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ABSTRACT 

 

Knowledge on the chemical pathways of volatiles in large silicic magmatic systems, 

from the parental mantle-derived mafic magmas to their more evolved silicic 

derivatives, is central to understanding a range of topics from magmatic processes 

through to the climate impacts of volcanism, as well as geothermal and ore resources. 

However, establishing the pre-eruptive volatile contents of magma from silicic eruptive 

deposits requires capturing the intermediate steps of the magmatic evolution. The 

concentrations of sulfur, chlorine, and fluorine were investigated in selected deposits 

from Taupō volcano: (1) silicic groundmass glass and microphenocryst apatite that 

equilibrated in the shallow melt-dominant magma body; (2) silicic melt and apatite 

inclusions sourced from deeper in the crystal mush; and (3) olivine-hosted basaltic 

melt inclusions representing the most primitive magmas. In-situ geochemical analyses 

were carried out on orthopyroxene and apatite from the Oruanui supereruption, 

orthopyroxene from post-Oruanui dacites and rhyolites, and high-Mg olivine from 

Taupō basaltic-andesite. The volatile contents at each stage reveal unique magmatic 

volatile pathways from the source magmas through to the silicic system, that are 

primarily a function of intensive parameters (pressure, temperature, oxygen fugacity), 

crystallising mineral phases, and the presence of an aqueous fluid phase. The relatively 

high sulfur contents in the basalts drop by ~2000 ppm to near detection limits in 

dacitic compositions due to pyrrhotite crystallisation during the magnetite crisis. In 

contrast, chlorine increases from basaltic to dacitic compositions, due to the 

incompatibility of chlorine in magmatic minerals. Fluorine values are similar between 

basaltic and dacitic-rhyolitic compositions, primarily controlled by the onset of 

amphibole/apatite crystallisation. Sulfur and chlorine are both inferred to partition 

strongly into an aqueous vapour across the whole range of silicic compositions 

analysed. Volatile pathways within the silicic magmas are faithfully recorded in apatite 

compositions, which can be a valuable petrological tool for assessing magmatic 

processes. 
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1. Introduction 

 

1.1 Motivation for research 

 

Large silicic magma systems exhibit enormous variability in terms of the processes that 

define their behaviour, from the flux of primitive mantle-sourced mafic magmas to the 

magma-biosphere interactions that occur during volcanic eruptions. However there 

are many challenges involved with interpreting these diverse processes, with global 

examples displaying broad differences in total eruptive volume, magma composition, 

and the frequency of volcanic events. One problem that is of significant interest is 

constraining the behaviour of the volatile components (e.g. H2O, CO2, S, Cl, F) within 

large silicic magma systems. Characterised by their tendency to remain incompatible in 

both silicate melt and associated minerals, the volatile components of a magma 

typically exsolve from an evolving melt, driven by magmatic decompression and 

fractional crystallisation (Edmonds and Wallace, 2017). Through preferential 

partitioning into a coexisting volatile phase, the volatile components of a silicic melt 

exert significant controls on geologic processes (e.g. metasomatism; magma ascent, 

degassing, and eruption; and shallow crust hydrothermal mineralisation: Mungall, 

2003; Webster and Botcharnikov, 2011; Edmonds and Wallace, 2017). Sulfur, chlorine, 

and fluorine are three such volatile elements that can affect a broad range of these 

processes, and will be the focus of this thesis. However, there are difficulties in 

measuring these elements, as studies of whole-rock and groundmass glass 

compositions often give lower than anticipated volatile estimates. These depleted 

values are inferred to represent syn-eruptive degassing (Oppenheimer, 2003, and 

references therein). This concept is particularly true for sulfur, which is far less soluble 

in the melt than either chlorine or fluorine at shallow crustal pressures (Scaillet et al., 

1998; Wallace and Edmonds, 2011; Zajacz et al., 2012). Estimating original pre-eruptive 

volatile contents requires direct analyses of melt, volatile-accommodating hydrous 

minerals (e.g. apatite), or exsolving volatile-rich phases, without any re-equilibration 

through elemental diffusion, decompression, or crystallisation. This can be achieved 

through targeting melt, fluid, and mineral inclusions, but it is not always possible to 

ascertain whether or not these phases represent genuine pre-eruptive magmatic 
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compositions (Lowenstern, 1995). Textural and compositional studies can aid in this 

dilemma by accurately constraining the magmatic history for the host crystal of a melt, 

fluid, or mineral inclusion, and can provide clues into where in the magmatic system 

the included phase may have originated.  

 

Among global rhyolitic magma systems, the central Taupō Volcanic Zone (TVZ) stands 

out for its productivity and frequency of eruptions (Houghton et al., 1995; Wilson et 

al., 1995, 2009). The stratigraphic framework of eruptive deposits from Taupō volcano 

and the processes by which the system can remobilise magma and erupt on relatively 

rapid timescales have been the subject of many studies over recent decades (e.g. 

Wilson, 1993; Wilson, 2001; Sutton et al., 1995, 2000; Charlier et al., 2005, 2008; 

Wilson and Charlier, 2009; Allan et al., 2012, 2013, 2017; Barker et al., 2014, 2015, 

2016), which have contributed towards a high resolution petrologic reconstruction of 

the large silicic magmatic system. However, there is currently a limited understanding 

of the way in which sulfur, chlorine, and fluorine are transported through the 

magmatic system. Thus Taupō is an excellent volcano on which to investigate the 

transport and behaviour of volatile elements within the subsurface silicic magma 

system, knowledge of which is important for understanding a range of topics from 

magmatic processes through to the potential climate impacts of large rhyolitic 

eruptions.  

 

 

1.2 Thesis objectives and outline 

 

Previous studies investigating the volatile contents of Taupō volcano and the wider 

Taupō Volcanic Zone through melt inclusion-specific studies have reported sulfur 

contents below equipment detection limits (Dunbar et al., 1989a; Dunbar and Kyle, 

1993; Johnson et al., 2011; Bégué et al 2015a, 2015b). However these studies tended 

to focus primarily on quartz-hosted melt inclusions, with a smaller suite of analyses 

conducted on plagioclase-hosted melt inclusions. Quartz is inferred to be a late-

crystallising phase in Taupō magma system, and is inferred to not be stable until near 

the upper section of the system (120-150 MPa: Liu et al., 2006; Allan, 2013). Therefore 

it is likely that the melt hosted in quartz crystals represents a region of the system in 
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which a sulfur-rich phase has already exsolved. A potential solution to this problem lies 

in the crystal-specific textural and compositional investigations of eruptive deposits 

from Taupō volcano (Charlier et al., 2008; Allan et al., 2013, 2017; Barker et al., 2015). 

The majority of orthopyroxene and plagioclase crystal cores are inferred to have grown 

from a range of pressures within the deeper magmatic system (~140-270 MPa), 

whereas the outermost rims represent much more evolved melt conditions that grew 

at shallow crustal levels (~90-140 MPa: Allan et al., 2017). The orthopyroxene cores in 

particular are rich in melt and mineral inclusions. Therefore it is inferred that targeting 

and analysing the volatile compositions of the melt and mineral inclusions within 

orthopyroxene cores, and comparing these values to those from groundmass glass 

analyses, may better constrain melt volatile compositions from a range of depths 

through the magma system beneath Taupō volcano. In addition to melt inclusions, 

apatite is ubiquitously distributed throughout the inherited orthopyroxene cores, and 

also as a microphenocryst phase in the groundmass glass. Comparison of the volatile 

contents of the two apatite crystal populations can be used to supplement that of the 

melt inclusions. Furthermore, the occurrence of juvenile basaltic inclusions within 

Taupō rhyolite eruptives provides a window into the deep mafic system and the 

starting composition of primitive magmas that feed the crustal magmatic reservoir 

(Allan et al., 2017; Simon Barker, pers. comm, 2019).  

 

The overall aim of this thesis is to better constrain the behaviour, transport, and loss of 

sulfur, chlorine, and fluorine in the magmatic plumbing system beneath Taupō 

volcano, and to propose a volatile pathway model that describes the evolution of each 

element through the system, from the deep mafic feeder zone though to the 

shallowest region of the silicic mush system. The key objectives for this study are as 

follows: 

 

1. Record the abundances and distributions of sulfur, chlorine, and fluorine in the 

silicic system, both from melt and apatite inclusions hosted in inherited crystal 

cores, and from groundmass glass and microphenocryst apatite. 

2. Compare the volatile compositions between the melt and apatite equilibrated 

at depth in the mush system with the shallower groundmass glass and 

microphenocryst apatite. 
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3. Compare the volatile compositions of the silicic system with the deeper mafic 

reservoir by investigating sulfur, chlorine, and fluorine in olivine-hosted melt 

inclusions from mafic enclaves in the rhyolite eruptives. 

4. Establish the nature of the volatile pathway through the entire magmatic 

system below Taupō volcano, and constrain the processes by which S, Cl, and F 

are partitioned between melt, magmatic fluid(s), and mineral phases.  

 

These objectives are explored throughout five chapters, which are outlined below: 

 

Chapter 1 introduces the aims and central themes of the thesis, and provides context 

for the study. The geologic background to the Taupō Volcanic Zone is outlined, Taupō 

volcano and the studied eruptions are introduced, and the prior research that has 

provided the basis for this thesis is summarised. 

 

Chapter 2 outlines the methodologies involved for preparing and analysing glass, and 

orthopyroxene and apatite crystals with EPMA and LA-ICP-MS.  

 

Chapter 3 presents new glass major and trace element data from several Taupō 

volcano eruptions, expanding existing data sets. Additionally the first major and trace 

element data for apatite crystals from Taupō volcano are presented. 

 

Chapter 4 forms an extended discussion that integrates the new data sets from glass 

and apatite crystals presented in this study. The partitioning behaviours of S, Cl, and F 

in the system rhyolite melt-fluid(s)-sulfide/apatite are addressed in the context of 

Taupō volcano, and a model for the transport and evolution of the volatile 

components is presented. 

 

Chapter 5 presents the main conclusions of this work and considers areas for future 

research. 
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1.3 Silicic magmatic systems 

 

Highly evolved silicic magma systems have been suggested to form and accumulate 

through a variety of processes, including: (1) sequential fractional crystallisation of 

more primitive mantle-derived magmas (e.g. Hildreth, 1981; Marsh, 1981); (2) partial 

melting of a less evolved protolith on small scales (e.g. Sisson et al., 2005; Streck and 

Grunder, 2008; Streck, 2014; (3) assimilation of country rock by lesser evolved magma 

through large-scale partial melting and/or physical mixing (e.g. Hildreth and Moorbath, 

1988; Bindeman and Simakin, 2014). Regardless of the process, the generation of 

large-volume evolved silicic magmas is associated with the presence of significantly 

larger quantities of a less evolved crystal-rich residuum. Despite this fact, many 

eruptive deposits associated with large silicic eruptions are crystal poor (Bachmann 

and Bergantz, 2004; Wilson et al., 2006; Streck and Grunder, 2008; Allan et al., 2017).  

 

The mechanism by which large volumes of melt-dominant silicic magma and an 

associated dense crystal residue decouple is difficult to constrain, as melt viscosity 

increases with increasing melt evolution, leading to less efficient crystal-melt 

separation (Whittington et al., 2009). Suggested methods of crystal extraction from 

magma (e.g. gravitational settling: Martin and Nokes, 1988) are too inefficient in terms 

of magma reservoir size and time required to create eruptible silicic magma (e.g. 

Hawkesworth et al., 2000; Eichelberger et al., 2006). However, approaching the 

problem from a different angle led to the crystal mush model, which proposes that 

silicic melt-dominant magma is extracted from a crystal-rich residue, or mush (Figure 

1.1: see Bachmann and Bergantz, 2004; Hildreth, 2004 for overviews). The mush 

reservoirs beneath silicic volcanic centres are inferred to be composed of 

compositionally intermediate, uneruptible magma, which is zoned with respect to 

composition, temperature, and crystallinity (Hildreth, 1981). The generation and 

removal of eruptible melt from such a mush reservoir is intricately linked to the degree 

of crystallisation. At low (<45 vol%) crystallinity, the reservoir can circulate relatively 

freely with the crystals held in a chaotic suspension. Although the bulk composition of 

the magma is broadly intermediate in composition, crystallisation drives the interstitial 

melt towards increasingly silicic compositions. Once the crystallinity increases above a 

critical threshold (>45-60 vol%: Vigneresse et al., 1996) the mush becomes 



 
 

6 

Figure 1.1. Schematic illustration of the crystal mush model. a) Convection of a compositionally 

intermediate magma <45 vol% crystallinity keeps crystals in suspension. b) Gradual cooling and 

crystallisation leads to >45-60 vol% crystallinity, where the crystals form an interlocking network 

containing interstitial residual silicate melt. Convection is impeded. c) Silicate melt is extracted from the 

mush through several possible processes. A rhyolitic melt-dominant lens forms above the crystalline 

mush and below a crystallising roof zone. Figure modified from Allan (2013) after Bachmann and 

Bergantz (2004). 

 

rheologically locked through a rapid increase in viscosity, but the crystal network is still 

permeable enough to allow percolation of the interstitial melt. The method by which 

melt plus crystals is extracted from such a mush zone and subsequently accumulated 

at shallow crustal levels is not completely understood (see Bachmann and Bergantz, 

2008, Allan et al., 2013, 2017; Streck 2014; Bachmann and Huber, 2016 for various 

discussions). Regardless of the process, it is clear that the crystal mush regions of a 

silicic system operate on long time scales (e.g. 104-105 years: Cole et al., 2014), 

whereas the accumulation of eruptible melt-dominant bodies are thought to be 

transient events, with crystallisation back into mush occurring on timescales of 102-103 

years (e.g. Allan et al., 2017).  
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1.4 Sulfur, chlorine, fluorine: behaviour and analysis 

 

The most significant components of global magmatic volatile budgets are H2O, CO2, S, 

Cl, and F (Webster and Botcharnikov, 2011, and references therein). All of these 

components can play important and distinct roles in the formation, evolution, and 

eruption of magma (Wallace and Edmonds, 2011). Improving the current state of 

knowledge on volatile behaviour can help with understanding the flux of volatiles 

through subduction systems, the explosive behaviour of volcanoes, and the flux of 

gaseous species to the atmosphere (Wallace and Edmonds, 2011). However S, Cl, and F 

have further controls on the partitioning and associated fluxes of metals between 

silicate melt, sulfide-, chloride-, or fluoride-phases, and associated vapour or 

hypersaline liquid (brine) phases (Zhu and Sverjensky, 1991; Sillitoe and Hedenquist, 

2003; Webster, 2004; Wallace and Edmonds, 2011). Many ore metals display a strong 

affinity for S-complexes (e.g. immiscible sulfide liquids: Mungall, 2003; Webster and 

Botcharnikov, 2011), and aqueous halide complexes (Burnham, 1979; Webster, 1997; 

Webster et al., 1999). In addition, the emission of volatile components can have 

significant environmental consequences. For example, the potential for sulfur to shape 

global climate through large volcanic eruptions has been well documented, with clouds 

of sulfate aerosol particles affecting the Earth’s radiation balance and leading to 

extended periods of global cooling (Devine et al., 1984; Graf et al., 1997; Robock 2000). 

 

In silicic systems fed by subduction zone magmas, the main contributions to the S, Cl, 

and F budget are thought to come ultimately from the subducting slab. Arc magmas 

typically have enriched S, Cl, and F contents relative to N-MORBs (Woodhead et al., 

1987; Wallace and Edmonds, 2011; Jenner and O’Neill, 2012; Dalou et al., 2014), which 

is thought to occur through contributions from subducting oceanic crust altered by 

interaction with seawater (Pyle and Mather, 2009, and references therein). The 

processes by which sulfur and chlorine are added to the overlying mantle wedge are 

thought to be related to the high affinity of both elements for aqueous phases. As such 

the main control on enrichment of the mantle wedge in S and Cl is considered to be 

dewatering of the subducting slab and ascent of the resulting fluids (Brenan 1994; 

Philippot et al., 1998; Straub and Layne, 2003; Scambelluri et al., 2004; Wallace, 2005; 

Bonifacie et al., 2008; Marschall et al., 2009; John et al., 2011). The enriched levels of 
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Figure 1. 2. a) Ionic radius (Å) versus period of the periodic table detailing the difference in ionic size 
between F- and Cl-. b) Ionic radius (Å) versus typical partitioning coefficients (fluid/silicate melt) for 
fluorine and chlorine. Modified from Dolejš and Zajacz (2018). 

fluorine in subduction-derived basaltic melts relative to N-MORB, however, are harder 

to explain due to the deviation of F from typical volatile behaviour. Despite both F and 

Cl being classified as volatile halogens, there is a difference in ionic radii between the 

two which allows the substitution of F- for O2- and OH- in mineral phases to a far 

greater extent than Cl- (Figure 1.2: Dolejš and Zacjacs, 2018). This atomic difference 

leads to a greater solubility of F in silicate melts and the hydrous minerals such as 

apatite and amphibole, and a far lower preference for aqueous phases relative to Cl 

(e.g. Bureau and Keppler, 1999). Suggested processes by which F is enriched in the 

mantle wedge include: (1) younger subducting slabs with higher temperatures, leading 

to melting-induced F mobilisation (Van den Bleeken and Koga, 2015); and (2) 

percolation of fluids derived from the breakdown of F-accommodating minerals (e.g. 

biotite, amphibole: Dolejš and Zajacz, 2018) through overlying mantle  

wedge basalts (Urann et al., 2017, and references therein).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.1 Sulfur 

 

The multiple oxidation states of sulfur (S2-, S0, S4+, S6+) allow it to take part in a large 

range of geochemical processes. However S is predominantly present as either sulfide 

(S2-) or sulfate (SO4
2-) when dissolved in silicate magmas, whereas the predominant 

magmatic gaseous species are H2S, SO2, and S2 (Fincham and Richardson, 1954; 
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Figure 1. 3. The mol fraction of total sulfur as S6+ in melts as a function of the difference between 

the fO2 of the melt and the fO2 of the NNO mineral redox buffer. Also shown are expected S6+/ST vs 

ΔNNO from experimental studies. The red dotted lines delineate the transition from sulfide to 

sulfate. Modified from Baker and Moretti (2011). 

 

Clemente et al., 2004). The ratio of sulfate to sulfide speciation is dependent on 

several factors (e.g. temperature, pressure, melt composition), but is chiefly controlled 

by the redox state of the magma. Under reduced conditions sulfide is the principal 

species, whereas under oxidised conditions sulfate is the principal species (for high-

silica magmas the transition from reduced to oxidised conditions typically occurs near 

the nickel-nickel oxide [NNO] buffer: Figure 1.3: Fincham and Richardson, 1954; Carroll 

and Rutherford, 1985, 1987; Clemente et al., 2004; Behrens and Gaillard, 2006; 

Métrich and Mandeville, 2010; Baker and Moretti, 2011; Wilke et al., 2011). How much 

sulfur the melt can hold before reaching saturation (i.e. sulfur concentration at sulfide 

saturation [SCSS], or at anhydrite saturation [SCAS]: Jugo, 2009) is highly dependent on 

the oxygen fugacity. Under oxidised conditions sulfur solubility in the melt tends to be 

considerably higher than under reduced (Scaillet et al., 1998; Keppler, 2010; Baker and 

Moretti, 2011; Binder et al., 2018). However the values of SCSS and SCAS are also 

affected by temperature and melt composition, in that the sulfur solubility of a magma 

will decrease with a cooling, increasingly silicic magma (Fincham and Richardson, 1954; 

Wendlandt, 1982; Liu et al., 2007).  
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1.4.2 Chlorine 

 

In the absence of a magmatic fluid phase, the chlorine solubility of a melt is expected 

to behave predictably as a melt evolves (Carroll and Webster, 1994). With increasing 

silica and decreasing Ca/Mg/Fe/Na in a melt, the amount of total dissolved Cl the melt 

can hold decreases linearly (Liu et al., 2007). However Cl has an affinity for magmatic 

fluids (e.g. aqueous vapour phase, hypersaline brine) and partitions readily into them 

over a co-existing melt phase. In hydrous magmatic systems (e.g. Taupō) the Cl/H2O 

value of the melt is indicative of what type of fluid phase will saturate within the melt. 

Cl/H2O values less than 0.35 and 0.05 for intermediate and felsic compositions at 200 

MPa respectively suggest that H2O will saturate in the melt first, exsolving a low-

density H2O-dominant vapour phase into which chlorine will partition. Values 

exceeding these Cl/H2O ratios suggest that chlorine will saturate in the melt first 

instead, exsolving a high-density hypersaline brine phase (Webster, 2004). However, at 

magmatic temperatures and low crustal pressures (<140 MPa: Webster, 2004, and 

references within), it is possible for either an aqueous vapour phase or hypersaline 

brine phase to unmix at the miscibility gap in the system NaCl-H2O, forming two 

separate phases. 

 

 

1.4.3 Fluorine 

 

 In contrast to both sulfur and chlorine, fluorine is highly soluble in silicate melts 

relative to magmatic fluid phases, and is thus expected to be retained in the melt 

through the differentiation, ascent, and degassing of fluid-saturated magmas (Aiuppa 

et al., 2009; Dolejš and Zajacz, 2018). Published fluid/melt partitioning coefficients for 

fluorine are <0.4 at magmatic temperatures and pressures (London et al., 1988; 

Webster 1990; Webster and Holloway, 1990; Dolejš and Baker, 2007). Fluorine does, 

however, substitute readily for O2- and OH- in hydrous minerals such as apatite, 

amphibole and biotite, and these minerals can comprise a significant component of 

the fluorine budget in magmatic systems (Dolejš and Zajacz, 2018). There have been 

many studies investigating the relationships between fluorine in apatite and a range of 

silicate melt compositions (e.g. Zhu and Sverjensky, 1991; Piccoli and Candela, 2002; 
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Mathez and Webster, 2005; Webster et al., 2009, 2017; Doherty et al., 2014), but little 

work has gone into fluorine partitioning between amphibole and silicic melt, although 

experimentally derived partition coefficients for hydrous andesitic to dacitic 

compositions do indicate that fluorine is preferentially incorporated into amphibole 

(e.g. Van den Bleeken and Koga, 2015). A significant area of concern in constraining 

fluorine partitioning coefficients between different phases in silicic melts, however, is 

the error involved with the analysis of F (and Cl) in apatite, and F in glass (Potts and 

Tindle, 1989; Stormer et al., 1993; Zhang et al., 2016). There have been significant 

improvements in analytical technique for both of these phases in recent years (e.g. 

Witter and Kuehner, 2004; Zhang et al., 2016), but many of the most relevant studies 

in fluorine partitioning were conducted prior to the latest error-reducing techniques 

(e.g. Mathez and Webster, 2005; Webster et al., 2009; Doherty et al., 2014). Thus care 

has to be taken when applying F partitioning models to unknown datasets, especially 

those characterised by relatively low F contents.  

 

 

1.4.4 Volatile analysis  

 

The most common method to infer the pre-eruptive volatile contents from an eruptive 

deposit is to analyse melt inclusions hosted in the crystal phases. Melt inclusions are 

small (generally <100 µm) aliquots of pre-eruptive melt trapped during crystallisation 

by crystal growth (Figure 1.4) (Qin et al., 1992; Lowenstern, 2003; De Vivo et al., 2005). 

Once confined within the host crystal the melt pocket is theoretically sealed off, 

preventing any re-equilibration with the surrounding melt (Qin et al., 1992; Sobolev, 

1996). The level to which the melt phase composition remains unchanged is a function 

of the gradients and concentrations of specific elements in the host mineral and their 

diffusion coefficients (Qin et al., 1992; Sobolev, 1996). Elements that are incompatible 

in a mineral have a much reduced capacity for diffusion transport than elements 

readily taken in to the host mineral (Qin et al., 1992). Chlorine, sulfur and fluorine are 

all highly incompatible in orthopyroxene, the host mineral phase targeted in this study 

(Luth, 2003; Joachim et al., 2015; Marzoli et al., 2015; McCubbin et al., 2015).  
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500 μm 

Figure 1. 4. Image of a plagioclase crystal (plane polarised light) with a crystal growth 

zone delineated by melt inclusions highlighted with white lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although melt inclusions are the only way to infer exact melt compositions, relative 

changes in volatile elements can also be tracked throughout the magmatic system 

using volatile-bearing crystal phases. In this regard, apatite has emerged as a key 

mineral for tracking volatile element behaviour in magmas (e.g. Scott et al., 2015; 

Webster and Piccoli, 2015; Stock et al., 2018). Apatite is a common accessory phase in 

silicic magmas (Liu and Comodi, 1993; Piccoli and Candela, 2002), and is typically 

characterised by three end-members that differ in terms of the 0,0,z anion and its 

position: fluorapatite, chlorapatite, and hydroxylapatite [Ca5(PO4)3(F, Cl, OH)], (Figure 

1.5: Hughes and Rakovan, 2002, Marks et al., 2012). Between the three end-members 

the open structure and chemistry of apatite allows for a large range of elemental 

substitutions: almost half of the elements in the periodic table can be incorporated 

within its structure. In magmatic systems fluorapatite is the dominant form of apatite, 

but it commonly incorporates significant levels of chlorine and minor levels of sulfur 

through the substitution S + Si = 2P (Piccoli and Candela, 1994, 2002; Peng et al., 1997; 

Streck and Dilles, 1998; Seifert et al., 2000; Parat et al., 2002;  Rønsbo, 2008; Scott et 

al., 2015; Stock et al., 2018). The primary controls on apatite growth in magmatic 
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systems are thought to be the concentration of SiO2 and P2O5, and temperature 

(Watson, 1979). As SiO2 increases and/or temperature decreases, the melt content of 

P2O5 required to crystallise apatite decreases. Thus apatite has the potential to 

crystallise constantly from initial crystallisation, even with gradually depleting melt 

phosphorous contents. Through virtue of its frequent appearance in igneous rocks and 

its ability to accommodate many different chemically substitutions, apatite is an 

exceedingly useful mineral to look at volatile evolution through a magmatic crustal 

system. Trace and rare earth element abundances in magmas can also be significantly 

altered by the presence of apatite, along with the volatile elements that characterize 

the three end-members (Hughes and Rakovan, 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

The crystallographic structure of apatite results in different patterns of diffusion along 

its different axes. Experiments investigating the kinetics of volatile exchange within 

natural fluorapatite found that diffusional zoning gradients develop rapidly along the c-

axis of apatite, contrasting with a lack of zoning along the a-axis (Brenan, 1994). The 

ambient physical conditions and scale of the zoning can all affect the diffusivity, but 

under general magmatic conditions, the composition of apatite crystals along the c-

axis is expected to equilibrate over months to years (Brenan, 1994; Boyce and Hervig, 

2008).  Due to the analytical constraints on analysis of apatite under an EPMA electron 

beam (crystals must be oriented parallel to the c-axis; Goldoff et al., 2012), only the 

most recent changes in the halogen composition of an apatite can therefore be 

recorded. Microphenocryst apatites of a large silicic magma system are thus expected 

Figure 1. 5. The three cation polyhedral of fluorapatite, chlorapatite, and hydroxylapatite superimposed 

upon each other. The only notable difference between the three end-members is the positioning of the 

three substituting anions; F, Cl, and OH. Sourced from Hughes and Rakovan (2002). 
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to represent the immediate pre-eruptive volatile contents of the melt-dominant 

magma body. However the initial halogen composition of apatite contained within 

another crystal phase is likely to be preserved due to chemical isolation from the 

magma (Brenan, 1994). 

 

 

1.5 Geologic background: Taupō Volcanic Zone 

 

1.5.1 Introduction 

 

The Taupō Volcanic Zone (TVZ) is a distinct volcanic region, located in New Zealand’s 

North Island, with a unique geologic setting and history. The TVZ represents the 

southernmost section of the Tonga-Kermadec arc, where the Pacific Plate is subducted 

beneath the Australian Plate (Cole and Lewis, 1981; Wilson et al., 1995). It is a NNE-

trending region of arc volcanism and rifting that extends from a termination point just 

SSW of Mount Ruapehu up to the edge of the continental shelf in the north (Figure 

1.6). By encompassing all vent sites and caldera structures associated with the strong 

NNE trend and active during the 2 Ma lifetime of the zone, Wilson et al. (1984) defined 

the geographical extent of the TVZ to a narrow corridor <60 km wide and 300 km long 

(200 km onshore).  Several studies have separated the TVZ into an andesite arc and a 

rhyolite-dominated back-arc (e.g. Cole et al., 1995; Giggenbach, 1995; Stern and 

Benson, 2011). However, Wilson et al. (1995) mapped the temporal and spatial 

distribution of andesite and rhyolite vents and concluded that there is no separation 

between an arc and back-arc for either composition, and that the TVZ is a rifting arc. 

Extension values vary systematically along strike from 0 mm/yr at Ohakune in the 

south, to 8 mm/yr at Taupō and up to 18 mm/yr at the Bay of Plenty coastline in the 

north (Rowland and Sibson, 2001; Villamor and Berryman, 2001; Wallace et al., 2004; 

Rowland et al., 2010, Seebeck et al., 2014).  
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Figure 1. 6. Summary map of the Taupō Volcanic Zone (TVZ) and its compositional segmentation (A = 

andesite dominated; R = rhyolite dominated, central TVZ). The central TVZ is characterised by eight 

volcanic centres where large-scale rhyolitic volcanism has occurred; approximate ages of caldera 

forming eruptions from each centre are included. Boundaries defining the old and young TVZ enclose 

the vent sites and active caldera margins inferred to be active from 1.6 to 0.34 Ma and 0.34 Ma to 

present, respectively (Wilson et al., 1995). Modified from Wilson et al. (2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The TVZ is regionally segmented with regards to the composition of volcanic products 

(Figure 1.6). Although >90 % of the magma erupted in the region is rhyolitic, silicic 

magmatism is confined to a 125 x 60 km central segment characterised by large 

caldera-related rhyolitic centres (Wilson et al., 1995). To the north and south are 

‘normal’ arc segments characterised by composite cones of andesite to dacite 
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composition, but with magma production rates roughly an order of magnitude less 

than in the central section (Wilson et al., 2009). This longitudinal segmentation of 

dominant magma type erupted in the TVZ reflects different magmatic plumbing 

systems, primarily due to variations in the thermal flux (Charlier et al., 2005; Price et 

al., 2005; Rowland et al., 2010).  

 

The central TVZ has favourable conditions for formation and eruption of rhyolitic 

magma such as high heat flow, thin crust, active extension, high mantle-derived 

magma flux (Hochstein 1995; Houghton et al., 1995; Price et al., 2005; Wilson and 

Rowland, 2016). The fluxes of magma and heat transported by geothermal fluids are 

too low in both the northern and southern segments of the TVZ to allow the 

production of voluminous rhyolite magma (Bibby et al., 1995; Wilson et al., 1995, 

2009; Price et al., 2005). 

 

The central silicic region hosts eight Quaternary rhyolite volcanic centres, of which 

Taupō volcano is the most southern (Figure 1.6). Throughout the lifetime of rhyolitic 

volcanism in the TVZ (>1.8 Ma: Eastwood et al., 2013; Chambefort et al., 2014) at least 

25 inferred caldera-forming eruptions have occurred in the central TVZ (Houghton et 

al., 1995; Wilson et al., 2009). Since 61 ka the central TVZ has erupted an estimated 

total of 782 km3 of magma, with ~82 vol% represented by three rhyolitic caldera-

forming eruptions from the two most productive individual rhyolite volcanoes in the 

world, Taupō and Okataina (Crisp 1984; Wilson, 1993; Wilson et al., 2009).  

 

 

1.5.2 Magmatic compositional variations 

 

Despite the central TVZ erupting predominantly rhyolite magma, the region has also 

erupted a compositional range of magmas from basalt through to dacite1 (Figure 1.7: 

Graham et al., 1995). During the lifetime of the modern central TVZ (<61 ka), 68 

distinct eruptions have been recognised: three rhyolitic caldera-forming events, 54 

other rhyolitic, eight dacitic to rhyodacitic, and three basaltic (Wilson et al., 2009). 

 
1 Here I follow Ewart (1982) in the SiO2 definitions for basalt, andesite, dacite, and rhyolite (at 
53, 63, and 69% respectively).  
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Figure 1. 7. Map showing known and inferred 
vent sites and calderas of the TVZ active in the 
past 65 ka (several eruptions have been omitted 
due to lack of information, see Wilson et al., 
1995 for further detail). A compositional range 
from basalt to rhyolite is represented. Modified 
from Wilson et al. (1995). 
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All known surface basaltic activity in the TVZ is represented by relatively small, 

monogenetic events, with the largest individual event (Tarawera 1886 CE, c. 1 km3) still 

at least an order of magnitude smaller than the largest andesitic and dacitic eruptions, 

and 2 to 3 orders of magnitude smaller than the largest rhyolitic eruptions (Wilson et 

al., 1995). However the fact that mafic compositions occur at the surface is unusual 

among rhyolitic systems. Typically, crustal density structure (especially below felsic 

magma systems) restrict basaltic magma to a stalled existence at the base of the crust 

(Hildreth 1981; Hildreth 2004; Hildreth and Wilson, 2007; Rowland et al., 2010).  

 

Rhyolite makes up the overwhelming majority of erupted material in the central TVZ, 

and is produced mostly through pyroclastic eruptions, with lesser volumes of effusive 

dome-building events. The largest pyroclastic events are generally associated with 

ignimbrite formation and caldera collapse, and as such leave the greatest impact upon 

the geologic record (Wilson et al., 1995). However several of the rhyolitic centres 

within the TVZ display a wide range of eruptive volumes and styles, often coupled with 

intra-eruption time breaks and remarkably short time periods between events (Wilson, 

1993, 2001; Nairn, 2002; Barker et al., 2016; Cooper et al., 2017). TVZ rhyolite 

eruptions span a considerable range in size (<0.01 km3 to >1500 km3) and are not 

distributed evenly through time; temporal variations in magma supply and tectonic 

rifting-related processes are thought to lead to clustering of events (Houghton et al., 

1995; Gravley et al., 2007, 2016; Rowland et al., 2010; Allan et al., 2012).  

 

 

1.5.3 Taupō volcanic zone crystal mush reservoirs 

 

The presence of crystal mush zones beneath the TVZ has been inferred through 

multiple studies across a range of disciplines. Bibby et al. (1995) estimated the 

hydrothermal energy output of the central TVZ to be 4.2 GW, equivalent to four times 

the heat flow represented by the average rhyolitic magma eruption rate over the last 

60 kyr. On the basis that this represents a steady-state situation, a significant reservoir 

of magma must therefore reside in the middle crust in order to continually supply the 

TVZ’s highly active 23 geothermal systems with heat, volatiles, and chemicals (Bibby et 

al., 1995; Wilson and Rowland, 2016). Harrison and White (2004) produced a 
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seismogenic model that incorporated a zone of high Poisson’s ratio 15 to 30 beneath 

the TVZ. This anomalous region was interpreted by the authors to represent a large 

reservoir of mafic material with associated partial melt that fractionates and 

assimilates crustal material before ascending into the upper crust. Further geophysical 

investigations suggest the presence of low shear velocities and high electrical 

conductivities at comparable depths (Heise et al., 2010; Behr et al., 2011).  

 

Petrologic studies across the central TVZ (with a focus on Okataina and Taupō volcanic 

centres) have shown the presence of shallower silicic mush systems through crystal-

specific investigations, with zircon model-age spectra and crystal textures providing 

the bulk of the evidence (Charlier et al., 2005; Wilson et al., 2006; Wilson and Charlier, 

2009; Charlier and Wilson, 2010; Deering et al., 2011; Storm et al., 2011, 2012; Shane 

et al., 2012; Allan et al., 2013, 2017; Bégué et al.,2014; Barker et al., 2015; Graeter et 

al., 2015; Rubin et al., 2016).  

 

Long-lived crystal mush reservoirs are the core of the complex magmatic networks that 

underlie the rhyolite-dominated calderas throughout the central TVZ (Figure 1.8). The 

mush zones beneath the active Taupō and Okataina calderas are thought to begin at 

depths as shallow as 4 km in places (Liu et al., 2006; Shane et al., 2008a), and in the 

case of Taupō, apparent pressures of amphibole crystallisation (using the calibration of 

Ridolfi et al., 2010) suggest the mush region extends down to at least 12 km depth 

(Allan et al., 2017). Prior geophysical studies extend the intermediate-silicic extent of 

the system down to approximately 16 km depth, with the mafic roots inferred to reach 

another ~15 km deeper (Harrison and White, 2004, 2006; Stratford and Stern, 2004, 

2006). 

 

The crystal-dominated mush zones of the Taupō and Okataina systems are inferred to 

be produced by the mixing and assimilation of mafic magmas with crustal material, 

along with significant levels of crystal fractionation (Charlier et al., 2005, 2008; Shane 

et al., 2008b; Wilson and Charlier, 2009; Deering et al., 2011; Allan et al., 2013, 2017; 

Cole et al., 2014; Barker et al., 2015). These mush reservoirs are inferred to be zoned 

with respect to composition, temperature, and crystallinity, which has been shown 

through various crystal-specific studies at Taupō (Allan et al., 2013, 2017; Barker et al., 
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Figure 1. 8. Schematic scaled cross section displaying the magmatic system and mush zone beneath Taupō 
volcano, and the sources, depths, and pathways for the variety of magma components involved in the 
eruption. Sourced from Allan et al. (2017). 

2015). The zonation of large silicic magma systems is often thought to translate to the 

melt-dominant body, inferred from the deposits of some large silicic eruptions that 

reflect an inversion of compositional zoning in the melt-dominant body (e.g. the 

Bishop Tuff: Hildreth and Wilson, 2007). However, examples of unzoned eruptive 

deposits produced by large silicic eruptions occur in the TVZ (e.g. Oruanui ignimbrite: 

Wilson, et al., 2006), suggesting that either zonation is not inherent to the 

development of melt-dominant magma bodies, or that the zonation can be destroyed 

by processes prior to or during eruption (Dunbar et al., 1989b; Charlier et al., 2005; 

Wilson et al., 2006; Allan et al., 2017). 
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1.6 Taupō volcano  

 

1.6.1 The Oruanui supereruption 

 

The 25.4 ka Oruanui eruption of Taupō Volcano is the world’s youngest supereruption, 

ejecting an estimated magma volume of 530 km3 (Wilson, 2001). Producing 320 km3 of 

pyroclastic density current deposits, 420 km3 of primary intracaldera material, and 430 

km3 of fall deposits, it is the largest known phreatomagmatic eruption globally (Wilson, 

2001). Rapid chilling, extensive fragmentation, extremely wide dispersal of fine grained 

fall deposits, and the creation of a large, non-welded ignimbrite suggest that there was 

extensive interaction with a proto Lake Taupō (Self and Sparks, 1978; Self, 1983; 

Wilson, 2001; Van Eaton et al., 2012; Van Eaton and Wilson, 2013). The magma 

erupted is characterised by moderate to high-silica rhyolite, with 3 to 13 wt% crystals. 

Greater than 99 vol% of the eruptive products are rhyolitic, with a mafic component 

comprising the remaining ~1 vol% (Wilson et al., 2006; Allan et al., 2017; Rooyakkers 

et al., 2018). The eruption has been divided into ten phases, with time gaps of hours to 

months separating some of them (Wilson, 2001).  

 

During the Oruanui eruption both low- and high-silica rhyolite (LSR <74 wt% SiO2< HSR 

respectively) magmas were erupted. LSR is inferred to represent tapping of interstitial 

magma direct from the upper regions of the mush zone during evacuation of the 

shallower melt-dominant body, which in turn is inferred to have formed through the 

accumulation of interstitial mush magma that evolved to produce the HSR (Figure 1.8: 

Wilson et al., 2006; Allan et al., 2013, 2017). The volumetrically dominant high silica 

magma (>98 vol%) contains a crystal cargo made up of plagioclase + quartz + 

orthopyroxene + hornblende + magnetite + ilmenite, with apatite and zircon as 

accessory minerals (Wilson et al., 2006; Allan et al., 2017). Two distinct juvenile mafic 

magmas are also present within Oruanui eruptive deposits; a tholeiitic group, and an 

olivine-bearing calc-alkaline group (Wilson et al., 2006). The olivine crystals in the calc-

alkaline group host large melt inclusions which represent very primitive parental melt 

compositions of 46 to 51 wt% SiO2 prior to interaction with the rhyolite magma system 

(Barker et al., manuscript in prep).    
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Figure 1. 9. Selected analytical data versus stratigraphic height for single (open circles) and multiple 

(open squares) rhyolite clasts from Oruanui deposits. Filled circles/squares represent high-Mg clasts, 

and filled triangles (connected by lines) display the mean of each set of analyses at each eruption 

phase. Sourced from Wilson et al. (2006).  

 

A study on the Oruanui eruptive deposits sampled pumice clasts from each of the 

eruption phases (after Wilson, 2001), and concluded that the magma was likely held in 

a homogeneous, actively convecting magma body immediately prior to evacuation 

(Wilson et al., 2006). The authors reported that although there are notable variations 

in composition, temperature, and crystallinity of the erupted rhyolite, these changes 

do not occur systematically with stratigraphic height (i.e. the magma body was 

thoroughly mixed: Figure 1.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In an effort to explain the lack of chemical zoning within the magma body, Wilson et al. 

(2006) invoked direct mafic injection to the base of the shallow magma body to 

provide the necessary energy to convectively stir and homogenise the melt. However 

the authors did comment on geochemical evidence which suggested that vigorous 

rhyolite convection must have occurred prior to mafic injection (Liu et al., 2006; Wilson 

and Charlier, 2009). Subsequent petrologic research has revealed that the majority of 

interaction between the mafic magma and the more evolved magma occurred in a 

medium-yield strength transition zone between the crystal-dominated mush and melt-

dominated body, where the mafic magma could disaggregate into a range of different 

sized blebs (Figure 1.10: Allan et al., 2013, 2017; Rooyakkers et al., 2018). The mafic 

magmas may have added some energy directly to the melt-dominant rhyolite magma 
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Figure 1. 10. Schematic figure illustrating the nature of mafic and felsic interaction during assembly of 

the Oruanui magma body. 1) Mafic magma ascends through the rigid mush via diking-related processes. 

2) The yield-strength drops rapidly with decreasing crystallinity as the mush transitions into rhyolite 

magma, and mechanical break-up of the injecting mafic magma occurs. 3) Varying sizes of mafic blebs 

quench/crystallise rapidly upon injection into the cooler rhyolite magma. 4) Vigorous convection 

circulates the mafic blebs throughout the magma chamber. Sourced from Rooyakkers et al. (2018).  

 

body, but wholesale convective mixing was already well established when the magmas 

were mingled. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The exceptional thermal output of the central TVZ leads to the inference that there are 

large volumes of mafic magma continually supplying heat to the overlying silicic 

systems and geothermal systems, even in areas lacking recent volcanism. An estimate 

of the rate of mafic magma required to provide the geothermal heat flux around 

Taupō has been suggested at 0.32 m3/s (Bibby et al., 1995; Charlier et al., 2005). 

However, the rate of mafic magma needed to produce the amount of rhyolite erupted 

from Taupō volcano over the past 65 kyr is thought to be closer to 1 m3/s (Charlier et 

al., 2005). Although the parental mafic magma flux into the silicic system is likely to 

vary through time, periods of elevated mafic magma supply below Taupō volcano can 

lead to remobilisation of the crystal mush region, and the production of interstitial 

silicic melt (Barker et al., 2016). If tectonic processes allow, eruptible magma can be 
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withdrawn and accumulated from the remobilised mush in timescales on the order of 

centuries (Allan et al., 2013, 2017). The Oruanui melt-dominant body was assembled 

on rapid timescales (inferred magma accumulation rates exceeding 1 km3 yr-1; Allan et 

al., 2017) when compared with a similar-sized rhyolite eruption such as the Bishop Tuff 

(~4 km3 kyr-1: Hildreth and Wilson, 2007), leading to strong mixing within the Oruanui 

melt-dominant magma body. Plagioclase and orthopyroxene crystals from Oruanui 

pumices record significant cooling and crystallisation within parental melt-dominant 

body during its lifetime: their rims show decreases in respective anorthite and 

enstatite levels, indicative of an evolving host melt composition (Allan et al., 2017). 

Calculated as equivalent to a temperature drop of 40-50 °C, such a high rate of heat 

loss is inferred to have been the dominant reason for mixing and turbulence within the 

melt-dominant body (destroying any prior thermal and compositional zonation within 

the body). Thus the subsequent homogenisation was likely an inherent feature of the 

Oruanui melt assembly, and not entirely controlled by an external factor (e.g. mafic 

recharge).  

  

 

1.6.1.1 Inherited cores 

 

Studies of orthopyroxene and plagioclase crystal populations from Oruanui rhyolite by 

Allan et al. (2013, 2017), following earlier work by Charlier et al. (2008), led to the 

proposal of a significant decompression event that affected the majority of crystals 

during accumulation of the shallow melt-dominant magma body from HSR magma 

compositions. The cores/interiors of 90 % of orthopyroxene crystals display textural 

features indicative of disequilibrium: partial dissolution and occasional resorption of 

the crystal interiors, followed by crystallisation of new rims at shallower crustal levels 

(Figure 1.11). Disequilibrium textures (e.g. notable resorption and sieve textures) were 

also observed in 90 % of plagioclase interiors with subsequent growth rims, which 

suggests a similar dissolution – re-growth history (Charlier et al., 2008; Allan et al., 

2017). Allan et al. (2017) proposed that the orthopyroxene and plagioclase crystals 

experienced the same decompression event, and inferred that they shared a common 

magmatic history. The model pressures of accompanying amphibole crystallisation 

(using the calibration of Ridolfi et al., 2010) placed the crystal cores at pressures 
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Figure 1. 11. Examples of zonation in the inherited cores of orthopyroxene, rich in melt and 

mineral inclusions, in samples a) P2367 and b) P2374, the details of which are in Table 2.1. 

between 140 to 270 MPa, and the re-growth rims at pressures between 90 to 120 MPa 

(Allan et al., 2013; 2017). These pressure estimates correlate with orthopyroxene 

enstatite and Al contents, where higher enstatite contents are inferred to represent 

orthopyroxene growth from hotter, less evolved melts, and Al contents are inferred to 

increase with pressure (depth) in the magmatic system (Allan et al., 2017). The 

outermost orthopyroxene rim compositions exhibit a tight clustering at ~46 mol% 

enstatite and ~2000 ppm Al, whereas the cores exhibit a positive relationship between 

enstatite and Al contents which range from ~46 to ~64 mol% and ~1000 to ~9000 

ppm, respectively (Figure 1.12). Thus the crystal cores are inferred to have grown in 

the magmatic mush zone at greater depths than the re-growth rims, which crystallised 

in the shallower, melt-dominant magma body. 
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Figure 1. 12. Enstatite (mol%) versus Al (ppm) for the outermost rims and cores/interiors 

for orthopyroxene from high-silica rhyolite (HSR) and low-silica rhyolite (LSR) pumice 

clasts. Modified from Allan et al. (2017). 

 

The range of model crystallisation pressures from amphibole cores suggests that 

batches of melt plus crystals were tapped from a range of differing pressures 

throughout the crystal mush zone during accumulation of the shallow magma body 

(Allan et al., 2017). However in the decades to centuries prior to eruption energetic 

convection of the melt-dominant body homogenised the melt-dominant magma body 

(Allan et al., 2017). Thus the crystal core compositions in any Oruanui pumice clast 

have the potential to cover the whole compositional range published for that 

respective mineral, no matter which eruptive phase or vent location the clast came 

from (Figure 1.13: Allan et al., 2017). The apatite and melt inclusions hosted within the 

cores of orthopyroxene crystals of the Oruanui eruptives should exhibit a range of 

compositions, reflecting melt compositions with which they last equilibrated from 

various levels within the magmatic system with which they last equilibrated. Analysis 

of melt and apatite inclusions hosted in the inherited orthopyroxene cores may thus 

provide insights into volatile behaviours throughout the crystal mush zone. Further 

comparison of this range in mush zone-sourced compositions with the more evolved 

groundmass glass and microphenocryst apatite crystals from the shallow magma body 

may in turn allow the establishment of a magmatic volatile pathway from the base of 

the mush zone up through and into the immediately pre-eruptive conditions of the 

melt-dominant magma body. 
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Figure 1. 13. Comparisons of high-silica rhyolite (HSR) plagioclase compositions between early- versus 

late-erupted clasts in a and b, and between clasts erupted from inferred geographically separate vent 

locations in c and d. Graphs b and d show data for the outermost crystal rims only. Sourced from Allan 

et al. (2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.7 Post-Oruanui eruptions 

 

Geochemical studies of the post-Oruanui eruptive units demonstrate that a significant 

reorganisation of the magmatic system beneath Taupō Volcano occurred following the 

Oruanui supereruption (Sutton et al., 2000; Charlier et al., 2010; Gelman et al., 2013; 

Barker et al., 2014, 2015). A new silicic system formed after collapse of the caldera, 

with intense modification of the magmatic root zone through the influx of hot mafic 

magmas (Barker et al., 2015). Five thousand years after the Oruanui event, Taupō 

produced 3 small dacitic units over the space of 3 ka (labelled Ψ, Ω, and A: Wilson, 

1993; Barker et al., 2015). From about 12 ka onwards, Taupō erupted the first of 25 

rhyolitic units (labelled B → Z), which have been grouped into three geochemically-

related subgroups: SG1, SG2, SG3 (Figure 1.14b: Sutton et al., 1995, 2000; Barker et al., 
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Figure 1. 14. An overview of Taupō caldera and the surrounding structural features, with inferred vent 
sites for the post-Oruanui eruptions added (circles represent implied uncertainty of vent locations). b) 
Eruption volume for eruptions from the Taupō-Maroa area over the past 60 thousand years. Eruption 
volumes represent the dense rock equivalent. Sourced from Barker et al. (2015). 

2015). Vent locations for all four post-Oruanui subgroups overlap with the inferred 

Oruanui structural caldera (Figure 1.14a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The dacite units Ψ and Ω, the rhyolite units C, S, and subunit Y6 (i.e., one example from 

each subgroup) were re-analysed for this study. Despite wholesale reorganisation of 

the magma system after the Oruanui eruption the fundamental processes governing 

volatile transport in principle should not change. Barker et al. (2015) showed that 

crystals in the early dacites commonly displayed heavily resorbed interiors with 

mottled cores overgrown by normally zoned rims. The high enstatite and Al 

compositions of the orthopyroxene cores (~En47 to En65, 1000-7000 ppm Al) relative to 

the rims (~En44 to En48, Al 1000 to 3000 ppm) are taken as indicative of an origin 

deeper within the mush system at higher temperatures (Allan et al., 2017). The later 

rhyolites also display compositional zoning in the orthopyroxene, albeit less 

pronounced and to a lesser extent (Barker et al., 2015). Orthopyroxenes from Unit C 

are often normally zoned, but not as prominently as the dacite units. Orthopyroxenes 
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from Unit S can display minor normal zoning, but to an even lesser extent than that for 

Unit C. Subunit Y6 orthopyroxenes typically display reverse zoning, with very few 

normally zoned crystals. In addition to melt inclusions and apatite, small sulfide 

inclusions have been documented within the post-Oruanui dacite units. Suspected to 

be pyrrhotite, these sulfide inclusions were also targeted for EPMA analysis in this 

study to confirm their composition.   

 

 

1.8 Previous TVZ volatile analyses 

 

All attempts to measure sulfur in quartz- or plagioclase-hosted melt inclusions by 

electron microprobe analysis (EPMA) in Taupō volcano rhyolites (as well as early 

studies analysing orthopyroxene melt inclusions via ion microprobe) have returned 

values below detection limits (Dunbar et al., 1989a; Dunbar and Kyle, 1993; Bégué et al 

2015a, 2015b). Low sulfur is not exclusive to Taupō volcano rhyolites: quartz- 

(±plagioclase-) hosted melt inclusion data from rhyolite magmas across the central TVZ 

all return statistically insignificant values (Johnson et al., 2011; Bégué et al., 2015a, 

2015b). However none of these studies specifically targeted inclusions hosted in the 

inherited cores.  

 

Past studies of Cl and F abundances in quartz- and plagioclase-hosted melt inclusions 

from Taupō volcano have produced values above detection limits, albeit with scatter. 

Generally Cl and F plot between 0.2 to 0.3 wt% and 200 to 600 ppm respectively at 

SiO2 levels between 77 to 79 wt%, when the analysis is calculated volatile-free and 

normalised to 100 % (Dunbar et al., 1989a; Hervig et al., 1989; Dunbar and Kyle, 1993; 

Bégué et al; 2015a, 2015b, 2017). In addition, several studies have suggested that 

there are two suites of rhyolitic melt produced in the TVZ (Deering et al., 2008, 2010), 

which can be differentiated by their halogen compositions (Figure 1.15: Bégué et al., 

2015b). 

 

The behaviour of both H2O and CO2 have been well documented in the upper, quartz-

saturated region of TVZ magma systems for both pre- and syn-eruptive processes (Liu 

et al., 2006; Johnson et al., 2011; Bégué et al., 2015b; Myers et al., 2018, 2019). In 
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Figure 1. 15. Fluorine (wt%) versus chlorine (wt%) of quartz- and plagioclase-hosted melt inclusions for a 

selection of TVZ rhyolite eruptives. Modified from Bégué et al. (2015b). 

 

addition, plagioclase-hosted melt inclusions were analysed in the post-Oruanui 

eruptive units, but were inferred to have leaked during decompression and thus 

represent minimum volatile contents (Barker et al., 2015). Significantly, it is inferred 

that Oruanui and Okataina Volcanic Centre melts were saturated with a H2O-

dominated vapour phase during quartz-crystallisation (Liu et al., 2006; Johnson et al., 

2011). This conclusion was reinforced through the relationship between CO2 and Sr 

contents of Oruanui melt inclusions, in which CO2 broadly decreases with decreasing Sr 

(Wilson et al., 2012). 
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In addition to these studies directly analysing the volatile contents of TVZ melt 

inclusions, Charlier et al. (2012) were able to infer syn-eruptive volatile processes in 

the Oruanui eruption through diffusion gradients of lithium in feldspar and quartz. The 

authors concluded that the ~50 % increase in the lithium concentrations of the crystal 

rims relative to the cores was due to a change in partitioning behaviour controlled by 

the unmixing of an aqueous vapour phase into low-density vapour and high-density 

liquid phases at 22 MPa.  

 

At the time of writing no studies investigating the volatile contents of either crystal-

hosted inclusion or microphenocryst apatites of the TVZ have been published.  

 

 

1.9 Melt volatile evolution 

 

In this section I consider the controls on the behaviour of the three studied elements, 

sulfur, chlorine, and fluorine, within silicate melts. The terms sulfur-, chlorine-, and 

fluorine-solubility are used to describe the summed solubilities of each of the 

dominant respective volatile species in the melt. At melt concentrations below their 

respective solubilities in a hydrous silicate melt, volatile components will partition 

between the melt phase ± aqueous fluid phase ± mineral phase(s), at ratios that can be 

calculated and expressed as individual partitioning coefficients (e.g. DX
fluid/melt=Y, where 

X is the volatile component, and Y is the coefficient that represents partitioning 

between fluid and melt). Further, if a volatile component reaches its maximum 

solubility and saturates within a melt, a volatile-rich fluid phase may directly exsolve 

(Webster, 2004). The type, composition, and number of fluid phases present within a 

magmatic system can change throughout the evolution and depressurisation of a given 

magma composition. Under magmatic conditions, fluid phases are typically one of the 

following: a H2O-dominated aqueous vapour phase; an electrolyte-bearing, H2O-

bearing hypersaline liquid (e.g. brine), variably enriched in dissolved solids (Si4+, Al3+, 

Na+, K+, Ca2+, Fe2,3+, Mg2+, metals, SO4
2-,Cl-, HS-); or a non-volatile molten sulfide (e.g. 

pyrrhotite: Webster and Botcharnikov, 2011). In addition to these possible fluid 

phases, several minerals common to magmatic systems can exert a control over the 

volatile contents of the melt. Apatite and amphibole are two such phases, but they are 
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expected to have more of an effect on fluorine over sulfur and chlorine, due to the 

relative preference of F to remain in the melt and mineral phases. 

 

In the case study here, Taupō is a hydrous magmatic system, with estimated water 

contents of ~3 wt% for the primitive basaltic melts that feed the system (Simon 

Barker, pers. comm, 2019), and 4.5 to 6.5 wt% for Oruanui and post-Oruanui dacitic-

rhyolitic magmas (Liu et al., 2006; Allan et al., 2013; Barker et al., 2015; Myers et al., 

2019). These studies have inferred that an aqueous vapour phase typically exsolves in 

Taupō silicic magmas, and thus will exert a significant control over melt volatile 

abundances at some stage in the evolution of these magmas. The point along the 

evolutionary pathways that this fluid phase starts exsolving within the Taupō system is 

not well constrained, but analysing the volatile contents of the deepest inherited 

orthopyroxene cores may provide some insight. It is also possible that volatile-

dominated fluid phases contribute to the volatile pathway below Taupō volcano. 

Pyrrhotite is hosted as inclusions in orthopyroxene cores of the post-Oruanui dacite 

units (Gelman et al., 2013; Barker et al., 2015), and it is possible a sulfur-rich phase 

(e.g. anhydrite or sulfide melt) was saturated prior to pyrrhotite crystallisation. Melt 

inclusion-focused studies of subduction zone silicic systems have proposed that the 

onset of magnetite crystallisation may lead to thoroughly depleted sulfur values, 

through a rapid decrease in the fO2 (i.e. the magnetite crisis: Sun et al., 2004; Jenner et 

al., 2010). The exsolution of a Cl-rich hypersaline brine has also been suggested to 

occur in the system below the Rotorua and Ohakuri calderas (Bégué et al., 2017). The 

exsolution of these volatile-rich fluid phases would heavily fractionate the volatile 

contents of the melt (Carroll and Rutherford, 1985, 1987; Luhr, 1990; Clemente et al., 

2004; Webster, 2004; Jugo et al., 2005a; Jugo 2009; Jenner et al., 2010). The use of 

relevant fluid-melt partitioning models (e.g. sulfur: Scaillet et al., 1998; Keppler, 2010; 

Binder et al., 2018: chlorine: Kravchuk and Keppler, 1994; Signorelli and Carroll, 2000; 

Webster et al., 2009; Doherty et al., 2014: fluorine: Webster, 1990; Webster and 

Holloway, 1990) may allow estimates of the concentrations of S, Cl, and F present in 

any exsolving fluid phases, and increase our understanding of volatile transport within 

the magmatic system below Taupō volcano.  
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In addition to fluid phases, eruptive deposits from Taupō volcano also contain mineral 

phases that can accommodate S, Cl, and F. Apatite is ubiquitous throughout Taupō 

volcano deposits, albeit in trace amounts, and amphibole is present in the Oruanui and 

some post-Oruanui eruptive deposits (Wilson et al. 2006; Barker et al., 2015). The 

ubiquity of apatite in magmatic systems and its ability to incorporate weight percent 

amounts of Cl and F (and trace amounts of S) make it especially useful in partitioning 

coefficient models (e.g. Candela, 1986; Piccoli and Candela, 2002; Parat and Holtz, 

2004; Mathez and Webster, 2005; Webster et al., 2009, 2017; Doherty et al., 2014; 

Scott et al., 2015; Stock et al., 2018). The volatile, major, or trace element contents of 

apatite from Taupō volcano or elsewhere in the TVZ have yet to be investigated. Many 

studies report on its occurrence as an accessory mineral throughout the TVZ, hosted 

within a range of rock compositions from andesite to rhyolite (e.g. Patterson and 

Graham, 1988; Beresford et al., 2000; Sutton et al., 2000; Price et al., 2005; Liu et al., 

2006; Wilson et al., 2006; Barker et al., 2015). The potential of apatite as a 

geochemical tracer is well established (e.g. Ayers and Watson, 1993; Piccoli and 

Candela, 1994, 2002; Sha and Chappell, 1999; Belousova et al., 2001, 2002), but has 

yet to be explored in a TVZ context. Data from EPMA analysis were considered reliable, 

until Stormer et al. (1993) documented that crystal orientation drastically affected X-

ray counts for F (and to a lesser extent, Cl) analyses. However recent studies have 

presented improved analytical techniques that allow for dependable analysis of apatite 

by EPMA (Goldoff et al., 2012; Stock et al., 2015; Zhang et al., 2016).  

 

 

1.9.1 Excess sulfur in silicic eruptive events 

 

Eruptions of large silicic magma systems tend to epitomise a phenomenon known as 

the excess sulfur problem, in which considerably more sulfur is ejected into the 

atmosphere during an eruptive event than the amount estimated through petrologic 

investigations (e.g. Mount Pinatubo: Westrich and Gerlach, 1992). Possible 

explanations for the sulfur deficiency in petrologic estimates of silicic eruptions include 

sulfur released through the breakdown of sulfur rich phases, sulfur degassing from 

non-erupted magma, and the presence of a sulfur-rich fluid phase that exsolved from 

the magma at depth (Scaillet et al., 1998, and references therein). Additionally, large 
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caldera-forming silicic eruptions may release the sulfur sequestered in a hydrothermal 

envelope around the magma body. Although no record of the sulfur released from the 

Oruanui eruption has been observed, the 232 CE Taupō eruption (Hogg et al., 2012) 

has been identified in ice core records from both hemispheres (Sigl et al., 2013). 

However, when the 232 Taupō eruption is compared with the 40 largest eruptions of 

the past 2.5 kyr (of which the it is the second largest in terms of magma volume at ~35 

km3: Barker et al., 2015), the amount of sulfur released is only slightly above average 

(Sigl et al., 2015). If the previously published below detection limit analyses of sulfur in 

quartz- and plagioclase-hosted melt inclusions from Taupō volcano are representative 

of the magma at depth, then sources of sulfur other than that contained in the melt 

have to be considered to produce the minor, but identifiable ice core sulfur peaks. The 

four most likely sources of sulfur that could potentially be released during a silicic 

caldera-forming event such as the 232 CE Taupō eruption are: (1) a fluid phase 

coexisting at depth with the magma prior to eruption; (2) the breakdown of sulfur-rich 

crystalline phases (e.g. pyrrhotite or anhydrite); (3) sulfur sequestered in a 

hydrothermal envelope surrounding the magma body; and (4) the intrusion of 

relatively sulfur-rich mafic magmas. Knowledge on the surficial flux of sulfur near 

volcanic centres may help to identify the influence of each of these suggested 

potential sources, but sulfur emissions are poorly constrained in the central TVZ. 

However, one estimate for the H2S flux at the Rotokawa geothermal system just north-

east of Taupō caldera has been estimated at ~50 tonnes/day (Bloomberg et al., 2014). 

Although this may be indicative of a magmatic source supplying sulfur to the system, 

the value is estimated from CO2 data and has yet to be supported with direct 

measurements. Without reliable data on the rates of surficial sulfur degassing, it is 

hard to constrain the total flux throughout Taupō magmatic system. To this end, 

recording the sulfur content of melt inclusions originating from deep within the 

magma system may provide insight into the most likely source of sulfur associated 

with the Taupō magma system. 
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2. Methodology 

 

2.1 Samples studied 

 

Three low-silica rhyolite (LSR) and seven high-silica rhyolite (HSR) clasts from the 

ignimbrite deposited during phase ten of the Oruanui eruption (Wilson, 2001) were 

sampled for this study. The clasts were sampled from multiple localities (Table 2.1). 

Five post-Oruanui units were also analysed; two dacite and three rhyolite (Table 2.1). 

These units were sampled and crystal mounts prepared by Barker et al. (2015), but 

were re-analysed here with a focus on S, Cl, and F. In addition to the silicic clasts, 

basaltic-andesite olivines with abundant melt inclusions already prepared and 

analysed by EPMA and LA-ICP-MS by Barker et al. (manuscript in prep) were re-

analysed by EPMA for sulfur, chlorine, and fluorine to compare with the dacites and 

rhyolites. These olivines originate from juvenile mafic enclaves collected from both the 

Oruanui and Waimahia (Unit S) eruptions, which are primarily andesitic composition 

(Figure 2.1). However the most primitive olivine crystals of these enclaves are inferred 

to host melt inclusions that represent the primitive mantle melt compositions that 

feed the silicic system. Analysing the volatile abundances of these primitive melts will 

provide end-member compositions to the complete magmatic volatile pathway that 

this thesis is aiming to infer.  

 

 

2.2 Sample preparation 

 

The porous nature of pumice facilitates water percolation after deposition. All 

pyroclasts sampled in this study were secondarily hydrated, but had clear glass and no 

traces of secondary hydrothermal alteration, leaching, or enrichment. However, 

several precautionary steps were taken in the sample preparation process in order to 

minimise contamination. Clast outer rims were trimmed with a diamond blade Bianco 

saw and discarded, removing any adhering organic material. The fresh inner cores of 

the samples were cut into rectangular billets with the approximate dimensions of 12 x 

6 x 3 cm as an appropriate size for jaw crushing. The billets were then cleaned in 
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Localities refer to the site for the deposits where each sample was found after Wilson (2001). 

SG1/2/3 refer to post-Oruanui rhyolite subgroups after Barker et al. (2015). 

Table 2. 1. Summary and location of the samples prepared in this study, and by Barker et al. (2015) and 

Barker et al. (manuscript in prep). 

 

reverse osmosis water in an ultrasonic bath for at least 40 minutes to remove as much 

remnant foreign material as possible. The billets were then dried completely in a fan-

forced oven at >80°C for at least 72 hours.  
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Figure 2. 1. Photos of a representative 
mafic sample from Taupō volcano 
illustrating the context of the olivine-
hosted melt inclusions analysed in this 
study showing (A) a juvenile mafic 
enclave hosting olivine crystals with 
adhering and ingested rhyolitic pumice 
glass, (B) high-Mg olivine crystal 
hosting multiple large but partially 
crystalline melt inclusions and (C) 
rehomogenised glassy melt inclusions 
with a 35 µm laser pit from trace 
element analysis. Sourced from Barker 
et al. (manuscript in prep). 
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2.3 Crystal separation 

 

Once the material for crushing was dry, at least 200 g of each sample was selected for 

crushing in a Rocklabs Boyd crusher. Before and after each sample was passed through 

the crusher, the machine was carefully cleaned with an industrial vacuum cleaner and 

compressed air, and then wiped with ethanol. These steps are to ensure the removal 

of any residual foreign material that may have not been cleaned during previous use of 

the crusher. The pumice samples were initially crushed at 1-2 cm plate widths, and 

then crushed at incrementally smaller plate widths, down to approximately 1-2 mm. In 

order to ensure that as many large crystals remained intact as possible, the crushed 

material was dry sieved after every pass through the machine. The sieve stack was 

constructed of 2, 1, and 0.5 mm sized sieves, leading to >2 mm, 1-2 mm, 0.5-1 mm, 

and <0.5 mm sized crystal fractions.  

 

Crushed samples >2 mm were picked for loose crystals through the use of a binocular 

microscope with a polarizing lens attachment to aid in differentiating between the 

glass, and quartz and feldspar phenocrysts. Crushed samples 1-2 mm and 0.5-1 mm 

were density separated using water via a 2-stage process:  

 

(1) Any material that floated in water was removed, as it was >99 % glass shards.  

 

(2) The remaining denser material was then separated, using a standard 35 cm 

diameter plastic gold pan, into less-dense inclusion-bearing pumice, and a denser, 

crystal-rich residue.  

 

Both products were then dried in the oven at >80°C for at least 72 hours. The crystal-

rich dense residue was picked with fine tweezers under a binocular microscope (no 

polarising lens was required as the material was <1 % glass). Prior to picking, a magnet 

was run over the sample to pick up any magnetic phenocrysts; orthopyroxene crystals 

were typically studded with enough Fe-Ti oxide inclusions to enable magnetic 

differentiation. Crushed samples <0.5 mm were wet sieved at 250 µm and 125 µm size 

fractions, leading to 250-500 µm, 125-250 µm, and <125 µm size fractions. Samples 

were water density separated in a beaker at all size fractions to concentrate loose 
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crystals. Orthopyroxene was removed with a magnet. Free apatite crystals were 

density separated from the rest of the crystals with lithium heteropolytungstate (LST), 

which has a density of 2.9 g/mL, (apatite ≈ 3.19 g/cm3, plagioclase ≈ 2.62 g/cm3, quartz 

≈ 2.65 g/cm3).  

 

 

2.4 Crystal mounting 

 

Orthopyroxene and apatite crystals were mounted in epoxy resin rounds suitable for 

in-situ geochemical analytical techniques. Orthopyroxene crystals were selected from 

the 0.5-1 and 1.2 mm size fractions, and were chosen based on grain integrity (i.e. 

complete, non-fractured, euhedral grains). Apatite crystals were only selected for 

mounting if they had adhering glass selvedges (groundmass glass), which indicated 

that they were immersed in the melt in contrast to being trapped within phenocrysts. 

Apatite crystals were oriented with their c-axis perpendicular to the EPMA beam, after 

Goldoff et al. (2012). Orthopyroxene crystals were also analysed with their c-axis 

parallel to the probe beam, as the majority of apatite inclusions within orthopyroxene 

grew with their c-axes parallel to the c-axis of the host crystals. Once the epoxy resin 

had cured after at least 24 hours the mounted crystals were exposed by sanding with 

800 to 2500 grit silicon carbide paper, and then polished with diamond suspension 

liquid (6 to 3 to 1 µm) on polishing laps to create appropriately smooth and flat 

surfaces of exposed crystal. Mounts were then carbon coated prior to major-element 

analysis by EPMA. The carbon coat was later removed prior to trace-element analysis 

by LA-ICP-MS. 

 

 

2.5 In-situ major element techniques: Electron Probe Micro-Analysis 

(EPMA)  

 

All major and volatile element analyses were conducted using a JEOL JXA-8230 

electron probe micro-analyser (EPMA) at Victoria University of Wellington. The 

conditions under which analyses were run are different for each material, and are 



 
 

40 

specified briefly below. Appendix 2 details the exact EPMA procedures followed for 

each suite of analyses. Standardisation of elemental count rates and concentrations 

was accomplished using both natural and synthetic primary standards, and 

concentrations of ‘unknown’ secondary standards were calculated through the ZAF 

correction method. Table A1.1 provides data for the secondary standards routinely 

analysed. All EPMA data presented in this study are included as a spreadsheet in the 

electronic appendix. 

 

 

2.5.1 Rhyolite glass  

 

Melt inclusions hosted in normally zoned orthopyroxene cores were analysed, along 

with adhering groundmass glass (Figure 2.2b, e). During the programming of analytical 

points, care was taken not to leave the beam on over glass samples for too long to 

avoid liberating the volatile elements or causing losses of Na (Morgan and London, 

1996). A correction was applied to the raw EPMA data to account for the fluorine-iron 

spectral peak interferences (section A2.6). Unless specified otherwise, the analytical 

conditions for glass analysis were 15 kV, 8 nA, 30 s peak and 15 s background, with a 

10 µm circular beam. To minimise Na loss the peak search was skipped and count 

times were shorter at 10 s peak and 5 s background. 

 

 

2.5.2 Basalt glass  

 

Melt inclusions hosted in basaltic-andesite high-Mg olivine crystals were re-analysed 

for sulfur, chlorine, and fluorine contents (Figure 2.2a). For basaltic glass EPMA 

analysis the same procedure as that for analysing rhyolite glass was undertaken, but 

with a different suite of secondary standards. 

 

 

2.5.3 Orthopyroxene 
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Figure 2. 2. Backscattered electron images of selected crystals. a) P950 Oruanui olivine with melt 

inclusion. b) P2368 Oruanui orthopyroxene with a zoned inherited core rich in melt inclusions, with 

additional Fe-Ti oxide and apatite inclusions. c) P1592 Oruanui free crystal apatite with adhering 

groundmass glass. d) Ω orthopyroxene with both a pyrrhotite and Fe-Ti inclusion. e) and f) Ω 

orthopyroxene with a zoned inherited core rich in inclusions, with adhering groundmass glass. Sample 

details in Table 2.1. ol = olivine, MI = melt inclusion, Fe-Ti = iron titanium oxide, opx = orthopyroxene, ap 

= apatite, GG =  groundmass glass, pyr = pyrrhotite. 

Orthopyroxene analyses were conducted in normally zoned cores immediately 

adjacent to already analysed melt inclusions (Figure 2.2b, e, f). The analytical 

conditions for the primary standards and the unknown samples were the same; 12 nA, 

15 kV, spot beam, 30 s peak and 15 s background, default conditions, and a narrow 

peak search.  
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2.5.4 Apatite analysis procedure 

 

Orthopyroxene-hosted and microphenocryst apatite crystals were analysed for major 

and volatile element contents (Figure 2.2b, c). During the programming of points to 

analyse, care was taken not to leave the beam on over samples for too long to avoid 

mobilising the volatile elements. The analytical conditions (besides peak search times) 

for the primary standards and the unknown crystals were the same; 4 nA, 10 kV, 10 µm 

beam, default conditions and a narrow peak search.  

 

 

2.5.5 Sulfide analysis procedure 

 

Sulfides hosted as inclusions within orthopyroxene cores were analysed for major 

elements (Figure 2.2d). The analytical conditions for the primary standards and the 

unknown crystals were the same; 60 nA, 15 kV, 1 µm beam, 30 s peak and 15 s 

background, default conditions and a narrow peak search (Liu et al., 2018).  

 

 

2.5.6 Data reduction 

 

Fluorine-corrected EPMA melt inclusion glass data were trimmed of any points whose 

totals did not fall within the range of 92 to 98 wt% total oxides. This range was chosen 

due to the large variation of H2O in melt inclusions from Taupō volcano rhyolites (e.g. 

Dunbar et al., 1989a; Liu et al., 2006). Fluorine-corrected groundmass glass data were 

trimmed of any points whose totals fell outside 97 to 100 wt% total oxides. This range 

was chosen as groundmass glass data represents material quenched immediately prior 

to or during eruption from which any remaining volatile components are expected to 

have already exsolved, but pumiceous material is commonly secondarily hydrated. 

Apatite, orthopyroxene, and pyrrhotite raw EPMA data were trimmed of any points 

that fell outside ±1 wt% total oxides from the mode. Once trimmed, the analyses were 

normalised to 100 wt% for comparative purposes. 
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2.5.7 Error calculations 

 

Error bars were calculated to 2 s.d. based on the secondary standards that were 

interspersed through each EPMA run. The errors for each standard used are presented 

in Table A1.1. The runs conducted on the EPMA in this study were analysed over 

several separate days, and thus with different conditions. As such, the error bars on 

the following volatile element graphs are drawn to represent the smallest, largest and 

average errors throughout the different analyses (the major element errors do not 

vary appreciably so only the average is displayed).    

 

 

2.6 In-situ trace element techniques: Laser Ablation (LA) ICP-MS  

 

All laser ablation ICP-MS analyses were conducted using a Resonetics S155-SE (193 nm) 

Eximer laser coupled to an Agilent 7900 ICP-MS at Victoria University of Wellington. 

Raw LA-ICP-MS data were processed with the Iolite software via an internal standard 

data reduction routine (Hellstrom et al., 2008). By adding EPMA-determined 

concentrations for a major element oxide (typically SiO2 or CaO for silicate 

minerals/melts) into Iolite, the program can calculate by reference the trace element 

concentrations for the remaining elements (see Perkins and Pearce, 1995; Pearce et 

al., 1996 for further discussion). SiO2 was used for internally standardisation of the 

rhyolite glass and orthopyroxene samples, whereas CaO was used for apatite samples. 

Primary and ‘unknown’ secondary standards were interspersed throughout the 

analysis runs every 10 points and were used to calibrate results and provide precision 

and accuracy estimates, respectively. Rhyolite glass NIST SRM612 was run as a primary 

standard and NIST SRM610 was run as a secondary standard for silicic glass and 

apatite, data for which are presented in Table A1.2. Tuning and optimisation of signal 

sensitivity and stability was achieved prior to sample analysis by rastering across the 

primary standards, and adjusting the flow of ultra-pure He gas. Rhyolite glass data 

were acquired over 30 s periods (with additional 60 s background) with 35 μm circular 

laser beam size pulsed at 10 hz. Apatite crystal data were acquired over 20 to 30 s 

periods (with additional 60 s background) with 35 μm laser beam sized pulsed at 10 hz. 
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All LA-ICP-MS data presented in this study are included as a spreadsheet in the 

electronic appendix. 
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3. Results 

 

3.1 Major element data 

 

Table 3.1 provides representative maximum and minimum values for orthopyroxene-

hosted melt inclusion and groundmass glass analyses for each Taupō silicic sample to 

illustrate the range of compositions held within each individual clast, along with 

representative average analyses of olivine-hosted melt inclusions for the three Oruanui 

mafic samples. Due to the limited number of analyses on units Ψ, C, and S, and the 

compositional similarities between the dacite units and the rhyolite units, the post-

Oruanui units have been compiled into two populations: post-Oruanui dacite (Ψ, Ω), 

and post-Oruanui rhyolite (C, S, Y6). For complete data sets see the electronic 

appendix.  

 

 

3.1.1 Glass 

 

Melt inclusion compositions from the post-Oruanui dacite and rhyolite, and Oruanui 

LSR and HSR span 69-73, 73-76, 74-78, and 75-78 wt% SiO2 respectively, and 

groundmass glass compositions span 72-73, 74-77, 74-75, and 76-78 wt% SiO2 

respectively. Both the Oruanui and post-Oruanui data suites plot within the range of 

values previously published for glass separates or melt inclusions from the 

corresponding units (e.g. Sutton et al., 1995, 2000; Liu et al., 2006; Wilson et al., 2006; 

Allan et al., 2013, 2017; Barker et al., 2015; Myers et al., 2018, 2019). Plots of major 

oxides versus SiO2 are displayed in Figure 3.1. Strong negative linear trends exist 

between SiO2 and all major oxides with the exception of K2O, which exhibits a flat 

trend through the post-Oruanui and Oruanui low-silica rhyolite (LSR) compositions, 

and increases with increasing SiO2 Oruanui high-silica rhyolite (HSR). There is little 

difference between melt inclusion and groundmass glass compositions for post-

Oruanui units, LSR, and HSR for all oxides with the exceptions of Al2O3 and FeO (and 

K2O for Ou HSR), in which groundmass glass values are lower.    
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MI melt inclusion, GG groundmass glass, min minimum value, max maximum value, ave average value, n number of crystals analysed 

Table 3. 1. Representative minimum and maximum major oxide and volatile element analyses of Oruanui and post-Oruanui silicic melt inclusions (MI) and groundmass glass (GG), 

and average major oxide and volatile element analyses of Oruanui basaltic melt inclusions. Major oxides in wt%, volatile elements in ppm 
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Figure 3. 1. Selected major element oxide (wt%) against SiO2 (wt%) for orthopyroxene-hosted melt 

inclusions (MI) and groundmass glass (GG) from the Oruanui (Ou) eruption high and low-silica rhyolites 

(HSR and LSR respectively), post-Oruanui dacite units (P-Ou Dac), and post-Oruanui rhyolite (P-Ou Rhy). 

Previously published data from plagioclase and/or quartz and/or orthopyroxene-hosted inclusions are 

represented by coloured fields (purple = post-Oruanui SG3 rhyolite compositions; orange = Ou HSR), (Liu 

et al., 2006; Johnson et al., 2013; Bégué et al., 2014; Barker et al., 2015; Allan et al., 2017). Error bars 

represent the average 2 s.d. errors based on repeat analyses of VG-568. 
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Figure 3. 2. Stacked histogram displaying the enstatite content (mol%) of orthopyroxene immediately 

adjacent to melt inclusions analysed in this study, from Oruanui high-silica rhyolite (Ou HSR) and post-

Oruanui dacite (P-Ou dacite). The general fields of the outer rims, and the cores and interior zones from 

Allan et al. (2013) are denoted to display the difference between them.  

3.1.2 Orthopyroxene 

 

Major element compositions of the host orthopyroxene crystals were measured 

immediately adjacent to the hosted melt inclusions in the orthopyroxene cores for 

each eruption studied. The enstatite content (mol%) was calculated as 100*(Mg/Ca + 

Mg + ΣFe), and is presented for HSR and post-Oruanui dacite in Figure 3.2, and for 

post-Oruanui rhyolite in Figure 3.3. HSR compositions give a wide spread of enstatite 

content between 46 to 60 mol%, with prominent mode between 51 and 53 mol%. 

Dacite units give the highest enstatite contents, with the majority between 59 and 65 

mol%. Post-Oruanui rhyolite display relatively lower enstatite contents, with all 

analyses between 45 and 52 mol%.  

 

The SiO2 content (wt%) of several analysed melt inclusions is graphed against the 

enstatite content (mol%) of the host orthopyroxene crystal immediately adjacent to 

the melt inclusions in Figure 3.4. SiO2 values decrease with increasing enstatite values 

for all compositions analysed. In contrast, Al increases with increasing enstatite 

content (Figure 3.5). 
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Figure 3. 3. Stacked histogram displaying the enstatite 

content (mol%) of orthopyroxene immediately adjacent to 

melt inclusions analysed in this study from post-Oruanui 

rhyolite (P-Ou rhyolite cores). 

Figure 3. 4. SiO2 (wt%) of melt inclusions versus the enstatite content (mol%) of 

orthopyroxene host crystals immediately adjacent to the melt inclusions, for Oruanui high-

silica rhyolite (Ou HSR), and post-Oruanui dacite and rhyolite (P-Ou Dac and P-Ou Rhy 

respectively). 
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Figure 3. 5. Enstatite content (mol%) versus Al (wt%) for orthopyroxene cores from Oruanui high-silica 

rhyolite (Ou HSR), and post-Oruanui dacite and rhyolite (P-Ou Dac and P-Ou Rhy respectively). Data from 

Allan et al. (2017) is denoted with a grey field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.3 Oruanui high-silica rhyolite apatite 

 

Relationships between F, Cl, P2O5, and CaO in Oruanui apatite crystals are plotted in 

Figure 3.6. F increases with decreasing P2O5, with the microphenocryst population 

having higher F and lower P2O5 than the inclusion population. In contrast, Cl decreases 

with decreasing P2O5, with the inclusion population having higher Cl than the 

microphenocryst population. Cl/F decreases with P2O5 between the inclusion 

population to the microphenocryst population, and then appears to plateau. Two 

distinct trends are observed when CaO is graphed against P2O5, with CaO exhibiting a 
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Figure 3. 6. a) F (wt%), b) Cl (wt%), c) Cl/F d) CaO (wt%) versus P2O5 (wt%), for orthopyroxene-hosted 

apatite and microphenocryst apatite crystals from Oruanui rhyolite. Error bars represent average 2 s.d. 

based on repeat analyses of Durango apatite. 

similar range in values between the inclusion and microphenocryst apatite. At a given 

P2O5 value, the inclusions have higher CaO. The majority of SO3 values were below 

detection limits (~600 ppm) for all apatite analyses, and there were no identifiable 

trends for the few values greater than ~600 ppm.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.4 Post-Oruanui dacite-hosted pyrrhotite 

 

Due to the limited number of samples and the small size (<25 μm) of pyrrhotite 

inclusions in dacite units Ψ and Ω, only five successful analyses were conducted in this 

study (Figure 3.7). The pyrrhotite chemical formula is Fe1-xS, where 0<x<0.2 and the 

ratio expressed in moles. The acquired data points cluster at relatively constant Fe 

(mol) and more variable S (mol) values within the range that defines pyrrhotite.  
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Figure 3. 7. Fe (mol) vs S (mol) for orthopyroxene-hosted pyrrhotite inclusions from units Ψ and Ω. 

Dotted grey lines indicate the range of acceptable X values for pyrrhotites chemical formula Fe1-xS. The 

error bar represents the average 2 s.d. based on repeated analyses of Elba Pyrite. 

Figure 3. 8. Sulfur, chlorine, and fluorine versus SiO2 for olivine-hosted basaltic melt inclusions (MI) 

compared with the Oruanui eruption high- and low-silica rhyolites, and the post-Oruanui dacites and 

rhyolites (symbols as previously described in Fig. 3.1). Two populations of data in the sulfur and chlorine 

basaltic melt compositions (Oruanui, Unit S) are provided by Barker et al. (manuscript in prep). Fluorine 

detection limits for the basaltic melt analyses and the dacitic to rhyolitic analyses are denoted with 

small-dashed and large-dashed black lines respectively. Error bars represent the average 2 s.d. errors for 

the basaltic compositions based on repeat analyses of VG-A99 (S and Cl) and IO (F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Volatile element data 

 

Plots of sulfur, chlorine, and fluorine versus SiO2 are displayed for basalt, dacite, and 

rhyolite melt compositions in Figure 3.8. Sulfur and fluorine increase strongly with 

increasing SiO2 in the basalt olivine-hosted melt inclusions, whereas chlorine increases 

weakly (~900-1900 ppm, ~200-800 ppm, and ~500-900 ppm, respectively) as SiO2 

increases from ~45-50 wt%.  
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Figure 3. 9. Sulfur, chlorine, and fluorine versus SiO2 for orthopyroxene-hosted melt inclusions (MI) 

and groundmass glass (GG) from the Oruanui eruption high- and low-silica rhyolites (HSR and LSR, 

respectively), and the post-Oruanui dacites and rhyolites (P-Ou Dac and P-Ou Rhy, respectively). 

Previously published data from plagioclase and/or quartz and/or orthopyroxene-hosted inclusions are 

represented by coloured fields (purple = post-Oruanui subgroup 3 rhyolite compositions; orange = 

HSR: Dunbar et al., 1989a; Hervig et al., 1989; Dunbar and Kyle, 1993; Bégué et al; 2015a, 2015b, 

2017). Error bars represent the maximum, average, and minimum 2 s.d. errors based on repeat 

analyses of VG-568 (S and Cl) and VG-A99 (F). Detection limits for S and F are denoted by dashed 

horizontal lines. The Cl detection limit is below the presented vertical axis values. 

 

Plots of sulfur, fluorine, and chlorine versus SiO2 are displayed for dacite and rhyolite 

melt compositions in Figure 3.9. When compared with the olivine-hosted basalt melt 

inclusions, the groundmass glasses and melt inclusions in the orthopyroxene-hosted 

dacite-rhyolite melt inclusions have markedly lower sulfur concentrations. Sulfur is 

below 150 ppm, with 97 % of analyses being 100 ppm or less (Figure 3.9a). There is a 

slight decrease in sulfur as SiO2 increases between the dacite and rhyolite 

compositions. Sulfur in the dacite units decreases as SiO2 increases. For all other 

compositions sulfur remains relatively constant with increasing SiO2. Although not 

apparent on the figures due to a clustering effect, the average sulfur groundmass glass 

(GG) contents are lower than the melt inclusions (MI) for every compositional 

population analysed. There is a decrease in sulfur between LSR and HSR compositions.  

 

Chlorine decreases as SiO2 increases for all compositional populations (Figure 3.9b). 

There is an increase in chlorine between LSR melt inclusions and the HSR melt 

inclusions. Dacite and HSR compositions have lower chlorine contents (and higher 

SiO2) in the groundmass glass populations relative to the melt inclusion populations, 

but there is little difference between the groundmass glass and melt inclusion 

compositions for subunit Y6 and LSR samples, with the exception of a single Y6 

groundmass glass outlier at ~2700 ppm. There is a small population of HSR 

groundmass glass with elevated chlorine levels.  

 

Fluorine decreases with increasing SiO2 for LSR, and post-Oruanui dacite and rhyolite 

melt inclusions (Figure 3.9c). In contrast, fluorine in HSR melt inclusions increases with 

increasing SiO2 and there is a population of LSR melt inclusions with elevated fluorine. 

The dacite compositions have lower fluorine values in the groundmass glass relative to 

the melt inclusions. HSR, LSR, and post-Oruanui rhyolite have significant variation in 

their groundmass fluorine contents (306 to 1212 ppm, 519 to 958 ppm, and 504 to 

1200 ppm, respectively) over a narrow range in SiO2.  
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3.3 Trace element data 

 

3.3.1 Orthopyroxene-hosted melt inclusions 

 

Selected trace elements strontium and yttrium, (Sr, Y) are graphed against sulfur, 

chlorine, and fluorine in Figure 3.10 for LSR and HSR, and post-Oruanui dacite and 

rhyolite compositions, to show volatile behaviour with the crystallisation of specific 

minerals (Y content of amphibole increases with decreasing depth, and Sr content of 

plagioclase decreases with decreasing depth: Allan et al., 2017). Of the post-Oruanui 

rhyolite compositions analysed here, only Unit C contains amphibole (Barker et al., 

2015), and as such it has been labelled in the Y plots. Due to size limitations of melt 

inclusions, few data points were successfully recorded for each eruptive unit by LA-ICP-

MS. Only one datum for the post-Oruanui dacite compositions was measured, and it is 

included for reference, but not included in the description or discussion. Sulfur 

decreases with decreasing Sr and Y for all compositional populations analysed. 

Chlorine decreases with Y for the post-Oruanui rhyolite apart from Unit C (the 

amphibole-bearing unit). Chlorine decreases from Oruanui HSR to LSR, while Y 

increases, highlighting the changing behaviour of these volatiles with amphibole 

crystallisation. Fluorine is relatively stable with decreasing Y in the post-Oruanui 

rhyolites, with one outlier of lower fluorine content. Fluorine and Y both increase from 

Oruanui HSR to LSR. 

 

 

3.3.2 Oruanui high-silica rhyolite apatite 

 

Zirconium, lanthanum, and europium (Zr, La, Eu) are plotted against fluorine and 

chlorine for orthopyroxene-hosted and microphenocryst apatite in Figure 3.11, to 

show how volatile behaviour in apatite varies with the crystallisation of compatible 

and incompatible elements (Zr = compatible in zircon, Eu = compatible in plagioclase 

and apatite, La = incompatible). Zr and Eu increase between the orthopyroxene-hosted 

and microphenocryst apatite, with decreasing chlorine and increasing fluorine. La 

decreases between the orthopyroxene-hosted and microphenocryst apatite, with 

decreasing chlorine and increasing fluorine. 
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Figure 3. 10. Selected trace element (ppm) versus sulfur (ppm) and chlorine (ppm) plots for melt 

inclusions from Oruanui high- and low-silica rhyolite (Ou HSR MI and Ou LSR MI respectively), and post-

Oruanui dacite and rhyolite compositions (P-Ou Dac and P-Ou Rhy respectively).  
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Figure 3. 11. Selected trace element (ppm) versus fluorine and chlorine (wt%) plots for orthopyroxene-

hosted apatite inclusions and microphenocryst apatite. 
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4. Discussion 

 

4.1 Introduction 

 

Constraining the basalt and dacite to rhyolite end-member chemistries through a study 

of the melt inclusions in Taupō volcano eruptives has provided valuable insight into the 

end-member pre-eruptive melt compositions. The lack of compositionally intermediate 

melt inclusions means that it is challenging to directly infer the transportation pathway 

of volatiles from source magmas to surface. However, other lines of evidence from 

mineralogy and crystal chemistry are presented and discussed here to provide 

constraints around volatile budgets and pathways. Although this is the first study of 

TVZ eruptives to incorporate apatite chemistries, relative changes in composition at 

different depths (inferred from apatite either hosted in orthopyroxene or 

microphenocryst in groundmass glass) are useful in tracking the partitioning 

behaviours of sulfur, chlorine, and fluorine. Key questions that this discussion 

addresses are as follows: 

 

1. Is it possible to precisely and accurately measure the volatile contents of deep 

magma using melt inclusions and apatite crystals hosted within the inherited 

cores of major mineral phases? 

2. Do the volatile contents of the glass and apatite crystals vary significantly 

between materials inferred to be from the deeper crystal mush reservoir versus 

the shallower melt-dominant magma body? 

3. What are the plausible physical processes by which volatiles are lost in Taupō 

volcano’s magmatic system?  

4. Is it possible to infer the volatile pathway(s) from the source mafic magmas to 

the surface despite the compositional gap in the available glass samples? 

 

New analytical procedures using EPMA techniques have increased the precision and 

accuracy of volatile element analyses on small (20-100 µm) glass and crystal inclusions. 

The ubiquity of inherited cores in orthopyroxene (~90 %: Allan et al., 2013; 2017) and 

of melt and apatite inclusions in those cores, paired with the improved analytical 
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techniques, allow the questions outlined above to be further investigated. Expanded 

and new data sets presented in this thesis (Figures 3.6, 3.8, 3.9; electronic appendix) 

enable new interpretations on the behaviour and transport of S, Cl, and F. This chapter 

will discuss the behaviours of sulfur, chlorine, and fluorine in magmas, and then 

present an integrated model for the volatile transport pathway through the magmatic 

system beneath Taupō volcano. 

 

 

4.2 Key inferences from previous textural and petrologic studies 

 

4.2.1 Inherited cores and groundmass glass 

 

The tight clustering of Oruanui orthopyroxene outer rims at lower enstatite (~46 

mol%) and Al (~2000 ppm) contents relative to the wide range of higher enstatite 

contents (~46 to ~64 mol%) and Al (~1000 to 9000 ppm) exhibited by orthopyroxene 

cores and interiors signifies their different magmatic origins (Figure 3.2: Allan et al., 

2013, 2017). Higher enstatite contents are inferred to represent crystal origins in 

hotter, less evolved melts, and the total-Al geobarometer of Ridolfi et al. (2010), 

(where higher Al is broadly interpreted as higher pressures: Wood and Banno, 1973), 

gives maximum apparent crystallisation pressures of >250 MPa for accompanying 

amphibole crystallisation (Allan et al., 2017). The close match between the enstatite 

data presented here and that from Allan et al. (2013) supports the assumption that the 

melt inclusions targeted in this study are hosted in these inherited cores (Figure 3.2). 

The negative linear correlation between the melt inclusion SiO2 contents and the 

enstatite contents of immediately adjacent orthopyroxene host material suggests that 

the analysed melt inclusions represent less evolved melt than that held in the pre-

eruptive melt-dominant magma body (Figure 3.4). For the purposes of discussion it is 

thus inferred that the lowest SiO2 values of the Oruanui melt inclusion population 

represent the deeper, lesser evolved region of the mush zone, and that the highest 

SiO2 inclusions represent the shallowest regions of the mush zone, bordering on the 

transition to the melt-dominant body. The spread of corresponding host enstatite 

values between these two inferred end-member compositions therefore represents a 

population of inherited cores that are inferred to have originated from a variety of 
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depths within the compositionally stratified mush region. In contrast, the groundmass 

glass has been inferred to represent the syn-eruptive composition of the melt 

quenched during evacuation of the melt-dominant magma body (Wilson et al., 2006; 

Allan et al., 2017). Using all of this information Allan et al. (2017) constructed a 

schematic cross section of the crust beneath Taupō prior to the Oruanui eruption. Here 

I reproduce this figure (Figure 4.1) and supplement it with the new information 

presented in Chapter 3. Information from the post-Oruanui dacite compositions and 

the Oruanui and post-Oruanui mafic compositions are also included within the figure 

to show spatial relationships. It is important to note that the post-Oruanui dacites are 

thought to represent the first magmas erupted from a newly formed, overall less-

evolved silicic mush system relative to the Oruanui (Barker et al., 2015). 

 

The Oruanui HSR and post-Oruanui dacite units were targeted for analysis in this study 

due to their high percentages of inherited cores in major crystalline phases, as noted 

by previous studies (Charlier et al., 2008; Allan et al., 2013, 2017; Barker et al., 2015). 

Of the other materials analysed, the post-Oruanui rhyolites have relatively few 

inherited cores (Figure 3.3). The Oruanui LSR crystals are inferred to have grown in the 

upper regions of the mush zone (Allan et al., 2017), and do not display the large range 

in inherited cores as exemplified by the HSR. Thus the following discussion on the deep 

mush beneath Taupō will focus on the results from the Oruanui HSR, and from the 

post-Oruanui dacite units.  
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Figure 4. 1. A schematised scaled cross section through the pre-eruptive state of a large silicic magma body in the system beneath Taupō volcano after Allan et al. (2017), (inferred 

depths of the post-Oruanui dacite magmas are included), displaying the origins and relationships of the key eruptive units (and their inherited crystal cores) studied in this thesis. 

The values for sulfur, chlorine, and fluorine are detailed for each unit, along with H2O and CO2 for the Taupō mafic magmas (Simon Barker, pers. comm, 2019; this study), post-

Oruanui dacite (Barker et al., 2015), Oruanui high-silica rhyolite (Liu et al., 2006; Allan et al., 2017; Myers et al., 2018, 2019). HSR = high-silica rhyolite, LSR = low-silica rhyolite, GG 

= groundmass glass, MI = melt inclusion, opx = orthopyroxene, ol = olivine. 
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4.2.3 Phosphorous as a proxy for melt evolution 

 

The assumption that the orthopyroxene cores have an origin within the deeper magma 

system leads to the direct inference that the orthopyroxene-hosted apatites are also 

derived from the deeper mush region. In direct contrast, the microphenocryst apatite 

grew and/or equilibrated in the melt-dominant magma body. Apatite is the only phase 

in Taupō magmatic system to accommodate phosphorous in appreciable amounts, and 

the P2O5 contents of the apatites analysed in this study decrease between the 

orthopyroxene-hosted apatite inclusions and the microphenocryst apatite in the 

groundmass (Figure 3.6). It is thus inferred that decreasing P2O5 content in apatite 

crystals serves as a proxy for increasing melt evolution. A compilation of intermediate 

to rhyolitic whole-rock data from Taupō volcano shows a distinct enrichment-depletion 

trend for P2O5 versus SiO2 (Figure 4.2). The hinge point at ~58 wt% SiO2 is here 

inferred to represent the onset of apatite crystallisation, as apatite is present as both 

crystal-hosted inclusions and microphenocrysts throughout the silicic eruptive deposits 

of Taupō volcano (Hervig et al., 1989; Sutton et al., 1995, 2000; Wilson et al., 2006; 

Gelman et al., 2013; Barker et al., 2015). This inference is supported here by modelling 

perfect fractional crystallisation of Oruanui basaltic andesite from the Oruanui mafics 

to dacite (Figure 4.2). The post-Oruanui dacitic whole-rock compositions at maximum 

P2O5 (~0.7 wt%) can be linked with the post-Oruanui dacitic glass compositions by ~50 

% fractional crystallisation, with ~3 wt% apatite as part of the total crystalline 

assemblage. This amount of apatite is reasonable given it is a common accessory phase 

in Taupō silicic eruptives. 
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Figure 4. 2. SiO2 (wt%) versus P2O5 (wt%) for Oruanui tholeiitic magma whole-rock (Wilson et al., 2006; 

Allan et al., 2017; Rooyakkers et al., 2018) and post-Oruanui dacite to rhyolite whole-rock (Barker et al., 

2015), with Oruanui basaltic melt inclusions included for reference (Barker et al., manuscript in prep). 

Solid red arrow represents the potential evolution of Taupō magmas after the peak whole-rock P2O5 

values of Oruanui tholeiitic magma with perfect, closed system fractional crystallisation increasing in 5 % 

increments, using the composition of minerals in post-Oruanui dacites with 58 % plagioclase (plag), 15 % 

orthopyroxene (opx), 13 % clinopyroxene (cpx), 6 % magnetite (mag), 4 % ilemenite (ilm), 3 % apatite 

(apa). Model performed using PETROMODELER program from Ersoy (2013) with mineral compositions 

and modal % modified from Barker et al. (2015). See text for discussion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.4 Vapour saturation 

 

Previous studies on the quartz-hosted H2O and CO2 contents of eruptives from Taupō 

volcano indicate that the melts were saturated in an aqueous vapour phase during the 

crystallisation of quartz and plagioclase (e.g. Liu et al., 2006; Barker et al., 2015; Myers 

et al., 2018, 2019). The magmatic storage conditions for which this is inferred are 150 

MPa and 800 ˚C, but the depths at which the vapour first exsolved have not been 

estimated (Allan et al., 2017). The behaviours of sulfur and chlorine in the melt 

compositions analysed in this study may provide added insight into the magmatic 

conditions at which the vapour phase may saturate. 
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Figure 4. 3. The observed relationships (black arrows) between sulfur (ppm) and SiO2 (wt%) for the 

olivine and orthopyroxene melt inclusion (MIs) compositions analysed in this study (general fields 

delineated by dotted black lines). The grey arrow represents the simplest trend between the end-

member compositions. 

4.3 Sulfur 

 

There is a large disparity between the sulfur contents of the basaltic melt inclusions 

and the silicic melt inclusions analysed in this study (Figure 4.3). Sulfur initially 

increases with increasing SiO2 in the basaltic melt compositions up to ~2000 ppm, but 

dacitic to rhyolitic melt compositions contain <200 ppm sulfur, close to or below the 

detection limits. This large drop in sulfur during magmatic differentiation is considered 

here to be due to several key controlling factors. (1) The fractional crystallisation-

driven incompatibility of sulfur at basaltic melt compositions initially increases sulfur 

until it reaches saturation. (2) The crystallisation of a sulfide phase at intermediate 

compositions may reduce melt sulfur content. (3) The partitioning behaviour of sulfur 

between a saturated aqueous fluid phase and the silicic melt may also substantially 

decrease melt sulfur contents. These points are explored further below in the context 

of sulfur behaviour in magmas and specifically for the compositions observed in the 

magmatic system beneath Taupō. 
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4.3.1 Magmatic conditions controlling sulfur saturation 

 

The increase in sulfur with relatively constant increasing SiO2 is inferred to be mainly a 

function of early stage fractional crystallisation, where sulfur acts as an incompatible 

element. Melt sulfur concentration is subsequently driven higher through the removal 

of mafic minerals that do not incorporate sulfur, such as olivine, pyroxene, and 

plagioclase. However the fact that the sulfur contents of the melt can reach such 

relatively high values (1000 to 2000 ppm) could also be due to several other factors. 

The oxygen fugacity (fO2) and associated oxidation state of a magma exert the 

strongest control upon the sulfur speciation and content required to saturate a melt 

(i.e. solubility: Clemente et al., 2004; Behrens and Gaillard, 2006; Baker and Moretti, 

2011; Webster and Botcharnikov, 2011). Published models and partitioning 

coefficients derived from a wide range of experimental and natural data all agree that 

melt sulfur solubility increases considerably as the fO2 of a magma increases through 

the transition from a reduced system (sulfide, S2-, is dominant sulfur ion) to an oxidised 

system (sulfate, SO4
2-, is dominant sulfur ion: Carroll and Rutherford, 1985, 1987; Jugo 

et al., 2005b; Zajacz et al., 2012). Typically, this transition occurs near the nickel-nickel 

oxide (NNO) mineral redox buffer (Webster and Botcharnikov, 2011, and references 

therein). In addition to the fO2, temperature and magma composition have both been 

shown to impose controls on sulfur solubility as a hydrous silicate melt evolves. With 

increasing melt polymerisation and decreasing temperatures (i.e. a typical magmatic 

pathway for an ascending magma), the maximum sulfur content required to saturate a 

silicate melt decreases (Fincham and Richardson, 1954; Wendlandt, 1982; Liu et al., 

2007).  

 

The model temperatures and fO2 of Taupō magmas have been estimated from Fe-Ti 

oxide pairs (Figure 4.4: Barker et al., 2015; Allan et al., 2017). Relative to the more 

felsic magmas, the mafic magmas have higher pressures and temperatures (~800 to 

900 ˚C and 150 to 250 MPa versus ~1100 ˚C and >300 MPa respectively: Barker et al., 

2015; Allan et al., 2017; Simon Barker, pers. comm, 2019), are more oxidised (NNO to 

NNO + 0.8 versus NNO + 1 respectively: Barker et al., 2015; Allan et al., 2017), and have 

lower degrees of melt polymerisation (69 to 77 wt% SiO2 versus ~49 wt% SiO2 

respectively: Table 3.1). Thus it is inferred that the basaltic melt compositions analysed 
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Figure 4. 4. Log fO2 versus temperature (°C) as calculated by Fe-Ti oxide pairs for Taupō volcano 

magmas: Oruanui high- and low-silica rhyolite, and more mafic fields (HSR, LSR, Ou Maf 

respectively: Allan et al., 2017), and post-Oruanui dacite and rhyolite fields (P-Ou Dac and P-Ou 

Rhy respectively: Barker et al., 2015). Dashed lines labelled NNO and FMQ denote the respective 

nickel-nickel oxide and fayalite-magnetite-quartz mineral redox buffers. 

in this study require a significantly higher sulfur content to saturate the melt relative to 

the dacitic-rhyolitic melt compositions. The continual sulfur enrichment trend (without 

any breaks in slope that might indicate sulfide/sulfate growth or fluid phase 

exsolution) for the basaltic melt compositions suggests that they have yet to reach 

saturation within the window of SiO2 contents analysed. This inference is supported by 

the relatively low H2O contents of the olivine-hosted melt (average ~3 wt%), and the 

lack of either sulfide or sulfate phases in the mafic magmas (Rooyakkers et at., 2018; 

Simon Barker, pers. comm, 2019).  
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4.3.2 Sulfide crystallisation 

 

4.3.2.1 Effect of fO2 

 

The saturation of sulfur in a basaltic melt leads to the exsolution of a non-volatile 

sulfur-rich phase (SRP e.g. immiscible liquid, sulfate or sulfide: Webster and 

Botcharnikov, 2011, and references therein). Whether the sulfur is predominantly 

sulfate or sulfide is determined by the fO2 of the magma. Although pyrrhotite (sulfide) 

is observed as inclusions in the post-Oruanui dacite orthopyroxene cores, Taupō 

basalts have higher oxygen fugacities relative to the silicic compositions (Figure 4.4), 

and as such are expected to have a higher sulfate/sulfide ratio than the dacites. 

Regardless of whether the SRP is predominantly sulfate or sulfide, the amount of SRP 

relative to the silicate melt increases both with decreasing melt sulfur solubility and 

with fractional crystallisation progresses, as the concentration of sulfur within the SRP 

is stoichiometrically fixed. If the sulfur is predominantly sulfate, the SRP is expected to 

be anhydrite (CaSO4) directly crystallising from the melt (Carroll and Rutherford, 1985; 

Jugo et al., 2005a, 2005b, 2009). In contrast, if the sulfur is predominantly sulfide (and 

sufficient iron is available), the SRP can either be an immiscible sulfide liquid, or a 

crystallising sulfide phase (e.g. pyrrhotite: Fe1-XS, where X is a stoichiometric coefficient 

from 0 to 0.2), (Carroll and Rutherford, 1985).  

 

The most significant difference between anhydrite versus sulfide stability is the relative 

effect each mineral has on the sulfur solubility of a melt. Sulfide saturation depletes 

the melt ± fluid phase(s) sulfur contents to near minimum values by decreasing melt 

sulfur solubility considerably, whereas anhydrite crystallisation leads to a relatively 

high melt sulfur solubility (Carroll and Rutherford, 1985; Scaillet et al., 1998, Clemente 

et al., 2004; Keppler, 2010). This was shown by Clemente et al. (2004), who 

investigated the effects on FeOT and fO2 on the sulfur content of rhyolite melts at 200 

MPa and 800-1000 °C. They found that under relatively reduced conditions (fO2 

<NNO+1, S2- dominant) FeOT indirectly had a strong effect over melt sulfur content 

through controlling pyrrhotite stability (Figure 4.5). Under reduced conditions and at 

FeOT levels of ~0.5 wt% and below there was not enough iron to support complete 

crystallisation of pyrrhotite, and melt sulfur levels varied from below detection limits 
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to ~1800 ppm. However when FeOT is greater than ~0.5 wt% there was sufficient iron 

for pyrrhotite crystallisation, which thoroughly depleted all experimental melts in 

sulfur to levels below 200 ppm, described by an asymptotic relationship (Figure 4.5). 

Importantly, nearly all experimental runs in which anhydrite was observed (those for 

which fO2 > NNO+1) had higher sulfur contents than the runs in which pyrrhotite was 

stable. This observation is supported by several other studies (e.g. Carroll and 

Rutherford, 1985, 1987; Luhr, 1990; Jugo et al., 2005a). Superimposing the Taupō 

silicic melt FeOT and S data presented in this thesis over that of Clemente et al. (2004) 

suggests that the Taupō silicic magmas follow the asymptotic relationship described 

for reduced conditions where there is enough FeOT to support the saturation of a 

sulfide phase (Figure 4.5). Additionally, the lack of anhydrite, either as inclusions or 

phenocrysts, throughout the silicic eruptives from Taupō volcano suggests that the 

magmas are generally below the fO2 threshold above which anhydrite is expected to 

be stable. This inference is supported by the fact that S6+ (sulfate) levels measured in 

Oruanui apatite crystals, whether orthopyroxene-hosted or microphenocrysts, were 

below detection limits. Sulfate is expected to partition in favour of apatite relative to 

melt at a ratio of >14 to 1 at relatively low melt sulfur contents in sulfate-dominant 

system (<1500 ppm: Parat and Holtz, 2005). Thus if the Oruanui magma was oxidised, 

apatite S6+ levels of >1000 ppm would be expected. However, pyrrhotite (sulfide) is 

only found at trace abundances as inclusions in the major crystalline phases of the 

relatively deep post-Oruanui dacites. This is likely due to the near detection limit melt 

sulfur contents, at which levels sulfur is not expected to saturate (Dunbar et al., 1989a; 

Dunbar and Kyle, 1993; Bégué et al 2015a, 2015b; this study). A possible explanation to 

the low sulfur content (and associated low pyrrhotite abundances) in silicic melts from 

Taupō is proposed to be the combined effect of pyrrhotite crystallisation and the 

exsolution of an aqueous fluid phase. Pyrrhotite crystallisation at intermediate magma 

compositions is expected to deplete melt sulfur contents to near detection limit 

values, and exsolution of an aqueous fluid soon after this initial depletion effectively 

buffers melt sulfur contents below the saturation threshold. This possibility is explored 

further in the following sections.  
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Figure 4. 5. The relationship between sulfur content (ppm) and FeOT (wt%) of rhyolitic melt at 200 MPa, 

800-1000 °C, under relatively reduced (fO2 <NNO+1: grey squares) and relatively oxidised (fO2 >NNO+1) 

conditions. Superimposed coloured lines denote the general compositional fields of Oruanui high- and 

low-silica rhyolite (HSR = dark blue and LSR = dark red respectively), and post-Oruanui dacite and 

rhyolite (P-Ou Dac = grey and P-Ou Rhy = yellow respectively). Original figure and data from Clemente et 

al. (2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2.2 Sulfide depletion event 

 

The sulfur enrichment trend observed in the basaltic melt compositions analysed in 

this study is inferred to occur due to fractional crystallisation in the absence of an 

aqueous fluid phase and sulfide/anhydrite (section 4.3.1). There is a broad range in the 

sulfur content of olivine-hosted melt inclusions in arc basaltic magmas (900 to 7000 

ppm: Wallace and Edmonds, 2011, and references therein), but the majority plot 

between 900 and 2500 ppm (Figure 4.6). This data suggests that the sulfur solubility of 

basaltic melts is typically ~2500 ppm sulfur content, just greater than the maximum 

observed sulfur contents of the Taupō basaltic melts (maximum ≈ 2100 ppm: Figure 

3.8a). As the majority of arc mafic magmas that feed rhyolite systems have water 

contents too low for aqueous vapour saturation at deep crustal levels (e.g. Webster, 

2004; Shishkina et al., 2010) the most likely cause of this upper limit is exsolution of 

non-volatile SRPs. Taking this fact into consideration, it is likely that the sulfur contents 
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Figure 4. 6. Sulfur (ppm) versus SiO2 (wt%) for the Taupō volcano olivine-hosted melt inclusions analysed 

in this study, with the general fields of global olivine-hosted basaltic melt inclusions from convergent 

margin. The fields are plotted from data sourced from the GeoRoc database. http://georoc.mpch-

mainz.gwdg.de/georoc/ 

of the most evolved (highest SiO2) basaltic melts of Taupō are nearing saturation, after 

which a SRP will exsolve. No basaltic-andesitic magmas erupted from Taupō volcano 

contain sulfide inclusions, but textural studies of intermediate magmas have proposed 

that sulfide-rich phases are commonly converted to iron oxide minerals, most likely 

due to the pre-eruptive shallow degassing behaviour of sulfur (Larocque and Stimac, 

2000; Wallace and Edmonds, 2011). Thus it is expected that the most likely sources of 

sulfide in Taupō silicic eruptive deposits will be relict inclusions in the major 

crystallising phases (e.g. pyrrhotite in the post-Oruanui dacite: Sutton et al., 2000; 

Gelman et al., 2013; Barker et al., 2015; this study). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A possible explanation for the appearance of trace pyrrhotite in the dacite units is a 

phenomena often referred to as the magnetite crisis, a term that describes the 

http://georoc.mpch-mainz.gwdg.de/georoc/
http://georoc.mpch-mainz.gwdg.de/georoc/
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apparent correlation between the onset of magnetite crystallisation and a sudden 

decrease of sulfur and some chalcophile elements relative to increasing melt evolution 

(Cu, Au, Ag = decrease, Ni, Re, Pt = not affected: Jenner et al., 2010). It has been 

attributed to the exsolution of Cu-Au hydrosulfide complexes (e.g. Sun et al., 2004), 

but the fractionation of select chalcophile elements suggests that a sulfide phase 

crystallises instead (Jenner et al., 2010). The primary control on the saturation of a 

sulfide phase in both of these studies was inferred to be a decrease in fO2, triggered by 

the reduction of Fe3+ to Fe2+ in the melt as a result of the onset of magnetite 

crystallisation. SO4
2- was inferred to be the dominant form of sulfur prior to the onset 

of magnetite crystallisation in the mafic melts investigated by Jenner et al. (2010), the 

majority of which was converted to S2- during magnetite crystallisation and 

subsequently sequestered into a crystalline sulfide phase. It is not possible to ascertain 

whether or not the basaltic-andesitic melt sulfur contents of Taupō volcano are 

predominantly sulfate or sulfide with the present available data. However, it is inferred 

that the mafic magmas of Taupō volcano have a higher sulfate/sulfide (SO4
2-/S2-) ratio 

than the more silicic magmas due to their higher fO2 (Figure 4.4). Therefore it is 

suggested that magnetite crystallisation would convert any sulfate in the melt to 

sulfide, leading to sulfide crystallisation (i.e. pyrrhotite). Constraining whether the 

pyrrhotite sampled by the post-Oruanui dacites is stable across the whole range of 

intermediate compositions, or is only stable in specified areas of the system (e.g. 

magnetite crisis) is challenging, given the lack of melt inclusions representing 

intermediate compositions. However, whole-rock trends of select major oxides can be 

used to infer major compositional events which may have run on effects to sulfide 

growth.  

 

The high compatibility of titanium in magnetite allows its use as a proxy for identifying 

the magnetite crisis. Initially incompatible in the fractionating crystalline assemblage of 

the mafic magmas analysed by Jenner et al. (2010), TiO2 increases with decreasing Mg# 

(i.e. increasing SiO2) up until a hinge point at the onset of magnetite crystallisation, 

after which TiO2 decreases (~60 wt% SiO2: Figure 4.7b). This distinct enrichment-

depletion trend with increasing magma evolution is also displayed at similar SiO2 

contents (~57 wt% SiO2) for whole-rock Taupō intermediate-silicic compositions (and 

the olivine-hosted melt inclusion data for reference: Figure 4.7a).  
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Figure 4. 7. TiO2 (wt%) versus a) SiO2 (wt%) for whole-rock data and melt inclusion data from Taupō 

volcano. Data acquired from Wilson et al. (2006), Barker et al. (2015), Simon Barker pers. comm. (2019), 

and b) Mg# for arc-like, relatively oxidised mantle-derived basalt to rhyolite magmas from the Pual 

Ridge and vicinity, Eastern Manus Basin, with the shaded region emphasizing the liquid line of descent. 

Dashed lines denote the inferred onset of magnetite crystallisation for each figure. Figure b) modified 

from Jenner et al. (2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The use of P2O5 as an alternative proxy for the magnetite crisis was also addressed in 

Jenner et al. (2010). The relationship between P2O5 and Mg# of their magmas is similar 

to that for TiO2, characterised by a hinge point at ~60 wt% SiO2 (Figure 4.8b). The 

Taupō magmas also display this trend, with the hinge occurring at whole-rock ~58 wt% 

SiO2 (Figure 4.8a). Magnetite crystallisation appears to trigger apatite crystallisation as 

well as precipitating sulfides, and apatite has been shown to associate with magnetite 
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in igneous rocks (Jenner et al., 2010, and references therein). These major element 

whole-rock trends suggest that the Taupō magmas underwent the onset of magnetite 

crystallisation at similar stages in their magmatic histories. It is possible that magnetite 

crystallisation in the Taupō mafic magmas converted any remaining sulfate into sulfide, 

effectively raising the sulfide content of the melt to above that required for pyrrhotite 

crystallisation. The subsequent enhanced period of pyrrhotite crystallisation would 

then significantly deplete melt sulfur content (e.g. to less than 150 ppm: Figure 3.9a). 

 

 

4.3.3  Saturation of an aqueous vapour phase 

 

Sulfur has been shown to partition strongly into aqueous fluid phases from felsic melt 

at pressures of ~200 MPa and temperatures of ~800 °C, with recent experimentally 

determined fluid/melt partition coefficients (DS
fluid/melt) varying from ~50 to 470 (e.g. 

Keppler, 2010; Binder et al., 2018). The strongest control over these partition 

coefficients is oxygen fugacity, with relatively oxidised melts exhibiting lower DS
fluid/melt 

values when compared with relatively reduced melts by nearly an order of magnitude 

at the same pressures and temperatures (Keppler, 2010; Binder et al., 2018). The 

relatively low (<150 ppm) sulfur contents of the dacite-rhyolite melt compositions 

(Figure 3.9a) together with the lack of sulfide in the eruptive deposits suggests that 

sulfur was below the saturation level of the melts. It is inferred that saturation of an 

aqueous vapour phase (section 4.4.2) kept melt sulfur contents below the threshold 

for sulfur saturation once pyrrhotite crystallisation had already thoroughly depleted 

the melt. The vapour is thought to have buffered the sulfur content of the melt at 

levels less than 150 ppm, inhibiting further pyrrhotite crystallisation. The melt sulfur 

contents relative to SiO2 of the least evolved Oruanui high-silica rhyolite and post-

Oruanui dacite unit melt inclusions suggests that an aqueous vapour phase had already 

exsolved prior to trapping of the melt within the orthopyroxene. The highest sulfur 

contents are present in the post-Oruanui dacite melt inclusions, which then decrease 

with increasing SiO2 (Figure 3.9a). The rhyolite melt inclusion sulfur contents from 

Taupō are lower than those for the dacite (besides a few outliers from Oruanui low-

silica rhyolite and post-Oruanui rhyolite), and display no trend with increasing SiO2 

(Figure 3.9a). It is proposed that the exsolution of an aqueous vapour phase was most 
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Figure 4. 8. P2O5 (wt%) versus a) SiO2 (wt%) for whole-rock data and melt inclusion data from 

Taupō volcano. Data acquired from Wilson et al. (2006), Barker et al., (2015), Simon Barker pers. 

comm. (2019), and b) Mg# for arc-like, relatively oxidised mantle-derived basalt to rhyolite 

magmas from the Pual Ridge and vicinity, Eastern Manus Basin, with the shaded region 

emphasizing the liquid line of descent. Dashed lines denote the inferred onset of magnetite 

crystallisation for each figure. Figure b) modified from Jenner et al. (2010). 

likely the main driver for sulfur to decrease from ~150 ppm to a minimum of <60 ppm, 

below which the sulfur content of the melt is buffered. Applying the partition 

coefficient of Keppler (2010) derived from a haplogranite (DS
fluid/melt ≈ 50) of similar 

major oxide composition to Taupō rhyolite (SiO2 ≈ 75 wt%, Al2O3 ≈ 11 wt%, Na2O ≈ 3.5 

wt%, K2O ≈ 3.5 wt%) run at fO2 of NNO+0.5, 850 °C, and 200 MPa, gives an estimate of 

2000 ppm sulfur in the HSR aqueous vapour phase at ~75 wt% SiO2.  
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4.3.4 The excess sulfur problem 

 

The 232 CE Taupō eruption is not thought to have released a significant amount of 

sulfur when compared with the largest eruptions of the past 2.5 kyr, despite being the 

second largest in terms of eruption volume (Sigl et al., 2015). However, the fact that 

the sulfur signal is identifiable in the ice cores at all contradicts the calculated sulfur 

emission estimated from melt sulfur content (post-Oruanui rhyolite: Figure 3.8a), 

which predicts the total sulfur released during the eruption to be <0.004 km3 

(assuming a nominal rhyolite density of 2.3 g/cm3). Thus it is inferred that there was an 

excess source of sulfur, besides that held in the melt, that was released during the 232 

CE eruption. Application of the sulfur fluid/melt partition coefficients derived from 

melt compositions and storage conditions similar to those inferred for Oruanui HSR 

(Keppler, 2010) gives a fluid sulfur concentration of 0.2 wt%. Although this value is 

orders of magnitude greater than the measured melt sulfur contents, it is still not 

thought to be significant enough to produce the observed sulfur signals as recorded in 

ice cores. However, caldera-forming events such as the 232 Taupō eruption 

significantly disrupt the surrounding country rock, with the potential to release any 

sulfur sequestered in the hydrothermal envelope around the magma body. Any 

possible contribution from this type of source is hard to constrain, though, due to the 

destruction of the hydrothermal envelope. Another possible source for the sulfur 

signal observed specifically in the 232 CE Taupō eruption, is the intrusion of relatively 

sulfur-rich mafic material into the overlying silicic system prior to eruption. It has been 

proposed that up to 5 km3 of hot (~1100 ˚C) mafic magma was intruded into the mush 

system below the melt-dominant magma body, driving heating, and large-scale 

mobilisation of the magma (Barker et al., 2016). Assuming a nominal density of 2.5 

g/cm3 for the mafic magmas and sulfur levels of ~2000 ppm (assuming sulfur 

depletion had not already occurred: Figure 3.8a), this could supply the overlying silicic 

system with 0.025 km3 of sulfur, and thus contribute to the resulting released sulfur 

flux. 
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4.3.5 Summary of sulfur transport below Taupō volcano 

 

The inferred behaviour of sulfur with respect to SiO2 through Taupō magma system is 

illustrated schematically in Figure 4.9. The high sulfur contents in the basaltic melt 

inclusions are due to the crystallisation of mafic minerals and the lack of a saturated 

magmatic fluid phase (e.g. vapour, non-volatile sulfide). Comparison with global sulfur 

contents of basaltic melt suggests that the basalt melts were near sulfur saturation, 

inferred to occur within a few weight percent of the highest SiO2 value. Intersection of 

the melt sulfur values with the sulfur saturation curve results in the exsolution of a 

non-volatile sulfur-rich phase (SRP). Beyond this point the gradually decreasing sulfur 

solubility of the melt leads to an increasing amount of the SRP. Whole-rock SiO2 

contents of ~57 wt% (inferred to represent ~60 to ~65 wt% SiO2 in the interstitial 

silicic melt based on minimum whole-rock and melt inclusions SiO2 values for the post-

Oruanui dacites) mark the onset of magnetite crystallisation, which is inferred to lower 

the fO2 of the magma, convert the majority of sulfate present in the melt to sulfide, 

and to trigger a period of pyrrhotite crystallisation. Melt sulfur contents are inferred to 

be significantly reduced to <200 ppm, and then increase with increasing SiO2 once 

pyrrhotite stops crystallising, as the melt is below the threshold for sulfur saturation. 

Melt sulfur contents may cross the sulfur saturation threshold again, precipitating 

small amounts of pyrrhotite, but soon after the magnetite crisis it is inferred that an 

aqueous vapour phase exsolves. Sulfur partitions between melt and aqueous vapour 

regardless of saturation level, and it is inferred that the presence of a vapour would 

buffer the sulfur at values  below the saturation level of the melt (<150 ppm: Figure 

3.9a), and thus inhibit any further sulfide precipitation.  

 

Potential sources for the excess sulfur in the 232 CE caldera-forming Taupō eruption 

are proposed to be: (1) the sulfur held in an aqueous fluid phase saturated in the melt 

prior to eruption; (2) the destruction of the hydrothermal envelope surrounding the 

magma body and subsequent release of any sulfur held in the system; and (3) the 

addition of sulfur to the silicic magma body from intrusion of 5 km3 of sulfur-rich mafic 

material prior to eruption. It is not possible to quantify the amount of sulfur released 

during the 232 CE eruption from the ice core records. However, the aqueous vapour 

sulfur contents required to make options one and two viable are most likely far higher 
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Figure 4. 9. The inferred pathway for sulfur in the melt (red line, ppm) relative to SiO2 (wt%), between 

the end-member compositions analysed in this study (see Figure 3.8a for data points: dotted lines = 

olivine-hosted basaltic melt inclusions [ol MI], and orthopyroxene-hosted dacitic to rhyolitic melt 

inclusions [opx MI]). Thin black arrows represent the primary control on melt sulfur content at that 

stage (Fr.C = fractional crystallisation; Py.C = pyrrhotite crystallisation). The inferred curve for sulfur 

saturation in the melt is denoted by the dashed line. The solid black line illustrates the total sulfur 

content of the system, with the filled area beneath it (horizontal black lines) representing the 

increasing amount of sulfur-rich phase relative to the melt.  The grey field denotes a potential range of 

melt SiO2 content that the magnetite crisis (mag crisis) occurs within (whole-rock ~57 wt% SiO2). The 

blue field denotes the saturation of an aqueous vapour phase in the melt. See text for discussion. 

than those estimated here (~0.2 wt%). The flux of sulfur up through the silicic mush 

system from intruding mafic magmas is considered here to be the largest contributor 

to the observed sulfur signal. However this option is based on the assumption that any 

sulfur depletion event had not yet occurred within the intruding mafic magmas. Any 

potential effect from syn-eruptive degassing of sulfur is inferred to be minimal, due to 

the near detection limit sulfur contents of both the silicic melt inclusions and the 

groundmass glass. 
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Figure 4. 10. The observed relationships (black arrows) between chlorine (ppm) and SiO2 (wt%) for the 

olivine and orthopyroxene melt inclusion (MIs) compositions analysed in this study (general fields 

delineated by dashed black lines). The grey arrow represents the simplest trend between the end-

member compositions. 

4.4 Chlorine 

 

There is an apparent enrichment trend in measured chlorine values between the 

basaltic melt compositions and the more silicic melt compositions (Figure 4.10). The 

initial increase in chlorine at basaltic compositions and apparent continual increase 

across intermediate compositions with increasing SiO2, and the decrease with 

increasing SiO2 at each dacitic to rhyolitic compositional population, are here 

considered to be controlled by several key factors. In the deep mafic system beneath 

Taupō, the controlling factors on chlorine are thought to be: (1) the fractional 

crystallisation-driven incompatibility of chlorine; and (2) the high solubility (relative to 

typical melt chlorine contents) of chlorine in mafic melts. At silicic compositions, the 

most important effect is inferred to derive from the partitioning behaviour of chlorine 

between an exsolving aqueous vapour phase and the melt. These points are explored 

further below in the context of Taupō magmatic system, along with evaluating the role 

of apatite in constraining chlorine behaviour in the magmatic system. 
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Figure 4. 11. A histogram of average melt inclusion chloride contents from a single eruptive event, in 

basaltic to rhyolitic melt compositions compiled from global magmatic systems. Capped, coloured lines 

denote general chlorine contents from Taupō volcano basalt (T.V. Basalt, red), post-Oruanui dacite (P-

Ou Dacite, grey), and Taupō volcano rhyolite (T.V. Rhyolite, blue). Modified from Webster et al. (1999).  

4.4.1 Chlorine behaviour prior to vapour saturation 

 

4.4.1.1 Chlorine solubility 

 

The relationship between chlorine and H2O is complicated in silicic magmatic systems, 

and typically displays non-ideal behaviour (Webster, 2004). Melt chlorine content is 

sensitive to H2O at high melt H2O contents (i.e. once an aqueous vapour phase has 

exsolved from the melt), but is insensitive at low melt H2O contents (Webster, 2004). 

Thus prior to saturation of an aqueous vapour phase in a silicate melt, the water 

content will have little impact on the melt chlorine content. Instead, melt composition 

exerts the strongest control in a non-aqueous vapour saturated melt. As silicate melts 

cool and crystallise, chlorine, which is incompatible in nearly all magmatic minerals due 

to its large ionic radius (apatite being a notable exception), is expected to concentrate 

in the melt phase. Thus with crystal fractionation from mafic to felsic magma 

compositions, the melt will be enriched in chlorine. This behaviour is clearly outlined in 

a histogram of average chloride contents in melt inclusions of basaltic to rhyolitic 

compositions, compiled from global magmatic systems (Figure 4.11). The Taupō 

volcano basaltic and rhyolitic melt chlorine contents overlap with those observed in 

global magmas of similar composition.   
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At basaltic compositions and storage conditions (~51 wt% SiO2, 1105 °C, 200 MPa, and 

melt H2O <5 wt%), experimentally derived data suggest that the saturation content of 

chlorine in the melt is ~2.7 wt% (Webster, 2004). This value decreases by an order of 

magnitude down to ~2700 ppm with increasing melt evolution through to rhyolitic 

compositions and shallower crustal conditions (~75 wt% SiO2, 760 °C, 50 MPa, and 

melt H2O <2.7 wt%: Webster, 2004). As the maximum amount of chloride that can be 

dissolved in the melt decreases, the chlorine content of a melt increases with 

fractional crystallisation and decompression. Therefore, in a typical magmatic system 

(prior to magmatic fluid saturation) chlorine is less likely to reach saturation and 

exsolve from the melt at less evolved compositions. Chlorine saturation is only 

expected to occur at evolved rhyolitic compositions, either because an aqueous vapour 

phase did not esolve, or by a chlorine-bearing aqueous fluid phase reaching the 

miscibility gap in the system NaCl-H2O (Lowenstern, 2000).  

 

The initial increase of chlorine in the basaltic melt inclusions can be attributed to the 

incompatible behaviour of chlorine with respect to the major rock-forming minerals in 

the Taupō system, and the fact that the chlorine saturation of the melt is likely to be at 

weight percent values. Plotting the general chlorine versus H2O fields of the melts from 

Taupō volcano on Figure 4.12a and 4.12b shows that the Taupō magmas have a low 

Cl/H2O value at basaltic compositions, and do not cross the chlorine saturation curve 

(i.e. melt plus hypersaline liquid curve) at dacitic to rhyolitic compositions. Thus the 

Taupō melts are inferred to not reach chlorine saturation at any stage during their 

magmatic evolution, and will increase in concentration in the melt until the saturation 

of an aqueous vapour phase. 

 

4.4.1.2 Amphibole and apatite 

 

The concentration of chlorine in the amphibole crystals of post-Oruanui rhyolites (units 

B, C, D, E) is ≤2000 ppm, less than that of the melt (Barker, 2014; this study). As 

amphibole typically only makes up <2 wt% of the crystal cargo of Taupō silicic eruptive 

deposits, it is inferred to have very little effect on melt chlorine abundances (Liu et al., 

2006; Barker et al., 2015). However, yttrium (Y, where decreasing values are inferred 

to represent amphibole crystallisation) plotted against chlorine does reveal opposite  
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trends between the amphibole-bearing and the amphibole-absent eruptives studied 

here (Figure 3.10). The decrease in chlorine with increasing Y in the amphibole-bearing 

units is contradictory to that expected, as amphibole breakdown (increasing Y) would 

be expected to release chlorine into the melt. This leads to the assumption that any 

effect of amphibole crystallisation is negated by a different process that exerts a 

stronger control over melt chlorine concentrations. 

 

The concentration of chlorine in the Oruanui apatite analysed in this study varies from 

0.8 to 1.5 wt% (Figure 3.6b). Apatite chlorine contents are an order of magnitude 

greater than the chlorine contents measured in the silicic melt. However the trace 

abundances of apatite are thought to limit the impact it can have on melt chlorine 

contents. Although apatite crystallisation is expected to decrease the rate of chlorine 

enrichment very slightly, it is inferred that apatite does not exert the strongest control 

over melt chlorine contents as it is a minor fractionating phase. These inferences are 

supported by estimating the amount of chlorine enrichment in the melt from mafic to 

silicic compositions. Perfect fractional crystallisation between basaltic and dacitic 

compositions (~65 % crystallisation: Simon Barker, pers. comm, 2019) without the 

influences of either apatite or amphibole predict chlorine contents of ~2300 ppm in 

the dacite melt. The chlorine contents measured in the dacitic melt inclusions and 

presented in this study exhibit a range from ~1800 to ~2400 ppm. Thus the effects of 

both apatite and amphibole are thought to be minimal.  

 

 

Figure 4. 12. Experimentally- and naturally-derived curves describing the relationship between the 

solubilities of chlorine (wt%) and H2O (wt%) in different silicate melt compositions at different pressures.  

a) the dark red curve (labelled with red text) is derived from basaltic compositions at 200 MPa and 

~1105 °C. Arrow A→B illustrates how a melt with high initial Cl/H2O can evolve to produce a hypersaline 

brine phase, and arrows C→D illustrate how a melt with low initial Cl/H2O can evolve to produce a H2O-

rich vapour phase. The thin black and blue curves are plotted for reference, and are expanded and 

explained in b, as indicated by the external dashed lines. The Taupō volcano mafic compositional field is 

denoted by the dotted red box (T.V. Bas). b) The solid vertical lines represent a more primitive silicic 

composition (~70 wt% SiO2) and the dashed vertical lines represent a more evolved silicic composition 

(~75 wt% SiO2) at differing pressures and temperatures as labelled by the respective black and green 

labels. Melt composition has a negligible effect on H2O solubility, so the solid horizontal lines represent 

both the more primitive and evolved felsic melts. The Taupō volcano felsic compositional fields are 

denoted by the dotted grey and blue lines (Post-Oruanui dacite and Taupō volcano rhyolite 

respectively). For both a) and b) vertical curves describe the melt (M) plus hypersaline liquid (H.L) 

stability fields, and horizontal curves describe the melt plus hydrous vapour (V) stability fields.  a) 

Modified from Mathez and Webster (2005); b) modified from Webster et al. (2017). 
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4.4.2 Saturation of an aqueous vapour phase 

 

Numerous studies investigating the partitioning of chlorine have concluded that 

chlorine is strongly partitioned into the fluid phase (if available) relative to the melt at 

all natural magmatic compositions (Baker and Alletti, 2012, and references therein). 

Partition coefficients (fluid/melt) vary from ~10 to ~350 (e.g. Kravchuk and Keppler, 

1994; Signorelli and Carroll, 2000, and references therein; Webster et al., 2009; 

Doherty et al., 2014), with the highest coefficients typically occurring in cooler, lower 

pressure, silica-rich melts (i.e. dacite to rhyolite compositions). The primary control on 

whether an aqueous vapour phase or a hypersaline brine phase will exsolve is in the 

H2O/Cl ratio of the melts (Webster, 2004). Plotting the inferred H2O/Cl fields of melts 

from Taupō volcano on an experimentally determined chlorine versus H2O curve 

supports the inference that the basaltic melts are not expected to exsolve either an 

aqueous vapour or a brine phase (Figure 4.12a), and that the silicic melts are expected 

to exsolve an aqueous vapour phase rather than a chlorine-rich brine (Figure 4.12b). 

 

Estimating how deep an aqueous vapour phase may be saturated within the magmatic 

system below Taupō volcano is challenging. The quartz-hosted melt inclusion CO2 

values used by Liu et al. (2006) (maximum ≈ 300 ppm) are inferred to represent the top 

region of the crystal mush zone at which rhyolite compositions were evolved enough 

for quartz to crystallise (Allan et al., 2013, 2017). Plagioclase-hosted melt inclusion CO2 

values in dacite compositions recorded by Barker et al. (2015) were <50 ppm, inferred 

to reflect leakage during ascent and decompression. As CO2 solubility is strongly 

correlated with pressure, melts stored at higher pressures are expected to have higher 

CO2 levels (Lowenstern, 2000). The orthopyroxene core-hosted melt inclusions 

analysed in this study are inferred to have come from significantly deeper in the crystal 

mush system than the inferred pressure above which quartz is stable (140 to 250+ 

MPa versus 100 to 170 MPa: Liu et al., 2006; Allan et al., 2017). Thus the CO2 contents 

of the melt hosted in the orthopyroxene cores should exceed the maximum reported 

values for the quartz-hosted melt. Applying this knowledge to the Oruanui HSR melt 

compositions inferred to represent the deep mush system, a depth of vapour 

saturation using the VolatileCalc 2.0 program (a revised version of VolatileCalc: 

Newman and Lowenstern, 2002), gives ~310 MPa for maximum inferred temperatures 
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Figure 4. 13. Isobars plotted relative to H2O (wt%) and CO2 (ppm) contents dissolved in a melt, 

predicting the depth at which a H2O=CO2 vapour will exsolve at 800 ˚C, as determined by the program 

VolatileCalc (Newman and Lowenstern, 2002). The inferred range in volatile compositions for the 

deepest inherited crystal cores from silicic eruptive deposits of Taupō volcano is denoted by the blue 

field within the dashed black line, although the deep cores from Taupō magmas are inferred to have 

equilibrated at temperatures exceeding 900 ˚C (Barker et al., 2015; Allan et al., 2017). Volatile estimates 

are based off results published by Liu et al. (2006), Barker et al. (2015), Allan et al. (2017), Myers et al. 

(2018, 2019). Figure modified from Newman and Lowenstern (2002). 

and volatile contents (H2O = 6.5 wt%, CO2 = 400 ppm, T = 950 ˚C: Liu et al., 2006; 

Barker et al., 2015; Allan et al., 2017). Minimum inferred temperatures and volatile 

contents give a depth of vapour saturation at ~180 MPa (H2O = 4.5 wt%, CO2 = 300 

ppm, T = 850 ˚C: Liu et al., 2006; Barker et al., 2015; Allan et al., 2017). The majority of 

HSR (and post-Oruanui dacite) melt inclusions analysed in this thesis are inferred to 

plot between these end-member vapour saturation pressure estimates, and as such it 

is reasonable to infer that a vapour phase may be saturated to pressures exceeding 

250 MPa beneath Taupō volcano (Figure 4.13). It is important to note that Figure 4.13 

is calibrated for a rhyolite at 800 ˚C, which is near the minimum model temperatures 

for the HSR in the shallow melt-dominant magma body (Allan et al., 2017). The deep 

mush-derived orthopyroxene cores are more likely to represent temperatures >900 ˚C, 

and higher temperatures lead to a greater depth of vapour saturation (Newman and 

Lowenstern, 2002). 
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The decrease in chlorine with increasing SiO2= in both the Oruanui HSR and post-

Oruanui dacite melt compositions of Taupō volcano is consistent with strong 

partitioning of chlorine into an aqueous vapour at a range of depths within the mush 

zone (Figure 3.9b). Although the sulfur concentrations exhibit for of a constant trend 

with increasing SiO2, this is primarily inferred to represent the buffering of already-

depleted sulfur values by an magmatic fluid phase (section 4.2.4). The vapour appears 

to have saturated prior to the least evolved melt inclusion SiO2 contents of each 

compositional population. This is plausible given the estimated pressures of vapour 

saturation as calculated with VolatileCalc. If the constant decrease in chlorine is due to 

partitioning into a saturated vapour phase, then the behaviour of chlorine may be a 

useful indicator for the presence of a vapour phase at high pressures (>200 MPa) 

within a magma system for HSR and post-Oruanui dacite. The chlorine contents of the 

melt inclusions analysed here are inferred to be representative of the melt with which 

they last equilibrated with prior to entrapment, whereas CO2 has a propensity to leak 

(e.g. Barker et al., 2015). 

 

The shallowest regions of the Oruanui melt-dominant magma body are inferred to be 

in equilibrium with H2O-CO2 vapour at pressures and temperatures less than 150 MPa 

and 800 °C (Liu et al., 2006; Allan et al., 2017). These conditions are less than those 

required for the separation of an aqueous vapour phase into a discrete vapour phase 

and a discrete brine (e.g. Chou, 1987). However work by Charlier et al. (2012) suggests 

that the immiscibility curve was not reached until syn-eruptive decompression at 22 

MPa during the evacuation of the Oruanui magma. Thus it is inferred that the only 

phase by which melt chlorine contents are fractionated by is an aqueous vapour phase. 

This inference is corroborated by application of a chlorine solubility model published 

by Webster et al. (2015) to the Taupō melt compositions. The model was derived from 

hydrothermal experiments on basaltic to rhyolitic systems, with pressures and 

temperatures varying from 0.1 to 700 MPa and 700 to 1250 °C, and as such the 

authors state it is applicable to a large range of natural magma compositions and 

conditions. Applying the model to the least and most evolved HSR melt compositions 

gives chlorine solubility maximum (CSM) estimates of 0.59 and 0.56 wt% respectively. 

These solubility levels are roughly double the recorded chlorine contents of the melts 

measured here and published by Dunbar et al. (1989a), Hervig et al. (1989), Dunbar 
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and Kyle (1993), and Bégué et al. (2015a, 2015b, 2017). Applying the model to the least 

and most evolved dacite melt compositions gives CSM estimates of 1.13 and 0.89 wt% 

respectively, again significantly higher than the recorded chlorine contents, which 

precludes the saturation of a chlorine-rich brine. 

 

 

4.4.3 The role of apatite crystallisation 

 

4.4.3.1 Broad changes in volatile behaviour 

 

The maximum chlorine contents of apatite hosted in HSR orthopyroxene cores 

analysed in this study are ~1.3 wt% (Figure 3.6b). As apatite is only present at trace 

abundances in the eruptive deposits of Taupō volcano, it is unlikely to exert any 

significant control on the overall chlorine contents of the magma system. However the 

use of apatite in assessing changes in volatile behaviour throughout a magma system 

has been effectively demonstrated (e.g. Zhu and Sverjensky, 1991; Mathez and 

Webster, 2005; Webster et al., 2009, 2017; Doherty et al., 2014; Scott et al., 2015; 

Stock et al., 2018). One such example is to use the Cl/F ratio of apatite in identifying 

the type of magmatic fluid phase saturated in the melt. Decreasing Cl/F ratios have 

been proposed to indicate the saturation of an aqueous vapour phase with the 

magma, into which chlorine is strongly partitioned relative to melt, whereas fluorine 

prefers the melt (e.g. Candela, 1986). The Cl/F ratio in the Oruanui HSR apatites 

decrease from the orthopyroxene-hosted apatite to the microphenocryst apatite 

(Figure 3.6c). This could support the inference of a vapour phase saturated within the 

melt. However decreasing Cl/F ratios has also been attributed to a decrease in 

temperature (Piccoli and Candela, 2002).  

 

Assessing whether or not magmatic fluid is escaping the system or not is another way 

in which apatite composition can be used to infer broad volatile processes. In a system 

with melt, apatite, and a saturated magmatic fluid, if the chlorine content of both 

apatite and the melt is decreasing with increasing magmatic evolution, it is inferred 

that the chlorine contents of the system as a whole are decreasing i.e. the fluid phase 

is exiting the system (Doherty et al., 2014). The chlorine content of both the Oruanui 
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apatite and HSR melt is shown to decrease with increasing SiO2 content, which may 

suggest that the aqueous vapour phase was escaping from the mush system (Figure 

3.6b; Figure 3.9b). The biggest proportion of the water discharged in the geothermal 

systems of the TVZ is meteoric in origin (Giggenbach, 1995). Maximum chlorine 

contents in waters in the TVZ geothermal wells are ~2500 ppm (Giggenbach, 1995), 

and studies have proposed that 6 to 20 vol% of the geochemical signature of 

geothermal fluids could be contributed by magmatic vapour (Giggenbach, 1995; 

Christenson et al., 2002; Bernal et al., 2014). 

 

 

4.4.3.2 Estimating chlorine in magmatic fluids and melt 

 

The use of apatite in estimating the chlorine contents of other magmatic phases, such 

as melt and magmatic vapour, has been demonstrated in many studies (e.g. Zhu and 

Sverjensky, 1991; Mathez and Webster, 2005; Webster et al., 2017; Doherty et al., 

2014; Scott et al., 2015; Stock et al., 2018). One such examples is an experimental 

study published by Webster et al. (2009) investigating the partitioning of chlorine 

between apatite and melt under similar conditions to those inferred for Taupō 

magmas (dacitic to low-silica rhyolite compositions in equilibrium with a magmatic 

vapour phase, 200 MPa, 900 to 924 °C, and NNO to NNO+2.1). The authors reported 

apatite/melt partition coefficient (DCl
apatite/melt) values between 1 and 4.5, with the 

highest occurring with the most felsic melts. The least and most evolved HSR apatite 

analyses (inferred from P2O5 values: section 4.2.3) plot near the authors’ data points 

for a rhyolite melt with a similar chlorine solubility maximum as estimated for the 

Oruanui magma in section 4.4.2 (CSM = 0.58: Figure 4.14). Application of their highest 

partition coefficient (4.5) to the both orthopyroxene-hosted and microphenocryst 

apatite gives slightly higher chlorine melt estimates than those measured for the melt 

inclusions, and slightly lower for the groundmass glass (Figure 4.15). These estimated 

melt chlorine values are in agreement with the measured chlorine melt contents for 

both the orthopyroxene-hosted and groundmass-derived analyses, albeit slightly too 

high and low respectively. This slight discrepancy has been observed in the original and 

subsequent studies (e.g. Webster et al., 2009; Scott et al., 2015). The most likely cause 

of the differences is that the experimental conditions from which the partition 
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Figure 4. 14. Plot showing the relationship between chlorine in 
apatite (mol fraction) versus chlorine in rhyolitic and rhyodacitic 
melts (wt%), with respective chlorine solubility maximums (CSM) 
of 0.58 and 1.1. Data from Oruanui apatite presented in this study 
is plotted with a blue as a general field (see Figure 3.6b for data), 
L.E and M.E are least evolved and most evolved respectively. 
Modified from Webster et al. (2009). 

coefficients were derived were set at 200 MPa, whereas the samples from the HSR are 

inferred to represent melt compositions from 90 to >250 MPa (Allan et al., 2017). The 

fact that the groundmass-derived estimates are higher than those measured in the 

melt, and that some of the orthopyroxene-hosted estimates (deepest pressures) are 

greater than those measured in the melt suggests that there is an influence from the 

differing pressures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Webster et al. (2009) also published a model to calculate the partitioning of chlorine 

between apatite and exsolving magmatic fluids. The good agreement between the 

previously estimated melt chlorine contents from apatite compositions and those 

directly measured from melt inclusions gives confidence in applying their fluid/apatite 

model to the Taupō data. The partitioning of chlorine between apatite and aqueous 

vapour is thought to be relatively straightforward.  The following model describes a 

positive linear relationship between the chlorine content of apatite (mol fraction) and 
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Figure 4. 15. The relationship between fluorine (ppm) and chlorine (ppm) for measured 

orthopyroxene hosted melt inclusions (Melt measured opx) and groundmass glass (Melt 

measured groundmass), and for estimated melt compositions from orthopyroxene-hosted 

apatite (Apatite estimated opx) and microphenocryst apatite (Apatite estimated groundmass) 

using the model of Webster et al. (2009). 

magmatic fluids (weight percent), and was derived from experiments on rhyodacites to 

low-silica rhyolites at ca. 200 MPa and ~900 °C (Webster et al., 2009): 

 

𝑋𝐶𝑙
𝑎𝑝𝑎𝑡𝑖𝑡𝑒 = 0.011 𝑥 (𝑤𝑡% 𝐶𝑙 𝑖𝑛 𝑓𝑙𝑢𝑖𝑑[𝑠]) 

 

Application of this model to Oruanui HSR apatite data gives average aqueous vapour 

chlorine contents of 12.7 and 10.0 wt% from the orthopyroxene-hosted and 

microphenocryst apatites respectively, giving a single DCl
fluid/apatite value of ~11. 

However this value is notably high for the expected concentration of chlorine in an 

aqueous vapour phase. It is possible that the slightly lower concentration of chlorine in 

the melt for Oruanui HSR relative to the experimental data (Figure 4.15) leads to 

erroneously high fluid chlorine concentrations. 
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4.4.4 Summary of chlorine transport below Taupō volcano 

 

The inferred transport of chlorine with respect to SiO2 through the magmatic system 

beneath Taupō is illustrated schematically in Figure 4.16. The relatively low chlorine 

content of the basaltic melt inclusions is indicative of the initial chlorine content of the 

primitive magmas prior to extensive crystallisation. The enrichment trend from basaltic 

to dacitic melt compositions is inferred to be steady due to the gradual removal of the 

mafic minerals and increase in the SiO2 content of the melt. Chlorine is incompatible in 

all crystallising phases apart from apatite (and to a minor extent amphibole). However 

neither of these phases contain enough amphibole or occur at high enough 

abundances to have an impact of melt chlorine levels. At silicic melt compositions 

inferred to be a few weight percent lower SiO2 than the least evolved dacitic melt 

inclusions, an aqueous vapour phase saturates within the melt. Chlorine partitions 

strongly into the exsolving vapour phase over the melt, which therefore leads to a 

strong depletion of chlorine in the melt as the amount of exsolved vapour increases 

with decompression. As melt evolution progresses, the fluid/melt partitioning 

coefficient increases steadily. The loss of chlorine in both apatite and melt may be 

indicative of the exsolving vapour phase exiting the system, supplying the nearby 

hydrothermal system. The clustering of the chlorine in groundmass glass analyses at 

the lowest respective HSR and post-Oruanui rhyolite melt inclusion chlorine content 

analyses suggest that little syn-eruptive degassing of chlorine occurred. In contrast, the 

lower chlorine concentrations of the dacite groundmass relative to the melt inclusions 

suggests that some syn-eruptive degassing occurred. 
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Figure 4. 16. The inferred pathway for chlorine in the melt (red line, ppm) relative to SiO2 (wt%), 

between the end-member compositions analysed in this study (see Figure 3.8b for data points: dotted 

lines = olivine-hosted basaltic melt inclusions [ol MI], and orthopyroxene-hosted dacitic to rhyolitic melt 

inclusions [opx MI]). Thin black arrows represent the primary control on melt chlorine content at that 

stage (Fr.C = fractional crystallisation; Aq.V = aqueous vapour saturation; Am.C = amphibole 

crystallisation; Ap.C = apatite crystallisation). The green field denotes a potential range of melt SiO2 

content that amphibole and apatite might begin to crystallise (apatite at whole-rock ~58 wt% SiO2). The 

blue field denotes the saturation of an aqueous vapour phase in the melt. See text for discussion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 Fluorine 

 

The behaviour exhibited by fluorine in the magmas of Taupō volcano is hard to 

interpret. Similarities in the range and value of fluorine melt inclusion analyses 

between the basaltic and silicic compositions do not allow for broad inferences such as 

the respective depletion and enrichment of sulfur and chlorine as melt evolution 

progresses. However, as fluorine is expected to favour the melt over an exsolving 

magmatic fluid, the major fluorine-bearing phases in the Taupō system that are 

inferred to exert significant controls over melt fluorine contents are amphibole and 

apatite. Amphibole is not present in the post-Oruanui units analysed here besides Unit 
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C, for which there are few data points. With these considerations in mind, the 

following discussion considers possible explanations for the observed trends, but with 

less confidence than the behaviours described for sulfur and chlorine in the previous 

discussions.  

 

The fluorine contents of the basaltic melts increase with increasing SiO2 (Figure 4.17). 

At some stage in the compositionally intermediate region of the Taupō magmas this 

trend is thought to be interrupted, as melt fluorine concentrations are ~500 ppm in 

the dacitic to low-silica rhyolitic melt inclusions, before appearing to increase again at 

melt SiO2 contents >76 wt% in the HSR. These inferred trends are proposed to stem 

from three key factors: (1) The high solubilities of fluorine in silicate magmas and the 

fractional crystallisation-driven incompatibility of fluorine; (2) the crystallisation of 

hydrous minerals (chiefly amphibole in the amphibole-bearing magmas, and apatite in 

the amphibole-absent magmas); and (3) the subsequent destabilisation of amphibole 

in the more evolved, SiO2-rich region of the HSR magma. These points are explored 

further below in the context of Taupō magmatic system, along with assessing the use 

of apatite as an indicator mineral for constraining the behaviour of fluorine in the 

magmatic system. 

 

 

4.5.1 Fluorine solubility in silicate melts 

 

Fluorine has a high solubility in silicate melts relative to other volatile components (e.g. 

sulfur and chlorine), due to the ease with which fluoride substitutes for oxygen 

through similarities in ionic radii (London et al., 1988; Piccoli and Candela, 2002; 

Mathez and Webster, 2005; Dolejš and Baker, 2007; Aiuppa et al., 2009; Webster et 

al., 2009, 2017; Doherty et al., 2014). This characteristic makes it very uncommon for 

fluorine to saturate within a melt. Fluorine is also not expected to partition in favour of 

aqueous vapour relative to melt until melt fluorine concentrations exceed several 

weight percent (e.g. Webster, 1990; Webster and Holloway, 1990; Dolejš and Baker, 

2007). Thus in basaltic magmas, fluorine is expected to become progressively enriched 

in the melt through fractional crystallisation processes. However, the crystallisation of 



 
 

94 

Figure 4. 17. The observed relationships (black lines) between fluorine (ppm) and SiO2 (wt%) for the 

olivine and orthopyroxene melt inclusion (MIs) compositions analysed in this study (general fields 

delineated by dashed black lines). The thick grey arrow represents the simplest trend between the end-

member compositions.  

hydrous phases at intermediate melt compositions is proposed to interrupt this 

enrichment trend.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5.2 The role of amphibole 

 

There have been very few studies on the fluorine content of magmatic amphibole, but 

it has been known to incorporate fluorine to weight percent levels (Ekstrom, 1972; 

Chambefort et al., 2013; Van den Bleeken and Koga, 2015). This is largely due to the 

similarity in the sizes of the F- and OH-/O2-ions (1.33, 1.37, and 1.40 Å respectively: 

Dolejš and Zajacz, 2018). The fluorine concentration of Taupō amphibole has not yet 

been recorded, but the data presented in this thesis suggests that it may hold 

significant quantities of fluorine, and is the major fluorine-bearing phase in the 

amphibole-bearing magmas of Taupō. Although amphibole only makes up 1 to 2 wt% 
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of the crystalline cargo in the studied eruptive deposits, the high levels of 

crystallisation (>70 %) and extent of the crystal-rich must be kept in mind (Liu et al., 

2006 Barker et al., 2015; Allan et al., 2017). Previous studies on the Oruanui HSR have 

proposed depths of apparent amphibole crystallisation at pressures >250 MPa, but the 

base of the mush system is inferred to extend to greater depths (Allan et al., 2013, 

2017). There is an apparent hinge point when fluorine is plotted against SiO2 in the 

Oruanui compositions at approximately 76 to 77 wt% SiO2 (Figure 4.18). Fluorine 

appears to decrease in the LSR, and then appears to increase in the HSR. It is possible 

that this approximate transition represents the edge of the amphibole stability field, 

where the LSR magmas are within the amphibole stability field and fluorine is 

accommodated by crystallising amphibole. In contrast, the HSR magmas may approach 

or cross the border that defines amphibole stability, leading to a pause in amphibole 

crystallisation (or even resorption). The melt fluorine contents would then be free to 

increase with increasing SiO2. This possible transition from the amphibole stability field 

could occur do to the differences in factors such as temperature and water content 

between the magma compositions.  

 

Previous textural work on Oruanui amphibole crystals has suggested that relatively 

high-silica clasts (whole-rock >76.5 wt% SiO2) left the amphibole stability field in the 

most evolved parcels of magma in the melt-dominant body, as evidenced by 

resorption of amphibole (Allan et al., 2013). The fluorine contents of several HSR 

groundmass glass samples with SiO2 >77 wt% exhibit slightly elevated levels relative to 

the rest of the groundmass population (Figure 4.18). It is suggested that these 

anomalous points may represent the parcels of most evolved melt, in which amphibole 

resorption would release fluorine back into the melt. 

 

The control that amphibole is inferred to exert on fluorine is also supported by melt 

inclusion trace element data. Yttrium (Y) is plotted against fluorine in Figure 3.10, for 

both the amphibole-bearing and amphibole-absent eruptives analysed in this study. 

Fluorine decreases with decreasing Y for the amphibole-bearing compositions. 

Amphibole crystallisation has been shown to deplete Y in the melt with increasing melt 

evolution in Taupō melts (Barker et al., 2015; Allan et al., 2017). The positive 

correlation between fluorine and Y for the amphibole-bearing magmas suggests that 
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Figure 4. 18. The opposing trends in the relationship between fluorine (ppm) and SiO2 (wt%)  for 

melt inclusions in the Oruanui low-silica rhyolite (Ou LSR MI) and the Oruanui high-silica rhyolite 

(Ou HSR MI). The grey arrows represent the inferred control exerted by amphibole stability, with 

the dashed line denoting the approximate SiO2 content at which amphibole becomes unstable in 

the Oruanui system. The black dotted lines denote a possible area of localised significant 

amphibole breakdown in HSR groundmass glass (GG) compositions.  

fluorine decreases with amphibole crystallisation. In contrast, there are no discernible 

trends between fluorine and Y for the amphibole-absent compositions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5.3 Apatite as an indicator mineral 

 

The average fluorine content of Oruanui microphenocryst apatite is approximately 2 

wt% (Figure 3.6a). Although modelling the amount of apatite crystallisation in the 

Oruanui magmas suggests that apatite may contribute up to 3 wt% of the mush zone 

crystal cargo (section 4.2.3), apatite is only present as a trace mineral in the Oruanui 

eruptive deposits, and as such is not inferred to have a large control over total melt 

fluorine contents in the Oruanui compositions. However, the decrease in melt fluorine 

with increasing SiO2 in the post-Oruanui dacite and rhyolite units is thought to be 
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associated with apatite crystallisation. The concentrations of apatite in these units 

were not analysed here, but the lack of any other fluorine-bearing phase in the 

magmas suggests that apatite exerts the primary control.  

 

4.5.3.1 Volatile elements 

 

The potential of using apatite to track changes in melt fluorine contents is long 

established, and fluorine has been shown to favourably partition into apatite relative 

to silicic melt (Candela, 1986; Piccoli and Candela, 2002; Mathez and Webster, 2005; 

Webster et al., 2009, 2017; Marks et al., 2012; Doherty et al., 2014; Scott et al., 2015). 

A study on the partition coefficient of fluorine between apatite and melt, with similar 

experimental conditions to those in the Taupō melts (dacitic to low-silica rhyolite 

compositions in equilibrium with a magmatic vapour phase, 200 MPa, 900 to 924 °C, 

and NNO to NNO+2.1: Webster et al., 2009), reported that the mol fraction of fluorine 

in apatite (𝑋𝐹
𝑎𝑝) increases with an increasing fluorine (and decreasing chlorine) content 

of the melt. The calculated partition coefficients from their data range from ~13 to 

~37, with the highest coefficients correlated with the most evolved samples. 

Application of this coefficient to the Oruanui HSR apatite compositions closely matches 

the average measured melt content of both the orthopyroxene-hosted and 

groundmass-derived melt analyses (Figure 4.15). However there is a significantly larger 

range in the direct fluorine measurements of both the orthopyroxene-hosted and 

groundmass-derived melt analyses. Three possible reasons for this difference are 

suggested here. (1) The melt inclusions were hosted in orthopyroxene cores that 

sampled a greater range of pressures within the magmatic system than the smaller 

sample size of orthopyroxene-hosted apatite. (2) The errors involved with measuring 

apatite in the melt, apatite, or both, produce non-representative results. (3) The model 

was calculated at a stable pressure of 200 MPa. Of these possibilities, it is inferred here 

that the single pressure of 200 MPa under which the experiments of Webster et al. 

(2009) were conducted is thought to cause the observed differences. The Oruanui HSR 

melt compositions from groundmass glass and orthopyroxene-hosted inclusions are 

thought to represent melt ranging from pressures of 90 to >250 MPa, nearly ± 100 

MPa either side of the pressure from which the model was derived.    
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4.5.3.2 Trace elements 

 

Through its ability to accommodate nearly half the periodic table, apatite has great 

potential for use in geochemical studies that include trace element analyses (Sha and 

Chappell, 1999; Piccoli and Candela, 2002; Belousova et al., 2001, 2002). However the 

selected trace elements plotted against chlorine and fluorine presented in Figure 3.11 

do not exhibit the trends generally expected for each respective element. The 

zirconium (Zr) content of apatite increases with increasing melt evolution, which 

contrasts with the decreasing Zr content of the melt, driven primarily by zircon 

crystallisation (Allan et al., 2017). In addition, the europium (Eu) trends observed in the 

analysed apatite are similar to those for Zr, in that Eu increases with increasing melt 

evolution. Again this trend is opposite to melt compositions, which become steadily 

depleted in Eu as SiO2 increases due to the crystallisation of feldspar (Allan et al., 

2017). Lanthanum (La), a typically incompatible element expected to enrich in silicic 

melt with increasing evolution, decreases in apatite with increasing melt evolution. 

The most probable explanation for these contradictory trends is thought to be the 

anomalous behaviour of CaO in the Oruanui apatite. The relationship between CaO 

and P2O5 is tightly constrained, but with two suites of similar CaO values and differing 

P2O5 values describing each of the orthopyroxene-hosted apatite and microphenocryst 

apatite populations (Figure 3.6d). The cause behind this distinct relationship is inferred 

to be the ease with which available divalent cations substitute for calcium.  

 

 

4.5.5 Summary of fluorine transport below Taupō volcano 

 

Discerning the dominant controls on the behaviour of fluorine below Taupō volcano is 

challenging. The observed trends are hard to interpret, and although amphibole and 

apatite appear to be the two most likely fluorine-bearing phases in the magma system, 

the data is not convincing. Keeping these considerations in mind, the following 

interpretations lead to a potential magmatic pathway for fluorine, as displayed 

schematically in Figure 4.19. The increasing fluorine values relative to SiO2 in the 

basaltic melt compositions are inferred to be due to the fractional crystallisation of 

non-hydrous minerals, enriching the melt in fluorine. Without any compositionally 
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Figure 4. 19. The inferred pathway for fluorine in the melt (red line, ppm) relative to SiO2 (wt%), 

between the end-member compositions analysed in this study (see Figure 3.8b for data points: dotted 

lines = olivine-hosted basaltic melt inclusions [ol MI], and orthopyroxene-hosted dacitic to rhyolitic melt 

inclusions [opx MI]). Thin black arrows represent the primary control on melt fluorine content at that 

stage (Fr.C = fractional crystallisation; Am.C = amphibole crystallisation; Ap.C = apatite crystallisation; 

Am.B = amphibole breakdown). The green field denotes a potential range of melt SiO2 content that 

amphibole and apatite might begin to crystallise (apatite at whole-rock ~58 wt% SiO2). The purple field 

represents the pause in amphibole crystallisation at ~76 wt% SiO2. The brown field represents 

amphibole breakdown/resorption in localised parcels of highly evolved magma. See text for discussion. 

intermediate melt inclusions it is not possible to constrain the onset of amphibole and 

apatite crystallisation to an exact melt composition, but a general estimate of SiO2 

melt content of approximately 60 to 64 wt% is suitable for the purposes of this 

discussion (after ~58 wt% SiO2 whole-rock contents for apatite crystallisation: section 

4.2.3). The effect of apatite crystallisation on the observed fluorine behaviour of the 

amphibole-bearing magmas is inferred to be negligible, and amphibole is suggested to 

exert the strongest control. In contrast, apatite is thought to be the major fluorine-

bearing phase in the post-Oruanui amphibole-absent magmas, and thus is inferred to 

have the largest impact on melt fluorine content.  
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The steady decrease from intermediate melt compositions down to ~76 wt% SiO2 is 

inferred to be controlled by the effects of amphibole and apatite crystallisation on 

the amphibole-bearing and amphibole-absent Taupō magmas respectively. The 

apparent increase at HSR compositions is potentially a marker for the cessation of 

amphibole crystallisation in the mush zone of the Oruanui. The further increase in 

fluorine contents in the HSR melt inclusions may well represent the resorption of 

amphibole in the most evolved parcels of HSR melt, but could also be indicative of 

the compatibility of fluorine in silicate melt. In addition, the post-Oruanui dacite and 

post-Oruanui rhyolite compositions exhibit opposite trends between their groundmass 

glass and melt inclusion populations. The depleted dacite groundmass glass values are 

inferred to represent syn-eruptive degassing, whereas the increase in fluorine from the 

melt inclusions to the groundmass glass of the rhyolites is consistent with fluorine 

compatibility in the melt. These differences are inferred to stem from the varying 

eruptive styles and magma storage conditions (dacites = relatively small volume 

pyroclastic units sourced from ~920 ˚C and >200 MPa; Y6 = caldera-forming large 

rhyolitic eruption sourced from ~850 ˚C and ~100 MPa: Barker et al., 2015). 

 

 

4.6 An integrated volatile pathway model 

 

A schematic model focusing on the parental basaltic magmas, the silicic mush zone, 

and the melt-dominant magma body is presented in Figure 4.20. The key stages of 

magma evolution as inferred from the results presented in this thesis are numbered, 

and summarised in the following text. 

 

1. Fractional crystallisation of primitive melts – This is inferred to be the main 

control on the early behaviour of sulfur, chlorine, and fluorine in the primitive 

basaltic melts as revealed by high-Mg olivine melt inclusions. The early 

crystallising assemblage is dominated by olivine and pyroxene, in which the 

volatile elements are highly incompatible. No magmatic fluids are thought to be 

saturated at this early stage. 

2. Sulfur saturation – At depths between the rising basaltic magmas and the base 

of the silicic mush zone, sulfur is inferred to reach saturation within the melt. 
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Saturation is due to increasing sulfur content in the melt from fractional 

crystallisation, and a reducing sulfur solubility level with decreasing fO2 and 

increasing SiO2 content. This leads to the exsolution of a sulfur-rich phase. The 

proportion of this phase increases relative to the parental magma with further 

fractional crystallisation and the lowering of sulfur solubility (through 

decreasing fO2).  

3. Crystallisation of magnetite, apatite, pyrrhotite, and amphibole – The exact 

order in which these minerals crystallise is not fully understood, but the 

magnetite crisis likely triggers apatite crystallisation. Additional effects include 

a decrease in fO2, converting the majority of sulfate present in the melt to 

sulfide, lowering the sulfur saturation threshold. This is inferred to cause a 

period of rapid pyrrhotite crystallisation, and the depletion of sulfur in the melt 

down to near minimum values. The onset of amphibole crystallisation results in 

the steady depletion of fluorine in the melt of amphibole-bearing magmas. 

Apatite crystallisation is not thought to have a significant impact on chlorine 

melt contents, but may be the strongest control on the melt fluorine contents 

of the amphibole-absent magmas analysed.   

4. Aqueous vapour saturation – It is possible that the H2O and CO2 contents of the 

melt exceed those required for aqueous vapour saturation at pressures close to 

those sampled by the deepest Oruanui HSR and post-Oruanui dacites (>250 

MPa, 900-950 ˚C: Figure 4.13) , and an aqueous vapour exsolves from the melt. 

The vapour phase strongly fractionates both sulfur and chlorine, but has little 

to no effect on fluorine. Melt sulfur contents immediately prior to vapour 

saturation are near minimum values. Partitioning of sulfur into the aqueous 

vapour phase keeps sulfur below the saturation threshold, precluding further 

pyrrhotite crystallisation and buffering melt sulfur at minimal values (<150 

ppm) for the remainder of the magma pathway (as sampled by silicic melt 

inclusions). The vapour is the first phase that significantly fractionates chlorine, 

and the chlorine content of the melt begins to decrease at a near-constant rate 

with respect to increasing SiO2.  

5. Pause in amphibole crystallisation – Amphibole crystallisation in the Oruanui 

compositions appears to pause at melt SiO2 contents >76 wt%. This produces a 
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transition in fluorine behaviour from depletion to enrichment relative to 

increasing SiO2 contents. 

6. Amphibole resorption – the most evolved parcels of amphibole-bearing magma 

in the melt-dominant magma body are inferred to have left the amphibole 

stability field, leading to amphibole resorption (Allan et al., 2013). The 

concentration of fluorine increases in the melt, having been liberated from the 

dissolving amphibole crystals.  

7. Syn-eruptive sulfur degassing – During the final stages of magma ascent and 

eruption, sulfur degasses strongly from the melt relative to both chlorine and 

fluorine. However the erupted Taupō magmas are thought to release minor 

amounts of sulfur through syn-eruptive degassing, due to the marginal 

differences between the sulfur contents of the silicic melt inclusions and the 

groundmass glass. Rather, any potential sources of sulfur released during 

eruptions, such as the 232 CE Taupō eruption, are inferred to be originate from 

the intrusion of relatively sulfur-rich mafic magmas. 
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Figure 4. 20. A schematised cross section of the magmatic system beneath Taupō volcano prior to a large silicic eruption, reproduced from Figure 4.1, focusing on the behaviour of 

volatiles up through the system. Numbers denote the inferred major controls on sulfur, chlorine, and fluorine, from the primitive basalts to silicic syn-eruptive processes. The 

inferred variations in sulfur, chlorine, and fluorine from the primitive basaltic melts up through the mush system and into the melt-dominant magma body are graphed relative to 

each other (ppm) against inferred pressure (MPa [km]), with each significant change in their respective trends associated with one of the labelled controls. 
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5. Conclusions 

 

The volatile data recorded from melt inclusions and groundmass glass from a large 

range of depths in the magmatic system beneath Taupō volcano, combined with 

recent and well-established studies of mineral textures and melt inclusion volatile 

contents (Dunbar et al., 1989a; Hervig et al., 1989; Dunbar and Kyle, 1993; Liu et al., 

2006; Charlier et al., 2008, 2012; Allan et al., 2013, 2017; Barker et al., 2015; Bégué et 

al., 2015a, 2015b, 2017; Myers et al., 2018, 2019), provide new insight into the 

processes that control volatile transport from source to surface. When coupled with 

the olivine-hosted melt inclusion data, both recorded in this study and provided by 

Barker et al. (manuscript in prep), a volatile pathway for sulfur, chlorine, and fluorine 

can be inferred, from the source basalts, up into and through the more silicic magmas 

to the shallow crust. In addition, the new suite of apatite data presented in this thesis 

complements the melt volatile data, and highlights the value of including apatite 

compositions in geochemical mineral analyses.  

 

 

5.1 Summary of key findings 

 

The results presented and discussed in this thesis show that the concentrations of 

sulfur, chlorine, and fluorine in the deep magmas of Taupō volcano can be accurately 

measured using mafic and silicic melt inclusions, and apatite compositions, hosted 

within the cores of major mineral phases. In addition, the defining controls on the 

respective abundances of sulfur, chlorine, and fluorine are inferred to be different for 

each element. Initial concentrations of all three volatile elements are shown to 

increase in the basaltic melt as the magmas evolve, but subsequently diverge due to a 

variety of different processes. The considerable differences in sulfur abundances 

between the basaltic melts and the dacitic to rhyolitic melts suggest that a significant 

level of depletion has occurred at intermediate compositions. The saturation of sulfur 

within the melt and the subsequent crystallisation of pyrrhotite is inferred to be the 

cause of this depletion, with melt sulfur contents potentially decreased to near-

minimum values during rapid pyrrhotite growth associated with magnetite 
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crystallisation. In contrast, the chlorine content of the melt is observed to increase by 

2000 ppm from basaltic (~500 ppm) to more silicic (~1500 to >2000 ppm) 

compositions. This is a result of the high chlorine solubilities at compositions less 

evolved than rhyolite. Chlorine does favourably partition into apatite relative to the 

melt, but the small contribution of apatite to the total crystalline cargo held in the 

mush- and melt-dominant regions of the magma system is thought to negate any 

potential fractionating effect. Fluorine contents between the end-member melt 

compositions show little difference in the spread and values, in contrast to the 

behaviour exhibited by sulfur and by chlorine. The main control on this uniformity in 

the amphibole-bearing Taupō magmas is inferred to be amphibole crystallisation (with 

a subsidiary effect from apatite crystallisation), into which fluorine is fractionated over 

silicate melt. The melt fluorine contents of post-Oruanui magmas in which amphibole 

is absent is inferred to be controlled through the crystallisation of apatite. 

 

Sulfur and chlorine both partition strongly into aqueous vapour phases relative to 

silicate melt, while fluorine is highly soluble in silicate melt under the estimated P-T-

composition conditions. These characteristics are clearly expressed in the silicic melt 

inclusion data (Chapter 3), albeit with a slightly suppressed response from sulfur due 

to its already depleted concentrations in the melt. Chlorine shows a steady decrease in 

the melt through favourable partitioning into vapour throughout the entire range of 

inherited core-hosted melt inclusions, whereas the lack of trends in the sulfur values 

below 80 ppm is suggested to be produced by a constant buffering effect from the 

vapour phase. These trends imply that an aqueous vapour phase was already 

saturated within the melt at less evolved magmatic conditions than those sampled by 

the melt inclusions analysed here, inferred to be near the base of the magmatic mush 

zone (900-950 ˚C, >250 MPa).  

 

The apatite halogen data from Oruanui high-silica rhyolite support the general 

behaviours of both chlorine and fluorine displayed by the melt inclusion data. The 

fluorine content of the apatite increases with increasing melt evolution and between 

the orthopyroxene-hosted and microphenocryst apatite, whereas the chlorine content 

decreases. In addition, the decreasing Cl/F ratio of the apatite from the mush zone to 

the melt-dominant magma body could be indicative of an actively exsolving aqueous 
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vapour phase. These trends are relative, however, and so a significant advantage to 

including apatite in an investigation of magmatic volatile transport is found by using 

calculated partition coefficients to either support direct melt and/or fluid inclusion 

halogen analyses, or estimate the halogen content of melt and/or fluid that was not 

analysed.  

 

The largest contribution to the sulfur emitted during the 232 CE Taupō eruption is 

inferred to have been supplied by relatively sulfur-rich primitive mafic magma 

intrusions into the overlying silicic mush. Although it is likely that sulfur was released 

from an aqueous vapour phase saturated within the silicic magma, and from the 

significantly disrupted hydrothermal envelope in the surrounding country rock, the 

total contribution from these two sources is inferred to be insignificant. The 

involvement of mafic magma in the Oruanui supereruption is clear (Allan et al., 2017; 

Rooyakkers et al., 2018), and although a sulfur signal associated with the Oruanui has 

yet to be identified, it is possible that any sulfur released during the eruption was 

supplied by the intruding primitive magmas. 

 

 

5.2 Suggestions for future studies 

 

There are a range of potential avenues that could be explored in future studies to 

further develop a better understanding of the volatile pathways in the magmatic 

system beneath Taupō volcano: 

 

1. The lack of compositionally intermediate melt inclusions from silicic eruptive 

deposits of Taupō limits the establishment of a complete magmatic volatile 

pathway from the source mafic magmas to syn-eruptive degassing of rhyolite. 

However, further crystal-specific studies could further the work presented in 

this thesis. An in-depth analysis of the halogen contents of Taupō amphibole 

would be a valuable area of research to complement the data suites presented 

here. This work would effectively constrain the role of amphibole crystallisation 

in controlling the halogen budget of the melt, and illuminate any small-scale 

variations in halogen behaviours up through the silicic system. 
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2. In broadening the scope of potential future work to outside crystal-specific 

investigations, there would be significant benefit in measuring the volatile 

contents (particularly sulfur) of the central Taupō volcanic zone (TVZ) 

geothermal systems. Constraining the sulfur budget of magmatic fluid 

contributions to the geothermal systems would support the data presented 

here, and vastly improve our knowledge of the sulfur budget of Taupō 

magmatic system.  

3. An expansion of this study to other volcanoes in the TVZ. Comparing the results 

presented here for Taupō volcano with those from another hyperactive silicic 

caldera-forming volcano (e.g. Okataina) would help constrain whether the 

volatile pathways presented in this thesis are typical or unique for large silicic 

magma systems. The effects of a different crystalline assemblage (e.g. biotite is 

common in Okataina eruptives: Ewart et al., 1975; Shane et al., 2008b; Charlier 

and Wilson, 2010; Johnson et al., 2013), on the behaviour of volatiles could be 

assessed. In addition, further comparison with the volatile budgets of the 

northern and southern andesite-dominated regions may illuminate any 

variations in the supply of sulfur, fluorine, and chlorine along the length of the 

TVZ. 
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7. Appendix 1 – Tables: analytical standards and 

uncertainties 

 

 

 

 

 

VG-568 (rhyolitic glass) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n = 63 

Table A1.1a. Summary of EPMA data acquired for international glass standard VG-568 USNM 72854. 

All major oxide values are given in wt%, and all volatile elements are given in ppm. Preferred values 

are from Jarosweich et al. (1980).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Average          Minimum          Maximum          2sd              %2sd             Preferred*       % diff 

77.34 

0.07 

12.33 

1.08 

0.02 

0.03 

0.46 

3.49 

4.92 

0.01 

33 

1610 

1090 

100.02 

76.78 

0.04 

12.08 

0.83 

0.00 

0.00 

0.41 

2.52 

4.68 

0.00 

12 

1303 

945 

78.28 

0.10 

12.67 

1.31 

0.06 

0.06 

0.49 

3.85 

5.09 

0.04 

61 

2022 

1219 

0.65 

0.03 

0.29 

0.20 

0.03 

0.02 

0.04 

0.50 

0.22 

0.02 

25 

398 

131 

0.8 

37.9 

2.4 

18.4 

130.6 

74.6 

8.4 

14.4 

4.4 

289.3 

75.3 

24.7 

12.0 

76.96 

12.17 

0.08 

1.08 

0.02 

0.03 

0.45 

3.52 

4.93 

- 

20 

1400 

1013 

99.483 

0.50 

-13.35 

1.33 

0.19 

13.80 

-1.67 

1.13 

-0.73 

-0.29 

- 

65.67 

15.03 

7.65 

SiO2  

TiO2   

Al2O3  

FeO    

MnO    

MgO    

CaO    

Na2O   

K2O    

Cr2O3  

S 

F 

Cl 

Total 

Table A1. 1. Summary of EPMA data acquired for mineral and glass standards. 
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Elba Pyrite 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Durango Apatite 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n = 5 

Average          Minimum          Maximum          2sd              %2sd             Preferred       % diff 

0.01 

0.01 

0.55 

0.00 

0.03 

46.98 

53.82 

0.03 

0.01 

101.44 

0.00 

0.00 

0.00 

0.00 

0.00 

46.46 

53.57 

0.00 

0.00 

0.03 

0.03 

1.67 

0.01 

0.07 

47.57 

54.00 

0.07 

0.04 

0.02 

0.02 

1.22 

0.01 

0.06 

0.85 

0.32 

0.05 

0.03 

194.81 

173.97 

221.65 

309.84 

223.74 

1.81 

0.59 

189.21 

236.32 

0 

0 

0 

0 

0 

46.55 

53.45 

0 

0 

100 

- 

- 

- 

- 

- 

0.92 

0.69 

- 

- 

 

           Cu     

           V      

           Co     

           Si     

           Ni     

           Fe     

           S      

           Cr     

          Mn     

         Total 

Table A1.1b. Summary of EPMA data acquired for microbeam mineral standard Elba Pyrite. Sulfur 

and metal values are given in wt%.  

 

 

 

 

 

 

 

 

n = 35 

Table A1.1c. Summary of EPMA data acquired for international mineral standard Durango Apatite 

USNM 104021. All major oxide, F and Cl values are given in wt%, and S6+ values are given in ppm. 

Preferred values are from Yang et al. (2014). 

 

 

 

 

 

 

 

Average          Minimum          Maximum          2sd              %2sd             Preferred       % diff 

 54.37 

3.97 

40.31 

0.42 

1679 

99.49 

53.53 

3.58 

39.69 

0.35 

957 

 

54.82 

4.48 

41.13 

0.47 

2106 

 

0.67 

0.46 

0.70 

0.07 

673 

 

1.23 

11.65 

1.75 

15.78 

249 

 

53.9 

3.71 

41.88 

0.41 

1482 

100.27 

0.86 

6.97 

-3.74 

2.46 

13.30 

 

CaO   

F    

P2O5   

Cl    

S6+ 

Total 
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VG-A99 (basaltic glass) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Johnstown Meteorite (hypersthene) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n = 70 

Average          Minimum          Maximum          2sd              %2sd             Preferred       % diff 

50.70 

4.01 

12.42 

13.31 

0.17 

5.09 

9.25 

2.55 

0.85 

0.01 

167 

506 

259 

98.45 

50.00 

3.85 

12.19 

12.48 

0.12 

4.83 

9.01 

2.31 

0.79 

0.00 

113 

333 

226 

51.12 

4.10 

12.81 

14.56 

0.23 

5.36 

9.40 

2.78 

0.92 

0.06 

240 

700 

304 

0.47 

0.11 

0.27 

0.85 

0.05 

0.22 

0.15 

0.20 

0.05 

0.03 

45 

175 

37 

0.9 

2.7 

2.1 

6.4 

29.5 

4.4 

1.6 

7.9 

6.1 

257.4 

26.8 

34.5 

14.2 

51.15 

4.105 

12.38 

13.345 

0.2 

5.07 

9.26 

2.68 

0.831 

0.015 

160 

- 

205 

99.07 

-0.87 

-2.35 

0.30 

-0.28 

-12.75 

0.32 

-0.14 

-4.82 

2.77 

-20.67 

4.41 

- 

26.29 

SiO2  

TiO2   

Al2O3  

FeO    

MnO    

MgO    

CaO    

Na2O   

K2O    

Cr2O3  

S 

F 

Cl 

Total 

Table A1.1d. Summary of EPMA data acquired for international mineral standard VG-A99 USNM 

113498/1. All major oxide values are given in wt%, and all volatile element values are given in 

ppm. Preferred values are from Jarosweich et al. (1980). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n = 45 

Average          Minimum          Maximum          2sd              %2sd             Preferred       % diff 

54.10 

1.51 

0.05 

1.23 

26.82 

15.22 

0.16 

0.49 

0.75 

100.33 

53.71 

1.44 

0.00 

1.15 

26.62 

14.41 

0.04 

0.45 

0.70 

 

54.50 

1.60 

0.10 

1.31 

27.00 

15.66 

0.26 

0.52 

0.82 

 

0.41 

0.09 

0.06 

0.08 

0.23 

0.74 

0.13 

0.04 

0.06 

 

0.8 

6.0 

115.3 

6.8 

0.9 

4.8 

81.0 

7.6 

8.3 

 

54.09 

1.52 

0.05 

1.23 

26.79 

15.22 

0.16 

0.49 

0.75 

100.30 

0.01 

-0.61 

0.41 

0.13 

0.10 

0.02 

0.68 

0.03 

-0.01 

 

SiO2     

CaO 

Na2O   

Al2O3 

MgO    

FeO 

TiO2    

MnO   

Cr2O3 

Total 

Table A1.1e. Summary of EPMA data acquired for international mineral standard Johnstown 

Meteorite Hypersthene USNM 746. All major oxide values are given in wt%. Preferred values are 

from Jarosweich et al. (1980) 
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Indian Ocean (basaltic glass) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n = 57 

Average          Minimum          Maximum          2sd              %2sd             Preferred       % diff 

 51.39 

1.29 

15.24 

8.98 

0.16 

8.13 

11.43 

2.51 

0.08 

0.04 

1107 

412 

54 

99.40 

50.61 

1.15 

14.91 

8.25 

0.11 

6.99 

10.82 

1.54 

0.05 

0.00 

956 

234 

11 

51.98 

1.45 

15.97 

11.31 

0.21 

8.86 

12.46 

2.91 

0.11 

0.08 

1278 

562 

292 

0.54 

0.09 

0.43 

0.85 

0.04 

0.68 

0.48 

0.39 

0.03 

0.04 

104 

133 

82 

1.1 

7.3 

2.8 

9.4 

28.4 

8.4 

4.2 

15.4 

36.1 

90.6 

9.4 

32.4 

151.8 

51.52 

1.30 

15.39 

9.13 

0.17 

8.21 

11.31 

2.48 

0.09 

- 

1200 

- 

- 

99.17 

-0.25 

-0.98 

-0.96 

-1.66 

-8.42 

-0.97 

1.03 

1.21 

-10.82 

- 

-7.78 

- 

- 

SiO2  

TiO2   

Al2O3  

FeO    

MnO    

MgO    

CaO    

Na2O   

K2O    

Cr2O3  

S 

F 

Cl 

Total 

 

Table A1.1f. Summary of EPMA data acquired for international mineral standard Indian Ocean (IO) Basalt 

NMNH 113716-1. All major oxide values are given in wt%, and all volatile elements are given in ppm. 

Preferred values are from Jarosewich et al. (1980). 
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Average          Minimum          Maximum          2sd              %2sd             Preferred        % diff 

 
458.90 

452.10 

446.14 

487.00 

407.86 

418.68 

408.58 

440.50 

396.20 

471.56 

428.53 

151.00 

430.90 

544.00 

455.00 

432.28 

457.00 

436.67 

365.10 

471.33 

449.67 

455.00 

403.33 

416.33 

443.67 

438.94 

430.93 

449.03 

462.33 

429.33 

418.40 

415.00 

440.67 

434.47 

396.27 

448.94 

493.00 

428.06 

452.42 

447.06 

n = 9 

429.90 

442.00 

412.50 

449.00 

399.20 

406.40 

395.50 

410.60 

358.60 

445.00 

422.60 

118.00 

420.70 

514.00 

446.00 

419.90 

417.00 

435.00 

355.00 

446.00 

444.00 

444.30 

345.00 

374.00 

422.00 

426.30 

420.80 

422.10 

449.00 

383.00 

343.00 

385.00 

413.00 

419.00 

394.00 

405.80 

471.00 

413.60 

442.90 

423.10 

492.60 

466.90 

509.30 

526.00 

422.90 

429.30 

434.90 

496.20 

440.00 

497.00 

440.00 

168.00 

439.00 

560.00 

466.00 

469.40 

500.00 

439.00 

377.00 

501.00 

457.00 

485.40 

456.00 

475.00 

479.00 

455.00 

437.00 

497.00 

488.00 

464.00 

491.00 

469.00 

468.00 

453.00 

397.80 

521.50 

535.00 

438.30 

466.50 

496.80 

51.62 

21.39 

69.62 

62.89 

16.76 

15.31 

27.39 

61.70 

67.04 

44.06 

16.22 

46.68 

15.23 

42.46 

16.57 

37.30 

67.90 

3.40 

18.14 

45.32 

10.87 

30.94 

90.98 

85.64 

50.39 

19.47 

14.42 

68.01 

36.31 

68.16 

120.91 

76.52 

44.91 

28.10 

3.27 

84.84 

59.42 

22.15 

16.50 

53.48 

11.2 

4.7 

15.6 

12.9 

4.1 

3.7 

6.7 

14.0 

16.9 

9.3 

3.8 

30.9 

3.5 

7.8 

3.6 

8.6 

14.9 

0.8 

5.0 

9.6 

2.4 

6.8 

22.6 

20.6 

11.4 

4.4 

3.3 

15.1 

7.9 

15.9 

28.9 

18.4 

10.2 

6.5 

0.8 

18.9 

12.1 

5.2 

3.6 

12.0 

468 

455 

452 

450 

408 

444 

410 

458.7 

441 

460 

433 

138 

425.7 

515.5 

462 

448 

465 

417 

366 

452 

440 

453 

448 

430 

453 

447 

449 

437 

437 

449 

455 

435 

450 

439 

435 

446 

444 

426 

457.2 

461.5 

-1.9 

-0.6 

-1.3 

8.2 

0.0 

-5.7 

-0.3 

-4.0 

-10.2 

2.5 

-1.0 

9.4 

1.2 

5.5 

-1.5 

-3.5 

-1.7 

4.7 

-0.2 

4.3 

2.2 

0.4 

-10.0 

-3.2 

-2.1 

-1.8 

-4.0 

2.8 

5.8 

-4.4 

-8.0 

-4.6 

-2.1 

-1.0 

-8.9 

0.7 

11.0 

0.5 

-1.0 

-3.1 

Li 

Sc 

Ti 

V 

Cr 

Mn 

Co 

Ni 

Cu 

Zn 

Ga 

Se 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 
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Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Ta 

W 

Pb 

Th 

U 

Table A1.2a. Summary of LA-ICP-MS data acquired for international glass standard NIST SRM610. All 

values are given in wt%. Preferred values are compiled from the GeoRem online database. 
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Average          Minimum          Maximum          2sd              %2sd             Preferred        % diff 

41.86 

40.69 

43.98 

39.07 

36.22 

37.94 

35.39 

38.83 

37.53 

38.35 

36.48 

13.43 

31.43 

78.18 

38.58 

37.85 

40.11 

37.90 

41.92 

39.78 

36.13 

38.52 

37.58 

35.97 

38.10 

35.02 

36.63 

36.24 

35.98 

38.30 

37.80 

38.31 

39.03 

37.04 

34.98 

39.93 

39.70 

38.57 

37.83 

37.20 

n = 9 

40.20 

39.80 

42.80 

38.47 

34.70 

36.70 

34.26 

37.81 

36.26 

36.00 

34.97 

10.90 

30.72 

77.00 

37.10 

36.87 

38.20 

37.00 

41.40 

38.50 

34.60 

37.62 

36.28 

34.90 

35.80 

34.25 

35.70 

34.91 

35.23 

36.70 

36.40 

36.80 

36.80 

36.20 

34.30 

38.20 

38.20 

37.82 

35.90 

36.00 

42.89 

41.54 

45.90 

40.01 

38.40 

39.30 

36.80 

39.70 

39.50 

40.00 

37.90 

15.90 

32.43 

79.60 

40.50 

38.62 

42.10 

38.95 

42.30 

41.00 

38.00 

39.24 

39.20 

37.70 

40.50 

35.52 

37.40 

37.80 

37.09 

39.90 

38.81 

40.40 

40.40 

38.10 

35.80 

41.60 

41.19 

39.75 

39.40 

38.13 

2.08 

1.35 

2.13 

1.09 

2.64 

1.90 

1.93 

1.27 

2.43 

3.18 

2.14 

3.57 

1.19 

2.13 

2.50 

1.51 

2.78 

1.41 

0.65 

1.90 

2.44 

1.44 

2.14 

1.91 

3.38 

0.90 

1.22 

2.19 

1.35 

2.33 

1.88 

2.65 

2.76 

1.36 

1.21 

2.41 

2.10 

1.38 

2.54 

1.63 

5.0 

3.3 

4.8 

2.8 

7.3 

5.0 

5.4 

3.3 

6.5 

8.3 

5.9 

26.6 

3.8 

2.7 

6.5 

4.0 

6.9 

3.7 

1.6 

4.8 

6.8 

3.7 

5.7 

5.3 

8.9 

2.6 

3.3 

6.0 

3.8 

6.1 

5.0 

6.9 

7.1 

3.7 

3.5 

6.0 

5.3 

3.6 

6.7 

4.4 

40.2 

39.9 

44 

38.8 

36.4 

38.7 

35.5 

38.8 

37.8 

39.1 

36.9 

16.3 

31.4 

78.4 

38.3 

37.9 

38.9 

37.4 

42.7 

39.3 

36 

38.4 

37.9 

35.5 

37.7 

35.6 

37.3 

37.6 

35.5 

38.3 

38 

36.8 

39.2 

37 

36.7 

37.6 

38 

38.57 

37.79 

37.38 

4.0 

1.9 

0.0 

0.7 

-0.5 

-2.0 

-0.3 

0.1 

-0.7 

-2.0 

-1.2 

-21.4 

0.1 

-0.3 

0.7 

-0.1 

3.0 

1.3 

-1.9 

1.2 

0.3 

0.3 

-0.9 

1.3 

1.1 

-1.7 

-1.8 

-3.8 

1.3 

0.0 

-0.5 

3.9 

-0.4 

0.1 

-4.9 

5.8 

4.3 

0.0 

0.1 

-0.5 

Li 

Sc 

Ti 

V 

Cr 

Mn 

Co 

Ni 

Cu 

Zn 

Ga 

Se 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Ta 

W 

Pb 

Th 

U 

Table A1.2b. Summary of LA-ICP-MS data acquired for international glass standard NIST SRM612. All 

values are given in wt%. Preferred values are compiled from the GeoRem online database. 
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8. Appendix 2 – EPMA analytical techniques 

 

A2.1 Rhyolite glass analysis procedure 

 

Unless specified otherwise, the analytical conditions for glass analysis were 15 kV, 8 

nA, 5 mm upper and lower from peak, with a 10 µm circular beam. To minimise Na loss 

the peak search was skipped and count times were shorter at 10 s peak and 5 s 

background. 

 

 

A2.1.1 Primary standards 

 

1) VG658 was used to calibrate for the following elements, on the corresponding 

channels and crystals: Na channel 2 TAP, Si and Al on channel 3 TAP, K on 

channel 4 PETJ. The elements were analysed at 30 s peak and 15 s background 

times, under default conditions and a narrow peak search.  

2) VG568 was used to re-calibrate for Na to mitigate time-dependent element 

migration during electron bombardment (Gedeon et al., 2000, and references 

therein): Na channel 2 TAP. 10 s peak and 5 s background times were used, 

under default conditions and skipping the peak search. 

3) VGA99 was used to calibrate for the following elements, on the corresponding 

channels and crystals: Ca channel 1 PETL, Mg channel 2 Tap, Fe channel 4 LIF. 

The elements were analysed at 30 s peak and 15 s background times, under 

default conditions and a narrow peak search. 

4) A synthetic TiO2 standard was used to calibrate Ti on channel 1 PETL, with 30 s 

peak and 15 s background times, under default conditions and a narrow peak 

search. 

5) A synthetic MnO standard was used to calibrate Mn on channel 5 LIFL, with 30 s 

peak and 15 s background times, under default conditions and a narrow peak 

search. 
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6) A synthetic Cr2O3 standard was used to calibrate Cr on channel 5 LIFL, with 30 s 

peak and 15 s background times, under default conditions and a narrow peak 

search. 

7) Elba Pyrite was used to calibrate for S on channel 1 PETL, with 10 s peak and 5 s 

background, under default conditions and a narrow peak search. The current 

was set to 60 nA. 

8) VG568 was used to calibrate F and Cl under the following conditions: F channel 

2 LDE1, 120 s peak and 60 s background, with 4 mm upper distance from the 

peak and 0 mm lower. The peak search was skipped, and the following 

conditions specified after Witter and Kuehner (2004): peak position = 87.007, 

gain = 4, Hv[V] = 1830, base level [V] = 0.5, window [V] = 3.00, diff. Cl was 

analysed on both channels 4 and 5 on the PETF and PETL crystals respectively, 

with 60 s peak and 30 s background search, under default conditions and a 

narrow peak search. The current was set to 60 nA.  

 

 

A2.1.2 Major element run 

 

All elements apart from Na were run under the same conditions as stated for the 

primary standardisation. Na was analysed with 10 s peak and 5 s background times, 

and skipping the peak search with the following specified conditions: peak position = 

129.512, gain = 32, Hv[V] = 1700, base level [V] = 0.7, window [V] = 9.3, diff.  

VG568, VGA99, IO, and VG2 glass standards were run as secondary standards 

throughout the analysis to monitor any potential EPMA beam drift. The glass standards 

DR-N, GS-N, and AC-E (diorite, granite, and granite respectively) synthesised by Zhang 

et al. (2016) were also run as secondary standards at the end of the run. 

 

 

A2.1.3 Volatile element run 

 

All elements were run on the same channels and crystals as stated for the primary 

standardisation. The peak times were as follows: for sulfur - 60 s peak and 30 s 

background times; for fluorine - 120 s peak and 60 s background times. The peak 
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search was skipped, and the same conditions as previously stated following Witter and 

Kuehner (2004) were specified: peak position = 87.007, gain = 4, Hv[V] = 1830, base 

level [V] = 0.5, window [V] = 3.00, diff. Cl 60 s peak and 30 s background search. The 

current was set to 60 nA.  

VG568, VGA99, IO, and VG2 glass standards were run as secondary standards 

throughout the analysis to monitor any potential EPMA beam drift. The glass standards 

DR-N, GS-N, and AC-E (diorite, granite, and granite respectively) synthesised by Zhang 

et al. (2016) were also run as secondary standards at the end of the run. 

 

 

A2.1.4 Fluorine correction standards 

 

Due to the interference of the Fe-induced X-ray lines, a suite of secondary standards 

with known Fe and F values is used to correct the raw data from the EPMA (Zhang et 

al., 2016). Ferrobasalt, high-Mg Basalt, Andesite, MORB, Rhyodacite, and Rhyolite 

standards synthesised by Zhang et al. (2016) were run. The elements and conditions 

are the same as in section A2.1.3. 

 

 

A2.2 Basaltic glass analysis procedure 

 

For basaltic glass EPMA analysis the same procedure as that for analysing rhyolite glass 

in section A2.1 was undertaken, with the exception of omitting VG568 as a secondary 

standard, and with the following amendments to primary standard calibration: 

1) VG658 was used to calibrate for the following elements, on the corresponding 

channels and crystals: Na channel 2 TAP, K on channel 4 PETJ. The elements 

were analysed at 30 s peak and 15 s background times, under default 

conditions and a narrow peak search.  

2) VG568 was used to re-calibrate for Na to mitigate time-dependent element 

migration during electron bombardment (Gedeon et al., 2000, and references 

therein): Na channel 2 TAP. 10 s peak and 5 s background times were used, 

under default conditions and skipping the peak search. 
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3) VGA99 was used to calibrate for the following elements, on the corresponding 

channels and crystals: Ca channel 1 PETL, Mg channel 2 TAP, Si and Al on 

channel 3 TAP, Fe channel 4 LIF. The elements were analysed at 30 s peak and 

15 s background times, under default conditions and a narrow peak search. 

 

 

A2.3 Orthopyroxene analysis procedure 

 

Orthopyroxene analyses were conducted around the analysed melt inclusions, and at 

crystal rims and interiors (Figure 2.2). The analytical conditions for the primary 

standards and the unknown crystals were the same; 12 nA, 15 kV, spot beam, 30 s 

peak and 15 s background, default conditions and a narrow peak search.  

 

 

A2.3.1 Primary standards 

 

1. Johnstown Meteorite Hypersthene was used to calibrate for the following 

elements, on the corresponding channels and crystals: Mg on channel 2 TAP, Si 

and Al on channel 3 TAP, Fe on channel 4 LIF.  

2. Kakanui Augite was used to calibrate for the following elements, on the 

corresponding channels and crystals: Ca on channel 1 PETL, Na and Mg channel 

2 TAP, Si and Al channel 3 TAP, Fe on channel 4 LIF.  

3. Orthoclase Or-1A was used to calibrate for K on channel 4 PETJ.  

4. A synthetic TiO2 standard was used to calibrate Ti on channel 1 PETL. 

5. A synthetic MnO was used to calibrate Mn on channel 5 LIFL. 

6. A synthetic Cr2O3 was used to calibrate Cr on channel 5 LIFL. 

 

 

A2.3.2 Orthopyroxene analysis 

 

All elements were run under the same conditions as stated for the primary 

standardisation.  
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Hypersthene and Kakanui Augite standards were run as secondary standards 

throughout the analysis to monitor any EPMA current drift. 

 

 

A2.4 Apatite analysis procedure 

 

The analytical conditions (besides peak search times) for the primary standards and 

the unknown crystals were the same; 4 nA, 10 kV, 10 µm beam, default conditions and 

a narrow peak search. Peak search times are specified in the following text. 

 

 

A2.4.1 Primary standards 

 

1. Durango apatite was used to calibrate for the following elements, at the 

corresponding channels, crystals, and peak search times: Ca on channel 1 PETL 

with 10 s peak and 5 s background searches, F on channel 2 LDE1 with 10 s 

peak and 5 s background searches, P on channel 3 TAP with 10 s peak and 5 s 

background searches, Cl on channel 5 PETL with 10 s peak and 5 s background 

searches. 

2. Celestine was used to calibrate for S on channel 4 PETJ with 10 s peak and 5 s 

background searches. 

 

 

A2.4.2 Apatite analysis 

 

All elements were run on the same channels and crystals as stated for the primary 

standardisation. The peak times were as follows: Ca 30 s peak and 15 s background 

search, F 60 s peak and 15 s background search, P 30 s peak and 15 s background 

search, S 60 s peak and 15 s background search, Cl analysed on channel 5 PETL, 60 s 

peak and 15 s background search. Durango and Beeson standards were run as 

secondary standards throughout the analysis to monitor any EPMA current drift. 
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A2.5 Pyrrhotite analysis procedure 

 

The analytical conditions for the primary standards and the unknown crystals were the 

same; 60 nA, 15 kV, 1 µm beam, 30 s peak and 15 s background, default conditions and 

a narrow peak search (Liu et al., 2018).  

 

 

A2.5.1 Primary standards 

1. Cu metal standard was used to standardise for Cu: channel 1 LIFL 

2. V metal standard was used to standardise for V: channel 1 PETL. 

3. Co metal standard was used to standardise for Co: channel 3 TAP. 

4. A synthetic SiO2 standard was used to standardise for Si: channel 3 TAP. 

5. Ni metal standard was used to standardise for Ni: channel 4 LIF.  

6. Elba Pyrite was used to standardise for the following elements, on the 

corresponding channels and crystals: Fe on channel 4 LIF, S on channel 4 PETJ.  

7. A synthetic Cr2O3 standard was used to standardise for Cr: channel 4 LIF. 

8. A synthetic MnO standard was used to standardise for Mn: channel 5 LIFL. 

 

 

A2.5.2 Pyrrhotite analysis 

 

All elements were run under the same conditions as stated for the primary 

standardisation. Elba Pyrite was run as a secondary standard throughout the analysis 

to monitor any EPMA current drift. 

 

 

A2.6 Glass fluorine correction 

 

The determination of accurate F levels in magmatic samples is difficult. The standard 

TAP analytical crystal has an interplanar spacing of 12.95 Å, which results in a high 

detection limit and large analytical errors when measuring F due to the low count rate 

for FKα X-rays (Zhang et al., 2016). With the use of a different pseudocrystal, LDE1, 

which has a far greater interplanar spacing of 30 Å, higher count rates (by a factor of 
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30 for F analyses) for low atomic-number elements can be achieved (Anzelmo and 

Boyer, 1986; Witter and Kuehner, 2004; Zhang et al., 2016). Use of the LDE1 

pseudocrystal does add a complication, which has to be accounted for through an 

extra suite of analyses. Small but significant spectral interferences occur between the 

FKα peak and the Fe- and Mg-induced X-ray lines (Donovan et al., 1992; Witter and 

Kuehner, 2004; Zhang et al., 2016). The first order FeLα line overlaps the FKα peak 

position, and the second order MgKβ line overlaps the at the FKα right-side 

background position. These peak interferences cannot be ignored when analysing F in 

Fe- and Mg-bearing samples, such as glass inclusions, and must be eliminated or 

accounted for. 

 

 

A2.6.1 Mg interference elimination 

 

X-ray lines with similar wavelengths but differing energies can be removed through 

modifying the pulse height analysis (PHA) conditions. Thus the competing effects from 

the Mg X-ray line were mitigated by pre-setting the PHA to the following conditions: 

Differential mode, peak position = 87.007, gain = 4, base level = 0.5v, window = 3v, bias 

= 1830v. 

 

 

A2.6.2 Fe interference calibration 

 

The overlap of the Fe peak cannot be removed through alteration of PHA conditions 

(Figure A2.1). Thus the interference has to be quantitatively calibrated in terms of total 

FeO, in order to accurately measure the FKα signal. For a complete explanation of Fe 

overlap quantification, refer to Zhang et al. (2016). 

 

 

A2.6.3 F interference correction 

 

Using the procedure outlined in Zhang et al. (2016), the raw data acquired from the 

EPMA can be corrected, producing results that give accurate F abundances. For an 
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overview of the Fe-bearing F-free standards used for the Fe overlap calibration, and of 

the Fe-bearing F-known standards used as secondary standards, refer to Zhang et al. 

(2016). 

 

 

 

 

 

 

 

 

Figure A2. 1. Spectral scans for two EPMA standards with varying pulse height analysis (PHA) 

settings. a) Hornblende Kakanui standard (USNM 143965). b) Fluorapatite Durango (USNM 

104021). Changing the PHA conditions removes the interference on FKα from the MgKβ line, and 

lessens the interference from the FeLα line (a), without depressing FKα (b). Sourced from Zhang 

et al. (2016). 
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