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Abstract 

The Tongariro Volcanic Centre (TgVC) is a complex volcanic system located at the 

southern end of the Taupo Volcanic Zone in New Zealand, and has produced historical 

explosive eruptions of different eruptive styles. Its three ski fields and its iconic Tongariro 

Alpine Crossing attract more than 130,000 visitors annually. The last eruption occurred 

in 2012 on the northern flank of Tongariro, at the Te Maari vent. Due to the lack of 

precursory activity, this eruption could have turned into a tragedy if it had happened 

during day time. Previous studies have focused on the TgVC phenocrysts, which do not 

provide insights into shallow magmatic processes, essential to mitigate the resulting 

volcanic hazards. To understand magma ascent processes and their associated timescales, 

the textures and compositions of the micrometre-sized crystal cargo (i.e. microlites and 

micro-phenocrysts) carried during explosive eruptions are investigated, along with their 

conditions of crystallisation [i.e. P-T-X(H2O)], which are constrained using 

hygrothermobarometry and MELTS modelling. Glass shards from five tephra formations 

spanning from c. 12 ka BP to 1996 AD, associated with explosive eruptions ranging from 

Strombolian to Plinian in style, are studied here. High resolution images and chemical 

maps of the tephras and the crystals are acquired using scanning electron microscopy 

(SEM) and secondary ion mass spectrometry. The variety of disequilibrium textures and 

compositions found in the micro-phenocrysts (< 100 µm) indicates multiple events of 

magma mixing, magma recharge, pressure fluctuations, and suggests an antecrystic 

origin. Crystal size distribution (CSD) of 60,000 microlites (< 30 µm) of plagioclase and 

pyroxene are generated from back-scattered-electron (BSE) images using a semi-

automatic method developed here to undertake this study, employing the Weka Trainable 

Segmentation plugin to ImageJ. Combined with a well-constrained growth rate, 

crystallisation times are derived and indicate that microlites crystallised 2 to 4 days before 

the eruption, regardless of the eruption style. Microlite crystallisation occurred between 

mid-crustal depths and the surface (average of c. 4 km), at unusually high temperature for 

arc magmas of intermediate composition (average of 1076 °C), and at low water contents 

(average of 0.4 wt%). Considering the inferred depths and the crystallisation times of 2 

to 4 days, ascent rates of only up to 9 cm s-1 prior to shallow water exsolution are 

calculated. Vent exit velocities are not exceeding 27 m s-1 after complete water exsolution, 

too slow to feed explosive eruptions characterised by supersonic exit velocities. This 
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research proposes a new conceptual model for the magmatic plumbing system beneath 

TgVC, where the microlitic crystal cargos result from multiple intrusions of aphyric melts 

through dykes, which most of the time stall and evolve at depth as deep as the mid-crust. 

Eventually, a magma injection percolates through previous intrusions and entrains 

crystals of differing textures and histories. Dykes feeding volcanism funnel into a narrow 

cylinder towards the surface, allowing acceleration and triggering explosive eruptions. 

Therefore, the conduit geometry at TgVC is a key controlling factor on the explosivity, 

with narrower conduits resulting in more explosive eruptions, suggesting that volatile-

poor magmas can still trigger explosive eruptions. This study supports that vertical 

foliation of the igneous upper crust is consistent with dyking and thus may be more 

common than typically acknowledged. 
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plots. CSD parameters such as the number of crystals, the best fit shape factors for 
the studied crystal population and their associated coefficient of determination 
obtained with CSDslice (Morgan & Jerram, 2006), and the crystal content from 
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Figure 6.4. Pyroxene and plagioclase CSD slopes (left y-axis), and residence time (right 
y-axis) derived from the slope and a well-constrained growth rate. Plagioclase CSD 
slopes are indicated by yellow diamonds, orthopyroxene CSD slopes by light blue 
diamonds. Residence time calculated from the pyroxene slopes and an orthopyroxene 
growth rate determined for Mangatawai 407-17 (Zellmer et al., 2016c; Zellmer et al., 
2018), are represented by magenta triangles. As orthopyroxene and plagioclase were 
crystallising concomitantly, a plagioclase growth rate range is derived (1.65 × 10-11 
m s-1 to 6.43 × 10-11 m s-1). Mm, TR, Oh, Wha, Ng, Rua respectively stand for 
Mangamate, Te Rato, Ohinepango, Wharepu, Ngauruhoe and Ruapehu. ............. 172 

Figure 6.5. P-T-X(H2O) plots retrieved from hygrothermobarometry (Putirka, 2008; 
Waters & Lange, 2015) and MELTS modelling (Asimow & Ghiorso, 1998; Ghiorso 
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Figure 6.6. Crystal size distributions of the pyroxene microlite population. Slopes used to 
derive microlite crystallisation times (reported in Table 6.4) were calculated from 
this size section (10-30 µm). See text for discussion. The grey field represents the 
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Figure 6.7. Crystal size distributions of the plagioclase microlite population. Slopes used 
to derive microlite crystallisation times (reported in Table 6.4) were calculated from 
this size section (10-30 µm). See text for discussion. The grey field represents the 
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Figure 6.8. Conceptual model of the shallow magma plumbing system beneath the TgVC. 
Temperatures, pressures and water contents are based on the results obtained with 
MELTS. (1) Hot (c. 1076 °C) andesitic/dacitic magmas ascending with micro-
phenocrysts displaying complex oscillatory zonings. Nuclei sites for microlites of 
orthopyroxene and plagioclase at an average of 4 km depth and with water contents 
of c. 1 wt. %. (2) Microlite nucleation and growth due to cooling. (3) Microlites keep 
on nucleating and growing while degassing at c. 1 km yields to bubble nucleation 
and volume expansion and thus faster ascent rates, but not fast enough to feed the 
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(from dyke to cylinder) is thus required to accelerate these magmas to up to 400 m s-
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Figure 7.1. Figure 16 of Fichaut et al. (1989) representing the magma chamber(s) beneath 
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Figure 7.2. Figure 9 of Nairn et al. (2004) representing the conceptual model of the 
stratified plumbing system beneath Tarawera volcano (A) before and (B) during the 
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suggests vertical magma rise. T1, T2 and T3 are three magma layers of distinct 
crystallinities, and compositions. The white arrows in (A) represent the uprising 
siliceous melt expulsed from the fractional crystallisation of the deeper mafic 
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Figure 7.3. Figure 14 of Carrasco-Núñez et al. (2012) illustrating a cross section of Los 
Humeros volcano at the onset of the c. 0.1 Ma BP Zaragoza eruption, which was fed 
by two main magma reservoirs of distinct chemistry and petrology suggesting 
separate evolutions. D, RD, BA, B, A, TA, FMQ, NNO and xtal stand for dacite, 
rhyodacite, basaltic andesite, basalt, andesite, trachyandesite, fayalite-magnetite-
quartz, nickel-nickel-oxide and crystal, respectively. ............................................ 204 

Figure 7.4. Figure 1 of Cashman et al. (2017) illustrating the common view of magmatic 
system with crystal mush based on previous works. (A) Upper crustal magmatic 
system mostly composed of a large crystal mush and smaller melt silicic melt pods 
which result from the frequent replenishment of mafic magma inspired from the 
study of Hildreth (2004). (B) Schematic representation of a trans-crustal magmatic 
systems with interconnected magma batches resulting from the destabilisation of 
melt lenses (Christopher et al., 2015). (C) The effect of the particle volume fraction 
on the change of rheology from magma (orange) to mush (grey). The blue and red 
curves are calculated using different rheological models (red curve based on the 
model of Costa et al., 2009a; blue curve based on the model of Marsh, 1981). The 
insert represents the changes in mush strength as a function of the particle volume 
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Figure 7.5. Paroxysmal activity of Stromboli volcano in July 2019 generating a 
pyroclastic flow after the crater collapse. Photo credits: Sailactive I Segelreisen & 
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Figure 7.6. Figure 9 of Bragagni et al., (2014) illustrating a conceptual model of the 
feeding system beneath Stromboli volcano during normal Strombolian and effusive 
activity (a) and during paroxysm events (b). ......................................................... 213 

Figure 7.7. Figure 7 of Ubide & Kamber (2018) representing the magmatic plumbing 
system beneath Mt. Etna composed of multilevel interconnected magma chambers 
interpreted by the study of Ubide & Kamber (2018) and references therein. A main 
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magmatic system consists of the accumulation of intruding repeated batches of new 
mafic magmas, which mix with the resident crystal mush. Injections of mafic 
intrusions either feed progressively the main central conduit or may feed eccentric 
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underplating intrusions, which differentiate by assimilating mid-crustal components. 
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Figure 7.11. (Figure in the next page) Common magmatic plumbing systems beneath arc 
volcanoes. Mafic magmatic systems are composed of a single or multiple 
interconnected reservoir(s) which is/are frequently replenished by deep mafic 
intrusions, feeding mostly effusive (lava flows and Strombolian style) eruptions, and 
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magmatic systems are composed of a single or multiple interconnected reservoir(s) 
which is/are frequently replenished by deep mafic intrusions which stall, evolve and 
form a crystal mush in the crust. Intermediate compositions are reached either due to 
convection between the silicic crystal mush and the replenished mafic intrusions 
(Reubi & Blundy, 2009), or due to fractional crystallisation (Tait et al., 1989). The 
entire range of eruption styles can be associated with intermediate magmatic systems, 
from effusive eruptions (lavas and domes) to Plinian with formation of pyroclastic 
density currents and high eruptive column. Viscous lava flows and volatile-rich 
domes may be associated with transitions forth and back to explosive eruptions 
(Preece et al., 2016). Felsic magmatic systems are fed by a large reservoir which 
consists of a crystal mush which has experienced crustal assimilation and fractional 
crystallisation. Melt pods form within this framework due to underplating of mafic 
intrusions causing heating and remobilisation of the crystal mush. Eventually, mafic 
intrusions trigger climatic eruptions of up to ultra-Plinian in style (e.g. Wilson, 2001) 
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1.1. Research introduction and motivations 

One of the most important aspects of current research is focused on assessing volcanic 

hazards and how to forecast volcanic eruptions. Notably, explosive eruptions may be less 

predictable and may impact larger areas than effusive activity (e.g. tephra deposition, fast-

moving pyroclastic density currents), particularly in highly populated areas e.g. Napoli, 

Italy, near Vesuvius; Arequipa, Peru, near El Misti; Goma, Democratic Republic of 

Congo, near Lake Nyiragongo; Quito, Ecuador, near Cotopaxi and Guagua Pichincha; 

Catania, Sicily, near Mt. Etna; and Auckland, New Zealand, built on the Auckland 

Volcanic Field (e.g. Bonaccorso et al., 2011; Favalli et al., 2009; Kereszturi et al., 2014; 

Marzocchi et al., 2004; Pistolesi et al., 2014; Sandri et al., 2014). 

Estimation of the time windows between geophysical unrest and the actual eruption 

have awakened the interest of volcanologists and stakeholders to provide insights into 

hazards mitigation and to establish reliable evacuation plans. Volcanoes are typically 

characterised by complex precursory patterns leading to challenging predictions of future 

eruptions. If patterns in the timing of eruptive processes for a volcanic edifice can be 

identified, mitigation may become easier through devising appropriate volcanic hazards 

maps and evacuation plans. In the literature, many geochemical approaches are used to 

infer eruptive processes and help forecast eruptions. Some of the most common methods 

used in petrology are:  

1. Textural analyses of pyroclasts, crystals or bubbles are used for inferring eruptive 

processes such as nucleation, crystal growth and degassing (Donoghue et al., 1997; 

Gardner et al., 1998; Klug & Cashman, 1994; Shea et al., 2010b). 

2. Crystal textures (e.g. zonation) can also be used as geo-speedometer to monitor ascent 

rate (e.g., hornblende breakdown rims during decompression, Rutherford & Devine, 

2003). 
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3. Crystal Size Distributions (CSDs) are commonly-used to reveal information about 

crystallisation dynamics, and, if the growth rate is constrained, residence time of 

crystals can be inferred from the slope of the CSD (Higgins & Roberge, 2007; Marsh, 

1988; Muir et al., 2011). 

4. Modelling of diffusion has become a powerful tool to infer timing of crystallisation 

processes and characterization of the origin of crystals (e.g. Chakraborty, 2008; Costa 

et al., 2003; Costa & Dungan, 2005; Costa et al., 2008; Flaherty et al., 2016; Kilgour 

et al., 2014; Morgan et al., 2004; Shea et al., 2015). 

The estimation of magmatic timescales and especially crystal residence time are 

combined with thermodynamic modelling of magmatic processes to recover critical 

parameters (e.g. temperature, pressure, water content, crystallinity) to comprehend the 

evolution of the magmatic system (e.g. Cooper & Kent, 2014; Masotta et al., 2016; 

Pamukcu et al., 2015; Stock et al., 2016b; Venugopal et al., 2016; Zellmer et al., 2014b). 

Generally, petrologists and volcanologists have focussed on phenocryst crystals (> 100 

µm) to infer processes and timescales. These time capsules, however, record mainly deep 

magmatic processes (> 15 km) occurring up to hundreds of thousands of years before the 

actual eruption (e.g. Blundy & Annen, 2016; Menand et al., 2015; Petrelli & Zellmer, in 

press). Shallow signals are covered by geophysical signals (e.g. seismicity, tomography, 

remote sensing) and gas chemistry surveys, hence providing short-term and syn-eruptive 

forecasting of an imminent eruption. However, they do not supply information about the 

internal magmatic processes at work during ascent through the upper crust. Therefore, 

there is a gap in the understanding of magmatic processes occurring between the lower-

crustal and the shallow depths. Smaller crystals (< 100 µm), referred as micro-

phenocrysts (100-30 µm) and microlites (< 30 µm), are interpreted to form due to 

decompression-induced degassing and cooling (Hammer et al., 1999; Noguchi et al., 
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2006; Sano & Toramaru, 2017; Szramek et al., 2006; Szramek et al., 2010). 

Consequently, they crystallise at shallower depths and may record shallow magmatic 

processes, which would provide significant indications in forecasting short-term 

timescales of magma ascent, essential for hazard mitigation and evacuation planning.  

The Tongariro Volcanic Centre (TgVC) is situated in the southern part of the Taupo 

Volcanic Zone (TVZ) in the North Island of New Zealand and at the southern end of the 

2800 km long Tonga-Kermadec arc-back-arc, resulting from the convergence of the 

Pacific and Australian tectonic plates (e.g. Stern et al., 2006). It is composed of two 

historically active eruptive centres, namely Ruapehu and Tongariro, with several vent 

sites of which the Ngauruhoe volcanic cone is one. Ngauruhoe is one of the fastest 

growing cones over older vents at TgVC (Hobden et al., 2002; Moebis, 2010). TgVC has 

exhibited several eruptive styles from Strombolian to Plinian style eruptions (Walker, 

1973), some with phreatic-to-phreatomagmatic phases. Ruapehu volcano, notably, has 

been quite active over the Holocene with at least 66 eruptive periods, including 40 of 

them over the past 70 years (Smithsonian Institution's Global Volcanism Program, 2019). 

TgVC is located in the Tongariro National Park, which is the oldest national park of New 

Zealand as well as a dual United Nations Educational, Scientific, and Cultural 

Organization (UNESCO) World Heritage Area since 1993 for its remarkable landscapes 

and cultural richness (Cleere, 1995; Rössler, 2006). Both local and international visitors 

come every year to enjoy the outdoor activities available in the area. Three ski resorts 

(Whakapapa, Turoa and Tukino) on Mount Ruapehu are open from June to the end of 

October. The Tongariro Alpine Crossing (TAC) is the most famous day-hike of New 

Zealand. During the busiest season, between November and April, up to 1500 visitors are 

on the TAC daily (Jolly et al., 2014b) and 130,000 visitors were reported for the full year 

of 2017 (DOC, 2017). Also, numerous rivers in the national park are used for river rafting. 
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However, all these activities expose visitors to the risk of eruptions and their 

consequences as eruption-fed and meteorologically triggered lahars and landslides. 

Indeed, the last eruption occurred in August 2012 within the Upper Te Maari Crater, on 

the northern slope of Mt. Tongariro. It began with a 770,000 m3 landslide (Procter et al., 

2014) and was followed by high-velocity and wide-spread pyroclastic density currents 

that reached the TAC walkway (Lube et al., 2014). Ballistics were ejected as far as the 

Ketetahi Hut (ca. 400-500 m in distance), used by many hikers of the TAC (Breard et al., 

2014). Also, a farming community of 100 residents, who live on the northern slopes of 

the volcano, and their livestock are permanently at risk. It was fortunate that the last 

eruption occurred during the night when there were few people at the park. If such an 

eruption occurred during day time, many lives would be exposed to the associated 

volcanic hazards. Thus, there is a real need of identifying the shallow magmatic processes 

and timescales that have occurred during the past TgVC explosive eruptions. 

By combining different petrological methods on a tephra record from TgVC, this 

study will provide a better understanding of the magmatic processes occurring during 

microlite crystallisation at the onset of explosive eruptions in this actively hazardous area. 

1.2. Objectives 

This research aims to visualise, characterise and estimate timescales of late-stage 

ascent processes down to submicron scale for different eruption styles of explosive 

eruptions (Strombolian, Vulcanian, sub-Plinian and Plinian). Unlike the phenocrysts, 

which record deep processes, the study of smaller crystals called microlites (< 30 µm) 

yield the characteristics of the latest pre-eruptive processes, at the onset of an explosive 

eruption. Indeed, as microlites crystallize in the conduit prior to the eruption, microlites 

record chemical information that can be used to harvest timescales of crystal growth and 
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ascent. Further high-resolution analysis of chemical zoning in micro-phenocrysts will 

allow detailed constraints to be made on their origin and growth histories. We focus our 

study on TgVC for several reasons: (i) it has exhibited frequent and intense eruptive 

activity in historical time; (ii ) it has produced various styles of explosive eruption 

(Strombolian to Plinian) with variable influence of external water (ground, surface and 

hydrothermal); (iii ) previous studies have only focussed on the information recorded by 

the phenocrystic crystal cargos revealing deep magmatic and ascent processes; and (iv) it 

is a very touristic area and requires reliable information to appropriately assess the 

hazards it poses. To this end, four main objectives were set:  

1. Development of an automated method to characterise microlite crystal size 

distributions (CSD) from back-scattered electron (BSE) images. 

Crystal size distribution (CSD) in volcanic rock may be used as a powerful tool to 

understand crystallisation dynamics because they provide information about nucleation, 

growth of crystals and ascent processes. The term CSD basically represents a line of the 

logarithm of the population density n plotted against the linear crystal size L (where 

n=dN/dL, where N is the cumulative number of crystals per unit) (Marsh, 1988). In 

general, CSDs are typically obtained from thin section photographs in which the crystals 

have been outlined manually using image processing software (e.g. Photoshop). Even 

though their acquisition can be simple and gives relevant information, this method implies 

time consuming computational work. Previous studies have developed automatic 

techniques to outline the crystals from chemical maps, where each major element (e.g. 

Fe, Mg, Si, Na, Ca, Al) has an assigned colour and thus each phase (i.e. different minerals 

and melt) will appear in different colour (e.g. Muir et al., 2012). However, obtaining 

chemical maps is a time-consuming (c. 20-30 min for one image) and expensive 

acquisition when compared with BSE images acquisition. BSE images are obtained using 
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a scanning electron microscope (SEM) which allows the sample to scatter the electrons it 

receives; BSE brightness reflects the electron density per unit volume of the target and 

thus the denser the structure (e.g. heavy atoms with a high atomic number Z), the brighter 

the image. BSE images of high resolution can be acquired in less than one minute. The 

first objective of my PhD will be to develop an (semi-) automated method to characterize 

CSDs of microlite crystals from BSE images. Plagioclase and pyroxene are suitable target 

minerals as they are the main mineral phases in andesitic magmas (Sen, 2014). A 

comparison between the resulting CSDs of this new technique and CSDs of the more 

labour-intensive classic technique (explained further in the literature review) will then be 

completed to verify the reliability of the automation and the accuracy performance of the 

classifiers used. 

2. Origin of microlites and micro-phenocrysts through high-resolution imaging.  

Three hypotheses about the origin of the microlites and micro-phenocrysts of the 

TgVC tephras can be made; (1) crystals are grown from the melt during its ascent, through 

degassing and/or cooling (Cichy et al., 2010; Noguchi et al., 2006; Sano & Toramaru, 

2017); (2) crystals are from one or several interconnected and small reservoirs that were 

active during the eruptions, involving mixing and mingling processes (Hobden et al., 

1999; Rowlands et al., 2005); (3) crystals are derived from earlier intrusive rocks, and 

have been picked up by aphyric ascending melt at the onset of eruption. Imaging and 

elemental mapping of microlites and micro-phenocrysts at ultra-high resolution will 

provide detailed insights into the textural and chemical characteristics of these crystals, 

from which their origin and growth histories may be deduced. To distinguish between 

these hypotheses, mineral-melt equilibria and constraints on the intensive parameters 

(pressure, temperature and water content) during microlite crystallisation will be 

investigated.  
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3. Usage of the microlite CSDs to estimate the timescales of magma transfer 

through the volcanic conduit at the onset of explosive eruptions of TgVC. 

The insights gained from the high-resolution imaging can be usefully employed in 

this third objective, providing key information on how to interpret the shape of crystal 

size distributions. Then, by coupling the relevant slopes of the CSD with a well-

constrained growth rate of the crystals, we can estimate the growth time of microlite 

population. The timescales obtained will thus represent the duration of magma transfer 

through the volcanic conduit from the onset of degassing.  

4. Identif ication of the P-T-X(H 2O) conditions during microlite crystallisation 

to understand the magmatic processes at work during magma ascent. 

The residence time derived from the CSD will be combined with thermodynamic 

models to determine essential conditions namely the pressure, the temperature and the 

water content during microlite crystallisation. Using hygrothermobarometry and MELTS 

modelling, these parameters can be derived. Subsequently, the calculated times combined 

with the constrained pressures will provide magma ascent rates which will in turn unravel 

insights on forces driving ascent (e.g. volatiles) and how these may or may not differ in 

eruptions displaying a range of explosiveness.  

Ultimately, the resulting insights from these objectives will be combined to propose 

a new conceptual model for the upper-crustal magmatic system underneath TgVC, which 

will be contrasted with the existing models globally.   

1.3. Thesis outline  

This thesis, which consists of eight chapters, can be subdivided into three main 

sections. The first three chapters involves an introduction to this research (Chapter 1), the 

geological background with a literature review of TVZ and specifically TgVC (Chapter 
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contributions of the investigation of microlite crystals to understand the upper-crustal 

processes beneath volcanoes (Chapter 7). The conclusion (Chapter 8) summarises the 

findings of this study in the context of the set research objectives and suggests directions 

for future research which would greatly contribute in our understanding of late-stage 

magmatic processes at the onset of eruptions.
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2.1. Eruptive styles of explosive eruptions 

There are different ways to classify volcanoes (Sigurdsson et al., 2015): by their 

shape (e.g. stratovolcano, caldera, pyroclastic cone, lava dome, fissure vents), by their 

origin (e.g. intraplate volcanism, hotspot activity, subduction) or by their eruption style 

(e.g. Strombolian, Vulcanian, Plinian). In fact, the morphology of a volcano is 

predominantly governed by its eruptive behaviour (Cembrano et al., 2008; Sielfeld et al., 

2017), which can vary over time within a single volcanic edifice. Therefore, we consider 

volcanic classification by eruptive style to be the most useful descriptor of a volcano. Six 

main eruption styles can be described: Hawaiian/Icelandic, Strombolian, Vulcanian, sub-

Plinian, Plinian and Ultra-Plinian. Walker (1973) proposed a classification for these 

eruption styles based on the fragmentation index and the area of dispersion of the deposits 

(Figure 2.1). The fragmentation index is determined by the percentage of pyroclasts finer 

than 1 mm sampled at the intersection of the isopach 0.1Tmax, where Tmax is the maximum 

thickness of deposit in the axis of dispersal.  
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First, eruptions are classified into two main types: effusive and explosive. One 

important factor that divides effusive from explosive eruptions is the amount of water 

dissolved in the melt (Sigurdsson et al., 2015). Effusive eruptions are fed by degassed 

magma and produce lavas. Effusive eruptions are usually associated with Hawaiian or 

Icelandic eruption styles. Hawaiian eruptions can either feed long-lived summit lava lake 

or produce sustained lava fountains feeding fluid, low-viscosity lava flows such as the 

typical activity of the shield volcano of Mauna Loa in Hawaii (Rowland et al., 2005). The 

Icelandic eruption style displays similar activity but is initiated from regional fissures 

such as the last eruption of Bárðarbunga in Iceland, which produced the Holuhraun lava 

field in 2014-2015 (Ágústsdóttir et al., 2016). Magmas of effusive eruptions are usually 

basaltic, with a low amount of silica (c. < 52% SiO2), a high temperature (> 1000 °C) and 

 

Figure 2.1. Figure 28.2 of Clarke et al. (2015) inspired by the initial classification of 
explosive eruptive styles of Walker et al., (1973).  It represents (vertical axis) the 
percentage of clasts < 1 mm in diameter at the intersection with the isopach equals to 
10% of the maximum thickness of the deposit (F%) versus (horizontal axis) the area 
of dispersal (D) of the pyroclasts/deposits. This classification includes the initial 
classification of Walker et al., (1973) and the Vulcanian classification based on the 
study of Wright (1980).  
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a low viscosity, although explosive basaltic eruptions are not unknown (e.g. Carrasco-

Núñez et al., 2012; Houghton et al., 2004). However, more differentiated magmas can 

also produce effusive eruptions such as the andesitic lava flows produced by Ngauruhoe 

volcano in New Zealand (Hobden et al., 2002), the dacitic lava flows produced by 

Santiaguito volcano in Guatemala (e.g. Harris et al., 2002), the rhyolite lava flows 

emplaced on San Pietro Island, Sardinia in Italy (Cioni & Funedda, 2005) and the obsidian 

flows of Lipari Island, Aeolian Island, Italy (e.g. Gottsman & Dingwell, 2001). Effusive 

eruptions at intermediate and felsic systems also produce dome formation (Loughlin et 

al., 1998) such as the dacitic domes of Mount St Helens, Washington, USA (e.g. Berlo et 

al., 2007; Donnadieu & Merle, 1998), the andesitic lava domes of Soufrière Hills, 

Montserrat, British West Indies (e.g. Cole et al., 1998), the dacitic lava dome of Sinabung, 

North Sumatra, Indonesia (Nakada et al., 2019), the obsidian domes of Inyo, California, 

USA (Swanson et al., 1989), and the rhyolitic dome of  Cerro Pizarro, Mexico (Carrasco-

Núñez & Riggs, 2008). Although some volcanoes are usually associated with effusive 

activity, paroxysmal events producing explosive eruptions are not uncommon (e.g. the 

2002-2003 eruptions of Stromboli, Italy, Cigolini et al., 2008; the 1924 eruption of 

Kilauea Volcano, Hawaii, Dvorak, 1992; and several paroxysmal eruptions of Fuego 

volcano, Guatemala, Naismith et al., 2019). 

Explosive eruptions, however, are fed by viscous volatile-rich andesitic to rhyolitic 

magmas and produce pyroclasts (e.g. volcanic ash, bombs, lapilli). There are five main 

explosive eruption styles: Strombolian, Vulcanian, sub-Plinian, Plinian and ultra-Plinian. 

Strombolian eruptions, named after Stromboli volcano, Aeolian Islands, Italy, are thought 

to be generated by bursting of gas slugs (e.g. Blackburn et al., 1976; Jaupart & Vergniolle, 

1988; Macdonald, 1972; Vergniolle & Brandeis, 1996). The formation of the gas slug has 

been a point of debate and two models to explain it are available in the literature: the first 
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Late Paleozoic age (100-300 Ma) have subsided more than 3 km below sea level (e.g. 

Lillie, 1980). When the subducting slab enters the trench, metasomatism occurs and fluids 

from the slab are being released (Stern, 2002). These fluids may in turn induce partial 

melting of the overlying mantle wedge at the base of the continental crust (e.g. Bebout, 

2012). Partial melting may be enhanced through extension related mantle decompression 

underneath TVZ. These partial melts thus provide a source of calc-alkaline magmas 

variably affected by crustal contamination they experience during ascent. Indeed, studies 

have shown that mafic magmas generated in the TVZ assimilate with the underlying 

greywacke basement while migrating through the crust (Cole, 1978; Graham et al., 1995; 

Hobden et al., 2002).  

A few mafic magmas were erupted within the TVZ and are thought to reach the 

surface via dyke intrusion, such as the 1886 eruption of Tarawera volcano (Seebeck & 

Nicol, 2009). The volcanic activity of the TVZ started with andesitic eruptions and 

formations of the now eroded stratovolcanoes of Titiraupenga and Pureora, today located 

on the western margin of the central TVZ. The TVZ has erupted more than 10,000 km3 

(sum of uncorrected volumes) of volcanic materials (95% of rhyolitic magma, e.g. 

ignimbrite, and 5% of less evolved magma, e.g. dacitic/andesitic tephra/lavas) from four 

main eruptive centres: Okataina, Maroa, Taupo, Rotorua and Tongariro (Graham, 2008). 

The TVZ encompasses isolated andesite volcanoes, e.g. Mt. Edgecumbe, Whale Island 

and White Island (Duncan, 1970), isolated rhyolite domes, e.g. Pohaturoa, Mokauteure 

and Whakapapa (Leonard, 2003), and monogenetic volcanoes, e.g. Ohakune Volcanic 

Complex, Pukeonake and Punatekahi (Hackett, 1985; Kósik et al., 2016). Rhyolitic 

volcanism is focussed in the centre of the TVZ neae the Taupo and Rotorua calderas, 

while andesitic arc volcanism is predominant in the north and the south (Wilson et al., 

1995). The unusually intense and frequent volcanic activity of the TVZ is related to the 
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combination of an extensional regime with rates increasing from the SSW to the NNE of 

6 to 15 mm/yr (e.g. Lamb et al., 2017; Wallace et al., 2004), and the high heat flux of c. 

4300 MW, similar to that of Iceland and Yellowstone (Stern et al., 2006). Nakagawa et 

al. (1998) defined two types of volcanism that have occurred within TVZ: (1) eruptive 

episodes induced by rifting periods such as the most recent 10 ka ago, which triggered a 

series of Plinian eruptions, i.e. the Mangamate Formation (Auer et al., 2015); (2) volcanic 

activity driven by magmatic processes without involvement of major tectonic events. It 

is thought that there have been many rifting episodes triggering eruptions, but if a large 

rhyolitic eruption such as the Oruanui eruption (25.36±0.16 cal. ka BP; Vandergoes et 

al., 2013) from Lake Taupo would have been triggered, any evidence of rifting would 

have been buried near the source. Considering the variety of volcanic landforms and 

magma chemistries detailed above, the volcanoes of TVZ have exhibited a wide range of 

eruption styles.  

 

 

 

 

 

Figure 2.2. (Figure in the next page) (A) Map of the current tectonic setting in New 
Zealand illustrating by the subduction of the Pacific Plate beneath the Australian Plate 
(source: GNS Science). The location of the Tongariro Volcanic Centre is indicated by the 
yellow arrow. (B) Map of the locations of the recently active volcanoes (Tongariro, 
Ngauruhoe and Ruapehu), volcanic vents (Te Maari, Red Crater, Tama Lakes and Saddle 
Cone), the inactive/extinct volcanoes (Kakaramea, Pihanga, Pukeonake, Hauhungatahi 
and Ohakune Craters), the ski fields (Whakapapa, Tukino and Turoa), and the lakes 
(Rotoaira and Taupo) at TgVC. This is a shaded relief map derived from the 8-m-Digital-
Elevation-Model (source: LINZ data). The colour gradient corresponds to the elevation 
variation. Georeference system: NZGD2000/New Zealand Transverse Mercator 2000.  
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2.3. Eruptive History of the Tongariro Volcanic Centre 

TgVC is currently the most frequently active volcanic centre of the TVZ. It is located 

at the southern end of the Tonga-Kermadec arc-back-arc system and within the NNE-

oriented Tongariro graben, which has been subjected to extension at 7±1.2 mm/yr over 

the last 20 ka (Gómez-Vasconcelos et al., 2017). TgVC consists of large dacitic-andesitic 

volcanoes, i.e. Kakaramea-Tihia, Pihanga, Ruapehu and Tongariro (including the 

Ngauruhoe vent), the last two of which are currently active, and four smaller volcanic 

centres: Maungakatote, Pukeonake, Hauhungatahi and Ohakune (Figure 2.2; Kósik et al., 

2016; Shane, 2017). They have exhibited a wide variety of eruption styles from small 

phreatic and Strombolian to Plinian eruptions. The formation of lava domes, and 

potentially, eruptive fissure(s), also took place during the Mangamate eruptive sequence 

where several lineated vents were activated (Auer et al., 2015).The frequency of eruptions 

for these volcanoes over the last 26 ka has been examined (Moebis, 2010); two main 

behaviours are apparent (Figure 2.3): (1) long-term quasi-continuous eruption frequency 

(i.e. Ruapehu and Rotoaira Lapilli Formation). (2) short-term, discontinuous and intense 

periods of volcanic activity (i.e. Mangamate, Ngauruhoe and Red Crater). However, 

Ruapehu has transitioned from behaviour 1 to 2 in the last 2000 years, during which the 

Tufa Trig Formation has been deposited. The tephras erupted from TgVC have been 

deposited in the East due to dominant westerly winds. The desert road is the best location 

to observe the accumulation of these deposits, consisting of ash and lapilli fallout 

interbedded with debris flow and lahar deposits, and with rhyolitic tephras from the Taupo 

and the Okataina Volcanic Centres (Donoghue et al., 1995). The volcanoes exhibit typical 

compositions of arc lavas, although petrological and geochemical variations have been 

identified and interpreted to result from different degree of assimilation-fractionation-

crystallisation and complex magma plumbing systems, including shallow crustal 



Lormand: Magmatic processes at Tongariro Volcanic Centre Chapter 2 

 
25 

 

assimilation of the underneath greywacke (Graham et al., 1995; Moebis et al., 2011; Price 

et al., 2007; Price et al., 2016).  
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Figure 2.3. Modified Figure 8.1.6 of Moebis (2010) illustrating the frequency of 
eruptions of the Tongariro Volcanic Centre over the last 26,000 years. 
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Figure 2.5. (A) Modified Figure 3 of Hobden et al. (2002) illustrating the discharge rates 
and the eruptive deposits of the most recent eruptions of Ngauruhoe. (B) Modified Figures 
10a and 10b of Shane et al. (2017) illustrating the MgO and 87Sr-86Sr variations of 
compositions and isotopic signatures of the Ngauruhoe magmas over time.  

B 
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1987; Palmer & Neall, 1989; Pardo et al., 2012; Topping, 1973). The most explosive 

eruptions of Ruapehu formed the Bullot Formation and occurred immediately before the 

Mangamate eruptive sequence. The Bullot Formation, recently described by Pardo et al. 

(2012), was dated between 25-11 cal. ka BP and is composed of at least 33 eruptions that 

were classified into six eruptive sequences. This period consisted of short-lived sub-

Plinian to Plinian eruptions associated with sustained or unsteady eruptive columns 

regularly generating pyroclastic density currents.  

More recently, Mount Ruapehu has also produced smaller eruptions primarily of  

Strombolian and phreatomagmatic natures (e.g. Cronin et al., 2003; Gamble et al., 1999; 

Kilgour et al., 2014; Price et al., 2012). The Tufa Trig Formation is composed of the last 

2,000 years of activity of Ruapehu, encompasses at least 19 andesitic tephras and has 

contributed a small volume of tephra to the ring plane (< 0.1 km3; Donoghue & Neall, 

1996). It was characterised by one phreatomagmatic Strombolian to rarely sub-Plinian 

eruption every century. However, in the past century, eruptions have occurred every 50 

years. The eruptions themselves do not represent the main hazard, but lahars created by 

the outrush of water from the crater lake are some of the most dangerous volcano-related 

phenomena (Cronin et al., 1999).  

The last member of the Tufa Trig Formation (i.e. Tf19 in Donoghue et al., 1997) 

corresponds to the 1995-1996 eruptions of Ruapehu, which began in November 1994 with 

heating cycles at the Crater Lake associated with phreatic activity until July 1995 

(Christenson, 2000). In September 1995, phreatomagmatic eruptions generated lahars and 

high emissions of SO2. There was a shift from phreatomagmatic to sub-Plinian on the 11-

14th of October 1995, producing several 10-12 km high ash plumes and generating 

multiple lahars, which emptied most of the water from Crater Lake (Figure 2.6; 

Christenson, 2000). This intense activity was accompanied with volcanic earthquakes and 
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tremors (Bryan & Sherburn, 1999). From February to June 1996, the lake was getting 

replenished and a lava spine emerged from the lake (Figure 2.6b). During that time, about 

50 volcanic-tectonic earthquakes were reported. The activity increased again in mid-June 

with intermittent and pulsing ash eruptions, and ejections of blocks and bombs. This 

eruptive sequence provided a good opportunity for the government and stakeholders to 

manage small volcanic eruptions, but it also caused financial loss for ski operators, 

disrupted the air traffic, caused animal deaths due to ash ingestion and fluorosis 

poisoning, and generated lahars in the rivers (Cronin et al., 1998; Cronin et al., 2003; 

Johnston et al., 2000).  

Variability in whole rock and isotopic chemistry has been highlighted for Ruapehu, 

and studies of the petrography of the lavas and pyroclasts have identified several xenoliths 

(Gamble et al., 1999; Price et al., 2012; Tost et al., 2016). The xenoliths are meta-

sedimentary and meta-igneous, pyroxene-plagioclase granulitic rocks and have been 

attributed to local basement greywacke and underlying oceanic crust (Graham & Hackett, 

1987). Geochemical and petrographic variations were associated with open-system 

processes. A complex plumbing system composed of several small individual magma 

storage bodies and dykes/sills from the upper mantle to the crust under the volcano is 

envisaged (Gamble et al., 1999; Price et al., 2005; Price et al., 2007; Price et al., 2012).  

 

 



Lormand: Magmatic processes at Tongariro Volcanic Centre Chapter 2 

 
36 

 

 
Figure 2.6. (A) Vulcanian to sub-Plinian eruption of Mt. Ruapehu in September 1995 
observed from Whakapapa Village. Photo credits: Tim Whittaker. (B) Figure 4 of 
Christenson (2000) of an aerial photograph of the crater area of Mt. Ruapehu in January 
1996 in which a lava spine and active fumaroles (A, B, C and D) were identified. 
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In summary, the TgVC has a complex history involving the formation of different 

stratovolcanoes (e.g. Ruapehu), compound of cones (e.g. Tongariro complex), isolated 

cones (e.g. Pukeonake), and hydrothermal active areas (e.g. Emerald Lake). Over the 

Holocene, the TgVC has produced a wide variety of eruption styles spanning from 

effusive (lava flows and lava domes) to explosive (i.e. Strombolian, Vulcanian, sub-

Plinian, Plinian), and eventually involving magma-water interaction, which produced 

phreatic and phreatomagmatic eruptions (e.g. 1995 eruption of Ruapehu and the 2012 

eruption of Te Maari). The crystal cargo and more specifically the phenocrysts of the 

tephras and lavas associated with the TgVC eruptions have provided insights into the 

magmatic system and the origin of the feeding magmas at depth (e.g. Auer et al., 2015; 

Coote & Shane, 2016; Kilgour et al., 2013; Price et al., 2016; Shane, 2017; Shane et al., 

2017). However, magmatic and ascent processes occurring at upper crustal depths before 

an explosive eruption remain uncertain and are required to improve hazard mitigation and 

evacuations plans. Therefore, this study aims to refine the understanding of the shallow 

processes at TgVC using the microlite crystal cargos found in tephras from historical 

explosive eruptions.  
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Chapter 3. Methodologies of characterising crystals and 
magmas 

 

Appendices for this chapter can be found in Appendices A and C. 
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3.1. Crystals in volcanic rocks 

Volcanic explosive eruptions are fed by complex three-phase systems composed of 

silicate melt, crystals and bubbles. Magmas may be produced in a range of 

tectonomagmatic settings (e.g. subduction, mantle plume, oceanic/continental rift zone), 

before rising towards the surface. During their ascent from source to surface, the three 

phases start coexisting due to cooling and/or degassing; with the system no longer in 

equilibrium, minerals will start to form one after another, depending on their respective 

solidus temperature. Magma ascent triggers depressurization of the system, and 

exsolution of the gas phases previously dissolved in the magma (i.e. H2O and CO2; Voight 

et al. 1998). Several types of crystals can grow in magmas (Figure 3.1): Phenocrysts are 

thought to form first as their size clearly demonstrates that they had time to grow. Micro-

phenocrysts and microlites are likely to form shortly before the eruption starts or after, 

within a cooling lava flow if the eruption is effusive (e.g. Cashman et al., 1999). However, 

entrainment of earlier formed crystalline materials called xenoliths (e.g. Beier et al., 2017; 

Erlund et al., 2009) may also happen either during the ascent e.g. from the conduit walls, 

or from an accumulation zone such as crystal mushes in magma chambers (e.g. Marsh, 

1998a; Nakamura, 1995; Pyle et al., 1988). Phenocrysts can also occur in clusters called 

glomerocrysts. The mixing of two batches of magma will result in the coexistence of at 

least two crystal populations (e.g. Clynne, 1999; Snyder, 1997). Glomerocrysts can also 

form during resorption of phenocrysts that aggregate, or may be a sign of crystal 

entrainment from a crystal mush (e.g. Bennett et al., 2019b; Renjith, 2014). 
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Whether a nuclei will form a crystal or not depends on its radius and the free energy 

of activation for nucleation (Dowty, 1980). The critical nucleus theory is two-fold: the 

nuclei reaches or exceeds a critical size and will thus grow spontaneously as its growth 

will reduce the total free energy. If a nuclei is smaller than the critical nucleus, it will 

become unstable and dissolve. During its formation, a crystal will exchange chemical 

elements with the melt depending on crystal/melt equilibrium partition coefficients (Kd), 

defined by experimental petrology (e.g. Bouhifd & Jephcoat, 2011; Ford et al., 1983; 

Nagasawa & Schnetzler, 1971; Norman et al., 2005). For instance, a basaltic melt will 

start coexisting with olivine as soon as it cools through the liquidus, before coexisting 

with plagioclase, augite, oxides, etc. (Sen, 2014). However, the crystallisation sequence 

depends on magma composition and is also controlled by a process known as 

 

Figure 3.1. Modified figure 2.2 of Sen (2014) representing a microscopic schematic 
view of a volcanic rock composed of crystals (phenocrysts, glommerocrysts, micro-
phenocrysts, microlites and a xenolith), vesicles and melt. The reaction rim around 
the xenolith is due to the disequilibrium between the crystals and the hosting melt.  
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undercooling. Undercooling is the rate at which the magma is cooled below its liquidus. 

It has a major controlling effect on chemistry, shape, and nucleation of crystals, and on 

crystal growth rate (e.g. Cashman & Marsh, 1988; Fenn, 1977; Gibb, 1974; Lofgren, 

1980). Large undercooling can be considered as a high rate of energy removal from the 

system, allowing rapid removal of latent heat (Dowty, 1980). The volume of crystals that 

can be formed per unit of time depends on the removal of latent heat, thus many nuclei 

will form, but they will grow at a low rate and thus form small crystals (Figure 3.2). On 

the contrary, a lower degree of undercooling (e.g. during slow magma ascent) will lead 

to few nuclei that will form coarse crystals, if there is a long time for them to grow. Rapid 

melt ascent will lead to a large degree of undercooling and thus the formation of glass 

(i.e. quenching). A high rate of undercooling may change the order of appearance or even 

remove olivine from the crystallisation sequence (e.g. Corrigan, 1982; Shea & Hammer, 

2013). Undercooling will also determine the morphology of a crystal. Indeed, crystals of 

olivine, pyroxene and plagioclase are generally euhedral, tabular and prismatic, 

respectively, at slow cooling rates, whereas they tend to be skeletal, fork-shaped or 

feathery at high cooling rates (Coish & Taylor, 1979; Frey & Lange, 2011; Sato, 1995; 

Sen, 2014; Shea & Hammer, 2013).  
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al., 2001). Due to degassing at shallow depth, decompression-induced crystallisation of 

microlites is also associated with high degree of undercooling, which promotes nucleation 

rather than growth (e.g. Crabtree & Lange, 2011; Kirkpatrick, 1977). Degassing will  alter 

physical properties such as the density and the viscosity of the magma, and can thus 

change the eruption dynamics (Sable et al., 2009). However, when microlite growth is 

prevailing over microlite nucleation, microlites may have formed due to cooling-induced 

crystallisation (e.g. Sano & Toramaru, 2017). Cooling-induced crystallisation was 

interpreted for pumice clasts erupted during the April 1999 sub-Plinian eruption of 

Shishaldin volcano, in which radial textures from cores to rim indicate that the microlites 

formed after fragmentation while the clast was cooling down (Szramek et al., 2010).  

Crystals have been studied widely to retrieve information about the magmatic 

processes occurring at depth during crystallisation, and their timescales. During 

crystallisation, chemical gradients form within the crystal lattice and will remain as 

textures (Table 4.1). These gradients can be the result of growth or elemental diffusion, 

or the combination of both, in which case they may overlap and be complex to distinguish. 

Diffusion occurs at different rates depending on the diffusivity of a specific element and 

the temperature, and thus can mask growth-induced textures (e.g. Ague & Baxter, 2007; 

Konrad-Schmolke et al., 2008; Kuritani, 1999; Zellmer et al., 2016c). One method to 

distinct between diffusion-induced and growth-induced patterns in crystals is to study 

multi-element diffusion in crystals (e.g. Costa & Dungan, 2005; Guo & Zhang, 2016; 

Shea et al., 2015; Suzuki et al., 2008) In magmas, diffusion can be driven by a change of 

pressure, temperature, or by chemical potential. In the crystal, vibrating atoms jump to 

adjacent vacant sites within the crystalline lattice during diffusion (e.g. Chakraborty, 

2008; Sepiol et al., 1998). Diffusion begins as soon as the nucleus starts to grow and 

results in equilibration of the chemical potential if the diffusion time is long enough. 
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Geospeedometry, a term introduced by Lasaga (1983), uses diffusion profiles to estimate 

crystal residence time at magmatic temperature (e.g. Costa et al., 2003; Morgan et al., 

2004; Zellmer et al., 2011). Forward modelling is the most common method to model 

diffusion in volcanic crystals (e.g. Ague & Baxter, 2007; Bradshaw & Kent, 2017; Cooper 

& Kent, 2014; Costa et al., 2003; Druitt et al., 2012; Morgan & Blake, 2006; Petrone et 

al., 2015) and has been extensively used in crystals presenting normal or reverse zoning 

(e.g. Costa & Chakraborty, 2004; Hartley et al., 2016; Kahl et al., 2015). Many crystals 

exhibit textures that are growth-induced and have not been affected by equilibration due 

to diffusion (Bennett et al., 2019a; Renjith, 2014; Shea et al., 2015). These textures can 

be qualitatively studied using optical microscopy or high-resolution imaging instruments. 

Magmatic processes such as magma mixing, magma recharge, magma degassing and 

magma cooling are recorded during crystallisation and lead to multiple patterns and 

zonations (e.g. Bennett et al., 2019b; Erdmann et al., 2012; Holness et al., 2005; 

Ohnenstetter & Brown, 1992; Pappalardo et al., 2018; Piochi et al., 2005; Pompilio et al., 

2017). Disequilibrium textures are common in phenocrysts and are usually a result of 

change of pressure or temperature, resulting from magma recharge or mixing (e.g. 

Agostini et al., 2013; Browne et al., 2006) or rapid decompression (e.g. Nelson & 

Montana, 1992). These textures consist of resorbed crystal cores, sometimes associated 

with a single or multiple overgrowing layers, and dissolution patterns such as sieve 

textures (e.g. spongy-, dusty-textured; Kawamoto, 1992), often found in plagioclase 

(Izbekov et al., 2002; Jeffery et al., 2013; Shane et al., 2019; Table 3.1). Sieve textures 

can either be coarse or fine, depending on the degree of dissolution. Coarse-sieve textures 

are usually found in the core of large crystals whereas fine-sieve textures occur as a part 

of an outer layer between the core and the rim (Renjith, 2014). Oscillatory zoning is also 

a disequilibrium texture which is commonly found in phenocrysts that have witnessed a 
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dynamic environment with pressure and temperature fluctuations due to magma recharge 

or magma mixing (e.g. Haase et al., 1980; Petrone et al., 2016; Shore & Fowler, 1996), 

or change in the magma composition (e.g. Chen et al., 2015), change in the growth rate 

(e.g. Halden & Hawthorne, 1993), or may be diffusion-induced (e.g. Grove et al., 1984).  

Some of these textures have been described for the phenocryst cargos of TgVC and have 

therefore provided key information about the mid-crustal depths processes within the 

magmatic system (Auer et al., 2015; Kilgour et al., 2013; Moebis et al., 2011; Nakagawa 

et al., 1998; Pardo et al., 2012; Price et al., 2007; Shane et al., 2008a; Stewart, 2010). 

The presence of such textures in microlites and micro-phenocrysts would allow essential 

insights to be gained into shallow ascent processes, which may be linked to the resulting 

eruption style. 

Table 3.1. (Table in the next page) Schematic representations of the common plagioclase 
crystals and textures observed in volcanic rocks, and their interpretations. 

  



Lormand: Magmatic processes at Tongariro Volcanic  Chapter 3 

 
47 

 

 

Te
xt

ur
e 

D
es

cr
ip

tio
n 

In
te

rp
re

ta
tio

n 
R

ef
er

en
ce 

 

R
es

or
be

d 
co

re
, m

an
tle

d 
by

 a
 s

in
gl

e 
or

 m
ul

tip
le

 o
ve

rg
ro

w
in

g 
la

ye
rs 

R
ap

id
 d

ec
om

pr
es

si
on

 o
r m

ag
m

a 
re

ch
ar

g
e 

or
 

m
ag

m
a 

m
ix

in
g 

w
ith

 a
 m

or
e pr

im
iti

ve
, h

ot
te

r 
an

d/
or

 v
ol

at
ile-

ric
h 

m
ag

m
a 

A
go

st
in

i e
t 

al
. (

20
13

); 
B

en
ne

tt e
t 

al
. (

20
19

); 
B

ro
w

ne
 et

 a
l. 

(2
00

6)
; N

el
so

n 
&

 M
on

ta
na

 (1
99

2)
; U

bi
de

 
et

 a
l. (

20
19

) 

 

C
oa

rs
el

y 
si

ev
ed

, u
su

al
ly

 fo
un

d 
in

 
th

e 
co

re
 re

gi
on

, m
ay

 b
e 

m
an

tled 
by

 
eu

he
dr

al
 os

ci
lla

to
ry

 z
on

es 

R
ap

id
 d

ec
om

pr
es

si
on

 o
r m

ag
m

a 
re

ch
ar

ge
 o

r 
m

ag
m

a 
m

ix
in

g 
w

ith
 a

 m
or

e 
pr

im
iti

ve
, h

ot
te

r 
an

d/
or

 v
ol

at
ile-

ric
h 

m
ag

m
a 

K
aw

am
ot

o 
(1

99
2)

; 
R

en
jit

h 
(2

01
4)

; 
S

in
ge

r et
 a

l. 
(1

99
3)

; 
V

ic
ca

ro
 et

 a
l. 

(2
01

0) 

 

Fi
ne

ly
 s

ie
ve

d,
 u

su
al

ly
 fo

un
d 

as
 a 

co
nt

in
uo

us
 la

ye
r b

et
w

ee
n 

th
e 

co
re

 
an

d 
th

e 
rim

 

R
ap

id
 d

ec
om

pr
es

si
on

 o
r m

ag
m

a 
re

ch
ar

ge
 o

r 
m

ag
m

a 
m

ix
in

g 
w

ith
 a

 m
or

e 
pr

im
iti

ve
, h

ot
te

r 
an

d/
or

 v
ol

at
ile-

ric
h 

m
ag

m
a 

K
aw

am
ot

o 
(1

99
2)

; 
R

en
jit

h 
(2

01
4)

; 
S

in
ge

r et
 a

l. 
(1

99
3)

; 
V

ic
ca

ro
 et

 a
l. 

(2
01

0) 

 

O
sc

ill
at

or
y 

zo
ne

d, s
om

et
im

es
 

m
an

tli
ng

 a
 re

so
rb

ed
 c

or
e 

D
yn

am
ic

 m
ag

m
a 

re
se

rv
oi

r w
ith

 m
ag

m
a 

re
ch

ar
ge

 o
r m

ag
m

a 
m

ix
in

g 
or

 c
ha

ng
e 

in
 th

e 
m

ag
m

a 
co

m
po

si
tio

n,
 c

ha
ng

e 
in

 th
e 

gr
ow

th
 

ra
te

, o
r m

ay
 b

e 
di

ffu
si

on-i
nd

uc
ed

 

C
he

n e
t a

l. 
(2

01
5)

; G
ro

ve
 et

 a
l. 

(1
98

4)
; H

aa
se

 et
 a

l. 
(1

98
0)

; 
H

al
de

n &
 H

aw
th

or
ne

 (
19

93
); 

P
et

ro
ne

 
et

 a
l. (

20
16

); 
S

ho
re

 &
 

Fo
w

le
r (

19
96

) 

 

G
lo

m
er

oc
ry

st
, so

m
et

im
es 

co
m

po
se

d o
f d

iff
er

en
t m

in
er

al
s 

A
gg

re
ga

te
s 

of
 re

so
rb

ed
 c

ry
st

al
s,

 e
nt

ra
in

ed
 

di
sa

gg
re

ga
te

d 
m

us
h 

B
en

ne
tt e

t a
l. 

(2
01

9)
; R

en
jit

h 
(2

01
4)

; V
ic

ca
ro

 et
 a

l. (
20

10
) 

 

E
uh

ed
ral

 m
ic

ro
lit

es
 

D
ec

om
pr

es
si

on-
in

du
ce

d 
or

 c
oo

lin
g-in

du
ce

d 
cr

ys
ta

lli
sa

tio
n 

A
rm

ie
nt

i e
t 

al
. (

19
94

); 
C

as
hm

an
 et

 a
l. 

(1
99

9)
; 

C
as

tro
 et

 a
l. 

(2
00

3)
; 

C
ou

ch
 e

t 
al

. 
(2

00
3)

; G
es

ch
w

in
d 

an
d 

R
ut

he
rfo

rd
 

(1
99

5)
; H

am
m

er
 et

 a
l. 

(1
99

9)
; J

er
ra

m
 et

 a
l. 

(2
01

8)
; L

ip
m

an
 

&
 B

an
ks

 (
19

87
); 

N
og

uc
hi

 e
t 

al.
 (

20
06

)P
in

ke
rto

n 
&

 S
pa

rk
s 

(1
97

8)
; S

w
an

so
n et

 a
l. (

19
89

)  

 

S
ke

le
ta

l, 
ho

pp
er

 a
nd

 fo
rk-s

ha
pe

d 
te

xt
ur

es
, m

ai
nl

y 
fo

un
d 

in
 m

ic
ro

lit
es 

H
ig

h 
un

de
rc

oo
lin

g-in
du

ce
d 

cr
ys

ta
lli

sa
tio

n,
 

ra
pi

d 
co

ol
in

g 
C

oi
sh

 &
 T

ay
lo

r 
(1

97
9)

; F
re

y 
&

 L
an

ge
 (

20
11

); 
S

at
o 

(1
99

5)
; 

S
en

 (2
01

4)
; S

he
a 

&
 H

am
m

er
 (2

01
3)  

 



Lormand: Magmatic processes at Tongariro Volcanic  Chapter 3 

 
48 

 

3.2. Crystal Size Distributions 

The theory of Crystal Size Distributions (CSDs), initially developed for chemical 

engineering (Randolph & Larson, 1971), was first applied to geological systems by Marsh 

(1988) after observing a quasi-linear negative trend between the number of crystal per 

unit size and their representative sizes for many lavas. CSDs have become a useful tool 

to infer space- and time-integrated information about plumbing systems such as storage 

and mixing (Gutierrez & Parada, 2010; Magee et al., 2010; Simakin & Bindeman, 2008), 

and detailed eruptive histories of magmas (Hammer et al., 1999; Higgins, 1996b; 

Mangan, 1990). Kinetics extracted from CSDs can also provide identification of crystal 

nucleation and growth mechanisms, determination of magma cooling rates, and thus 

elucidate the timescales of these events (Higgins, 1996b). In addition, information about 

the petrological processes such as crystal accumulation and fractionation in the system 

can be derived. CSDs are a popular tool due to their low acquisition cost and the simplicity 

of the data collection process. CSDs consist of plotting the crystal size L (e.g. crystal 

length in mm) against the population density, which is expressed as log(n(L)), where n(L) 

is the number of crystals per unit length (L) per unit volume of magma (Marsh, 1988). 

The CSD slope can be used to constrain the linear growth rate and the time for crystal 

growth, whereas the intercept on the coordinate axis provides the instantaneous 

nucleation density of zero-sized nuclei. Considering critical nucleation theory, a nucleus 

needs to reach a specific size to be stable, i.e. to avoid shrinking and dissolution rather 

than growth (Dowty, 1980). Three types of CSD shapes can be identified: (1) an 

exponential distribution or a linear CSD (Figure 3.3a) infers a steady-state open system 

(Marsh, 1998a) associated with constant cooling and growth rates (e.g. Fornaciai et al., 

2009; Piochi et al., 2005); linear CSDs were found for several eruptions of Stromboli 

volcano (Armienti et al., 2007); (2) a power-law-type (e.g. Noguchi et al., 2006; 
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Figure 3.3. Shapes of crystal size distributions found in natural and experimental 
samples. (A) Figure 3 of Fornaciai et al. (2009) representing a linear CSD of 
plagioclase from a scoria of the 2002-2003 eruption of Stromboli, Aeolian Islands, 
Italy. (B) Figure 2 of Brugger & Hammer (2010) demonstrating curved-upwards CSD 
of plagioclase formed during decompression experiments of hydrous rhyodacite 
magma at different decompression rates. Downturn at smallest size interpreted as 
intersection artefact.  

A 

B 
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CSDs may be acquired for any type of volcanic samples (lava, scoria, bomb, pumice, 

ash, etc.), and the traditional method involves manual outlining of imaged crystals (e.g. 

Brugger & Hammer, 2010; Higgins, 2000; Jerram et al., 2009; McCanta et al., 2007). 

The dimensions are typically measured with the public software Fiji (i.e. Fiji is just 

ImageJ), which provides long- and short-axes of best fitting ellipse and the area of each 

particle (i.e. crystal) from a binary image in which the crystals have previously been 

outlined. However, the crystal dimensions obtained represent two-dimensional- rather 

than three-dimensional-crystal shapes and are not representative of the natural sample. 

Thus, Higgins (2000) developed a program called CSDCorrections to convert 2D data to 

3D crystal size distributions. This software requires some parameters before generating 

CSDs; the type of measurements (length or width or ellipse major/minor axis or maximum 

length), the type of fabric (massive/lineated/foliated), the roundness factor of the sample, 

the vesicles/voids correction if applicable, the measured area, the shape factors and the 

size scale. Shape factors represent the best fit crystal habits i.e. the short, intermediate, 

and long axes, and need to be estimated. Shape factor determination is facilitated by 

CSDslice, a Excel program developed by Morgan & Jerram (2006): this routine compares 

the input measurements with the database composed of 703 random slices of crystal of 

different shapes and gives the average best fit shape factors of the observed crystal 

population. However, this method assumes that all crystals have the same shape, which 

is highly unlikely because a magma usually contains crystals formed at various degrees 

of undercooling, which affects crystal shapes (Brugger & Hammer, 2010). The number 

of divisions into which one bins data depends on the total number of measurements 

whereas the absolute size range is given by the biggest crystals. Higgins (2000) suggests 

that logarithmic size intervals are the most relevant to use as each bin is ten times larger 

than the previous bin. Also, he stated that 4 to 5 bins per decade generally give a suitable 
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result. He also suggested that if a bin contains less than 5 crystals, it will result in an 

insignificant CSD and thus this bin will need to be removed. If there is a gap in the CSD, 

it might be due either to a lack of data or because the bin is too narrow and has to be 

widened. 

In order to obtain CSDs, crystals have to be outlined as stated earlier. To date, this 

selection has typically been done manually using image processing software such as 

Photoshop and involves laborious and time-consuming lab work (e.g. Berger et al., 2011; 

Hammer et al., 1999; Suzuki & Fujii, 2010). Some work such as the one of Muir et al. 

(2012) provided encouraging results using element maps to select different mineral 

phases automatically, but this method requires significant instrument time. Further, the 

intersection-probability effect defined by the higher probability of a large crystal to 

intersect with a random 2D slice than a small crystal reveals issues when converting 2D 

to 3D measurements (e.g. Royet, 1991; Underwood, 1970). Indeed, as a grain is rarely 

cut through its centre, there is a cut-section effect especially for acicular crystals 

(Peterson, 1996; Sahagian & Proussevitch, 1998). It has been stated that CSDCorrection 

gives less reliable results for acicular crystals due to the wider variability of shape and 

the statistics of sectioning; a minimum of 75 crystal sections is required to obtain a robust 

CSD for circular/prismatic crystals e.g. pyroxene, compared to > 250 crystal sections for 

acicular crystals e.g. needle-like microlites (Higgins, 2000; Morgan & Jerram, 2006). The 

reliability of these results can be predicted when the user inputs the measurements data 

into the CSDslice Excel spreadsheet that provides the level of fit R2 of the crystal 

population habits (Figure 3.4). Previous studies have highlighted limitations and 

disadvantages related to CSDs. First of all, they do not provide information about the 

conduit geometry and depths where magmatic processes revealed by the CSDs occur 

(Melnik et al., 2011). To extract information from CSDs such as the timescales of 
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magmatic events, the slope, the intercept and the growth rate are needed. However, the 

growth rate, which may change from one magmatic system to another or even within a 

system itself, is challenging to constrain and has typically been assumed to be constant 

(Armienti, 2008; Bindeman, 2003; Blundy & Cashman, 2008; Cashman & Marsh, 1988; 

Cashman, 1992; Cashman & McConnell, 2005; Hammer et al., 1999; Piochi et al., 2005; 

Resmini, 2007). Models based on CSDs are thus only applicable to one particular volcanic 

system or to similar edifices; Melnik et al. (2011) have developed a model to image 

volcanic plumbing systems based on CSD interpretations, crystallisation kinetics and 

hydrodynamic flow simulation. This simple model with assumptions is valid for eruptions 

with steady-state magma ascent, but is not applicable to eruptions fed by pulses or to 

products from explosive eruptions.  

 

  

 

Figure 3.4. Figure 4d of Morgan & Jerram (2006) illustrating the level of fit (R2) 
versus the number of crystal slices considered. Note that at least 300 crystals are 
required to obtain confident results for intermediate and acicular shapes. 
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3.3. Growth rate  

The growth rate is an important parameter that elucidates the magmatic processes 

within both the magma chamber and the magmatic conduit. It depends on several 

parameters such as viscosity (e.g. high growth rates in low viscosity melts), magma 

composition (e.g. triggering crystallisation of different mineral phases at different growth 

rates) and can be controlled by several processes such as melt-crystal peritectic reaction, 

removal of latent heat of crystallisation and diffusion in the melt (e.g. Kirkpatrick, 1977) 

or even diffusion of the slowest species in the melt (Toramaru et al., 2008). 

Experimentally, the rate of growth, e.g. for plagioclase, was interpreted to depend on the 

composition of the parental melt, the degree of undercooling and the conditions of 

experiments (Agostini et al., 2013; Cashman, 1993; Conte et al., 2006; Hammer & 

Rutherford, 2002; Muncill & Lasaga, 1988; Orlando et al., 2008; Shea & Hammer, 2013). 

Eberl et al. (2002) have assumed the rate of growth to be proportional to the crystal size. 

This hypothesis has been questioned (e.g. Armienti et al., 1994; Simakin & Bindeman, 

2008) as small crystals can grow as fast as large crystals. However, a study conducted by 

Kile & Eberl (2003), comparing size-dependent and size-independent crystal growth, 

highlighted that these two processes are driven by, respectively, advection in a stirred 

system and diffusion in a non-stirred system and thus can both be applicable to a 

magmatic system. They also conclude their study by stating that advection and size-

dependent crystal growth are the dominant process as it is the most common growth law 

revealed by natural crystal CSDs, which show lognormal distribution.  

Early studies (e.g. Cashman & Blundy, 2000) have used time-averaged growth rates 

following the relation: 

�) 
L
�4�ä�9�Å

�ç
 (1) 
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where L is the crystal dimension (e.g. length) and t the time of growth. Time of growth is 

sometimes assumed to be similar to the time of ascent from the chamber to the surface. 

However, this assumption is controversial because the crystallisation process is not 

necessarily continuous; during their ascent magmas can be stored at several depths (Cichy 

et al., 2011; Erlund et al., 2009; Kuritani, 1999), where conditions of crystallisation (e.g. 

temperature, pressure, surrounding stress field, etc.) may change and where crystallisation 

may intermittently cease (Cashman & Blundy, 2000). 

Growth rates are usually given as ranges or averages because they are challenging to 

determine (Hammer et al., 1999; Preece et al., 2016; Salisbury et al., 2008). Cashman 

(1990) stated that growth rates under variable magmatic conditions generally range 

between 10-12 m s-1 and 10-13 m s-1. However, experiments to simulate ascending magma 

driven by decompression and water exsolution obtained microlite growth rates as fast as 

10-9 m s-1 (Couch et al., 2003; Gardner et al., 1998; Hammer et al., 1999). 

Many studies of CSDs (Bindeman, 2003; Blundy & Cashman, 2008; Cashman & 

Marsh, 1988; Cashman, 1992; Cashman & McConnell, 2005; Lentz & McSween, 2000; 

Piochi et al., 2005; Resmini, 2007; Salisbury et al., 2008) have been interpreted using 

constant crystal growth rates. Several methods have been used to define a crystal growth 

rate such as experimental and computational methods; (1) as stated earlier, using the slope 

and the intercept of a CSD allow the calculation of growth rate in experimental runs, 

where growth times are well-constrained. Armienti et al. (2007) have associated the result 

of this method to a mean or net growth rate due to potential dissolution episodes during 

ascent. Interpreting crystal growth rates from CSDs usually requires a contextual 

consideration; indeed, if crystals are thought to result from a rapid cooling associated with 

water exsolution, a high growth rate may be inferred (Cigolini et al., 2008; Mastrolorenzo 

& Pappalardo, 2006). (2) Experimental methods of in-situ observation of growing crystals 
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by a high degree of undercooling (Viccaro et al., 2010; Zellmer et al., 2016b). More 

recently, a new method for rate of growth for microlites was published (Sano & 

Toramaru, 2017). By identifying micro-scale projection textures next to microlites of 

plagioclase, they have developed a model to estimate growth rate and time of growth from 

the instability theory between melt and crystals to understand the positive correlation of 

the length and the spacing of these needle-like textures. A peritectic reaction between 

olivine and the melt to form microlites of pyroxene has also been used to determine 

growth rate (Zellmer et al., 2016c; Zellmer et al., 2018); by modelling inter-diffusion at 

the olivine rim, they were able to determine the dissolution rate of olivine, which is 

intimately linked to the growth rate of the peritectic pyroxenes. 

3.4. Thermodynamics in magmas 

Commonly, thermodynamics are applied to a system in equilibrium as it allows the 

use of the classical theories of chemical thermodynamics to test, verify or discriminate 

between hypotheses (Ghiorso & Gualda, 2015). Thermodynamics can also be used to 

assess the energy of a system in disequilibrium, which in turn allows the quantification 

of energy needed to reach the equilibrium state, informing about the timescales of the 

system evolution and the rates of chemical reactions. It is common to find volcanic rocks 

with multiple crystal populations that have grown from diverse melts at different times, 

and under a range of temperatures, pressures and water contents (Cooper & Reid, 2003; 

Putirka, 2008; Streck, 2008). Indeed, compositional gradients and disequilibrium textures 

characterise volcanic rocks as magmas stall in the crust under the form of reservoirs that 

experience crustal contamination (e.g. Gómez-Tuena et al., 2003; Jeffery et al., 2013; 

Preston, 2001), magma mixing (e.g. Anderson, 1976; Schleider et al., 2016; Sparks et al., 

1977), and remobilisation of crystal mush from previous intrusions (e.g. Cooper & Kent, 

2014; Girard & Stix, 2009; Zellmer et al., 2003b). However, for simplification and 
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because deviations from equilibrium can be quantified, thermodynamics applied to a 

magmatic system assumes local equilibrium as a reference state (Lesher & Spera, 2015). 

In the case of crystallisation, thermodynamics applied on the system are assumed at 

equilibrium to address the effect of the melt composition, the temperature, the pressure 

and the water content. At equilibrium, the equilibrium constant K accounts for differences 

in the standard Gibbs free energy (also called the free enthalpy) �ûG due to composition, 

and is expressed as follows: 

�Â�) �:�6�á�: �á�2�; 
L �r 
L �Â�*�¹�:�6�; 
F �6�Â�5�¹�:�6�; 
E�4�6�H�J�-
E�ì �Â�8�Í
�¹�:�2�;�@�2

�É
�4   (4) 

where the standard state change in molar enthalpy and entropy for both the crystal and 

the melt are respectively �ûH° and �ûS°, and �û�9ST° is the change in molar volume for the 

reaction at a temperature T and a pressure P.  

To elucidate the conditions under which the crystals grew, to estimate ascent rates, 

and to decipher magmatic and eruptive processes, intensive variables such as temperature, 

pressure and water content are essential to be retrieved. Thermobarometry is used to 

determine the P-T conditions at which the magma and the crystals were in equilibrium, 

crucial to elucidate magma storage conditions and magma ascent processes (e.g. Mollo et 

al., 2013; Putirka & Condit, 2003). Hygrometry based on the equilibrium between a 

mineral-melt pair is a useful tool to estimate the water content at crystallisation and may 

also provide insights into eruptive dynamics upon magma ascent at the onset of explosive 

eruptions. Thermobarometers and hygrometers are based on empirical regression of 

thermodynamically derived expressions. Calibration of these models is done using large 

databases of phase-equilibrium experiments that crystallized the targeted mineral over a 

range of pressures, temperatures, and H2O concentrations. 
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3.4.1. Thermobarometry 

Geothermometers and geobarometers use equilibrium chemical reactions and 

compositional partitioning of elements between coexisting phases (e.g. mineral-melt or 

mineral-mineral pairs) to quantify the magmatic temperature and the pressure at which 

the targeted mineral crystallised. Many thermometers and barometers for volcanic rocks 

are available in the literature and here is a non-exhaustive list: the olivine-ilmenite 

thermometer (Sack & Ghiorso, 1991), the plagioclase-amphibole geothermometer 

(Holland & Blundy, 1994), the olivine- and orthopyroxene-liquid geothermometers of 

Beattie (1993), the Ti-in-quartz thermobarometer and the associated software TitaniQ 

(e.g. Huang & Audétat, 2012; Thomas et al., 2015; Wark & Watson, 2006), Ti-in-zircon 

and Zr-in-rutile geothermometers (Fu et al., 2008; Hayden & Watson, 2007), the sphene 

thermobarometer (Hayden et al., 2008), the Fe-Ti oxide geothermometer (Ghiorso & 

Evans, 2008), the clinopyroxene-liquid thermobarometers (Masotta et al., 2013; Neave 

& Putirka, 2017; Nimis, 1995; Nimis, 1999; Putirka et al., 1996; Putirka et al., 2003). 

Putirka (2008) provides an extensive review and summary of several geothermometers 

and geobarometers: clinopyroxene-liquid, orthopyroxene-liquid, two pyroxene, and 

feldpar-liquid thermobarometers, two feldspar-, olivine- and glass-based 

geothermometers, and a silica activity geobarometer. Although plagioclase is probably 

more sensitive to pressure, temperature and water content of magmatic systems than any 

other mineral phase (Mollo et al., 2011), the relevant growth rate that will be used in 

Chapter 6 to calculate microlite residence time involves the pyroxene phase. The 

orthopyroxene-liquid geothermometer of Beattie (1993) is not ideal at it over-predicts the 

temperature. The clinopyroxene-liquid geobarometer of Nimis (1995) yields anomalously 

low P for high-P experiments, and the geobarometer of Putirka et al. (1996) yields higher 

systematic errors than that of Nimis. The clinopyroxene geothermometer of Nimis & 
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Taylor (2000) is calibrated from a more limited data set than that of Putirka (2008). The 

two-pyroxene thermobarometer of Putirka (2008) cannot be used as the microlite phases 

in the TgVC magmas studied usually contain plagioclase + orthopyroxene ± 

clinopyroxene ± pigeonite, and some tephras contain clinopyroxene instead of 

orthopyroxene ± pigeonite. Hence, the orthopyroxene-liquid thermobarometer, the 

clinopyroxene-liquid geothermometer of Putirka (2008) and the clinopyroxene-liquid 

geobarometer of Neave & Putirka (2017) will be used in this study to determine the P-T 

conditions at which the microlites crystallised.  

Equilibrium between the crystal-melt pair requires to be tested before retrieving the 

T and P outputs. The test is similar to the test proposed by Roeder & Emslie (1970), which 

compares the observed Fe-Mg exchange coefficient (i.e. KD(Fe-Mg)) with that of the 

 

Figure 3.5. The Rhodes diagram presents tests of orthopyroxene- and 
clinopyroxene-melt equilibrium (Rhodes et al., 1979). It is based on 785 
experimental data for orthopyroxene (opx) which yield KD (Fe-Mg)opx-liq = 
0.29±0.06, and based on 1245 experimental observations for clinopyroxene (cpx) 
which yield KD (Fe-Mg)cpx-liq = 0.28±0.08. The blue area is the window where the 
putative pyroxene-melt should plot if in equilibrium. 
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where EnFs stands for enstatite + ferrosilite. The details of the orthopyroxene component 

calculations can be found in Appendix C2. Terms under the form of �: �¿�Ø
�â�ã�ë are the number 

of cations of the element indicated in the phase mineral or liquid (e.g. in this case number 

of cations in Fe in orthopyroxene), calculated on the bases of 6 oxygens. Eq. 28b of 

Putirka (2008) was not used at is only uses the liquid components to calculate the 

temperature for a liquid saturated with orthopyroxene.  

The orthopyroxene-liquid geobarometer that will be used is defined by the Eq. 29a 

of Putirka (2008), because it encompasses a larger number of experiments and a smaller 

systematic error that Eq. 29c. This calibration was derived from 592 hydrous and 

anhydrous experiments and yields a standard error estimate of SEE = ± 2.6 kbar (260 

MPa). It is defined by: 
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where Jd is jadeite and Fm equals to Fe + Mg, which are the orthopyroxene components, 

calculated using the normative procedure outlined in Putirka et al. (2003). The details of 

the clinopyroxene component calculations can be found in Appendix C3 
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The clinopyroxene geothermometer that will be used in this study is defined by the 

Eq. 33 in Putirka (2008), which is based on the Jd-DiHd exchange of 1174 hydrous and 

anhydrous experiments, yielding error estimates of SEE = ± 45 °C. It calibrates the 

temperature as follows: 

�5�4�0

�Í �:�Ä�;

L �y�ä�w�u
F�r�ä�s�v�H�J�H

�Ñ�»�Ï
�Î�Û�ã�Ñ�´�Ì�À

�×�Ô�Ü�Ñ�·�Ø
�×�Ô�Ü

�Ñ�µ�Ô�¹�Ï
�Î�Û�ã �Ñ�¿�Ì

�×�Ô�Ü�Ñ�²�×
�×�Ô�Ü�I
E�r�ä�r�y�Ž�•
k�*�6�1�ß�Ü�ä
o
F �s�v�ä�{�@�: �¼�Ô�È

�ß�Ü�ä �:�Ì�Ü�È�-�ä�1
�ß�Ü�ä�A
F

���������������������������r�ä�r�z�Ž�•
k�: �Í�Ü�È�.
�ß�Ü�ä
o
F�u�ä�x�t
k�: �Ç�Ô�È�,�ä�1

�ß�Ü�ä 
E�: �Ä�È�-�ä�1
�ß�Ü�ä
o
F �s�ä�s
k�/�C�S�ß�Ü�ä
o
F �r�ä�s�z�H�J
k�: �¾�á�¿�æ

�Ö�ã�ë
o
F

�r�ä�r�t�y�2�:�G�>�=�N�;�� (9) 

where DiHd and EnFs are the clinopyroxene components and stand for diopside + 

hedenbergite and enstatite + ferrosilite, respectively, which are calculated using the 

normative procedure outlined in Putirka et al. (2003).  

The clinopyroxene geobarometer of Neave and Putirka (2017) is calibrated from 113 

hydrous and anhydrous experimental data for the 1 atm to 20 kbar range, saturated in 

clinopyroxene ± olivine ± plagioclase ± orthopyroxene ± spinel ± hornblende ± magnetite 

± ilmenite, and the 1-atm experiments included experienced negligible Na loss. The 

standard error estimate associated with this calibration is SEE = ± 1.4 kbar. The 

geobarometer is expressed as follows: 
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 (10) 

Because the temperatures and pressures retrieved from the thermobarometers are 

dependent on H2O, a hygrometer will be used iteratively with the thermobarometers to 

derive internally consistent solutions for P-T-X(H2O).  
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3.4.2. Hygrometry 

When data from melt inclusions are not available, mineral-liquid hygrometers can be 

used to provide an estimation of the water content of the magma. Geohygrometers 

quantify the effect of dissolved water in the liquid on the elemental partitioning between 

the melt and a mineral phase (Ghiorso & Gualda, 2015). Several mineral-melt 

hygrometers applicable to volcanic rocks are available in the literature and encompass the 

following mineral phases: plagioclase (Hamada et al., 2013; Lange et al., 2009; Ushioda 

et al., 2014; Waters & Lange, 2015), amphibole (Ridolfi  et al., 2010), clinopyroxene 

(Perinelli et al., 2016), and Ca-in-olivine (Gavrilenko et al., 2016). Considering that the 

studied TgVC magmas are nearly aphyric, intermediate and contain plagioclase and 

mainly orthopyroxene as crystal phases, a plagioclase-liquid hygrometer will be used for 

this study. The recent plagioclase hygrometer of Lange et al. (2009), which was 

recalibrated, expanded and updated by Waters & Lange (2015) yields a relatively small 

standard error estimate of 0.35 wt%. Besides, this regression is based on 107 anhydrous 

and 107 hydrous phase-equilibrium experiments of basaltic to silicic compositions that 

crystallized plagioclase over a range of pressures (0-350 MPa), temperatures (750-1244 

°C), and H2O concentrations (0-8.3 wt%). The hydrous and anhydrous melts have 

plagioclase concentrations ranging respectively between An17-95 and An51-90. This model 

is based on the crystal-liquid exchange reaction between the components of albite 

(NaAlSi3O8, Ab) and anorthite (CaAl2Si2O8, An).  

CaAl2Si2O8
plagioclase + NaAlSi3O8

liq = CaAl2Si2O8
liq + NaAlSi3O8

plagioclase (11) 

At equilibrium, equation 1 is used with �ûH° and �ûS°, and �û�9ST° being equivalent to the 

difference between the enthalpy, entropy and volume of fusion of pure An and pure Ab. 
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Both the enthalpy and entropy of fusion are temperature dependent and can be calculated 

as follows: 
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Where CP, f, liq and xtl refer to heat capacity, fusion, liquid, and crystal, respectively. 

This plagioclase-liquid hygrometer uses a regression equation to calibrate the water 

content, expressed as: 
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with the terms a, b and di being parameters fitted from the calibration of the experiment, 

and with x, which includes all the standard-state thermodynamics parameters, defined as 

follows: 
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where the terms aAb and aAn are the activities of the anorthite and albite components in the 

liquid (i.e. silicate melt), which are functions of the mole fractions X and the activity 

coefficients 
ž (i.e. ai = 
žx,i  Xi, see more details in Waters & Lange, 2015). The activity 

coefficients for anorthite (CaAl2Si2O8) and albite (NaAlSi3O8) are calculated as follows: 

�: �¼�Ô�º�ß�. �Ì�Ü�. �È�4

�Ü�×�Ø�Ô�ß���ß�Ü�ä 
L �x�v�ä�r
k�: �¼�Ô�È
�ß�Ü�ä 
o��
k�:�º�ß�. �È�/

�ß�Ü�ä
o��
k�:�Ì�Ü�È�.
�ß�Ü�ä
o

�6
  (17) 
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melting, or post-entrapment crystallisation in phenocryst-hosted melt inclusions. 

Computation of equilibrium phase relations for igneous systems using MELTS is 

applicable for wide range of temperature (500-2000 °C) and pressure (0-2 GPa). The 

models associated with the liquid phase were calibrated with low-P equilibrium 

experiments. Mineral phases, however, are calibrated using independent thermodynamic 

data and models. pMELTS is a revised version of MELTS by Ghiorso et al. (2002), 

optimised for mantle-like bulk compositions applicable for temperatures between 1000 

°C and 2500 °C and pressure from 1 to 3 GPa. RhyoliteMELTS was later developed by 

Gualda et al. (2012) to provide models for silicic- and water-rich systems by correcting 

the enthalpies of formation of quartz and the potassic endmember of feldspar (i.e. 

orthoclase). alphaMELTS, previously referred as phMELTS and Adiabat_1ph (Smith & 

Asimow, 2005), adds trace element partitioning and H2O partitioning into nominally 

anhydrous phases.  

The TgVC magmas studied here are intermediate in composition and, according to 

previous studies, seem to be associated with unusually low magmatic water contents (i.e. 

< 1.5 wt%; e.g. Arpa et al., 2017; Deering et al., 2011a; Kilgour et al., 2009). The version 

alphaMELTS 1.9 (from now on referred to as MELTS modelling) will be used as it is 

appropriate for the TgVC magmas. The tephras will be modelled using fractional 

crystallisation, tested over a range of pressures (0.1-800 MPa) and water contents (0-2 

wt%), and in agreement with the range of temperatures retrieved from the 

hygrothermobarometry calculations. Based on agreement with previous studies on TgVC 

(Arpa et al., 2017; Kilgour et al., 2013; Kilgour et al., 2014; Kilgour et al., 2016; Shane 

et al., 2008a), the oxygen fugacity will be buffered at NNO (nickel-nickel-oxide). 
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�x Two tephras from the 1995-1996 eruptions of Ruapehu corresponding to the 12th 

of October 1995 sub-Plinian eruption and the 20th of July 1999 Strombolian 

eruption.  

Sample locations and descriptions are reported in Figure 3.6 and Table 3.2, 

respectively. Te Rato was sampled along the State Highway 46 close to Lake Rotoaira, 

whereas Ohinepango and Wharepu were sampled along the desert road. Mangatawai and 

Tufa Trig were sampled along the desert road and prepared by Anja Moebis during her 

PhD thesis (Moebis, 2010). The 1972-1975 Ngauruhoe and the 1995-1996 Ruapehu 

samples were sampled by GNS Science at the time of the eruptions.  
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Figure 3.6. Sample location map of the tephras selected for this study. This is a shaded 
relief map derived from the 8-m-Digital-Elevation-Model (source: LINZ data). The colour 
gradient corresponds to the elevation variation. Georeference system: NZGD2000/New 
Zealand Transverse Mercator 2000. 
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Table 3.2. Descriptive table of the samples selected for this study. Mangamate (Mm) 
units were sampled and prepared during this study, and described by Donoghue et al. 
(1995). Mangatawai and Tufa Trig units were sampled, prepared and described by Moebis 
(2010). Ngauruhoe and Tufa Trig 19 units were sampled by GNS science, prepared and 
described during this study. Rua, Ng, TL, and SC stand for Ruapehu, Ngauruhoe, Tama 
Lakes and Saddle Cone, respectively. S, sP, V, pm, and P stand for Strombolian, sub-
Plinian, Vulcanian, phreatomagmatic and Plinian, respectively. 

Tephra 
formation 

Tephra 
unit Source  Description Eruptive 

style 
Tufa Trig 
19 

Rua96 Rua 20/07/1996; Dark grey fine ash S 
Rua95 Rua 12/10/1995; Dark grey fine ash sP 

Ngauruhoe  Ng75 Ng 19/02/1975; Dark grey coarse ash and lapilli sP 
Ng74 Ng 24/01/1974; Dark fine ash from the inner cone V 
Ng73 Ng 26/10/1973; Dark greyish brown fine and coarse 

ash 
S-V 

Ng72 Ng 24/03/1972; Dark greyish brown fine and coarse 
ash 

S-V 

Tufa Trig   108-140 
(Tf16) 

Rua Tf16, light grey, fine ash, pocket S-pm 

 
108-139 
(Tf15) 

Rua Tf15, light grey, base coarser and darker S-pm 

 
108-138 
(Tf14) 

Rua Tf14, bluish black, wavy base, fine ash S-pm 

 
108-137 
(Tf13) 

Rua Tf13, black, pockets, discontinuous S-pm 

 
108-131 

(Tf8) 
Rua Tf9, black, medium ash, discontinuous S-pm 

Mangatawai  407-59 Ng Black, vesicles, discontinuous V-sP 
407-56 Ng Black, fine ash V-sP  
407-54 Ng Grey - black, coarser fine sand V-sP  
407-49 Ng Steel grey, silt - fine ash V-sP  
407-47 Ng Black, fine sand, 1 mm round vesicles V-sP  
407-18 Ng Dark grey -black, fine - middle ash, lot leaves V-sP  
407-17 Ng Black, coarse sand, no real boundaries to top and 

bottom pocket 
V-sP 

 
407-16 Ng Dark grey -black, fine - medium ash, lot leaves V-sP  
407-15 Ng Brownish dark grey, lot leaves, fine ash V-sP  
407-14 Ng Black, leaves at the bottom, 26cm elongate 

pocket, normal graded 
V-sP 

Mangamate  Mm-Wh TL Bedded grey fine and very fine lapilli; upper bed: 
dark greyish brown and olive brown lithic and few 

yellowish brown pumice lapilli 

P 

 
Mm-Oh SC Alternance of black and orange lithic-rich coarse 

ash layer 
P 

 
Mm-TR Ng Dark grey coarse ash and lapilli P 

N/A: not available    





Lormand: Magmatic processes at Tongariro Volcanic Centre Chapter 3 

 
73 

 

6000plus desktop SEM at GNS Science Wairakei Research Centre, Taupo, New Zealand, 

using a beam current of 20 nA and an accelerating voltage of 10 kV. 

The ultra-high resolution Cameca IMS-1270 SIMS instrument equipped with a 

Stacked CMOS-type Active Pixel Sensor (SCAPS) of the IIL was used to obtained semi-

quantitative concentration maps for plagioclase crystals. This facility allows the 

visualisation at high magnification of the elemental distribution on the sample surface 

(i.e. isotopography; Yurimoto et al., 2003). An O- primary beam with an accelerating 

voltage of 23 keV was irradiated on the sample surface of 80-100 µm in diameter using 

a 7 nA beam current. Before the analysis, a 20 nA beam current was used on the sample 

surface of the area for ten minutes. Collection of positive secondary ion images of 23Na, 

24Mg, 27Al, 28Si, 39K, 40Ca, 56Fe and 88Sr on the plagioclase surface were retrieved by the 

SCAPS detector, with exposure times of 50, 500, 50, 25, 50, 250 and 500 seconds, 

respectively, yielding a sub-micron spatial resolution for each image. Normalisation of 

the concentration ratio images to a major element such as Si were necessary to 

discriminate elemental zoning and textures of plagioclase crystals. 

Mineral and glass compositions of Mangatawai and Tufa Trig samples were analysed 

using a JEOL JXA-8900R electron microprobe equipped with four wavelength-dispersive 

spectrometers at the Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan. A 2-

µm-defocused beam with a current of 12 nA and an acceleration voltage of 15 kV were 

set for these analyses. Mineral and glass analyses of 1972-1975 Ngauruhoe and 1995-

1996 Ruapehu tephras were performed using a JEOL JXA-8800R electron microprobe 

equipped with four wavelength-dispersive spectrometers at the Graduate School of 

Science, Hokkaido University, Sapporo, Japan. An acceleration voltage of 15 kV was 

used for the analyses. A 10-µm-defocused beam with a current of 7 nA were used for 
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glass, whereas the mineral analyses were performed using a spot beam with a current of 

10 nA for plagioclases, 20 nA for pyroxenes. 
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Table 4.1. Descriptive table of the samples used in this study and their segmentation 
characteristics: crystallinity, mineral assemblages, and the duration of segmentation, the 
number of crystals segmented and the best-fit crystal habit with level of fit for both 
manual and automatic (i.e., TWS) segmentations. 
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morphological parameters of the crystals (i.e., long- and short-axes of best fitting ellipse 

for each microlite) are required and are obtained automatically from the binary image 

using ImageJ. CSDCorrections also requires the best-fit crystal habits (i.e., aspect ratios 

of the crystal population; Figure 4.1, step 6), which can be retrieved using the Excel 

database CSDslice developed by Morgan & Jerram (2006) (Figure 4.1, step 7) which 

compares the input crystal population with 703 discrete crystal habits. Each crystal habit 

was randomly sectioned 10,000 times to produce highly representative 2D shape curves. 

However, for acicular shapes, that display a wide variety of aspect ratios, CSDslice tends 

to result in less reliable crystal shape habits due to the statistics of sectioning a crystal 

through its center, resulting in a lower level of fit (R2). Indeed, if the 3D shape of the 

crystal is tabular then a minimum sample size of 75 crystals can be shown to obtain an 

accurate estimate of 3D shape. However, where the shape tends to acicular, at least 200-

300 measurements are required to estimate the 3D shape accurately (Morgan & Jerram, 

2006). This value (200-300) is similar to that obtained by Mock & Jerram (2005), as the 

minimum number of crystals that need to be measured to accurately produce a true 3D 

CSD from 2D measurements based on a known 3D distribution. Finally, the length 

measurements, the area of the sample, and the best-fit crystal habits can be implemented 

into CSDCorrections to generate the CSD curve (Figure 4.1, step 8). 
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calculated manually and therefore can be used to elucidate residence time of the crystals 

if the growth rate is constrained (e.g. Higgins & Roberge, 2007; Marsh, 1988; Muir et al., 

2012).  

The image resolution used for acquisition (i.e., intermediate resolution with the 

desktop SEM and high resolution with the FE-SEM) does not affect the aspect ratio and 

the CSD shape. The best fit of the manual CSD curve and the best level of fit for the 

pyroxene population of the Mangatawai glass shard are obtained with the segmented 

image acquired with the desktop-SEM as the lower resolution tends to homogenise 

chemical gradients in the phases (e.g. poor contrast of chemical zonation so less variation 

of the greyscale within one crystal, poor contrast of variations of melt boundary layer 

around the crystals, etc.). However, due to the lower resolution, the CSD curve resulting 

from the image acquired with the desktop SEM is not affected by the downturn at smaller 

size, previously interpreted as an artefact due to image resolution (Hammer et al., 1999; 

Vona & Romano, 2013). The downturn is likely to be due to the intersection probability 

effect when converting 2D to 3D measurements (Brugger & Hammer, 2010; Cashman & 

McConnell, 2005) or due to a lack of late crystallisation resulting from quenching 

(Armienti et al., 2007). 

Analyses of CSDs provide essential information about the kinetics, magmatic 

histories and timing of eruptive processes. The potential time-consuming aspect of this 

robust method has to date been its major drawback. This study offers an adequate semi-

automated tool for crystal shape and CSD generation. Indeed, TWS provides a fast-

computing segmentation that will save a tremendous amount of time to the user. It can be 

used to outline phenocrysts or microlites from glass-rich to medium-crystalline samples 

(e.g. volcanic glass shards) and can produce crystal habit information with little additional 

image editing. With some additional manual image processing, good CSD analysis is also 
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realised, highlighting the potential value of TWS in speeding up the image preparation 

stage prior to image analysis and quantification of the crystal population.
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Abstract 

Crystal cargos transported by arc magmas upon eruption often consist of complexly zoned 

phenocrysts with diverse histories. While these crystals record the early stage of magma 

formation and evolution, they are not ideal recorders of ascent processes, which are the 

keys to useful constraints for adequate volcano monitoring. Conversely, microlites and 

micro-phenocrysts, frequently associated with decompression-induced degassing or 

cooling, are relevant recorders of late-stage ascent processes. Our study focusses on the 

active Tongariro Volcanic Centre (TgVC), located at the southern end of the Taupo 

Volcanic Zone; an active volcanic complex that has produced a wide range of explosive 

eruption styles fed by intermediate magmas. Scoriae from these volcanoes contain glassy 

and nearly-aphyric tephras, carrying microlites of plagioclase and pyroxene (mostly 

orthopyroxene). Major element analyses, combined with textural information, are used to 

assess equilibrium between the microlites/micro-phenocrysts and the groundmass glass. 

Chemical disequilibrium of some plagioclase and pyroxene crystals with the surrounding 

glass is common in most tephras. To investigate this further, we mapped plagioclase and 

pyroxene phenocrysts, micro-phenocrysts and microlites at submicron resolution for 

major and trace element distributions via chemical mapping and SIMS-SCAPS imaging. 

From a total of 105 images, six plagioclase textural patterns are noted: resorption and 

overgrowth, oscillatory zoning, single compositional jump, sieve textures, fractures, and 

strontium zonation; while in pyroxene microlites the following textures are found: 

resorption and overgrowth, calcium-rich rims, magnesian core and calcic rims, fractures, 

and aluminium zonation. Microlite textures are observed down to <30 µm in most tephras 

from TgVC, and interpreted in the context of an interplay of magmatic processes 

involving multiple events of magma recharge/mixing, pressure fluctuations, fracturing, 

and rapid cooling and crystal growth. Since TgVC is located in an extensional tectonic 
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5.1. Introduction 

5.1.1. Magmatic processes 

To better understand the processes driving volcanic unrest, geophysical and 

geochemical tools as well as field observations are used to build a greater understanging 

of the magmatic system beneath a restless volcano. Volcano monitoring employs a wide 

range of techniques with a wide array of data streams, including deformation (e.g., Nakao 

et al., 2013; Ueda et al., 2005), remote sensing (e.g., Burton et al., 2000; Meyer et al., 

2015) and seismicity (e.g., Dawson et al., 2004; Kim et al., 2018). Real time data are 

interpreted in the context of magmatic processes and eruptive behaviour recorded in past 

eruptive products, including isotopic investigations (Sosa-Ceballos et al., 2014; Zellmer 

et al., 2014a), petrological descriptions (e.g., Jerram et al., 2018; Saubin et al., 2016), 

melt inclusion analyses (e.g., Kilgour et al., 2013; Roberge et al., 2014), and 

interpretation of deposits (e.g., Donoghue et al., 1995; Geoffroy et al., 2018; Hamilton et 

al., 2017). For instance, magma mixing, regarded as a frequent eruption trigger, is 

commonly interpreted from a wide range of methodologies and can be observed at 

different scales using detailed petrological analyses; indeed, first observed in hand 

specimen of rocks as a sharp contact between two magma types (e.g., Lai et al., 2008; 

Walker & Skelhorn, 1966; Wiesmaier et al., 2011), magma mixing is also observed and 

interpreted at the crystal scale (e.g., Coombs & Gardner, 2004; Schleider et al., 2016). 

Mineral textures and compositions can not only record magma mixing/recharge, but also 

changes in pressure and temperature that occur during the final stage of magma ascent to 

eruption (e.g., Coote & Shane, 2016; Ginibre et al., 2002; Sparks et al., 1977).  

Many models of magmatic plumbing systems have been presented to explain the 

complexity of crystal cargos. Single magma reservoir (Costa et al., 2009a; Wilson et al., 

2003), layered magma chambers (Civetta et al., 1991), and multiple interconnected small 
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storage regions (Hobden et al., 1999; Longpré et al., 2009; Ubide & Kamber, 2018) have 

all been envisioned as potential architectures of magmatic plumbing systems, which may 

be fed from a single source (Bennett et al., 2019b; Kahl et al., 2011) or multiple sources 

(Annen et al., 2006). Within a single pyroclast or lava fragment, crystal cargos are often 

composed of multiple crystal textures with differing histories and ages. Such diversity 

has led to the identification of long-lived crystal mush zones (Bach et al., 2012; Gregg & 

Smith, 2003; Pyle et al., 1988; Smith & Lofgren, 1982). The mush model contends that 

the magma reservoir consists of a high crystal content with small volumes of interstitial 

melt, where crystals accumulate and continue to grow and diffusively equilibrate (e.g., 

Allan et al., 2013; Bachmann & Bergantz 2003; Bachmann & Bergantz, 2006; Costa et 

al., 2010; Nakamura, 1995). Crystals may come from different intrusions and may 

develop various textures depending on their local environment and location within the 

crystal mush body. Because they typically reach high packing fractions, crystal mushes 

are difficult to mobilise (Marsh, 1981). However, mush fragments can be erupted when 

entrained by a percolating magma batch, moving upwards towards shallower levels and 

eventually reaching the surface upon eruption (Cashman et al., 2017). Hence, crystals that 

reach the surface provide a partial but rich window into the textures that can develop 

within a magma reservoir at depth (e.g. Jerram & Martin, 2008; Salisbury et al., 2008).  

5.1.2. Crystal textures 

The investigation of crystal textures is one of the key analyses done on natural rock 

samples, because crystals record the magmatic processes and the history of the magma in 

which they grew (e.g., Agostini et al., 2013; Allan et al., 2013; Couch et al., 2003; 

Hammer & Rutherford, 2002; Riker et al., 2015; Sano & Toramaru, 2017; Simakin & 

Bindeman, 2008; Wright et al., 2012; Zellmer et al., 2016b). From their storage to 

eruption, crystals record the varying conditions that surrounded them such as the intrusion 
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of a compositionally distinct magma (Clynne, 1999; Koyaguchi, 1986; Rae et al., 2016; 

Schleider et al., 2016; Snyder, 1997; Sparks et al., 1977), pressure and temperature 

fluctuations (Coote & Shane, 2016; Métrich et al., 2001; Nelson & Montana, 1992; 

Woods & Bower, 1995), cooling rate (Gibb, 1974; Kirkpatrick et al., 1983; Pankhurst et 

al., 2018; Toramaru, 1991), degassing (Cashman & Blundy, 2000; Giuffrida et al., 2017; 

Hammer et al., 1999; Lindoo et al., 2017; Stevenson & Blake, 1998), late-stage volatile 

saturation (e.g., Stock et al., 2016a; Zellmer et al., 2015a), and initial conditions of 

magma ascent and growth kinetics (e.g. rapid growth, high/low undercooling; Lasaga, 

1982; Muncill & Lasaga, 1988; Sparks, 1978; Zellmer et al., 2016b).  

Disequilibrium textures such as sieve, resorption and dissolution are common in 

volcanic crystals and have previously been attributed to pressure and temperature 

fluctuations (e.g. Cashman & Blundy, 2000; Nelson & Montana, 1992), magma 

mixing/recharge (Agostini et al., 2013; Bennett et al., 2019b; Cassidy et al., 2018; 

Crummy et al., 2014; Hobden et al., 2002; Shane et al., 2017; Tost et al., 2016),  and 

recycling of old crystals (Armienti et al., 2007). Oscillatory zoning has been associated 

with growth kinetics such as high degree of undercooling and thus rapid crystal growth 

(Ginibre et al., 2002; L'Heureux & Fowler, 1994; L'Heureux & Fowler, 1996) and may 

also reflect fluctuations of the intensive parameters in the magma reservoir such as 

pressure and temperature (Cashman & Blundy, 2000; Holten et al., 1997; Wilkinson & 

Johnston, 1996). Other causes such as temporal variations in the melt compositions (e.g., 

Chen et al., 2015), variations in growth rate (e.g., Halden & Hawthorne, 1993) and 

diffusion-induced chemical gradients between the melt and the mineral (e.g., Grove et al., 

1984; Higman & Pearce, 1993; Hills, 1936) have also been suggested to explain 

oscillatory zoning.  
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Numerical modelling of magmatic processes using crystal textures has become a 

powerful tool to constrain timescales and to access the kinetics of magmatic plumbing 

systems (e.g., Blundy & Cashman, 2008; Bradshaw & Kent, 2017; Chakraborty, 1997; 

Chakraborty, 2008; Cooper et al., 2017; Cooper et al., 2016). Elemental diffusion in 

crystals, which can be modelled using known diffusion coefficients combined with 

gradient profiles across crystals has been studied for a range of elements and minerals, 

such as Fe-Mg, Ni, H and Ca in olivine, (Chakraborty, 2010; Demouchy et al., 2006; 

Dohmen & Chakraborty, 2007; Mackwell & Kohlstedt, 1990; Shea et al., 2015), Mg, Sr, 

Ba and Li in plagioclase (Cherniak & Watson, 1994; Costa et al., 2003; Giletti & 

Shanahan, 1997; Liu & Yund, 1992; Morse, 1984; Zellmer et al., 1999), Pb, U and Th in 

zircon (Cherniak et al., 1997; Lee et al., 1997), and Fe-Mg and Pb in pyroxene (Cherniak, 

1998; Cherniak & Dimanov, 2010; Flaherty et al., 2016; Krimer & Costa, 2017; Petrone 

et al., 2016). The modelling of diffusion is referred to as geospeedometry if used to 

constrain timescales such as crystal residence time (e.g., Costa et al., 2003; Morgan et al., 

2004; Morgan & Blake, 2006; Zellmer et al., 1999), ascent rate (e.g., Demouchy et al., 

2006; Humphreys et al., 2008) and cooling rate (e.g., Grove et al., 1984). Modelling 

diffusion in crystals has provided essential constraints on geochemical kinetics (Dohmen 

& Chakraborty, 2007; Kile & Eberl, 2003; Shea et al., 2015), and magma plumbing 

systems (Morgan et al., 2004; Morgan & Blake, 2006; Nakamura, 1995).  

5.1.3. Crystal sizes and origins 

Image resolution of volcanic rocks is continually increasing, allowing the 

observation of ever smaller-scale heterogeneities. Magmatic crystals can be classified 

into phenocrysts, micro-phenocrysts and microlites, depending on size and/or genesis. At 

first glance, crystal populations can be distinguished by their size, with microlites usually 

not larger than 100 µm (e.g., < 30 µm in Castro & Mercer, 2004; < 50 µm in McCanta et 
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respectively in Auer et al. 2015; e.g., Nairn et al., 1998; Nakagawa et al., 1998), the 1.7-

3.5 ka BP Strombolian to Vulcanian eruptions of the Mangatawai Formation (Donoghue 

et al., 1995; Donoghue & Neall, 1996), the 0-1.7 ka BP Strombolian to sub-Plinian 

eruptions of the Tufa Trig Formation (Donoghue et al., 1997), the 1972-1975 Strombolian 

to Vulcanian eruptions of the Ngauruhoe Formations (Nairn & Self, 1978; Self, 1975) 

and the 1995-1996 sub-Plinian eruptions of Ruapehu (i.e., referred here as Rua95 and 

Rua96, also referred as Tf 19 in Auer et al,. 2015). These deposits represent a broad range 

of eruption sizes ranging from Strombolian to Plinian and originating from different vents 

of the Tongariro Volcanic Centre. Tephras sampleswere sieved wet and dried in the oven. 

Glass shards ranging between 500 µm and 250 µm in diameter were handpicked and 

mounted into epoxy plugs. Microlites and micro-phenocrysts for all these tephras are 

mostly plagioclases and pyroxenes (mostly orthopyroxene, subordinate clinopyroxene 

and/or pigeonite). 

5.3.2. Mineral and glass major element analysis and equilibrium 

Major element compositions of microlites, micro-phenocrysts and groundmass glass 

were analysed to assess equilibrium between the melts and the minerals. Mangatawai and 

Tufa Trig tephras were analysed at the Institute of Earth Sciences, Academia Sinica, 

Taipei, Taiwan, using a JEOL JXA-8900R electron microprobe equipped with four 

wavelength-dispersive spectrometers. These analyses were performed with an 

acceleration voltage of 15 kV and a 2-µm-defocused beam with a current of 12 nA. 

Tephras from the 1972-1975 Ngauruhoe and the 1995-1996 Ruapehu eruptions were 

analysed at the Graduate School of Science, Hokkaido University, Sapporo, Japan, using 

a JEOL JXA-8800R electron microprobe equipped with four wavelength-dispersive 

spectrometers. The analyses were performed using an acceleration voltage of 15 kV and 

a 10-µm-defocused beam with a current of 7 nA for glass, whereas the mineral analyses 
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were performed using a spot beam with a current of 10 nA for plagioclases, 20 nA for 

pyroxenes. Glass and mineral compositions were not measured for the Mangamate 

eruptive sequence. Plagioclase-liquid equilibria were assessed based on the experimental 

calibration of the plagioclase hygrometer of Waters and Lange (2015), valid for 

intermediate magmas. Pyroxene-liquid equilibria were assessed using the Fe-Mg 

exchange coefficient determined by Putirka (2008) for both orthopyroxene [Kd(Fe-

Mg)opx-liq = 0.29 ± 0.06] and clinopyroxene [Kd(Fe-Mg)cpx-liq = 0.28 ± 0.08]. Each mineral 

analysis is paired and tested with all glass compositions analysed in the same tephra. 

5.3.3. Tephra imaging 

5.3.3.1. Scanning Electron Microscopy (SEM)   

Back-scattered electron (BSE) images were obtained for all the tephras (see examples 

in Figure 5.1) using either (1) the Field Emission Scanning Electron Microscope (FE-

SEM; JEOL JSM-7000F) of the Isotope Imaging Laboratory (IIL) of Hokkaido 

University in Sapporo, Japan; (2) the Environmental-SEM (FEI Quanta 200) of Massey 

University in Palmerston North, New Zealand; or (3) the JEOL NEOSCOPE 6000plus 

desktop SEM of GNS Science Wairakei Research Centre in Taupo, New Zealand. BSE 

images were used to gain an overview of the sample textures and to select regions of 

interests for further imaging/analysis. At IIL, SEM elemental maps of pyroxene 

microlites to micro-phenocrysts were obtained for Al, Ca, Cr, Fe, Mg, Na, K, Si and Ti.  
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Figure 5.1. Typical back-scattered electron images of the tephras from the Tongariro 
Volcanic Centre of this study: Mangamate, Mangatawai, Tufa Trig, Ngauruhoe 1972-1975 
and Ruapehu 1995-1996. The Mangamate image was captured using the FE-SEM JEOL JSM-
7000F of the Isotope Imaging Laboratory at Hokkaido University, Japan. Mangatawai and 
Tufa Trig images were captured using the Environmental-SEM (FEI Quanta 200) of Massey 
University in Palmerston North, New Zealand. Ngauruhoe and Ruapehu images were 
captured using the JEOL NEOSCOPE 6000plus desktop SEM of GNS Science Wairakei 
Research Centre in Taupo, New Zealand. Ox, plg, px, mph, ph and gl stand for oxide, 
plagioclase, pyroxene, micro-phenocryst, phenocryst and glass, respectively. 
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