

they are the only primary, non-re-heated inclusions in this study. This method cannot be 

applied to re-heated inclusions since the internal oxygen fugacity is reset to that of the 

reheating stage during experiments. The precisions of the electron microprobe analyses 

(2σ) are better than 5 % for major elements, except for MnO, Na2O and K2O, which had 

an EMP precision < 10 %. The approximate 2σ precision for S and Cl is 4 % and 7 %, 

respectively. The full corrected dataset can be found in Tables B1 and B2.   

Since sample mounts required carbon-coating for microprobe analyses, SIMS 

analyses were preformed first to avoid any C contamination.  

Secondary Ion Mass Spectrometer (SIMS) 

Water, CO2 and δD values of the melt inclusions were analyzed using the CAMECA 

IMS 270 Ion Probe (SIMS) at the Centre de Recherches Pétrographiques et 

Géochimiques (CRPG) in Nancy, France with a 15 μm beam size for all analyses. Indium-

mounted samples were gold-coated and pre-sputtered with a 10 kV Cs + primary beam of 

10 to 15 nA. No sample mounts experienced any carbon contamination before SIMS (i.e., 

carbon coating or diamond polish). Background C counts were monitored to ensure stable 

signals during analyses. Before and after each analytical session, a series of well 

characterized basaltic glass standards (KL2G, Etna, Mount St Helens, M34, M35, M40, 
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M43 and M48 (Bindeman et al., 2012; Kendrick et l., 2012; Jochum et al., 2006; Newman 

et al., 1988; Hauri et al., 2002; Kamenetsky et al., 2000 and Kamenetsky and Maas, 2002) 

were used for calibration of water and carbon contents (total range: 4.4 – 3172 ppm CO2 

and 0.015 – 5.7 wt% H2O). Measurement errors are reported in Supplementary Table S2.  

The D/H ratios of 26 representative melt inclusions were analyzed by SIMS with the 

same primary beam as for H2O and CO2. Negative secondary ions H and D were 

measured at a mass resolution of 1500, without energy offset and a 30 eV energy slit, in 

monocollection mode by ion counting for D and with a faraday cup for H. Samples were 

pre-sputtered through their gold coat. The D/H ratio calibrations were done using 6 

standard glasses of basaltic to dacitic in composition (Etna, Mount St Helens, 60701, 

47963, MC-84 and TAN 25; Metrich & Deloule, 2014). No systematic matrix effect was 

observed as a function of either SiO2 or H2O content, so the same correction was applied 

to all of the measured compositions, with a calibration error of < 10 %. 

 The D/H contents of melt inclusions provide insight into the degree of H+ diffusion 

(i.e. water loss) following entrapment. Values are commonly reported as δD, which is the 

permil deviation of the D/H isotope ratio from the D/H ratio of Standard Mean Ocean Water 

(δDSMOW=0‰; Shaw et al., 2008). Errors per mil were calculated using the instrumental 

drift and are between 2-9 ‰ with one value of 19 ‰ for Mount Meager. Values are reported 

in Table B2.  

Laser Ablation Inductively Coupled-Plasma Mass 
Spectrometry (ICP-MS) 

In-situ trace element analyses of melt inclusions were also performed at the LMV with 

a Resonetics M50 EXCIMER Laser and a 193 nm wavelength coupled to an Agilent 

7500cs ICP-MS (LA-ICP-MS). The standard glasses used were NIST 612, NIST 610 and 

BCR2-G. Raw data were processed with Glitter Software using CaO content as an internal 

standard. Analytical precision and accuracy of measurements were stable, and most 

elements were better than 20 % at a 95 % confidence level. Due to their low abundances, 

other elements have higher errors and are not considered or presented in this study. 
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Raman Spectroscopy  

Raman spectra for vapour bubbles in melt inclusions were collected using an InVia 

confocal Raman micro-spectrometer manufactured by Renishaw and equipped with a 532 

nm diode laser (200 mW output power), a Peltier-cooled CCD detector of 1024 x 256 

pixels, a motorized XY stage and a Leica DM 2500M optical microscope. Scattered light 

was collected by a back-scattered geometry. Laser power on the sample was set to 8 mW 

and periodically checked. A grating with 2400 grooves per mm grating was used for the 

analyses, which resulted in spectral resolution better than 1 cm-1. A 100x microscope 

objective (numerical aperture 0.9) was used and the slit aperture was set to 20 μm (high 

confocality setting). These analytical conditions result in lateral and axial spatial resolution 

≤ 1 μm near the sample surface. Daily calibration of the spectrometer was performed 

based on a Si 520.5 ± 0.5 cm-1 peak. Acquisition times were set to 60-120 s. The spectra 

were recorded from ~100 to 1390 cm-1 (alumino-silicate network domain) Raman shifts 

using Wire 4.2 software. The difference between the Fermi doublet, located at ~1283.5 

cm−1 and ~1387.1 cm−1 (Frezzotti et al., 2012) was used to calculate the density of CO2 

inside the bubble following the equation by Wang et al., (2011). Density estimate errors 

are < 10%.  

From here, CO2 bubble contents were added back to the melt inclusion value to obtain 

the total CO2. This can be done using the Raman-measured CO2 densities, the melt 

inclusion density and CO2 concentrations, the volume of the bubbles, and the volume of 

the melt inclusions. A worked example can be found in Table B5, including all required 

parameters. 
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Whole rock SiO2   Fe2O3   FeOT MgO   CaO   Na2O   K2O   Phenocrysts Latitude Longitude Rock type Classification 

Garibaldi Lake 
VF 

54.6 7.8 2.7 5.6 7.3 4.3 0.8 Pyroxene and olivine 49.9717 -123.0072 Tephra Basalt 

Mount Cayley VF 53.5 8.1 2.8 5.3 8.4 3.9 0.8 Pyroxene, 
plagioclase and 
olivine 

50.1542 -123.3994 Subglacial 
lava flow 

Basaltic 
andesite 

Mount Meager 
VF 

48.6 11.7 3.9 9.0 8.5 3.5 0.8 Plagioclase, 
pyroxene and olivine 

50.6572 -123.5950 Tephra Basalt  

Salal Glacier VF 46.8 13.1 2.6 11.1 8.6 3.1 1.0 Plagioclase and 
olivine (containing 
spinel and Fe-Ni 
sulphide inclusions) 

50.7929 -123.3833 Hyaloclastite Alkali basalt 

Bridge River VF 47.1 14.3 2.7 5.4 8.3 4.1 1.3 Plagioclase and 
olivine (containing 
spinel and Fe-Ni 
sulphide inclusions) 

50.9325 -123.4463 Pyroclastic 
breccia 

Alkali basalt 

Table B 1a  Whole rock samples in this study including major phenocrysts and GPS location. VF denotes volcanic field.  Major oxides are expressed in wt%. Data 
for Glacier Peak and Mount Baker are from Shaw (2011).   
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Table B1 b  Groundmass compositions of GVB basalts in this study. VF denotes volcanic field.  
Major oxides are expressed in wt%. Groundmass glasses were not analysed for 
Mount Cayley, Mount Baker and Glacier Peak either due to crystalline samples (no 
glassy patches) or lack of samples altogether. Data for Glacier Peak and Mount 
Baker are from Shaw (2011).   

 

 

Groundmass glass SiO2   FeOT MgO   CaO   Na2O   K2O   

Garibaldi Lake 60.9 8.3 2.8 5.3 4.7 1.8 

 62.5 5.0 2.2 4.4 5.4 2.5 

 62.1 5.2 2.4 3.9 5.4 2.7 

 61.7 5.5 2.5 4.0 5.0 2.6 

 61.4 5.5 2.6 4.1 5.2 2.7 

 59.2 8.6 2.9 5.5 3.7 1.7 

 59.5 8.9 3.3 5.5 3.9 1.6 

 59.8 6.8 2.7 5.7 5.0 1.5 

 57.8 7.6 3.1 7.0 4.6 1.4 
1 s.e. 1.5 1.6 0.4 1.0 0.6 0.5 

Mount Meager 51.6 10.6 4.3 8.8 4.1 1.2 

 51.7 11.2 4.5 9.0 4.1 1.2 

 51.9 10.9 4.5 8.8 3.8 1.3 

 51.9 10.6 4.3 9.0 4.2 1.2 

 52.5 11.2 4.4 8.6 4.1 1.2 

 52.0 10.5 4.6 8.9 4.4 1.2 

 51.9 10.7 4.5 8.8 4.3 1.2 

 52.6 11.1 4.6 8.8 4.1 1.2 
1 s.e. 0.3 0.3 0.1 0.1 0.2 0.0 

Salal Glacier 47.8 11.6 5.0 10.0 4.3 1.5 

 48.3 11.3 4.8 10.1 4.3 1.5 

 47.5 11.1 3.7 10.2 3.0 1.3 

 48.5 11.4 4.7 9.8 4.0 1.5 

 48.1 11.7 4.9 10.0 4.0 1.5 

 47.8 11.3 5.1 9.8 3.8 1.5 
1 s.e. 0.4 0.2 0.5 0.2 0.5 0.1 

Bridge River 43.2 9.0 7.0 18.2 1.8 0.2 

 44.4 12.8 10.5 12.8 2.2 0.2 

 49.3 9.7 7.1 11.2 3.2 0.2 

 50.2 7.6 5.8 12.1 3.1 0.3 

 42.9 9.5 7.7 17.8 1.8 0.2 
1 s.e. 3.5 1.9 1.7 3.3 0.7 0.1 
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Melt Inclusion  SiO2  TiO2 Al2O3 Fe2O3 FeO* MnO MgO   CaO Na2O   K2O  P2O5 

Glacier Peak 
           

WC 002-1 51.58 1.21 19.44 1.04 5.66 0.14 5.95 10.77 3.58 0.41 0.23 

WC002-2 51.41 1.18 19.57 1.05 5.70 0.14 5.98 10.76 3.59 0.42 0.22 

WC003 50.73 1.18 20.08 1.05 5.65 0.12 5.87 11.00 3.66 0.46 0.22 

WC007 52.08 1.34 19.48 1.01 5.40 0.15 5.27 10.91 3.65 0.49 0.24 

WC008 51.52 1.16 19.13 1.06 5.60 0.13 5.87 11.20 3.64 0.46 0.23 

WC013 51.09 1.20 19.87 1.02 5.55 0.13 5.79 11.05 3.62 0.46 0.22 

WC014 51.87 1.19 19.38 1.04 5.41 0.14 5.63 10.71 3.94 0.46 0.22 

WC017 51.51 1.22 19.58 1.02 5.51 0.13 5.77 10.95 3.67 0.43 0.21 

WC020-1 51.70 1.24 19.60 0.98 5.40 0.13 5.68 11.04 3.56 0.45 0.22 

WC020-2 51.56 1.22 20.58 0.87 4.83 0.14 5.00 11.09 3.96 0.49 0.25 

WC023 50.73 1.18 18.68 1.32 6.17 0.16 6.34 10.62 4.08 0.49 0.23 

IP001 51.49 1.49 18.91 0.98 4.37 0.11 5.19 11.39 4.61 0.90 0.56 

IP003-1 50.48 1.68 19.24 1.01 4.13 0.10 5.23 11.41 5.00 1.07 0.66 

IP005 54.67 2.21 16.60 1.17 4.49 0.12 5.37 8.51 4.22 1.83 0.83 

IP016 50.95 1.58 18.86 1.12 4.68 0.10 5.05 11.35 4.77 0.95 0.59 

IP020 51.26 1.54 19.02 0.94 4.30 0.10 5.14 11.82 4.45 0.86 0.57 

1 s.e. 0.28 0.09 0.26 0.03 0.18 0.01 0.12 0.21 0.14 0.12 0.06 
            

Mount Baker  SiO2  TiO2 Al2O3 Fe2O3 FeO* MnO MgO   CaO Na2O   K2O  P2O5 

SM001 54.05 1.35 18.85 1.18 5.36 0.16 3.71 10.01 4.74 0.38 0.22 

SM005 53.01 1.39 20.35 0.74 3.83 0.10 3.92 10.88 4.49 0.84 0.45 

SM025 50.31 0.72 20.04 1.21 7.09 0.18 5.16 12.05 2.64 0.43 0.17 

SM027 52.06 1.35 19.12 1.37 5.71 0.15 4.13 10.35 4.61 0.81 0.33 

SM029 53.69 1.93 17.54 1.81 5.71 0.16 3.75 8.15 5.30 1.43 0.55 

SM030 57.98 2.00 17.81 1.24 4.08 0.11 2.50 6.00 5.37 2.19 0.72 

SM032 53.68 1.28 19.52 0.85 4.57 0.11 4.15 10.71 3.89 0.86 0.40 

1 s.e. 0.71 0.13 0.32 0.11 0.34 0.01 0.24 0.61 0.28 0.19 0.1 
            

Garibaldi Lake  SiO2  TiO2 Al2O3 Fe2O3 FeO* MnO MgO   CaO Na2O   K2O  P2O5 

C.2-2 46.90 1.42 17.98 2.52 6.57 0.11 6.90 11.01 3.11 0.48 0.59 
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 C.2-1 50.81 1.13 20.09 1.56 4.00 0.00 5.29 10.71 4.21 1.17 0.43 

CC D-1 att2 54.76 0.80 18.37 2.50 6.37 0.14 4.75 7.65 3.87 0.84 0.15 

CC D-2 57.26 0.98 18.53 2.48 6.15 0.17 3.98 7.97 3.28 1.01 0.43 

CC D.1-1 att2 52.08 0.80 18.67 2.40 6.22 0.13 4.78 7.60 3.59 0.72 0.34 

CC D.1-2 50.40 0.97 16.01 3.49 9.20 0.34 6.02 6.80 4.15 0.72 0.25 

CC D.1-3 52.16 0.94 18.95 2.54 6.45 0.13 4.90 7.62 3.79 0.67 0.48 

CC D.1-3 mi2 53.98 1.02 16.66 2.98 7.81 0.11 6.03 6.99 3.18 0.88 0.43 

1 s.e. 0.94 0.06 0.39 0.16 0.45 0.03 0.28 0.49 0.13 0.06 0 
            

Mount Cayley  SiO2  TiO2 Al2O3 Fe2O3 FeO* MnO MgO   CaO Na2O   K2O  P2O5 

Cay16 A.1-1 att3 51.60 1.08 19.76 1.68 4.41 0.29 5.60 10.61 4.15 1.11 0.49 

Cay16 A.1-2 51.91 1.17 19.56 1.43 3.68 0.12 4.65 10.28 4.46 1.16 0.42 

Cay16 A.2-1 50.68 1.15 19.65 1.70 4.30 0.08 5.55 10.53 4.11 1.10 0.41 

Cay16 A.2-2 att3 49.25 1.24 18.71 1.67 4.34 0.18 5.38 10.33 4.30 1.20 0.32 

Cay16 A.2-3 att2 49.16 1.12 18.71 1.80 4.70 0.17 5.74 10.49 3.70 1.10 0.29 

Cay16 A.2-4 att3 47.32 1.09 17.39 1.89 5.00 0.18 6.45 10.01 3.04 1.04 0.61 

Cay16 A-1-new 
att2 

55.59 1.04 18.73 1.55 3.99 0.05 5.00 9.90 4.61 1.22 0.48 

Cay18 B-1--1 50.53 1.24 19.74 1.77 4.41 0.17 5.18 11.28 4.48 0.73 0.61 

Cay18 B-2 49.48 1.22 19.41 1.96 4.76 0.06 5.47 11.55 4.50 0.71 0.64 

Cay18 B.2-1 51.49 1.11 17.86 1.82 4.56 0.06 5.01 10.85 4.15 0.72 0.31 

Cay18 B.2-3 47.66 1.34 19.19 2.00 5.01 0.35 5.85 11.17 4.79 0.59 0.42 

Cay18 B.1-1 att3 46.99 1.32 18.33 2.16 5.55 0.17 6.23 10.98 4.39 0.63 0.25 

1 s.e. 0.72 0.03 0.23 0.06 0.15 0.03 0.16 0.15 0.14 0.07 0.04 
            

Mount Meager  SiO2  TiO2 Al2O3 Fe2O3 FeO* MnO MgO   CaO Na2O   K2O  P2O5 

MMA 1 mi 50.64 1.50 16.93 2.66 7.24 0.04 5.15 8.65 3.96 0.80 0.35 

MMA 2mi 50.54 1.35 17.02 2.55 6.94 0.27 5.39 8.76 3.66 0.85 0.33 

MMA 3 mi 49.85 1.38 16.93 2.47 6.73 0.13 5.03 9.27 3.68 0.77 0.27 

MMA 4 mi 49.84 1.43 16.95 2.57 7.05 0.16 4.80 9.42 3.66 0.73 0.38 

MMA 7 mi 49.88 1.30 18.17 1.91 5.83 0.08 5.12 10.50 3.40 0.79 0.34 

MMA 8 mi1 50.97 1.62 16.90 2.37 6.44 0.14 5.18 8.11 4.03 0.87 0.42 

MMA 8 mi2 49.84 1.43 17.36 2.57 7.00 0.16 5.55 8.86 3.78 0.76 0.38 
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MMA 9 mi 49.52 1.59 18.52 2.06 5.61 0.03 4.76 9.83 3.68 0.62 0.32 

MMA 10 mi1 49.53 1.48 17.91 2.48 6.86 0.17 5.12 9.72 3.72 0.58 0.35 

MMA 10 mi2 49.21 1.40 17.37 2.31 6.55 0.20 4.98 9.19 3.69 0.85 0.41 

MMA 14 mi 50.11 1.50 17.55 2.33 6.44 0.14 5.15 9.68 3.53 0.60 0.39 

MMA 19 mi 50.88 1.49 17.11 2.80 7.76 0.12 5.60 8.84 4.00 0.74 0.35 

MMA 20 mi 50.08 1.35 17.02 2.44 6.63 0.31 5.10 9.28 3.74 0.71 0.33 

MMA 23 mi 50.92 1.57 17.18 2.47 6.72 0.12 5.12 8.51 3.88 0.85 0.53 

MMA 24 mi 50.69 1.60 16.89 2.45 6.78 0.09 5.12 8.62 4.07 0.80 0.50 

MMA 27 mi 49.14 1.39 17.56 2.49 6.88 0.00 5.03 9.98 3.70 0.69 0.29 

MMA 28 mi 48.59 1.39 18.26 2.27 6.32 0.19 5.29 10.13 3.37 0.71 0.37 

MMA 32 mi 49.62 1.26 18.01 2.11 5.86 0.12 5.30 10.63 3.46 0.73 0.34 

MMA 33 mi 49.12 1.25 17.66 2.11 5.73 0.17 5.61 10.30 3.58 0.76 0.35 

MMA 34 mi 49.30 1.24 17.89 2.30 6.24 0.12 5.25 10.19 3.43 0.71 0.33 

MMA 35 mi 51.09 1.51 17.34 2.32 6.32 0.15 5.35 8.85 3.73 0.73 0.37 

MMA 36 mi 49.40 1.28 18.38 2.08 5.66 0.07 5.52 10.21 3.63 0.79 0.35 

MMA 37 mi 50.72 1.76 16.91 2.48 6.75 0.12 4.60 8.04 4.22 0.92 0.42 

MMA 39 mi 50.43 1.55 17.12 2.40 6.52 0.18 5.14 8.27 4.09 0.85 0.34 

MMA 40 mi 50.69 1.47 17.20 2.51 6.83 0.18 4.96 8.61 3.98 0.81 0.54 

MMA 44 mi 49.86 1.41 16.82 2.56 7.05 0.13 4.90 8.82 3.76 0.76 0.39 

MMAbb1 mi2 50.35 1.45 17.65 2.26 6.51 0.19 4.57 9.80 3.44 0.74 0.37 

MMAb1 mi1 49.11 1.33 18.05 2.58 7.10 0.14 5.24 9.35 3.71 0.76 0.36 

MMAb2 mi1 - 2 50.13 1.37 17.57 2.62 7.12 0.14 4.98 9.12 3.73 0.75 0.47 

MMAb3 mi1 50.13 1.33 17.89 2.23 6.05 0.09 5.33 9.33 4.00 0.76 0.19 

MMAb4 mi1 49.66 1.47 16.91 2.43 6.60 0.18 5.04 8.46 4.18 0.77 0.39 

MMAb5 mi2 49.80 1.49 17.76 2.46 6.70 0.05 5.27 9.04 3.95 0.73 0.38 

MMAb5 mi1 48.81 1.40 17.30 2.34 6.38 0.11 5.28 9.01 3.96 0.78 0.42 

MMAb6 mi1-2 50.91 1.21 18.14 2.54 6.91 0.00 5.50 8.70 3.89 0.79 0.34 

MMAb 7 mi1 51.57 1.20 18.01 
  

0.14 4.32 8.59 4.62 0.91 0.29 

MMAb8 mi1 48.41 1.38 18.05 2.36 6.64 0.11 4.73 9.93 3.73 0.72 0.45 

MMAb9 mi1 49.70 1.37 16.94 2.69 7.33 0.08 5.11 8.96 3.78 0.74 0.35 

MMAb10 mi3 49.14 1.31 17.27 2.62 7.12 0.18 5.22 9.19 3.45 0.74 0.33 

MMAb10 mi1 49.81 1.48 16.81 2.88 7.84 0.07 4.89 7.98 3.95 0.79 0.36 
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MMAb10 mi2 50.24 1.54 17.15 2.69 7.33 0.11 4.52 7.25 3.56 0.80 0.52 

MMAb11 mi1-2 50.13 1.49 16.77 2.76 7.52 0.06 4.79 8.37 3.38 0.75 0.40 

MMAb12 mi2 51.51 1.56 18.21 2.33 6.34 0.00 5.49 8.81 4.29 0.85 0.20 

MMAb12 mi1 50.81 1.47 17.82 2.33 6.34 0.09 5.35 8.52 4.24 0.78 0.37 

MMAb13 mi1-2 49.21 1.36 17.17 2.41 6.56 0.18 5.48 9.06 3.54 0.77 0.47 

MMAb13 mi2-2 48.37 1.28 17.13 2.34 6.37 0.12 5.46 9.43 3.39 0.77 0.42 

MMAb15 mi2 51.60 1.33 17.96 2.63 7.15 0.05 5.17 9.30 4.12 0.79 0.34 

MMAb15 mi1 49.11 1.28 17.11 2.51 6.82 0.07 5.33 9.12 3.89 0.80 0.42 

MMAb16 mi1-2 49.27 1.60 17.24 2.30 6.27 0.15 5.35 9.35 3.82 0.74 0.33 

1 s.e. 0.25 0.04 0.15 0.06 0.15 0.02 0.09 0.21 0.08 0.02 0.02 
            

Salal Glacier  SiO2  TiO2 Al2O3 Fe2O3 FeO* MnO MgO   CaO Na2O   K2O  P2O5 

SC1 mi1 45.37 2.58 17.06 1.94 8.98 0.12 6.93 12.14 4.06 1.06 0.64 

SC3 mi1 45.03 2.55 15.07 2.11 10.13 0.38 7.36 10.83 2.95 0.94 0.42 

SC3 mi2 45.93 2.63 16.00 2.17 10.35 0.44 7.53 9.41 3.65 1.30 0.59 

SC4 mi2-2 45.39 2.44 15.87 1.90 9.07 0.20 7.45 10.89 3.15 0.92 0.41 

SC6 mi1 46.05 2.55 16.34 2.03 9.24 0.14 7.20 10.57 3.75 1.12 0.46 

SC7 mi1 43.50 2.12 13.25 2.60 12.99 0.07 9.98 9.48 2.92 0.80 0.33 

SC7 mi3 46.47 2.41 17.20 2.10 10.66 0.15 7.99 9.94 3.32 0.96 0.45 

SC7 mi2 43.10 2.13 14.46 2.42 12.10 0.35 8.70 8.69 3.39 1.10 0.40 

SC8 mi1 46.15 2.47 16.45 2.00 8.83 0.26 6.53 10.45 3.78 1.16 0.63 

1 s.e. 0.36 0.06 0.39 0.07 0.44 0.04 0.31 0.31 0.12 0.05 0.03 
            

Bridge River  SiO2  TiO2 Al2O3 Fe2O3 FeO* MnO MgO   CaO Na2O   K2O  P2O5 

BR 1mi2 46.79 2.81 16.37 1.94 9.30 0.11 8.00 9.88 3.30 0.73 0.38 

BR 1mi1-2 47.79 2.00 15.36 2.03 9.93 0.12 8.36 10.37 3.10 0.41 0.25 

BR 1 mi3 47.27 2.19 16.50 1.81 8.68 0.09 7.39 11.02 3.03 0.74 0.30 

BR2 mi1 46.36 2.68 15.70 2.08 10.13 0.24 8.58 9.84 2.87 0.79 0.36 

BR3 mi1 48.25 2.29 16.70 1.87 8.76 0.19 7.44 10.17 3.40 0.77 0.29 

BR3 mi2 47.26 2.27 17.02 1.88 8.71 0.25 7.14 10.53 3.50 0.77 0.29 

BR3 mi3 46.08 2.14 15.99 1.96 9.38 0.17 7.96 10.25 3.11 0.59 0.24 

BR4 mi2 47.32 1.88 15.33 2.12 10.26 0.20 8.80 10.77 2.32 0.35 0.25 

BR4 mi1-2 48.13 1.83 16.02 2.00 9.53 0.27 7.91 10.80 2.46 0.39 0.18 
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BR5 mi1 48.10 1.96 16.16 1.86 8.73 0.17 7.31 10.41 3.27 0.40 0.28 

BR6 mi1 47.65 2.22 17.12 1.95 8.77 0.23 6.87 10.72 2.42 0.73 0.40 

BR7 mi1 48.08 2.03 16.16 1.89 9.09 0.21 7.71 10.59 2.84 0.46 0.22 

BR7 mi2 47.34 1.97 16.05 2.01 9.68 0.19 7.93 10.67 3.14 0.40 0.33 

BR7 mi3-2 48.20 1.87 16.05 1.91 9.32 0.25 7.97 10.47 2.99 0.42 0.30 

BR8 mi1 48.64 1.99 15.84 1.91 9.10 0.16 7.78 10.34 3.29 0.41 0.27 

BR9 mi1-2 49.70 1.92 17.50 1.92 7.98 0.03 5.83 9.60 3.78 0.49 0.25 

1 s.e. 0.27 0.08 0.18 0.03 0.18 0.02 0.21 0.12 0.12 0.05 0.02 

 

Table B2a    Corrected major and volatile contents of all melt inclusions from this study. Major oxides and H2O (including 
error) are expressed as wt %. Volatiles (Cl, S, CO2) and associated errors expressed as ppm. δD is the permil 
deviation of the D/H isotope ratio from the D/H ratio of Standard Mean Ocean Water (δDVSMOW = 0 ‰; Hauri 
(2002); Shaw et al., 2008).  Error is also expressed as ‰. CO2 (glassy) refers to the content in the glassy 
portion of the melt inclusion (error is in ppm). CO2 (bubble) is the amount of CO2 measured in the shrinkage 
bubble using Raman. CO2 (60%) refers to the calculated CO2 content in the bubble assuming it contains 60% 
of the total CO2. CO2 total is the amount of CO2 in the melt + bubble (either by Raman or calculations). PEC 
refers to the amount of olivine that was added back into the melt inclusion composition to achieve equilibrium 
with the olivine host. Values for Garibaldi Lake, Mount Cayley, Salal Glacier and Bridge River are not provided 
as they were re-heated and thus experimentally reset to equilibrium.  fO2 was calculated in Glacier Peak, Mount 
Baker and Mount Meager melt inclusions from the S peak, using the method by Jugo et al. (2005). Fe ratios 
were calculated using the method by Kress and Carmichael (1991). Temperature, expressed in ˚C, was 
calculated using equation 13 from Putirka (2008). Pressure, expressed as kbars, was calculated using the 
volatile saturation model by Papale et al. (2006) using the total CO2 in the melt inclusion. Data for Glacier Peak 
and Mount Baker are from Shaw (2011).
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Melt 
Inclusion 

Cl 
ppm 

S ppm CO2 (ppm) 
glassy 

error CO2 (ppm) 
bubble, 
Raman 

CO2 (ppm) 
+ 60% 

CO2 (ppm) 
total 

H2O error δD error 

Glacier 
Peak 

           

WC 002-1 923 1470 612 68 
 

918 1530 1.5 0.2 
  

WC002-2 926 1480 821 50 
 

1232 2053 1.8 0.1 
  

WC003 950 1600 334 64 
 

501 835 0.5 0.1 
  

WC007 973 1600 650 44 
 

975 1625 2.0 0.1 
  

WC008 941 1590 755 47 
 

1133 1888 1.9 0.1 
  

WC013 906 1700 244 20 
 

366 610 1.1 0.1 
  

WC014 1011 1690 281 44 
 

422 703 0.6 0.1 
  

WC017 917 1320 
     

1.9 0.2 
  

WC020-1 921 1650 430 34 
 

645 1075 1.3 0.1 
  

WC020-2 929 1740 
     

0.8 0.1 
  

WC023 917 1200 
     

1.1 0.2 
  

IP001 446 2960 
     

2.2 0.3 
  

IP003-1 520 2860 387 48 
 

581 968 1.4 0.2 
  

IP005 711 89 
     

1.1 0.1 
  

IP016 447 2550 
     

1.6 0.1 
  

IP020 418 3320 
     

1.7 0.3 
  

1 s.e. 65 237 
         

 
           

Mount 
Baker 

Cl 
ppm 

S ppm CO2 (ppm) 
glassy 

error CO2 (ppm) 
bubble, 
Raman 

CO2 (ppm) 
+ 60% 

CO2 (ppm) 
total 

H2O error δD error 

SM001 205 983 167 18 
 

251 418 1.0 0.1 
  

SM005 456 1530 870 57 
 

1305 2175 2.2 0.2 
  

SM025 218 665 276 27 
 

414 690 2.1 0.2 
  

SM027 477 1480 624 76 
 

936 1560 1.8 0.2 
  

SM029 424 1200 358 23 
 

537 895 1.3 0.1 
  

SM030 456 168 
     

0.8 0.1 
  

SM032 453 1480 410 23 
 

615 1025 1.7 0.1 
  

1 s.e. 36 153 
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Garibaldi 
Lake 

Cl 
ppm 

S ppm CO2 (ppm) 
glassy 

error CO2 (ppm) 
bubble, 
Raman 

CO2 (ppm) 
+ 60% 

CO2 (ppm) 
total 

H2O error δD error 

C.2-2 1537 286 551 1.8 1649 
 

2201 0.4 9.8E-
04 

  

C.2-1 1570 421 1758 55.1 713 
 

2470 0.8 2.2E-
03 

-48.0 1.3 

CC D-1 
att2 

1084 170 
  

3760 
 

3760 0.2 2.2E-
03 

-56.5 4.0 

CC D-2 522 
   

6048 
 

6048 
    

CC D.1-1 
att2 

1061 238 
  

3207 
 

3207 2.1 1.9E-
02 

-29.7 1.6 

CC D.1-2 1108 227 
       

-34.6 2.2 

CC D.1-3 972 101 
  

3567 
 

3567 
    

CC D.1-3 
mi2 

900 158 
         

1 s.e. 102 31 
         

 
           

Mount 
Cayley 

Cl 
ppm 

S ppm CO2 (ppm) 
glassy 

error CO2 (ppm) 
bubble, 
Raman 

CO2 (ppm) 
+ 60% 

CO2 (ppm) 
total 

H2O error δD error 

Cay16 
A.1-1 att3 

1695 485 462 2.4 3913 
 

4374 0.5 1.6E-
03 

  

Cay16 
A.1-2 

1488 424 88 1.2 
   

0.4 8.7E-
04 

  

Cay16 
A.2-1 

1518 593 
         

Cay16 
A.2-2 att3 

1532 236 
     

0.0 
 

-
150.2 

3.4 

Cay16 
A.2-3 att2 

1533 441 497 2.6 3204 
 

3702 0.5 5.3E-
04 

-97.1 2.6 

Cay16 
A.2-4 att3 

1629 522 
         

Cay16 A-
1-new att2 

1514 564 
         

Cay18 B-
1--1 

1704 434 546 1.1 1916 
 

2462 0.1 3.0E-
04 

-58.8 2.9 

Cay18 B-2 1527 505 761 2.1 3251 
 

4012 0.0 2.2E-
04 

-80.6 4.2 
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Cay18 
B.2-1 

1644 435 
     

0.9 2.1E-
02 

-
122.1 

5.3 

Cay18 
B.2-3 

1538 530 
     

0.6 1.3E-
02 

-
114.4 

3.4 

Cay18 
B.1-1 att3 

1432 473 
         

1 s.e. 26 28 
         

 
           

Mount 
Meager 

Cl 
ppm 

S ppm CO2 (ppm) 
glassy 

error CO2 (ppm) 
bubble, 
Raman 

CO2 (ppm) 
+ 60% 

CO2 (ppm) 
total 

H2O error δD error 

MMA 1 mi 568 2535 
         

MMA 2mi 611 2757 
         

MMA 3 mi 616 2671 
         

MMA 4 mi 598 2568 
         

MMA 7 mi 652 3600 
         

MMA 8 
mi1 

675 2484 
         

MMA 8 
mi2 

606 2699 
         

MMA 9 mi 373 1359 
         

MMA 10 
mi1 

533 2098 
         

MMA 10 
mi2 

696 3558 
         

MMA 14 
mi 

650 2217 
         

MMA 19 
mi 

626 2202 
         

MMA 20 
mi 

600 2599 
         

MMA 23 
mi 

689 2283 
         

MMA 24 
mi 

713 2513 
         

MMA 27 
mi 

577 2888 
         

MMA 28 
mi 

511 2774 
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MMA 32 
mi 

610 3286 
         

MMA 33 
mi 

593 3380 
         

MMA 34 
mi 

560 3022 
         

MMA 35 
mi 

600 2275 
         

MMA 36 
mi 

550 3316 
         

MMA 37 
mi 

712 2583 
         

MMA 39 
mi 

623 2317 
         

MMA 40 
mi 

669 2317 
         

MMA 44 
mi 

652 2510 
         

MMAbb1 
mi2 

651 3058 
         

MMAb1 
mi1 

602 2698 1157 90.8 1843 
 

3000 1.3 4.8E-
02 

  

MMAb2 
mi1 - 2 

614 2579 
         

MMAb3 
mi1 

535 2538 1372 7.2 5163 
 

6535 2.7 4.7E-
02 

  

MMAb4 
mi1 

632 2267 
         

MMAb5 
mi2 

581 4132 
         

MMAb5 
mi1 

592 2906 1429 11.7 2071 
 

3500 2.8 3.8E-
02 

-27.2 9 

MMAb6 
mi1-2 

529 2818 1767 15.7 3563 
 

5330 2.9 2.8E-
02 

-16.3 6 

MMAb 7 
mi1 

512 2671 1436 65.8 861 
 

2297 2.5 2.5E-
02 

  

MMAb8 
mi1 

579 2742 1283 26.8 1026 
 

2309 2.3 5.1E-
02 

  

MMAb9 
mi1 

511 2659 1506 6.3 4839 
 

6346 3.1 4.6E-
02 

-
107.2 

6 
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MMAb10 
mi3 

582 2779 1428 9.8 2572 
 

4000 3.1 3.4E-
02 

-
109.1 

7 

MMAb10 
mi1 

609 2216 756 21.2 537 
 

1292 1.5 5.1E-
02 

-82.5 7 

MMAb10 
mi2 

592 3610 
     

2.9 
 

-
140.7 

6 

MMAb11 
mi1-2 

638 2283 
         

MMAb12 
mi2 

683 2287 1016 3.1 1484 
 

2500 2.6 4.0E-
02 

  

MMAb12 
mi1 

604 2280 955 5.9 774 
 

1729 2.7 4.6E-
02 

-
129.1 

6 

MMAb13 
mi1-2 

577 2728 1317 7.9 
  

1317 2.8 4.5E-
02 

  

MMAb13 
mi2-2 

589 2774 1366 5.9 1134 
 

2500 2.8 4.1E-
02 

  

MMAb15 
mi2 

528 2838 
         

MMAb15 
mi1 

579 2857 1328 6.9 
  

1328 2.9 5.1E-
02 

  

MMAb16 
mi1-2 

592 2573 
         

1 s.e. 19 142 
         

 
           

Salal 
Glacier 

Cl 
ppm 

S ppm CO2 (ppm) 
glassy 

error CO2 (ppm) 
bubble, 
Raman 

CO2 (ppm) 
+ 60% 

CO2 (ppm) 
total 

H2O error δD error 

SC1 mi1 546 1420 4409 98.0 3483 
 

7892 0.7 5.5E-
03 

  

SC3 mi1 529 1483 4726 328.9 5073 
 

9799 1.2 1.1E-
03 

-88.0 8 

SC3 mi2 609 1468 6159 
   

6159 1.6 1.1E-
03 

-
124.0 

7 

SC4 mi2-2 644 
 

5547 
   

5547 1.1 1.1E-
03 

  

SC6 mi1 515 1463 
     

1.2 1.1E-
03 

  

SC7 mi1 541 1307 1919 6.0 4790 
 

6709 1.5 9.5E-
03 
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SC7 mi3 446 1266 1626 17.2 4307 
 

5933 1.1 4.7E-
03 

  

SC7 mi2 393 1533 803 14.4 3279 
 

4082 1.2 6.2E-
03 

  

SC8 mi1 527 1212 
 

19.1 
   

1.5 6.2E-
03 

-67.4 7 

1 s.e. 23 35 
         

 
           

Bridge 
River 

Cl 
ppm 

S ppm CO2 (ppm) 
glassy 

error CO2 (ppm) 
bubble, 
Raman 

CO2 (ppm) 
+ 60% 

CO2 (ppm) 
total 

H2O error δD error 

BR 1mi2 187 1181 
         

BR 1mi1-2 537 1122 
         

BR 1 mi3 200 1018 
         

BR2 mi1 231 1403 349 6.9 
  

349 0.8 4.5E-
03 

-
110.7 

8 

BR3 mi1 236 1174 272 93.8 
  

272 0.6 1.6E-
03 

  

BR3 mi2 247 1127 
         

BR3 mi3 229 1247 
         

BR4 mi2 105 671 382 2.4 
  

382 1.4 2.1E-
02 

-
119.0 

7 

BR4 mi1-2 97 912 229 2.3 
  

229 1.1 1.5E-
02 

  

BR5 mi1 110 1190 
     

1.2 6.8E-
03 

-58.5 8 

BR6 mi1 194 1700 
     

0.8 1.7E-
03 

  

BR7 mi1 360 1079 4220 33.1 5580 
 

9800 1.2 1.7E-
03 

  

BR7 mi2 419 1102 4501 17.0 5815 
 

10316 1.4 1.7E-
03 

-29.8 8 

BR7 mi3-2 328 1091 3980 3.7 4243 
 

8222 1.1 1.7E-
03 

  

BR8 mi1 394 1197 
         

BR9 mi1-2 333 1261 551 35.1 
  

551 0.7 1.1E-
03 

  

1 s.e. 37 66 
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Table B2a    Continued. Corrected major and volatile contents of all melt inclusions from this study. Major oxides and H2O 
(including error) are expressed as wt %. Volatiles (Cl, S, CO2) and associated errors expressed as ppm. δD is 
the permil deviation of the D/H isotope ratio from the D/H ratio of Standard Mean Ocean Water (δDVSMOW = 0 
‰; Hauri (2002); Shaw et al., 2008).  Error is also expressed as ‰. CO2 (glassy) refers to the content in the 
glassy portion of the melt inclusion (error is in ppm). CO2 (bubble) is the amount of CO2 measured in the 
shrinkage bubble using Raman. CO2 (60%) refers to the calculated CO2 content in the bubble assuming it 
contains 60% of the total CO2.  CO2 total is the amount of CO2 in the melt + bubble (either by Raman or 
calculations). PEC refers to the amount of olivine that was added back into the melt inclusion composition to 
achieve equilibrium with the olivine host. Values for Garibaldi Lake, Mount Cayley, Salal Glacier and Bridge 
River are not provided as they were re-heated and thus experimentally reset to equilibrium.  fO2 was calculated 
in Glacier Peak, Mount Baker and Mount Meager melt inclusions from the S peak, using the method by Jugo 
et al. (2005). Fe ratios were calculated using the method by Kress and Carmichael (1991). Temperature, 
expressed in ˚C, was calculated using equation 13 from Putirka (2008). Pressure, expressed as kbars, was 
calculated using the volatile saturation model by Papale et al. (2006) using the total CO2 in the melt inclusion. 
Data for Glacier Peak and Mount Baker are from Shaw (2011). 
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Glacier  
Peak KD PEC % Fo_Host Fe3+/Fetot fO2 T (˚C) P (kbars) 

        
WC 002-1 

0.30 4 86.0 0.15 
+0.3  <  NNO  

<  +0.82 1148 1.43 
WC002-2 0.30 4 86.0 0.15  1149 2.11 
WC003 0.30 3 86.0 0.16  1143 0.38 
WC007 0.30 1 85.0 0.16  1123 1.66 
WC008 0.30 2 86.0 0.16  1143 1.95 
WC013 0.30 1 86.0 0.15  1140 0.46 
WC014 0.30 0 86.0 0.16  1142 0.44 
WC017 0.30 5 86.0 0.16  1141  

WC020-1 0.30 1 86.0 0.15  1136 0.90 
WC020-2 0.30 1 86.0 0.15  1113  
WC023 0.30 1 86.0 0.18  1170  
IP001 0.30 4 88.0 0.18  1132  

IP003-1 0.30 4 89.0 0.19  1140 1.02 
IP005 0.30 0 88.0 0.21  1179  
IP016 0.30 5 87.0 0.19  1128  
IP020 0.30 2 88.0 0.17  1123  

 
       

Mount Baker KD PEC % Fo_Host Fe3+/Fetot fO2 T (˚C) P (kbars) 
SM001 0.30 1 80.0 0.18 NNO+0.29 1076 0.44 
SM005 0.30 0 86.0 0.16  1076  
SM025 0.30 1 80.0 0.14  1094 0.77 
SM027 0.30 5 81.0 0.20  1092 1.90 
SM029 0.30 4 80.0 0.26  1116 1.78 
SM030 0.30 3 80.0 0.25  1106  
SM032 0.30 5 84.0 0.15  1083 1.03 

        
Garibaldi Lake KD PEC % Fo_Host Fe3+/Fetot fO2 T (˚C) P (kbars) 

C.2-2 0.32  85.2 0.26  1134 2.22 
C.2-1 0.32  88.1 0.26  1117 2.26 

CC D-1 att2 0.33  80.1 0.26  1140 4.29 
CC D-2 0.31  78.7 0.26  1133  

CC D.1-1 att2 0.31  81.7 0.26  1142 3.92 
CC D.1-2 0.31  79.1 0.26  1178  
CC D.1-3 0.33  80.5 0.26  1135 3.98 

CC D.1-3 mi2 0.33  80.5 0.26  1166  
 
        

Mount Cayley KD PEC % Fo_Host Fe3+/Fetot fO2 T (˚C) P (kbars) 
Cay16 A.1-1 att3 0.32  87.6 0.26  1124 3.70 
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Cay16 A.1-2 0.32  87.5 0.26  1090  
Cay16 A.2-1 0.32  87.8 0.26  1138  

Cay16 A.2-2 att3 0.30  88.1 0.26  1127  
Cay16 A.2-3 att2 0.30  88.0 0.26  1135 3.26 
Cay16 A.2-4 att3 0.31  88.6 0.26  1137  
Cay16 A-1-new 

att2 0.31  87.9 0.26  1139  
Cay18 B-1--1 0.33  86.5 0.26  1127 2.14 

Cay18 B-2 0.33  86.3 0.26  1129 3.29 
Cay18 B.2-1 0.30  86.7 0.26  1137  
Cay18 B.2-3 0.31  86.9 0.26  1140  

Cay18 B.1-1 att3 0.31  86.6 0.26  1149  
        

Mount Meager KD PEC % Fo_Host Fe3+/Fetot fO2 T (˚C) P (kbars) 
MMA 1 mi 0.31 2 81.0 0.26 NNO+0.74 1130  
MMA 2mi 0.33 3 81.0 0.26  1136  
MMA 3 mi 0.31 3 81.0 0.26  1127  
MMA 4 mi 0.30 3 80.0 0.26  1116  
MMA 7 mi 0.30 4 84.0 0.26  1057  
MMA 8 mi1 0.34 3 81.0 0.26  1131  
MMA 8 mi2 0.33 4 81.0 0.26  1140  
MMA 9 mi 0.31 3 83.0 0.26  1120  

MMA 10 mi1 0.30 3 82.0 0.26  1119  
MMA 10 mi2 0.30 3 82.0 0.26  1100  
MMA 14 mi 0.30 3 83.0 0.26  1120  
MMA 19 mi 0.30 3 81.0 0.26  1127  
MMA 20 mi 0.31 3 81.0 0.26  1128  
MMA 23 mi 0.32 3 81.0 0.26  1129  
MMA 24 mi 0.30 2 82.0 0.26  1119  
MMA 27 mi 0.30 3 81.0 0.26  1117  
MMA 28 mi 0.30 3 83.0 0.26  1118  
MMA 32 mi 0.30 3 84.0 0.26  1118  
MMA 33 mi 0.33 4 84.0 0.26  1142  
MMA 34 mi 0.30 3 83.0 0.26  1132  
MMA 35 mi 0.32 3 83.0 0.26  1135  
MMA 36 mi 0.33 4 84.0 0.26  1140  
MMA 37 mi 0.30 2 80.0 0.26  1115  
MMA 39 mi 0.32 3 81.0 0.26  1129  
MMA 40 mi 0.31 2 81.0 0.26  1125  
MMA 44 mi 0.30 2 80.0 0.26  1115  

MMAbb1 mi2 0.30 3 81.0 0.26  1084  
MMAb1 mi1 0.30 3 82.0 0.26  1124 1.42 

MMAb2 mi1 - 2 0.30 3 80.0 0.26  1125  
MMAb3 mi1 0.33 3 83.0 0.26  1135  
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MMAb4 mi1 0.32 3 81.0 0.26  1127  
MMAb5 mi2 0.31 3 82.0 0.26  1133  
MMAb5 mi1 0.33 4 82.0 0.26  1133 2.12 

MMAb6 mi1-2 0.32 3 82.0 0.26  1139  
MMAb 7 mi1    0.26    
MMAb8 mi1 0.30 3 81.0 0.15  1099 1.62 
MMAb9 mi1 0.32 3 80.0 0.15  1129  
MMAb10 mi3 0.35 4 79.0 0.15  1132 2.13 
MMAb10 mi1 0.32 3 77.0 0.15  1123 1.38 
MMAb10 mi2 0.32 3 77.0 0.15  1113  

MMAb11 mi1-2 0.32 3 78.0 0.15  1120  
MMAb12 mi2 0.34 3 82.0 0.15  1139 1.73 
MMAb12 mi1 0.33 3 82.0 0.15  1135 1.70 

MMAb13 mi1-2 0.35 4 81.0 0.15  1139 1.96 
MMAb13 mi2-2 0.36 5 81.0 0.15  1138 1.88 
MMAb15 mi2 0.30 2 81.0 0.15  1130  
MMAb15 mi1 0.32 4 81.0 0.15  1135 2.10 

MMAb16 mi1-2 0.33 4 82.0 0.15  1135  
        

Salal Glacier KD PEC % Fo_Host Fe3+/Fetot fO2 T (˚C) P (kbars) 
SC1 mi1 

0.30  82.0 0.15 
-0.64  < NNO 

< -1.36 1270 4.33 
SC3 mi1 0.30  81.0 0.15  1241 5.16 
SC3 mi2 0.30  81.0 0.15  1260 6.81 

SC4 mi2-2 0.30  83.0 0.15  1246 5.53 
SC6 mi1 0.30  82.0 0.15  1298 4.81 
SC7 mi1 0.30  82.0 0.15  1265 3.28 
SC7 mi3 0.30  82.0 0.15  1186 2.33 
SC7 mi2 0.30  81.0 0.15  1223 1.73 
SC8 mi1 0.30  82.0 0.15  1303 6.37 

        
Bridge River KD PEC % Fo_Host Fe3+/Fetot fO2 T (˚C) P (kbars) 

BR 1mi2 
0.30  84.0 0.15 

-0.37 < NNO 
< -1.27 1267  

BR 1mi1-2 0.30  83.0 0.15  1251  
BR 1 mi3 0.30  84.0 0.15  1243  
BR2 mi1 0.30  83.0 0.15  1265 0.51 
BR3 mi1 0.30  83.0 0.15  1270 0.51 
BR3 mi2 0.30  83.0 0.15  1276  
BR3 mi3 0.30  84.0 0.15  1273  
BR4 mi2 0.30  83.0 0.15  1288 0.66 

BR4 mi1-2 0.30  83.0 0.15  1273 0.45 
BR5 mi1 0.30  83.0 0.15  1266  
BR6 mi1 0.30  83.0 0.15  1300  
BR7 mi1 0.30  84.0 0.15  1250 4.69 
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Table B2a    Continued. Corrected major and volatile contents of all melt inclusions from this study. Major oxides and H2O 
(including error) are expressed as wt %. Volatiles (Cl, S, CO2) and associated errors expressed as ppm. δD is 
the permil deviation of the D/H isotope ratio from the D/H ratio of Standard Mean Ocean Water (δDVSMOW = 0 
‰; Hauri (2002); Shaw et al., 2008).  Error is also expressed as ‰. CO2 (glassy) refers to the content in the 
glassy portion of the melt inclusion (error is in ppm). CO2 (bubble) is the amount of CO2 measured in the 
shrinkage bubble using Raman. CO2 (60%) refers to the calculated CO2 content in the bubble assuming it 
contains 60% of the total CO2.  CO2 total is the amount of CO2 in the melt + bubble (either by Raman or 
calculations). PEC refers to the amount of olivine that was added back into the melt inclusion composition to 
achieve equilibrium with the olivine host. Values for Garibaldi Lake, Mount Cayley, Salal Glacier and Bridge 
River are not provided as they were re-heated and thus experimentally reset to equilibrium.  fO2 was calculated 
in Glacier Peak, Mount Baker and Mount Meager melt inclusions from the S peak, using the method by Jugo 
et al. (2005). Fe ratios were calculated using the method by Kress and Carmichael (1991). Temperature, 
expressed in ˚C, was calculated using equation 13 from Putirka (2008). Pressure, expressed as kbars, was 
calculated using the volatile saturation model by Papale et al. (2006) using the total CO2 in the melt inclusion. 
Data for Glacier Peak and Mount Baker are from Shaw (2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BR7 mi2 0.30  83.0 0.15  1257 4.83 
BR7 mi3-2 0.30  84.0 0.15  1241 4.56 
BR8 mi1 0.30  84.0 0.15  1267  

BR9 mi1-2 0.30  81.0 0.15  1312 0.84 
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Glacier Peak Sc21 V51 Co59 Ni60 Rb85 Sr88 Y89 Zr90 Nb93 Ba137 La139 Ce140 Pr141 
WC 0021 30.2 202.1   3.6 540 16.4 75.0 1.1 77.0 5.1 15.4 2.8 
WC002-2 29.2 209.3   2.2 534 18.1 77.0 1.0 79.0 5.1 16.5 2.5 
WC002-3 32.2 243.6   4.2 530 15.9 74.0 1.1 90.0 4.9 17.5 2.5 
WC007 33.3 245.7   3.7 533 18.2 80.0 1.0 103.0 6.0 18.5 2.7 
WC008 83.5 263.9    457 14.3 75.0  79.0  12.5 1.9 
WC013 29.7 226.5   3.7 553 14.4 68.0 1.1 95.0 5.9 16.8 2.2 
WC017 22.2 203.0   2.6 535 15.3 74.0 1.1 79.0 4.6 14.7 2.2 

WC020-1 41.6 251.8   4.9 539 21.0 83.0 1.1 100.0 5.4 16.7 2.5 
WC020-2 44.2 274.5   5.0 549 18.3 87.0 1.8 98.0 6.0 18.0 2.4 
WC023 29.8 216.4   4.7 514 17.1 75.0 1.4 106.0 5.9 17.6 2.8 
IP003-1 24.3 190.0   9.2   127.0 7.7  23.3 68.3 7.7 
IP016 25.0 225.1   7.3   117.0 6.2  20.8 48.8 6.2 
1 s.e. 16.5 26.6   2.0 27.2 2.1 18.4 2.4 11.3 6.8 17.0 1.8 

              
Mount Baker Sc21 V51 Co59 Ni60 Rb85 Sr88 Y89 Zr90 Nb93 Ba137 La139 Ce140 Pr141 

SM025 29.8 119.0   6.5 753  36.0 1.4 201.0 4.0 12.1 1.0 
SM027 31.9 247.9   5.1 509 19.5 100.0 3.3 258.0 8.4 21.0 1.6 
SM029 31.0 193.5   16.0 470 35.1  9.1 382.0 19.8 44.1 6.6 
SM030 19.6 217.7   40.8  34.7  12.6  23.4 58.4 7.2 
SM032 26.0 214.8   5.4 526 17.2 107.0 5.4 247.0 10.8 26.9 2.6 
1 s.e. 5.0 48.5   15.2 127.8 9.6 39.1 4.5 77.4 8.1 18.6 2.9 

              
Garibaldi Lake Sc21 V51 Co59 Ni60 Rb85 Sr88 Y89 Zr90 Nb93 Ba137 La139 Ce140 Pr141 

C.2-2 21.4 192.5 60.5 86.7 5.0   120.2 3.8 242.6 25.1 59.3 7.6 
 C.2-1 12.4 195.5 51.9 161.9 15.0   134.8 5.7 410.2 28.0 64.4 8.1 

CC D-1 att2 24.6 163.0 90.1 278.2 7.3 569.0 15.1 66.6 2.6 214.3 6.1 13.8 2.1 
CC D-2 20.7 162.8 50.6 103.5 7.0 684.3 18.5 90.3 6.2 307.2 11.4 26.6 3.5 

CC D.1-1 att2 17.0 154.8 52.4 151.0 5.4 625.6 14.7 72.2 3.4 236.8 7.1 17.5 2.4 
CC D.1-2 18.3 181.2 65.3 72.0 4.7 609.7 17.7 79.6 5.2 280.4 10.3 24.6 3.4 
CC D.1-3 21.4 167.9 70.6 128.9 9.2 657.3 19.2 99.4 6.8 374.0 11.7 28.2 3.8 

CC D.1-3 mi2 20.3 130.2 60.0 84.5 4.1 633.1 13.3 69.5 4.7 229.6 7.4 18.7 2.7 
1 s.e. 3.6 21.3 13.1 66.9 3.6 39.6 2.4 25.0 1.5 72.0 8.4 19.3 2.3 
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Mount Cayley 

 
 
 

Sc21 

 
 
 

V51 

 
 
 

Co59 

 
 
 

Ni60 

 
 
 

Rb85 

 
 
 

Sr88 

 
 
 

Y89 

 
 
 

Zr90 

 
 
 

Nb93 

 
 
 

Ba137 

 
 
 

La139 

 
 
 

Ce140 

 
 
 

Pr141 
Cay16 A.1-2 15.9 178.8 41.9 188.8 11.9 1501.3  115.8 5.2 328.9 23.0 55.3 6.8 
Cay16 A.2-1 12.9 189.4 50.3 85.9 13.8 1662.9  128.1 5.4 379.1 25.9 61.8 8.0 

Cay16 A.2-2 att3 12.7 197.5 48.4 161.0 20.0 1199.8  113.2 3.5 507.4 22.1 49.5 6.5 
Cay16 A.2-3 att2 16.1 189.9 41.0 60.2 11.2 1599.7  125.3 6.0 337.7 25.4 58.5 7.5 
Cay16 A.2-4 att3 13.1 179.0 41.3 77.2 11.0 1642.8 15.7 124.5 6.1 402.1 25.9 64.0 7.9 

Cay16 A-1 16.6 188.5 49.8 131.4 88.5 1660.4   23.3  74.5 170.8 21.2 
Cay18 B-1 16.6 195.7 52.2 225.2 6.9  17.8 115.9 3.7 219.2 24.4 62.0 7.8 
Cay18 B-2 16.4 181.4 55.4 358.6 5.6 1792.9 18.8 124.9 3.7 237.5 24.5 61.4 7.3 

Cay18 B.2-1 11.9 147.2 51.7 160.6 6.2 1667.6 17.2 113.4 3.7 221.4 24.7 58.9 7.2 
Cay18 B.2-3 11.6 199.2 65.3 278.1 5.0  18.8 115.8 3.4 208.2 25.2 63.2 7.8 

Cay18 B.1-1 mi2 6.7 212.0 108.1 577.5 5.6 1920.3 17.9 133.2 4.2 272.6 28.0 71.0 9.2 
1 s.e. 3.1 16.5 19.0 151.3 24.2 199.0 1.2 7.0 5.8 98.0 15.0 33.7 4.1 

              
Mount Meager Sc21 V51 Co59 Ni60 Rb85 Sr88 Y89 Zr90 Nb93 Ba137 La139 Ce140 Pr141 
MMAb 7 mi1  272.6 54.3 29.1 9.1 1084.0 22.0 141.6 9.4 468.5 23.3 47.2 6.3 
MMAb8 mi1  228.5 33.3 13.1 5.7 945.2 17.6 114.3 9.6 313.8 18.8 41.0 5.2 
MMAb10 mi2  270.3 44.1 13.4 9.7 1123.3 27.7 181.1 12.9 437.6 23.9 57.9 6.4 
MMAb10 mi2  260.0 48.0 9.7 8.0 897.4 18.5 126.1 8.6 323.0 17.6 42.1 5.2 

MMAb11 mi1-2  238.8 47.5 17.8 8.1 998.0 19.1 128.2 9.1 346.3 17.1 37.8 4.4 
MMAb12 mi2  227.9 46.8 28.7 6.5 1137.5 18.0 121.3 7.9 375.9 19.0 41.7 5.3 

MMAb13 mi2-2  215.3 77.0 106.1 6.1 1059.0 16.3 109.9 7.6 353.6 17.5 40.8 5.1 
MMAb15 mi1  198.3 56.0 68.5 5.8 972.7 14.3 100.1 7.7 389.7 17.8 41.2 5.7 
MMAb15 mi2  226.5 44.2 30.3 6.9 1099.2 16.8 114.8 7.1 373.8 18.9 41.1 5.1 
MMAbb1 mi2  243.4 31.8 12.1 6.3 1176.5 19.2 118.3 8.7 344.4 17.7 40.3 5.1 

MMAb2 mi1 - 2  236.7 40.3 20.5 6.5 1122.2 18.3 117.0 9.0 315.0 15.8 37.0 4.7 
MMAb3 mi1  214.5 34.8 22.9 5.3 1054.5 16.4 104.9 8.2 293.7 14.6 34.1 4.7 
MMAb4 mi1  219.8 37.0 18.4 7.4 1002.0 18.9 127.1 9.9 309.7 15.5 36.8 4.7 
MMAb5 mi1  243.2 40.0 23.0 6.0 1143.4 19.8 110.0 9.7 318.8 17.2 39.7 5.0 

MMAb6 mi1-2  224.7 38.6 21.1 6.6 1190.5 16.4 95.5 7.2 339.8 15.8 35.6 4.5 
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MMAb9 mi1  231.0 36.7 11.5 6.1 1083.3 18.2 112.3 8.8 317.2 15.8 36.7 4.9 
MMAb10 mi3  227.7 44.4 21.7 6.4 1178.2 17.3 110.5 8.4 342.6 16.2 37.3 4.8 
MMAb10 mi1  226.6 33.9 10.5 7.2 972.3 19.4 131.5 10.9 315.7 16.8 38.9 5.0 
MMAb12 mi1  222.9 37.9 22.5 7.7 963.0 19.5 128.9 10.1 301.2 15.5 36.6 4.7 

MMAb16 mi1-2  274.2 37.4 21.3 6.2 1097.5 18.7 119.0 9.1 299.5 15.4 36.2 4.7 
1 s.e.  20.4 10.4 22.6 1.1 86.0 2.7 18.1 1.4 46.0 2.4 5.2 0.5 

              
Salal Glacier Sc21 V51 Co59 Ni60 Rb85 Sr88 Y89 Zr90 Nb93 Ba137 La139 Ce140 Pr141 

SC8 mi1  275.8 90.7 407.6 21.0 716.1 23.3 182.1 35.4 348.1 24.9 55.7 6.9 
SC1 mi1  253.8 229.1 1595.3 16.0 460.4 15.1 116.2 22.4 246.4 16.9 37.7 4.7 
SC3 mi1  281.6 87.1 294.3 16.3 631.5 22.1 166.5 29.9 292.3 22.9 47.7 5.5 
SC3 mi2  283.3 72.3 159.0 20.2 504.5 19.0 155.3 29.4 365.0 26.9 57.9 7.3 

SC4 mi2-2  256.3 75.5 225.1 12.6 447.0 16.5 128.6 21.7 227.8 20.1 44.0 5.4 
SC7 mi1  257.8 106.9 272.3 14.0 441.5 15.5 118.7 20.7 190.9 15.7 33.4 4.5 
SC7 mi3  233.7 61.3 144.3 11.4 305.8 12.6 92.1 15.8 156.2 14.0 34.4 4.0 
SC7 mi2  272.0 155.0 675.8 18.4 579.5 21.2 204.9 28.6 271.2 25.2 57.3 5.2 

1 s.e.  16.9 56.2 484.8 3.5 128.1 3.8 38.0 6.4 72.4 4.9 10.2 1.1 
              

Bridge River Sc21 V51 Co59 Ni60 Rb85 Sr88 Y89 Zr90 Nb93 Ba137 La139 Ce140 Pr141 
BR2 mi1  288.2 73.2 201.8 7.9 634.1 19.8 181.0 19.0 177.7 15.9 40.2 5.5 
BR3 mi1  272.2 72.8 245.7 8.6 442.2 18.9 134.3 20.7 158.1 14.4 37.1 4.6 
BR3 mi2  265.9 67.9 186.1 6.9 407.7 20.5 126.3 16.3 132.8 13.1 30.5 4.1 
BR 1mi2  250.0 174.5 1358.6 6.0 289.5 18.3 104.8 11.7 96.6 10.2 25.0 3.4 

BR4 mi1-2  251.9 71.8 228.0 4.0 273.3 17.9 95.3 10.8 84.8 8.2 20.3 2.7 
BR4 mi2  273.8 84.6 355.9 4.8 257.9 18.9 103.5 10.9 80.5 7.8 21.1 2.9 
BR5 mi1  237.4 73.2 307.6 4.8 293.4 17.9 95.8 9.9 78.4 7.9 19.6 2.7 
BR6 mi1  271.8 83.0 327.0 18.5 686.6 22.7 175.6 34.3 318.0 23.5 53.0 6.6 
BR 1 mi3  248.8 73.7 169.1 10.6 358.5 17.1 124.8 15.4 154.5 14.7 31.7 4.0 
BR3 mi3  259.2 87.9 287.0 11.1 496.1 20.8 150.1 18.3 168.3 15.4 33.2 4.1 
BR6 mi1  238.5 84.6 584.2 17.2 654.7 22.5 167.8 26.4 204.3 17.2 40.6 4.9 
BR7 mi1  234.0 71.1 260.6 5.5 245.0 15.1 87.5 9.4 87.8 9.4 22.4 3.1 

BR7 mi3-2  249.6 75.8 287.9 6.3 357.6 19.3 112.6 11.5 107.4 10.9 23.3 3.0 
BR8 mi1  219.4 76.9 274.3 5.8 306.7 18.4 106.1 10.7 100.1 11.1 24.9 3.5 
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BR9 mi1-2  203.3 96.0 437.1 7.0 396.4 20.4 123.9 16.5 142.2 14.6 30.0 4.4 
1 s.e.  22.3 26.1 293.6 4.4 148.4 2.0 30.2 7.0 63.4 4.3 9.4 1.1 
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Glacier Peak Nd146 Sm147 Eu153 Gd157 Tb159 Dy163 Ho165 Er166 Tm169 Yb172 Lu175 Hf178 Ta181 Pb208 Th232 U238 
WC 0021 10.9 2.6 1.0 2.9  2.8  2.0  1.7  1.9  2.9 0.7 0.1 
WC002-2 10.7 2.5 1.0 3.4  2.8  1.9  2.4  1.7 0.1 2.0 0.6 - 
WC002-3 11.4 3.2 0.9 3.0  3.5  1.1  1.4  1.8  2.4 0.7 0.2 
WC007 16.0 3.8 1.4 4.1  3.7  1.4  1.6  1.4  3.4 0.7 0.3 
WC008 5.4       3.0      3.7 0.6  
WC013 11.0  1.0 3.0  2.6  1.5  1.6  1.4  1.8  0.1 
WC017 10.8  0.9 2.3  2.8  1.4  1.9  1.7  2.2 1.0 0.2 

WC020-1 10.7  0.7 3.4  3.9  1.3  3.1  3.4  3.6 0.6 0.3 
WC020-2 10.7 3.4 1.1 2.5  3.0  2.2  2.4  3.8 0.2 3.7 0.6 0.2 
WC023 11.0 2.7 1.1 2.7    2.1  1.9  2.0  3.1  0.2 
IP003-1 30.2 5.1 1.9 4.0  3.0  1.2  0.9  2.6 0.4 5.0 2.9 0.9 
IP016 24.3 5.3 1.9 4.0  3.1  2.7  1.2  2.5 0.3 4.3 2.0 0.6 
1 s.e. 6.9 1.1 0.4 0.6  0.4  0.6  0.6  0.8 0.1 1.0 0.8 0.3 

                                  
Mount Baker Nd146 Sm147 Eu153 Gd157 Tb159 Dy163 Ho165 Er166 Tm169 Yb172 Lu175 Hf178 Ta181 Pb208 Th232 U238 

SM025 8.2 1.6    2.1  0.7  1.2  1.1  2.4  0.3 
SM027 12.8 2.1 1.1 4.6  1.8    2.2   2.0 1.3   
SM029 24.9 7.1 2.3 5.9  7.5  4.0  1.8  4.6 0.5 5.0 2.3 0.9 
SM030 30.9 5.5 1.6 5.2  5.6  4.3  2.0  5.0 1.1 7.8 5.0 1.4 
SM032 16.1 2.8 0.9 1.7  1.5  2.0    2.8  2.8   
1 s.e. 9.2 2.4 0.6 1.8  2.7  1.7  0.4  1.8 0.8 2.6 1.9 0.6 

                                 
Garibaldi Lake Nd146 Sm147 Eu153 Gd157 Tb159 Dy163 Ho165 Er166 Tm169 Yb172 Lu175 Hf178 Ta181 Pb208 Th232 U238 

C.2-2 30.3 5.2 1.7 4.1 0.6 3.4 0.8 1.7 0.2 1.9 0.2 3.2 0.2 2.2 2.2 0.7 
 C.2-1 32.4 5.9 1.4 4.5 0.6 2.6 0.5 1.4 0.1 1.5 0.2 3.6 0.3 5.5 2.2 0.8 

CC D-1 att2 10.0 2.9 0.9 2.8 0.4 2.8 0.5 1.7 0.2 1.6 0.2 1.8 0.2 3.5 0.8 0.3 
CC D-2 17.1 4.0 1.3 4.1 0.6 3.7 0.7 2.0 0.3 1.9 0.3 2.3 0.4 2.5 0.9 0.4 

CC D.1-1 att2 11.7 3.2 1.0 2.9 0.4 2.8 0.5 1.6 0.2 1.6 0.3 1.5 0.2 4.1 0.7 0.2 
CC D.1-2 16.5 3.3 1.5 4.9 0.2 3.7 0.7 1.9 0.3 1.5 0.3 2.7 0.2 4.4 1.1 0.4 
CC D.1-3 17.4 4.2 1.5 5.0 0.5 4.2 0.7 2.2 0.2 1.8 0.4 2.4 0.4 3.7 1.1 0.3 
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CC D.1-3 mi2 12.0 3.0 0.9 2.4 0.4 2.3 0.5 1.1 0.2 1.2 0.2 1.9 0.3 3.6 0.6 0.4 
1 s.e. 8.4 1.1 0.3 1.0 0.1 0.6 0.1 0.4 0.0 0.2 0.1 0.7 0.1 1.0 0.6 0.2 

                                  
Mount Cayley Nd146 Sm147 Eu153 Gd157 Tb159 Dy163 Ho165 Er166 Tm169 Yb172 Lu175 Hf178 Ta181 Pb208 Th232 U238 
Cay16 A.1-2 26.0 5.8 1.6 4.0 0.4 2.8 0.5 1.4 0.2 1.6 0.2 3.2 0.3 4.1 1.8 0.6 
Cay16 A.2-1 31.7 4.8 1.5 4.2 0.5 2.8 0.5 1.4 0.2 0.9 0.1 2.9 0.4 5.5 2.2 0.6 

Cay16 A.2-2 att3 24.8 5.2 1.5 3.6 0.5 2.5 0.5 1.4 0.2 1.3 0.2 2.9 0.1 3.5 2.2 0.9 
Cay16 A.2-3 att2 29.8 5.8 1.6 2.9 0.6 3.0 0.7 1.6 0.2 1.2 0.2 3.1 0.3 3.9 1.8 0.5 
Cay16 A.2-4 att3 31.3 5.1 1.7 4.5 0.4 2.8 0.5 1.3 0.2 1.7 0.1 3.0 0.3 4.0 1.9 0.5 

Cay16 A-1 81.1 13.9 3.5 9.7 1.3 8.2 1.4 4.2 0.6 4.0 0.5 8.5 1.1 16.8 5.2 2.5 
Cay18 B-1 30.5 6.0 1.6 3.9 0.6 3.7 0.7 1.7 0.3 1.6 0.3 3.0 0.2 5.5 1.9 0.6 
Cay18 B-2 29.8 6.8 1.6 4.3 0.6 3.3 0.7 1.9 0.3 1.3 0.2 3.0 0.2 4.0 1.9 0.5 

Cay18 B.2-1 28.8 5.4 1.7 3.6 0.6 3.5 0.6 2.0 0.3 1.8 0.2 3.3 0.2 3.8 1.8 0.5 
Cay18 B.2-3 32.2 4.6 2.0 4.2 0.6 3.7 0.7 2.1 0.3 2.1 0.3 3.1 0.2 5.1 2.0 0.6 

Cay18 B.1-1 mi2 35.8 6.5 2.2 5.0 0.4 3.9 0.5 1.9 0.3 1.7 0.2 2.5 0.1 3.6 2.3 0.5 
1 s.e. 15.7 2.6 0.6 1.8 0.3 1.6 0.3 0.8 0.1 0.8 0.1 1.7 0.3 3.8 1.0 0.6 

                                  
Mount Meager Nd146 Sm147 Eu153 Gd157 Tb159 Dy163 Ho165 Er166 Tm169 Yb172 Lu175 Hf178 Ta181 Pb208 Th232 U238 
MMAb 7 mi1 29.1 6.7 2.1 4.8 0.8 3.9 0.8 1.9 0.2 1.9 0.3 3.4 0.5 5.4 2.0 0.8 
MMAb8 mi1 23.1 5.2 1.5 4.8 0.6 3.6 0.6 1.8 0.2 1.5 0.3 3.3 0.5 3.5 1.8 0.6 
MMAb10 mi2 24.3 5.6 1.8 6.4 0.7 5.1 1.0 2.5 0.4 3.2 0.5 4.7 0.8 5.7 2.3 0.4 
MMAb10 mi2 24.1 4.8 1.8 5.1 0.7 4.4 0.8 2.0 0.3 1.8 0.2 3.7 0.5 3.6 1.6 0.6 

MMAb11 mi1-2 23.3 5.5 1.9 4.5 0.7 3.7 0.9 2.4 0.3 2.4 0.3 3.8 0.5 4.0 1.5 0.5 
MMAb12 mi2 25.2 4.9 1.6 4.5 0.7 3.2 0.6 1.6 0.2 1.9 0.2 3.1 0.4 3.6 1.7 0.5 

MMAb13 mi2-2 24.1 4.9 1.6 3.9 0.5 3.1 0.8 1.7 0.2 1.8 0.3 2.9 0.5 3.3 1.4 0.5 
MMAb15 mi1 23.3 4.7 1.8 3.3 0.7 4.2 0.6 2.0 0.2 1.6 0.3 3.0 0.4 3.5 1.4 0.5 
MMAb15 mi2 22.5 4.4 1.6 3.9 0.6 3.2 0.7 1.8 0.2 1.6 0.2 2.9 0.4 4.4 1.5 0.6 
MMAbb1 mi2 23.7 4.7 1.5 4.1 0.6 4.0 0.8 2.1 0.3 2.0 0.3 2.9 0.5 4.0 1.6 0.5 

MMAb2 mi1 - 2 21.5 4.4 1.4 3.9 0.6 3.6 0.7 2.0 0.3 1.9 0.3 2.8 0.5 3.4 1.4 0.5 
MMAb3 mi1 19.6 4.6 1.3 4.1 0.5 3.4 0.7 1.9 0.4 1.5 0.3 2.7 0.5 3.0 1.4 0.6 
MMAb4 mi1 21.6 4.8 1.5 4.0 0.6 4.0 0.7 2.1 0.3 1.9 0.3 3.1 0.5 3.5 1.5 0.5 
MMAb5 mi1 22.3 4.8 1.6 4.2 0.6 4.0 0.8 2.2 0.3 2.0 0.3 2.5 0.5 3.9 1.5 0.5 

MMAb6 mi1-2 19.3 3.9 1.3 3.4 0.5 3.3 0.6 1.8 0.3 1.8 0.3 2.3 0.4 3.8 1.4 0.5 
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MMAb9 mi1 21.0 4.7 1.3 4.0 0.5 3.7 0.7 1.8 0.3 2.1 0.3 2.8 0.4 3.5 1.4 0.5 
MMAb10 mi3 21.7 4.6 1.4 4.0 0.6 3.5 0.7 1.9 0.3 1.8 0.3 2.7 0.4 3.6 1.4 0.5 
MMAb10 mi1 22.1 4.9 1.6 4.2 0.6 4.0 0.8 2.1 0.3 2.0 0.3 3.0 0.6 3.5 1.5 0.5 
MMAb12 mi1 21.9 4.8 1.5 4.1 0.6 4.0 0.8 2.1 0.3 1.9 0.3 3.1 0.6 3.3 1.4 0.5 

MMAb16 mi1-2 21.5 4.6 1.5 3.9 0.6 3.8 0.7 2.1 0.3 2.0 0.3 2.9 0.5 3.4 1.4 0.5 
1 s.e. 2.1 0.6 0.2 0.7 0.1 0.5 0.1 0.2 0.1 0.4 0.1 0.5 0.1 0.7 0.2 0.1 

                                  
Salal Glacier Nd146 Sm147 Eu153 Gd157 Tb159 Dy163 Ho165 Er166 Tm169 Yb172 Lu175 Hf178 Ta181 Pb208 Th232 U238 

SC8 mi1 31.2 6.8 2.3 6.3 0.9 5.1 0.9 2.4 0.3 1.9 0.3 4.3 2.0 2.4 2.2 0.8 
SC1 mi1 24.2 5.5 2.1 4.6 0.5 4.2 0.7 1.9 0.2 1.2 0.4 2.5 1.1 1.1 1.5 0.6 
SC3 mi1 25.5 6.5 1.9 4.5 0.7 4.5 0.8 2.2 0.3 2.1 0.3 3.8 1.7 2.6 1.8 0.6 
SC3 mi2 35.3 6.8 2.8 6.5 0.9 4.9 0.9 2.1 0.3 1.4 0.2 3.5 1.8 2.9 2.0 0.8 

SC4 mi2-2 28.5 6.1 2.2 5.9 0.7 3.8 0.8 2.0 0.2 1.4 0.1 3.2 1.3 1.4 1.5 0.6 
SC7 mi1 20.8 5.2 1.8 5.1 0.7 4.0 0.8 1.7 0.3 1.1 0.2 2.9 1.4 1.8 1.3 0.5 
SC7 mi3 20.5 3.8 2.0 5.5 0.6 3.6 0.5 1.4 0.1 1.0 0.3 1.7 1.1 0.6 1.1 0.4 
SC7 mi2 29.3 6.5 1.8 4.7 1.0 4.4 0.7 1.7 0.2 2.1 0.2 4.2 1.6 2.2 2.0 0.6 

1 s.e. 5.1 1.0 0.3 0.8 0.2 0.5 0.1 0.3 0.1 0.5 0.1 0.9 0.3 0.8 0.4 0.1 
                                  

Bridge River Nd146 Sm147 Eu153 Gd157 Tb159 Dy163 Ho165 Er166 Tm169 Yb172 Lu175 Hf178 Ta181 Pb208 Th232 U238 
BR2 mi1 27.9 6.3 2.1 5.6 0.8 4.6 0.8 2.2 0.3 1.8 0.2 3.9 1.1 2.0 1.3 0.5 
BR3 mi1 20.3 5.2 1.9 4.7 0.8 4.2 0.9 1.9 0.2 1.4 0.2 3.4 1.0 1.5 1.2 0.5 
BR3 mi2 18.1 5.4 2.0 5.0 0.7 4.6 0.8 2.2 0.3 1.4 0.2 2.9 1.0 1.3 1.1 0.4 
BR 1mi2 16.2 4.3 1.6 4.7 0.6 4.3 0.7 1.9 0.3 1.7 0.2 2.5 0.7 0.3 0.7 0.3 

BR4 mi1-2 13.7 3.9 1.5 4.2 0.7 3.8 0.7 2.0 0.2 1.5 0.2 2.4 0.6 1.0 0.6 0.2 
BR4 mi2 14.8 4.3 1.6 4.4 0.7 4.1 0.8 1.9 0.3 1.6 0.2 2.7 0.7 1.2 0.6 0.2 
BR5 mi1 14.1 3.9 1.5 4.0 0.6 4.0 0.7 1.9 0.2 1.5 0.2 2.5 0.6 1.0 0.5 0.2 
BR6 mi1 30.1 6.8 2.2 6.3 0.9 5.1 0.9 2.3 0.3 1.8 0.3 4.0 1.9 2.3 2.0 0.8 
BR 1 mi3 18.0 4.1 1.8 4.7 0.6 3.7 0.7 1.4 0.2 1.4 0.2 2.9 1.2 1.6 1.1 0.5 
BR3 mi3 19.2 4.2 1.7 4.1 0.7 4.1 0.8 1.9 0.2 1.6 0.2 3.6 1.2 1.8 1.3 0.5 
BR6 mi1 21.8 5.7 1.6 5.0 0.8 3.8 1.0 1.8 0.3 2.4 0.3 3.4  13.2 1.9 0.8 
BR7 mi1 16.2 4.1 1.7 4.6 0.6 3.3 0.7 1.8 0.2 1.4 0.2 2.3 0.5 0.8 0.6 0.2 

BR7 mi3-2 14.5 3.4 1.5 3.8 0.5 3.6 0.7 1.8 0.2 1.8 0.2 2.9 0.7 0.9 0.8 0.3 
BR8 mi1 17.2 4.6 1.7 4.5 0.7 3.7 0.7 1.6 0.2 1.4 0.2 2.5 0.7 1.3 0.7 0.3 
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Table B3  Corrected trace elements and standard error, in ppm, of melt inclusions from this study. Data for Glacier Peak and Mount Baker are from Shaw (2011).

BR9 mi1-2 22.8 5.7 2.6 7.3 1.1 5.2 1.3 2.3 0.3 2.0 0.2 3.0 0.6 1.5 1.1 0.3 
1 s.e. 4.9 1.0 0.3 0.9 0.1 0.5 0.2 0.2 0.0 0.3 0.0 0.6 0.4 3.1 0.4 0.2 
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Table B4  Distribution coefficients (mineral/melt) used for trace element modelling. 
References are provided below.  

 

References: 1Adam and Green [2006]; 2Halliday et al. [1995]; 3Donnelly et al. [2004] ; 4Hauri et al. 
[1994]; 5Hart and Dunn [1993] ; 6Gaetani [2004]; 7Elkins et al. [2008]; 8McDade et al. [2003]; 
9Green et al. [2000]; 10Kennedy et al. [1993]; 11Beattie [1993]; 12Beattie [1994]; 14Salters and 
Longhi [1999];  15Abraham et al. [2005]; 17Horn et al. [1994]; 19McKenzie and O’Nions [1991] ; 
21Claeson and Meurer [2004] compilation ; 25Interpolated from neighbouring elements. 

 

 
Clinopyroxene Orthopyroxene Olivine Spinel Garnet 

Cs 0.00021 0.00091 0.00004525 0.00062525 0.00011 
Rb 0.00063 0.00381 4.53E-053 0.00062525 0.00022 
Ba 0.00063 0.00361 4.33E-053 0.000677 0.000072 
Th 0.0124 0.00051 0.0000533 0.01077 0.00212 
U 0.0134 0.00071 0.0000533 0.01477 0.00947 
Nb 0.0051 0.00071 0.0004133 0.021717 0.00315 
Ta 0.0211 0.00081 0.000211 0.021717 0.0199 
K 0.00725 0.00012 0.000022 0.0012525 0.0132 
La 0.0546 0.00061 0.0000533 0.011919 0.001615 
Ce 0.08625 0.00171 0.0000633 0.011919 0.00515 
Pb 0.014 0.00011 7.12E-0512 0.000577 0.000315 
Pr 0.1425 0.002625 0.00013325 0.011919 0.02925 
Sr 0.04811 0.0093 0.00025112 0.004777 0.002515 
Nd 0.1925 0.0041 0.0002033 0.011919 0.05215 
Sm 0.276 0.0111 0.0006033 0.011919 0.2515 
Zr 0.061 0.0133 0.00068110 0.008177 0.6614 
Hf 0.121 0.0131 0.0011110 0.003077 0.6814 
Eu 0.4525 0.01625 0.00080325 0.011919 0.415 
Ti 0.38 0.06110 0.0022121 0.0481919 0.2915 
Gd 0.525 0.02225 0.0009933 0.011919 0.925 
Tb 0.5625 0.031 0.00233 0.011919 1.415 
Dy 0.6125 0.03825 0.00433 0.011919 1.515 
Y 0.6525 0.0461 0.00733 0.002077 3.115 
Ho 0.656 0.0481 0.00633 0.011919 2.815 
Er 0.6925 0.05825 0.008733 0.011919 3.615 
Tm 0.7225 0.0711 0.0132525 0.011919 3.725 
Yb 0.7425 0.0771 0.01733 0.011919 44 
Lu 0.756 0.091 0.02033 0.011919 3.84 
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Table B5  Worked example of measuring the density of CO2 in a shrinkage bubble and 
obtaining the total amount of CO2 in the melt inclusion. This calculation is based 
on Steele-Macinnis et al. (2011).  

CO2 density equation: Wang et al 2011 
 
p = 47513.64243 - 1374.824414* ∆ + 13.25586152 x (∆)2 - 0.04258891551 * (∆)3 
r2 = 0.99835, σ = 0.0253 g cm-3 
CO2 peaks MMAb3 mi1 
Fermi band 1 1387.53 
Fermi band 2 1284.2 
Difference (∆) 103.33 
bubble diameter (microns) 10 
bubble radius (cm3) 0.0005 

  
Density of CO2 in bubble  
1374.824414 *∆  142060.6 
13.25586152*∆2 141534.01 
0.04258891551∆3 46986.8 
density (g cm-3) 0.247 
volume of bubble cm3 = 4/3 pi r3 5.23E-10 
mass of CO2 (g) 1.30E-10 

  
Size of melt inclusion (ellipse) in microns  
a 27 
b 10 
c 9 
volume of an ellipse µm3 10173.6 
volume of an ellipse cm3 1.02E-08 
subtract volume of bubble 9.65E-09 
ppm CO2 in mi 1372 
ppm = mg solute/1 kg solution  
density of basalt = 2.6 g cm-3  
mi weight grams 2.51E-08 
mi weight kg 2.51E-11 
mg solute (CO2) 3.44E-08 
grams CO2 in mi 3.44E-11 

  
total grams of CO2 (bub + mi) 1.64E-10 
% of CO2 in bubble 79 

  
reconstructed CO2 in mi  
mg CO2 in total 1.64E-07 
CO2 ppm total 6535 

  
bubble vol % 4.9 
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  Mount Meager Mount Cayley Garibaldi Lake Mount Baker Glacier Peak 
Ba (ppm) 7209 16765 23121 843 7922 
U (ppm) 12.5 28.5 32.3 1.2 9.9 
Th (ppm) 32.8 129.0 78.4 7.4 29.9 

K2O (wt%) 17.2 47.3 58.3 7.6 18.4 
Cl (wt%) 19501 118675 99098 13137 41803 
La (ppm) 391 1818 745 182 260 

H2O (wt%) 78 18 26 85 76 
Ce (ppm) 1058 5278 1832 1036 614 
Sr (ppm) 26773 179330 57489 18116 18116 
Nd (ppm) 575 2443 1173 387 387 
F (wt%) 16942 249182 38321 16014 16014 
Sm (ppm) 85 533 146 50 50 
Eu (ppm) 33 72 88 29 29 

Gd (ppm) 65 88 269 88 88 
 

Table B6  Average composition of the slab component modelled using the method by 
Portnyagin et al. (2007). Units are specified. These compositions represent the 
fluids exsolved from the downgoing Juan de Fuca Plate into the depleted MORB 
mantle. Only 2- 10 wt% of these fluids are required to model the melt inclusion 
compositions of the Southern group. See text for details. 
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Appendix C. Chapter 6.1 Supplementary Material 

The following data tables pertain to Chapter 6.1  
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Table C 1. Quantitative overview of the vapour bubbles analysed in this study. Volumes of vapour bubbles and melt inclusions given 
in cm3. Density of CO2 calculated using the equation from Wang et al. (2011). For the re-heated samples, the difference between 
before and after reheating are clear. The volume of the bubble and the contained mass of CO2 increases while the density of CO2 
decreases. * indicates 3D scan was performed.  

 Before reheating  
 Cay 16 4.3 Cay 18-2 Cay 18-2 Cay 18-2b Brhm 1 Bhrm 2 Brhm 3 Brhm 33 Pre* 

CO2 fermi band 1 1388.18 1387.99 1387.53 1387.53 1386.95 1387.12 1387.13 1387.78 
CO2 fermi band 2 1284.87 1284.84 1284.22 1284.09 1283.25 1283.68 1283.69 1284.26 
Difference (∆) 103.31 103.15 103.31 103.44 103.7 103.44 103.44 103.52 

         
bubble diameter 
(microns) 10 11 10 7 15 10 9 12 
bubble radius cm 0.0005 0.00055 0.0005 0.00035 0.00075 0.0005 0.00045 0.0006 
volume of bubble cm3 5.23E-10 6.97E-10 5.23E-10 1.80E-10 1.77E-09 5.23E-10 3.82E-10 9.03E-10 

         
volume of melt inclusion 
cm3 1.27E-08 6.28E-09 3.14E-08 2.68E-09 6.54E-08 8.37E-08 2.95E-08 1.10E-07 
volume of melt inclusion 
without bubble 1.21E-08 5.58E-09 3.09E-08 2.50E-09 6.37E-08 8.32E-08 2.91E-08 1.09E-07 

         
volume % of bubble 4 11 2 7 3 1 1 1 

         
CO2 density         
density (g cm-3) 0.24 0.17 0.24 0.30 0.42 0.30 0.30 -0.34 
mass of CO2 (g) in 
bubble 1.25E-10 1.17E-10 1.25E-10 5.35E-11 7.44E-10 1.56E-10 1.14E-10 3.05E-10 

         
CO2 in glass (g) 1.58E-11 7.26E-12 4.01E-11 3.25E-12 8.27E-11 1.08E-10 3.78E-11 1.70E-10 

         
total grams of CO2 
(bubble + glass) 1.41E-10 1.24E-10 1.65E-10 5.68E-11 8.27E-10 2.64E-10 1.52E-10 4.75E-07 
% of CO2 in bubble 89 94 76 94 90 59 75 64 

         
reconstructed CO2 in 
melt inclusion         
CO2 ppm total 4455 8544 2055 8735 4994 1221 2004 1677 

 After reheating  

 Cay 16 4.3 Cay 18-2 Cay 18-2 Cay 18-2b Brhm 1 Bhrm 2 Brhm 3 
Brhm 33 

Post* 
CO2 fermi band 1 1387.58 1387.98 1387.25 1387.32 1386.81 1387.13 1387.42 1387.60 
CO2 fermi band 2 1284.54 1284.88 1284.14 1284.05 1283.37 1283.87 1284.06 1284.17 
Difference (∆) 103.04 103.1 103.11 103.27 103.44 103.26 103.36 103.36 

         
bubble diameter 
(microns) 13 12 13 8 17 13 11 13 
bubble radius cm 0.00065 0.0006 0.00065 0.0004 0.00085 0.00065 0.00055 0.00065 
volume of bubble cm3 1.15E-09 9.04E-10 1.15E-09 2.68E-10 2.57E-09 1.15E-09 6.97E-10 1.15E-09 
Increase in bubble 
volume? Yes Yes Yes Yes Yes Yes Yes Yes 

         
volume of melt inclusion 
cm3 1.27E-08 6.28E-09 3.14E-08 2.68E-09 6.54E-08 8.37E-08 2.95E-08 1.10E-07 
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volume of melt inclusion 
without bubble 1.15E-08 5.38E-09 3.03E-08 2.41E-09 6.28E-08 8.26E-08 2.88E-08 1.09E-07 

         
volume % of bubble 9 14 4 10 4 1 2 1 

         
CO2 density         
density (g cm-3) 0.12 0.15 0.15 0.22 0.30 0.22 0.26 0.29 
mass of CO2 (g) 1.39E-10 1.32E-10 1.73E-10 5.91E-11 7.67E-10 2.48E-10 1.82E-10 3.35E-10 

         
CO2 in glass (g) 1.58E-11 7.26E-12 4.01E-11 3.25E-12 8.27E-11 1.08E-10 3.78E-11 1.70E-10 

         
total grams of CO2 
(bubble + glass) 1.55E-10 1.40E-10 2.13E-10 6.23E-11 8.49E-10 3.56E-10 2.20E-10 5.05E-10 
% of CO2 in bubble 90 95 81 95 90 70 83 66 

         
CO2 ppm total 4914 9611 2655 9588 5133 1648 2906 1783 
% increase in totalCO2 
of melt inclusion, before 
and after reheating  110 112 129 110 103 135 145 106 
 

 Primary vapour bubble 
 MMA 2 MMA 6b MMA9b MMA3b MMA100* MMA200* MMA300* 

CO2 fermi band 1 1387.69 1387.32 1387.4 1387.53 1387.654297 1387.675781 1387.617188 
CO2 fermi band 2 1284.12 1283.59 1283.85 1284.2 1284.613 1285.384766 1285.326172 
Difference (∆) 103.57 103.73 103.55 103.33 103.041297 102.291015 102.291016 

        
bubble diameter 
(microns) 15 10 11 10 18 20 26 
bubble radius cm 0.00075 0.0005 0.00055 0.0005 0.0009 0.001 0.0013 
volume of bubble cm3 1.80E-09 5.23E-10 6.97E-10 5.23E-10 3.05E-09 4.19E-09 9.20E-09 

        
volume of melt 
inclusion cm3 1.61E-08 2.51E-08 1.51E-08 1.01E-08 5.65E-08 1.64E-06 1.51E-07 
volume of melt 
inclusion without 
bubble 1.44E-08 2.46E-08 1.44E-08 9.65E-09 5.35E-08 1.64E-06 1.42E-07 

        
volume % of bubble 5 2 5 5 5 0.3 6 

        
CO2 density        
density (g cm-3) 0.36 0.44 0.35 0.25 0.12 0.23 0.23 
mass of CO2 (g) in 
bubble 6.35E-10 2.28E-10 2.44E-10 1.30E-10 3.72E-10 9.62E-10 2.11E-09 

        
CO2 in glass (grams) 1.12E-10 1.13E-10 5.63E-11 3.44E-11 1.67E-10 5.11E-09 4.42E-10 

        
total grams of CO2 
(bubble + glass) 7.47E-10 3.41E-10 3.00E-10 1.64E-10 1.67E-10 6.07E-09 2.56E-09 
% of CO2 in bubble 85 67 81 79 69 16 83 
        
reconstructed CO2 in 
melt inclusion 8000 3563 6519 6535 3783 1426 6947 
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 Before and after reheating    
 Brhm 33 Before Brhm 33 After MMA100 MMA200 MMA300 

MI volume um3 8.79E+04 8.79E+04 1.20E+04 1.64E+06 1.51E+05 
MI volume cm3 8.79E-08 8.79E-08 1.20E-08 1.64E-06 1.51E-07 

Bubble volume um3 626 817 382 4187 5923 
Bubble volume cm3 6.26E-10 8.17E-10 3.82E-10 4.19E-09 5.92E-09 

Bubble vol% 0.71 0.93 3.18 0.26 3.93 
Volumetric proportions      

CO2 42 67 28 43 32 
Anhydrite 58 8 3 1 1 
Gypsum  1  5 13 

Pyrite  14 3 3 45 
Marcasite   61   
Carbonate   5 48 9 

SO2  9    
Proportions within the 

bubble wt%      
CaO 38.8 11 3 47 9 
H2O  1 0 2 2 
Fe  31 43 4 37 
S 20 42 50 6 45 

CO2 5.7 16 4 41 7 
Proportions within the 

glass wt%      
CaO 8.29 8.29 9.27 9.27 9.27 
H2O 1 1 2.8 2.8 2.8 
Fe 5.13 5.13 6.43 6.43 6.43 

S ppm 421 421 2640 2640 2640 
CO2 ppm 600 600 1200 1200 1200 

% of the bubble phase 
relative to the total MI      

CaO 2 0.48 0.97 0.69 6.8 
H2O  0.25 0 0.07 5.7 
Fe  2.19 22 0.07 31 
S 73 78.6 89 2.94 93 

CO2 33 50 56 32 81 
Melt inclusion total      

CaO wt% 8.49 8.33 9.4 9.33 10 
H2O wt%  1 2.8 2.8 2.96 
Fe wt%  5.24 8.25 6.44 9.27 
S ppm 1539 1974 23731 2727 36992 

CO2 ppm 889 1200 2713 1454 6203 
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Table C 2. Previous page. Volumetric and elemental proportions calculated from 3D scans and 
ImageJ. Volumetric proportions refer to the total space occupied by each specific phase within the 
bubble. Proportions within the bubble wt% is the elemental weight percent within the bubble, 
considering all phases. The quantity of each element or oxide was then added to the glass total 
(proportions within the glass) and the percent of the bubble phase relative to the melt inclusion was 
calculated.  Details into the changes before and after reheating is given below. There is a 
systematic increase in all elements and oxides within the bubble following reheating, providing 
concrete proof that elements diffuse from the glass into the bubble during reheating.  
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Appendix D. Chapter 6.2 Supplementary Material 

 Data pertaining to Chapter 6.2 can be found in this Appendix.  

 

Table D 1. Continued on the next page.  

Mount Meager 
groundmass glass SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 S ppm 

GM 1 51.63 2.01 14.96 10.61 0.06 4.33 8.80 4.15 1.19 0.64 85 
GM 2 51.65 2.02 14.59 11.24 0.16 4.52 8.95 4.09 1.16 0.56 152 
GM 3 51.73 2.12 15.20 10.62 0.22 4.44 8.72 4.37 1.22 0.59 134 
GM 4 51.92 1.98 14.97 10.86 0.28 4.51 8.80 3.83 1.31 0.43 140 
GM 5 51.94 1.97 14.80 10.62 0.29 4.32 9.03 4.22 1.19 0.46 103 
GM 6 52.46 1.92 14.90 11.25 0.00 4.42 8.58 4.11 1.17 0.64  
GM 7 52.03 2.01 14.95 10.45 0.14 4.56 8.90 4.40 1.16 0.55  
GM 8 51.91 1.84 14.89 10.67 0.22 4.50 8.75 4.28 1.18 0.63 123 
GM 9 52.65 1.87 14.84 11.14 0.12 4.61 8.76 4.12 1.19 0.53  
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Table D 1. Continued on the next page.  

 

  

Original MI   SiO2 
 

TiO2 Al2O3 Fe2O3 
  

FeO FeOtot 
  

MnO 
  

MgO 
  

CaO 
 

Na2O   K2O  P2O5 S ppm 
CO2 ppm 

glassy 
H2O 

glassy 
P 

(kbars) 
MMAb1 mi1 49.11 1.33 18.05 2.58 7.10 9.01 0.14 5.24 9.35 3.71 0.76 0.36 2698 1157 1.3 1.4 

MMAb2 mi1 - 2 50.13 1.37 17.57 2.62 7.12 9.06 0.14 4.98 9.12 3.73 0.75 0.47 2579    
MMAb3 mi1 50.13 1.33 17.89 2.23 6.05 7.70 0.09 5.33 9.33 4.00 0.76 0.19 2538 1372 2.7 6.1 
MMAb4 mi1 49.66 1.47 16.91 2.43 6.60 8.40 0.18 5.04 8.46 4.18 0.77 0.39 2267    
MMAb5 mi2 49.80 1.49 17.76 2.46 6.70 8.52 0.05 5.27 9.04 3.95 0.73 0.38 4132    
MMAb5 mi1 48.81 1.40 17.30 2.34 6.38 8.11 0.11 5.28 9.01 3.96 0.78 0.42 2906 1429 2.8 2.1 

MMAb6 mi1-2 50.91 1.21 18.14 2.54 6.91 8.79 0.00 5.50 8.70 3.89 0.79 0.34 2818 1767 2.9 5.5 
MMAb 7 mi1 51.57 1.20 18.01    0.14 4.32 8.59 4.62 0.91 0.29 2671 1436 2.5 2.1 
MMAb8 mi1 48.41 1.38 18.05 2.36 6.64 8.38 0.11 4.73 9.93 3.73 0.72 0.45 2742 1283 2.3 1.6 
MMAb9 mi1 49.70 1.37 16.94 2.69 7.33 9.32 0.08 5.11 8.96 3.78 0.74 0.35 2659 1506 3.1 6.2 
MMAb10 mi3 49.14 1.31 17.27 2.62 7.12 9.06 0.18 5.22 9.19 3.45 0.74 0.33 2779 1428 3.1 2.1 
MMAb10 mi1 49.81 1.48 16.81 2.88 7.84 9.97 0.07 4.89 7.98 3.95 0.79 0.36 2216 756 1.5 1.4 
MMAb10 mi2 50.24 1.54 17.15 2.69 7.33 9.32 0.11 4.52 7.25 3.56 0.80 0.52 3610  2.9  

MMAb11 mi1-2 50.13 1.49 16.77 2.76 7.52 9.56 0.06 4.79 8.37 3.38 0.75 0.40 2283    
MMAb12 mi2 51.51 1.56 18.21 2.33 6.34 8.07 0.00 5.49 8.81 4.29 0.85 0.20 2287 1016 2.6 1.7 
MMAb12 mi1 50.81 1.47 17.82 2.33 6.34 8.06 0.09 5.35 8.52 4.24 0.78 0.37 2280 955 2.7 1.7 

MMAb13 mi1-2 49.21 1.36 17.17 2.41 6.56 8.34 0.18 5.48 9.06 3.54 0.77 0.47 2728 1317 2.8 2.0 
MMAb13 mi2-2 48.37 1.28 17.13 2.34 6.37 8.10 0.12 5.46 9.43 3.39 0.77 0.42 2774 1366 2.8 1.9 
MMAb15 mi2 51.60 1.33 17.96 2.63 7.15 9.09 0.05 5.17 9.30 4.12 0.79 0.34 2838    
MMAb15 mi1 49.11 1.28 17.11 2.51 6.82 8.68 0.07 5.33 9.12 3.89 0.80 0.42 2857 1328 2.9 2.1 

MMAb16 mi1-2 49.27 1.60 17.24 2.30 6.27 7.97 0.15 5.35 9.35 3.82 0.74 0.33 2573    



 
 

233 

 

Table D 1. Major and volatile element compositions of groundmass glass and melt inclusions. All oxides are listed as wt% and Cl, S, and CO2 are listed as ppm. Original 
MI refers to the glassy composition of the melt inclusion. Recalculated MI refers to the composition of the inclusion after taking into account the solid and gas phases 
sequestered in the bubble. Asterisk (*) indicates that the composition has been increased by an average amount, specifically Fe and S increase by 27% and 91%, 
respectively.  The amount by which CO2 increases in the recalculated composition has been calculated from individual Raman spectra. Pressure values are calculated 
using the volatile saturation model by Papale et al. (2016). 

  

Recalculated MI   SiO2 
 

TiO2 Al2O3 
Fe2O3 

new 
  

FeO* 
FeOtot 

new 
  

MnO 
  

MgO 
  

CaO 
 

Na2O   K2O  P2O5 
S ppm 
(total)* 

CO2 ppm 
(total) 

H2O 
glassy 

P 
(kbars) 

MMAb1 mi1 49.11 1.33 18.05 2.66 7.32 9.29 0.14 5.24 9.35 3.71 0.76 0.36 29980 3000 1.3 3.6 
MMAb2 mi1 - 2 50.13 1.37 17.57 2.70 7.34 9.34 0.14 4.98 9.12 3.73 0.75 0.47 28660    

MMAb3 mi1 50.13 1.33 17.89 2.29 6.24 7.94 0.09 5.33 9.33 4.00 0.76 0.19 28200 6535 2.7 6.2 
MMAb4 mi1 49.66 1.47 16.91 2.50 6.81 8.66 0.18 5.04 8.46 4.18 0.77 0.39 25191    
MMAb5 mi2 49.80 1.49 17.76 2.54 6.91 8.78 0.05 5.27 9.04 3.95 0.73 0.38 45909    
MMAb5 mi1 48.81 1.40 17.30 2.42 6.57 8.36 0.11 5.28 9.01 3.96 0.78 0.42 32291 3500 2.8 5.6 

MMAb6 mi1-2 50.91 1.21 18.14 2.62 7.12 9.06 0.00 5.50 8.70 3.89 0.79 0.34 31316 5330 2.9 5.6 
MMAb 7 mi1 51.57 1.20 18.01    0.14 4.32 8.59 4.62 0.91 0.29 29676 1436 2.5 2.6 
MMAb8 mi1 48.41 1.38 18.05 2.43 6.84 8.64 0.11 4.73 9.93 3.73 0.72 0.45 30469 1283 2.3 4.0 
MMAb9 mi1 49.70 1.37 16.94 2.78 7.55 9.61 0.08 5.11 8.96 3.78 0.74 0.35 29540 6346 3.1 6.3 
MMAb10 mi3 49.14 1.31 17.27 2.70 7.34 9.34 0.18 5.22 9.19 3.45 0.74 0.33 30880 4000 3.1 4.6 
MMAb10 mi1 49.81 1.48 16.81 2.97 8.08 10.28 0.07 4.89 7.98 3.95 0.79 0.36 24620 756 1.5 4.6 
MMAb10 mi2 50.24 1.54 17.15 2.78 7.55 9.61 0.11 4.52 7.25 3.56 0.80 0.52 40109  2.9 3.6 

MMAb11 mi1-2 50.13 1.49 16.77 2.85 7.75 9.86 0.06 4.79 8.37 3.38 0.75 0.40 25364    
MMAb12 mi2 51.51 1.56 18.21 2.40 6.54 8.32 0.00 5.49 8.81 4.29 0.85 0.20 25407 2500 2.6 3.7 
MMAb12 mi1 50.81 1.47 17.82 2.40 6.53 8.31 0.09 5.35 8.52 4.24 0.78 0.37 25338 955 2.7 2.4 

MMAb13 mi1-2 49.21 1.36 17.17 2.48 6.76 8.60 0.18 5.48 9.06 3.54 0.77 0.47 30313 1317 2.8 3.4 
MMAb13 mi2-2 48.37 1.28 17.13 2.41 6.56 8.35 0.12 5.46 9.43 3.39 0.77 0.42 30824 2500 2.8 2.5 
MMAb15 mi2 51.60 1.33 17.96 2.71 7.37 9.37 0.05 5.17 9.30 4.12 0.79 0.34 31529    
MMAb15 mi1 49.11 1.28 17.11 2.59 7.03 8.95 0.07 5.33 9.12 3.89 0.80 0.42 31749 1328 2.9 4.2 

MMAb16 mi1-2 49.27 1.60 17.24 2.37 6.46 8.22 0.15 5.35 9.35 3.82 0.74 0.33 28589    
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Table D 2. Composition of the bubble in glassy melt inclusions from Mount Meager, including the elemental proportions relative 
to the melt inclusion total. 

   MMA100 MMA300 

MI volume um3 1.20E+04 1.51E+05 
MI volume cm3 1.20E-08 1.51E-07 

Bubble volume um3 382 5923 
Bubble volume cm3 3.82E-10 5.92E-09 

Bubble vol% 3.18 3.93 
Volumetric proportions 

CO2 28 32 
Anhydrite 3 1 
Gypsum  13 

Pyrite 3 45 
Marcasite 61  
Carbonate 5 9 

SO2   
Proportions within the bubble wt% 

CaO 3 9 
H2O 0 2 
Fe 43 37 
S 50 45 

CO2 4 7 
Proportions within the glass wt% 

CaO 9.27 9.3 
H2O 2.8 2.6 
Fe 6.43 6.22 

S ppm 2640 2300 
CO2 ppm 1200 1000 

% of the bubble phase relative to the total MI 

CaO 0.97 6.8 
H2O 0 5.7 
Fe 22 31 
S 89 93 

CO2 56 81 
Melt inclusion total 

CaO wt% 9.4 10 
H2O wt% 2.8 2.96 
Fe wt% 8.25 9.27 
S ppm 23731 36992 

CO2 ppm 2713 6203 
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Table D 3. Molar ratios of MultiGAS and gas 
models, SolEx and MagmaSat. Input parameters 
for the models are indicated, but overall include a 
range of primitive to evolved melt inclusions with 
48 - 50 wt% SiO2, 1120 - 1140 ºC and NNO + 
0.74. Both original and recalculated (with the 
bubble components) melt inclusions are used as 
input parameters to show the importance of the 
bubble phases.

MultiGAS H2O/C C/S H2O/S 

Sep-16 
   

Fumarole 1 0.72 4.6 4.3 
Fumarole 2 21.4 3.1 - 
Fumarole 2a 12.5 2.7 50 

Sep-18    
Fumarole 2a   41.8 

 
  19.4 

Gas modeling – original melt 
inclusion compositions 

H2O/C C/S H2O/S 

MagmaSat    
Input MI composition:    

MMAb8 mi1 0.16 - - 
MMAb13 mi2-2 0.19 - - 

MMAb3 mi1 0.22 - - 
MMAb12 mi2 0.17 - - 

SolEx closed-system degassing    
Input MI composition:     

MMAb8 mi1 1.03 8.86 8.62 
MMAb13 mi2-2 3.31 11.10 8.62 

MMAb3 mi1 1.84 9.90 6.14 
SolEx open-system degassing    

Input MI composition:     
MMAb8 mi1 0.69 6.94 10.10 

MMAb13 mi2-2 4.36 13.66 10.31 
MMAb3 mi1 1.59 10.91 8.23 

Gas modeling – recalculated 
melt inclusion compositions H2O/C C/S H2O/S 

MagmaSat    
Input MI composition:    

MMAb8 mi1 0.28 - - 
MMAb13 mi2-2 0.42 - - 

MMAb3 mi1 0.24 - - 
MMAb12 mi2 0.36 - - 

SolEx closed-system degassing    
Input MI composition:     

MMAb8 mi1 0.3 0.6 3.5 
MMAb13 mi2-2 22.0 46.5 34.0 

MMAb3 mi1 7.3 14.2 13.4 
SolEx open-system degassing    

Input MI composition:     
MMAb8 mi1 0.6 112.4 67.7 

MMAb13 mi2-2 67.9 0.6 39.9 
MMAb3 mi1 5.2 66.6 79.1 
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Appendix E.  Preliminary Data for the Lesser Antilles 

To apply the findings of this thesis to another volcanic arc, preliminary melt inclusion and 

MultiGAS data for the Lesser Antilles arc are provided in this Appendix.  

Table E 1. MultiGAS ratios obtained from three centers along the Lesser Antilles arc. Guadeloupe 
data are from the various summit fumaroles of La Soufrière, Dominica data are from various boiling 
pools and fumaroles on the island as well as from the Valley of Desolation. St. Kitts data are from 
fumaroles around Brimstone Hill and the summit of Mount Liamuiga.  

Guadeloupe 
Fumarole Latitude Longitude Date H2O/H2S CO2/H2S SO2/H2S CO/H2S H2O/CO2 H2/H2S 

Breislack -61.66111 16.0433 
20/01/2015 - 38 - - - - 
10/05/2016 456 43.8 - - 10.4 0.22           

Tarissan -61.66361 16.04373 

20/01/2015 29.2 - - - - - 
10/05/2016 162 5.68 0.0023 - 28.5 0.01 
10/05/2016 125 5.62 0.0033 - 22.2 0.01 
12/05/2016 216 5.51 0.002 - 39.2 - 
18/06/2016 171.8 5.6 - - 30.7 -           

South Crater S -61.66281 16.04286 

22/01/2015 41.9 - - - - - 
12/05/2016 53.6 3.11 - - 17.2 0.012 
12/05/2016 117 3.17 0.002 - 36.9 0.012 
18/06/2016 27.8 3.65 0.003 - 7.6 -           

South Crater N -61.66286 16.04305 

22/01/2015 48.4 1.1 - - 44.0 - 
10/05/2016 - 3.74 0.002 - - 0.01 
12/05/2016 71.5 3.25 - - 22.0 0.02 
12/05/2016 101 2.93 - - 34.5 -           

Napoleon N -61.663 16.044 
22/01/2015 31.5 - - - - - 
10/05/2016 - 6.21 0.022 - - 0.026 
18/06/2016 43.6 4.3 0.02 - 10.1 -           

Napoleon E -61.66315 16.04395 
18/06/2016 - 183 0.29 - - - 
18/06/2016 52.9 4.3 - - 12.3 -           

NF1 -61.6627 16.04369 10/05/2016 5.1 4.88 0.001 - - 0.019           

NF2 -61.66269 16.04362 
20/01/2015 - - 2 - - - 
10/05/2016 148 140 0.339 - 1.1 0.229           

1956 Fracture -61.66238 16.04347 

10/05/2016 - 4.14 0.029 
 

- 0.034 
10/05/2016 64 5.8 0.018 - 11.0 0.04 
12/05/2016 19.9 3.56 - 0.027 5.6 0.04 
12/05/2016 160 3.46 - - 46.2 0.03 
18/06/2016 21.8 3.8 0.02 

 
5.7 0.03 
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Table E1. Continued.   

Dominica 
Site Latitude Longitude Date H2O/ H2S CO2/ H2S SO2/ H2S CO/ H2S H2O/CO2 H2/H2S 

Soufrière Trees -61.34869 15.23784 
17/05/2016 - 15.8 - - - 0.041 
17/05/2016 79.4 12.7 - - 6.25 0.03 
17/05/2016 - 13.4 - - - 0.026 

          

Soufrière Dome -61.34724 15.23785 17/05/2016 180 33.7 - - 5.34 0.192 
17/05/2016 292 16.9 0.012 - 17.28 0.25 

          

Gallion Springs -61.35577 15.22216 17/05/2016 - 127.6 - - 
 

3.1 
          

Valley of 
Desolation -61.30188 15.31355 18/05/2016 - 8.65 - - 

 
0.317 

          

Boiling Lake -61.29442 15.31818 18/05/2016 - 4.83 0.001 - - 0.106 
18/05/2016 19.8 4.98 0.001 - 3.98 0.103 

          

St. Kitts 
Site Latitude Longitude Date H2O/ H2S CO2/ H2S SO2/ H2S CO/ H2S H2O/CO2 H2/H2S 

Brimstone Hill -62.83333 17.33333 05/07/2016 - 26.3 0.001 - - 0.002 
          

Mount Liamuiga                                    
- Bubbling Pool 1                                    
- Bubbling Pool 2                                    

- Fumarole 

-62.80000 17.36667 06/07/2016 - 15 0.003 - - 0.54 
         

-62.80000 17.36667 06/07/2016 - 15.3 0.001 - - 0.5 
         

-62.80000 17.36667 06/07/2016 - 19.8 0.001 - - 0.69 
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Table E 2. Olivine hosts and melt inclusion compositions from St. Kitts, Guadeloupe and Dominica. Melt inclusions, although uncorrected, are in equilibrium with their 
olivine host (KD Fe-Mg = 0.30 ± 0.03). Major oxides are listed in wt% and volatiles (Cl, S) are in ppm.  

 

 

  

Mount Liamuiga, St. Kitts 

OLIVINE SiO2 FeO MgO Total Fo 
host 

MELT 
INCLUSION 

SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O Cl S Total 

Kitt1 close 38.61 24.33 35.47 99.06 72 
KITT-1 49.45 0.91 18.52 12.63 6.07 8.80 3.76 0.36 1714 1196 100.91 

Kitt3 far first 38.36 20.29 40.35 99.60 78 
KITT-3 att2 45.63 1.34 17.32 12.41 7.37 9.80 2.50 0.35 1063 1126 97.29 

Kitt4 close 38.24 22.55 38.35 99.82 75 
KITT-4 47.09 1.27 16.90 12.78 7.15 8.15 3.34 0.45 1143 666 97.54 

Kitt6 close 38.40 20.26 40.54 99.85 78 
KITT-6 45.21 1.31 17.22 13.22 7.86 9.82 2.95 0.35   98.30 

Kitt7 close 38.42 22.07 38.69 99.93 76 
KITT-7 47.35 1.14 17.61 13.08 6.54 8.74 3.53 0.49 1416 986 98.94 

Kitt7 close 38.42 22.07 38.69 99.93 76 
KITT-7att2 47.43 1.20 17.60 12.99 6.73 8.51 3.32 0.47 1416 986 98.71 

Kitt9 closeatt2 37.64 23.12 37.39 98.16 74 
KITT-9 47.94 1.06 16.05 12.77 5.74 11.35 2.38 0.35 1403 1204 98.21 

Kitt12 close 37.95 23.22 37.90 99.70 74 
KITT-12 48.11 1.50 18.12 12.50 6.11 8.82 3.70 0.55 1393 896 99.85 

Kitt13 close 37.99 23.23 37.43 99.32 74 
KITT-13.1 49.25 0.86 14.04 13.07 7.03 10.98 2.19 0.40 1268 809 98.27 

Kitt13 close 37.99 23.23 37.43 99.32 74 
KITT-13.2 48.56 0.98 14.27 13.26 7.11 11.13 2.38 0.41 1268 809 98.57 

Kitt14 close 38.16 23.81 37.54 100.30 74 
KITT-14 46.67 1.22 17.30 13.62 6.76 9.10 3.37 0.45 1252 976 98.59 

Kitt16 close 38.15 22.47 38.98 100.20 76 
KITT-16 48.58 0.99 18.56 12.59 6.17 8.69 3.71 0.52 1472 810 100.17 

Kitt17 close 37.53 26.63 34.73 99.65 70 
KITT-17 49.33 1.11 16.75 14.57 5.08 8.01 4.51 0.52 1836 856 100.27 

K2 19 far first 38.75 21.03 39.44 99.97 77 
KITT-19 46.74 1.71 18.20 12.39 7.29 9.27 3.34 0.49 1332 1269 99.75 

K2 20 far first 38.51 22.67 38.38 100.32 75 
KITT-20 45.37 1.20 17.05 14.26 7.82 9.12 3.02 0.37 1102 1072 98.53 

K2 21 far first 38.46 18.82 42.08 99.87 80 
KITT-21 42.07 1.07 17.19 9.92 6.10 8.99 3.33 0.27 2023 809 88.99 

K2 23 far first 38.06 20.74 40.40 99.86 78 
KITT-23.1 49.57 1.40 17.27 11.35 6.08 8.22 3.45 0.57 1494 408 98.24 

K2 23 far first 38.52 20.85 39.92 99.94 77 
KITT-23.2 49.88 1.41 17.00 11.37 6.28 8.18 3.93 0.57 1494 408 98.91 

K2 24 far first 38.60 20.48 40.19 99.81 78 
KITT-24 46.50 1.39 17.94 11.21 6.27 11.33 3.47 0.41 1261 1344 98.96 
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La Soufrière, Guadeloupe 

OLIVINE SiO2 FeO MgO Total 
Fo 
host 

MELT 
INCLUSIONS SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O Cl S Total 

LAS7 far 38.46 20.49 40.00 99.50 78 LAS-7.1 45.52 1.11 18.29 11.27 6.99 12.11 2.36 0.30 671 721 98.29 
LAS7 far 38.46 20.49 40.00 99.50 78 LAS-7.2 46.12 1.07 17.67 11.15 6.64 12.51 2.21 0.31 607 627 98.02 
LAS8 close 38.43 20.32 39.97 99.30 78 LAS-8.1 45.96 1.07 17.58 12.44 7.95 12.00 2.57 0.30 1053 1512 100.05 
LAS8 close 38.43 20.32 39.97 99.30 78 LAS-8.2 44.42 1.08 17.09 12.11 7.61 11.88 2.73 0.31 1053 1512 97.50 
LAS10 close 37.08 28.30 33.47 99.71 68 LAS-10.1 50.13 1.89 14.91 16.27 5.33 7.01 2.95 0.59 1448 820 99.88 
LAS10 close 37.08 28.30 33.47 99.71 68 LAS-10.2 50.10 1.68 14.70 15.73 5.15 6.58 2.84 0.59 1448 820 98.20 
LA12 far first 37.25 28.86 32.59 99.68 67 LAS-12ATT2 46.04 1.16 14.00  6.21 8.46 3.08 0.45 1283 1558 100.17 
LA15 far first 36.59 31.17 31.03 99.78 64 LAS-15 45.30 0.98 13.51  6.56 7.08 2.80 0.43 1343 1074 99.79 
LA16 far first 38.02 22.42 38.60 99.64 75 LAS-16 45.03 1.21 18.13 14.32 7.83 10.62 2.55 0.36 1041 1506 100.35 
LA16 far first 38.02 22.42 38.60 99.64 75 LAS-16mi2 44.10 1.25 17.15 15.33 8.03 10.53 2.54 0.34 1041 1506 99.74 

 

Valley of Desolation, Dominica 

OLIVINE SiO2 FeO MgO Total 
Fo 
host 

MELT 
INCLUSIONS SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O Cl S Total 

FB olv 2 38.57 19.53 40.29 98.8 79 FBL olv 2 mi  42.71 1.15 20.35 11.65 7.27 12.14 2.15 0.45   98.1 

FBL olv 3  38.75 22.64 38.61 100.5 75 
FBL olv 3 mi 1 
att2 44.17 1.06 18.95 12.98 6.80 10.47 2.57 0.55 895 789 97.8 

FBL olv 3.2 38.43 22.10 38.59 99.6 76 FBL olv 3 mi 2 44.43 1.15 19.40 12.31 6.81 10.53 2.57 0.60 984 770 97.8 

FBL olv 4 38.77 23.35 37.86 100.5 78 
FBL olv 5 mi 1 
att2 42.51 1.11 19.91 12.94 7.73 11.88 1.60 0.25 406 169.2 98.1 

FBL olv 5 38.34 20.36 39.87 99.1 78 FBL olv 6 mi 1 42.08 0.98 18.57 13.65 8.06 11.35 2.05 0.49 913 1183 97.7 
FBL olv 6 39.19 19.81 40.48 99.9 79 DomFBL31 42.29 1.11 20.08 12.17 7.61 11.07 2.64 0.64 1204 976 97.9 
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Table E 3. Groundmass glass compositions from each center. Major oxides are listed in wt% and volatiles are in ppm.  

Groundmass glass SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O Cl S Total 
Mount Liamuiga, St. Kitts 
KITT-GM1 60.37 2.12 15.59 8.16 1.47 6.28 4.89 1.12 5336 85 100.51 
KITT-GM2 64.41 2.32 11.81 8.69 1.07 2.92 4.45 1.85 4735 37 98.18 
KITT-GM8 62.61 3.12 12.79 9.65 1.16 4.53 4.27 1.54 5209 33 100.42 
KITT-GM9 62.87 3.52 11.00 10.90 1.22 3.82 2.29 1.89 3976 9 98.48 
KITT-GM11 64.84 2.70 11.90 8.73 1.64 4.25 2.44 1.89 6015 77 99.27 
KITT-GM12 62.00 3.34 12.12 9.81 1.07 4.22 3.77 1.72 6158 41 98.75 
La Soufriere, Guadeloupe 
LAS-GM1 67.98 1.30 9.27 9.37 0.97 3.37 3.43 1.67 2216 15 98.34 
LAS-GM4 68.03 1.23 9.95 8.57 1.13 3.18 3.63 1.75 2332 26 98.42 
LAS-GM5 65.08 0.82 16.37 5.50 0.62 5.19 4.73 1.00 2586 9 99.70 
LAS-GM7? 63.93 0.75 17.00 5.14 0.64 5.78 4.41 1.04 1465 26 99.11 
LAS-GM9 67.98 1.34 10.46 8.63 1.07 2.98 4.09 1.64 2347 26 99.02 
LAS-GM11 68.74 1.31 9.79 8.00 0.84 3.07 3.59 1.73 2376 26 98.16 
Valley of Desolation, Dominica 
FBLGM1 75.51 2.83 5.10 1.08 0.99 0.01 0.04 12.65 674 1 98.63 
FBLGM3 75.18 3.07 5.01 1.19 1.26 0.13 0.21 11.85 1307 21 98.15 
FBLGM5 73.07 3.63 4.51 1.91 1.21 0.26 0.01 13.63 433 252 98.49 
FBLGM7 75.85 2.59 5.26 0.95 2.15 0.03 0.49 10.70 53 41 98.49 
FBLGM10 77.35 2.31 5.66 0.49 1.27 0.10 0.05 11.13   98.68 
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End of Appendices.  


