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Abstract 

 Tarawera volcano formed during four intra-caldera rhyolite eruptive episodes in the 

Okataina Volcanic Centre (OVC), New Zealand, at 21.9, 17.7, 13.7, and 0.7 ka that were all 

triggered by basalt intrusion. Most of the episodes involved at least two distinct magma types 

that were erupted from the same conduit. New SIMS 238U-230Th disequilibrium dating and 

trace element analyses (U, Th, Y, Hf, Ce, Ti) of individual zircon crystals provide insight to 

the timescales of silicic magma system processes. 

 Zircon geochronology reveals protracted yet disparate crystallisation histories in all of 

the erupted magmas. Rim analyses on unpolished crystal faces were performed to minimise 

the overlap of the ion beam onto different age zones. This documents the last stage of crystal 

growth. Zircon crystallisation frequently stopped long before eruption (1->100 ka). Interior 

analyses (>200 ka in some crystals) suggest a minimum onset of crystallisation long before 

the formation of the volcano. Continuous age depth profiling from the crystal rims inward 

reveals both uninterrupted and intermittent crystallisation over protracted periods of up to 

~114 ka. Hiatuses in growth of up to ~40 ka in some crystals are asynchronous between 

different zircons, even from the same lava block, and imply contemporaneous crystal growth 

and stagnation in different parts of the system. In addition, age-correlated compositional 

depth profiles indicate contemporaneous but contrasting zircon compositional histories and 

Ti-in-zircon temperatures (~650-850 °C).  

 All of these features require heterogeneous crystallisation conditions as well as 

significant crystal transport and mixing prior to eruption. Transport and mixing could be the 

result of buoyancy instabilities and overturn caused by mafic intrusions. Spatially 

heterogeneous freeze-thaw cycles could explain the co-existence of high (~75-95 %) and low 

degrees of crystallinity in the mush inferred from fractional crystallisation modelling of U, Th, 

and Th/U. The continuity of zircon growth throughout the eruptions from Tarawera and even 

the ~45 ka OVC caldera-forming event suggest a decoupling between the crystallisation state 

of the magma system and eruption triggers such as tectonism and mafic intrusion. This 

highlights the need to distinguish between the longevity of the magmatic system and the time 

for accumulation of eruptible magma when investigating the timescales of rhyolite magma 

residence in the crust. 
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Chapter 1 ‐ Introduction 

   

 The investigation and understanding of silicic magma system processes is important for 

two major reasons: 

 (1) Silicic volcanic eruptions account for some of the largest explosive eruptions (101-103 

km3 of magma) in Earth’s history, and future events could have a catastrophic impact on 

humans on a regional and global scale (e.g., Miller and Wark, 2008). Therefore, it is 

important to unravel the processes operating in silicic magma systems and quantify the rates 

of silicic magma formation, its residence time in the crust, and the conditions that lead to 

eruption. This information is essential for modelling future events and improving hazard 

assessment. 

 (2) Silicic magmatism is a fundamental process in the evolution of the lithosphere (e.g., 

Bachmann et al., 2007b; Lipman, 2007). To understand the formation of the continental crust, 

knowledge about the origin of silicic magmas is required. However, the physical nature of 

shallow crustal magma reservoirs and their longevity remain debated. Regarding the still 

incomplete understanding of processes and controls on silicic magma systems, three major 

questions arise: (1) Which are the dominant processes during melt differentiation: fractional 

crystallisation of more primitive mantle-derived magmas (possibly accompanied by some 

crustal assimilation) or partial melting of country rock?; (2) What are the timescales of 

magma differentiation and crystal-melt segregation? Do large silicic bodies (~10 to >100 km3) 

evolve via fractional crystallization from melt-dominated reservoirs that reside over periods 

of 106 ka (e.g., Fowler and Spera, 2010), or is eruptible magma generated on shorter 

timescales (104-105 ka) (e.g., Bachmann and Bergantz, 2004; Charlier et al., 2005; Reid, 2008; 

Wilson and Charlier, 2009; Charlier and Wilson, 2010)?; and (3) Are silicic magma systems 
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long-lived, predominantly molten bodies that episodically erupt and expel all magma 

contained in the chamber in a single event, or are they transient and continuously growing 

through periodic rejuvenation and recycling of crystal mush (Bachmann et al., 2007b)? 

 

 

1.1 Aims and significance of the project 

 The aim of this project is to elucidate the timescales of silicic magma system processes 

such as generation, differentiation, and accumulation of melts by examining rhyolites at 

Tarawera volcano, New Zealand through 238U-232Th disequilibrium geochronology and trace 

element analyses of zircon.  

 Intra-caldera rhyolites erupted from the frequently active Tarawera volcano within the 

Okataina Volcanic Centre, in the Taupo Volcanic Zone, New Zealand (Nairn, 2002; Fig. 2.1), 

provide an excellent opportunity to investigate the evolution of the magma system because 

their well-constrained ages (Lowe et al., 2008; Molloy et al., 2009) allow for a temporal 

resolution of volcanism rarely available at other centres. Their youthful age permits high 

resolution dating. Four rhyolite eruptions have occurred in the last 22 ka, all triggered by 

basalt intrusion (e.g., Shane et al., 2008b). The timing of each event (and hence the associated 

repose periods of ~4-13 ka) is accurately and precisely known with an uncertainty of just tens 

to a few hundred years via 14C dating and tephrostratigraphy (Lowe et al., 2008; Molloy et al., 

2009). The four eruptions are: Kaharoa (636 ± 12 cal. yr BP), Waiohau (13635 ± 165 cal. yr 

BP), Rerewhakaaitu (17625 ± 425 cal. yr BP), and Okareka (21992 ± 317 cal. yr BP). 

Furthermore, their stratigraphy, petrology, and geochemistry are well established (e.g., Nairn, 

2002; Speed et al., 2002; Shane et al., 2007; 2008a; 2008b). Although some limited U-Th 

work has been done on zircons from Kaharoa (Klemetti et al., 2011), this study is the first 
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attempt to apply U-Th methods to all of Tarawera’s eruption deposits, a technique that is 

unique in constraining the absolute temporal dimension of magma evolution. Previous studies 

on whole rock, glass, and major minerals of Tarawera rhyolites have shown that, in most of 

the eruptive events, two or three distinct magma types were erupted contemporaneously from 

the same or adjacent vents (e.g., Nairn et al., 2004; Shane et al., 2007; Shane et al., 2008a). 

The authors suggest that semi-isolated melt batches existed in relatively close proximity at 

the time of eruption. In this study, crystallisation histories of zircons from the different 

magma types are used to investigate the conditions in the magma system over tens to 

hundreds of thousands of years before eruption. A major aim is to determine whether the co-

erupted magma types had separate crystallisation histories on the 103-104 yr timescale. This 

will provide insight to the extent of heterogeneity of the magma system and to chemical and 

thermal changes over time, and to whether the crystallisation state is related to the eruption 

condition. 

 Zircon, a common accessory mineral in crustal rocks, is an ideal chemical recorder of 

magmatic processes because of its high partitioning for a variety of geochemically and 

geochronologically useful elements (e.g., U, Th, Hf). Other cations in zircon such as Ti are 

incompatible and present in trace amounts. Ti has been calibrated as a thermometer (Ferry 

and Watson, 2007). All of these elements are highly-charged cations with slow elemental 

diffusion rates at magmatic temperatures (Cherniak et al., 1997). Therefore, zircon preserves 

geochemical and temporal information from the time of crystallisation and records changes in 

pre-eruption conditions over tens of thousands to hundreds of thousands of years (e.g., Brown 

and Fletcher, 1999; Reid, 2008). 

 238U-230Th dating (e.g., Cooper and Reid, 2008; review by Schmitt, 2011), in particular, 

through Secondary Ion Mass Spectrometry (SIMS) ion probe studies, allows the age 

determination of single crystals or domains within crystals at µm3 scales. Most previous 
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zircon studies, including those at Okataina (Charlier et al., 2003; Charlier and Wilson, 2010; 

Klemetti et al., 2011), have used sectioned crystals where the width of the ion beam (~10-20 

m) can overlap more than one age domain. Thus, even ‘rim’ analyses on sectioned crystals 

can represent a considerable percentage of crystal growth before eruption, resulting in mixed 

ages biased towards ages older than the true rim age (e.g., Schmitt et al., 2010a). In this study, 

unpolished crystal faces were analysed where the width of the ion beam is parallel to growth 

zoning (e.g., Reid and Coath, 2000). This partly alleviates the problem of potentially 

undetected late-stage zircon growth. Furthermore, the continuity of crystal growth prior to 

eruption is determined by age-depth profiling via excavation of a pit toward the crystal 

interior (e.g., Reid, 2008; Schmitt et al., 2010a). Investigation of uninterrupted or intermittent 

growth histories provides information about the longevity of magmatic conditions suitable for 

zircon crystallisation or crystal recycling from sub-solidus conditions. The timing of growth 

hiatuses in crystals (i.e. whether hiatuses are synchronous or asynchronous) can provide 

insight to the scale of heterogeneity of the system, and the extent of cooling periods or 

thermal events. Furthermore, knowledge of the continuity of crystal growth and termination 

of growth together with well-constrained eruption ages allow assessment of the relationship 

between crystallisation and eruption.  

 A general problem in many previous studies is that analytical constraints precluded the 

determination of the latest stage of growth and the continuity of growth (e.g., Charlier and 

Wilson, 2010; Claiborne et al., 2010a). In addition, the age of many Quaternary eruptions is 

commonly only known with an uncertainty of 103-104 ka, the same order of magnitude as the 

duration of zircon crystallization in some events (e.g., Yellowstone, Bindeman et al., 2001; 

Bishop Tuff, Crowley et al., 2007). In this study, the well-constrained eruption ages of the 

Tarawera rhyolites (see above) together with the analysis of zircon crystal face ages and 

continuous depth profiles allow the investigation of crystallisation-eruption relationships at 
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high temporal resolution (up to ~1 ka; average = ~8 ka; generally higher resolution for 

younger crystals). Analyses of opposite crystal faces of a single zircon provide a test for the 

uniformity of elemental and isotopic distribution at the crystal’s surface. 

 A direct link between volcanic and plutonic eruption products has been suggested for 

several magma systems based on geochemistry and zircon geochronology (e.g., Bacon et al., 

1994; Bacon et al., 2000; Bacon and Lowenstern, 2005; Bachmann et al., 2007a; Bachmann 

et al., 2007b; Schmitt et al., 2010a). However, in some magma systems volcanic and plutonic 

rocks seem to be genetically unrelated (Charlier et al., 2003; Nairn et al., 2004), even though 

zircon age spectra indicate similar crystallisation histories (Charlier et al., 2003). Granitoids 

ejected during the 0.7 ka Kaharoa eruption at Tarawera volcano have been shown to be 

geochemically and mineralogically distinct from co-erupted rhyolites (Nairn et al., 2004). 

This indicates that the granitoids do not represent residues of non-erupted rhyolitic magma 

from that event. To investigate whether granitoids and rhyolites were contemporaneous and 

experienced similar evolution histories, zircon age spectra of both rock types will be 

compared in this study. 

 Trace element analyses of zircon can provide information about the conditions under 

which the crystals grew and the processes that led to crystallisation (e.g., Reid et al., 2011). 

Zircon chemistry can be used to investigate whether the magma system underwent fractional 

crystallisation from a single source, or if crystals grew from diverse melts under different 

thermal conditions. The correlation between compositional and age data allows the 

investigation of chemical evolution of the magma over time. Previous studies used trace 

element spot analyses combined with age information from different locations to detect 

compositional changes in zircon over time (e.g., Claiborne et al., 2006). However, the 

separateness of the spot analyses could result in an incomplete record of the crystallisation 

history. Klemetti et al. (2011) carried out closely spaced trace element analyses across 
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sectioned zircon crystals from the youngest (Kaharoa) eruption at Tarawera volcano, and 

attempted to correlate them with modelled crystallisation ages. Ages through the crystals 

from interior to rim were estimated assuming that crystals grew constantly without 

interruption up to eruption. The problem with this approach is that this fundamental 

assumption has not been borne out in other magma systems (e.g., Schmitt et al., 2010a). In an 

alternative approach, trace element depth profiling is used here to provide a continuous 

record of zircon growth conditions (e.g., Reid et al., 2011). This thesis is the first study that 

performs continuous trace element depth profiling on zircon crystals and correlates the 

compositional data with age depth profiling data to unravel the magmatic evolution at a semi-

continuous temporal resolution. Comparison of element trends such as those exhibited by Hf 

and Ti in the same crystal allows for a more precise definition of magmatic processes, for 

example, whether crystallisation occurred during cooling or heating. Furthermore, linking 

zircon composition to age and comparing contemporaneous growth zones in crystals from the 

same sample as well as from different magma types makes it possible to constrain the scale of 

heterogeneity of the Tarawera magma system as well as detect system-wide crystallisation or 

thermal events, if present. 

 

 In order to fulfil the overarching aim of this project to elucidate the crystallisation history 

of rhyolite magmas at Tarawera, the following specific questions will be addressed: 

 Do different magma types at Tarawera have distinct zircon age spectra and 

compositions? 

 How long before eruption did zircons start to grow, and did they grow up to eruption? 

 Do zircons grow continuously or intermittently, and if they grow intermittently, are 

the hiatuses synchronous? 

 Are ages and compositions on opposite faces of a single crystal different? 
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 Are zircon age spectra of rhyolites and granitoids similar? 

 Do compositions within a single zircon crystal change over time, and are there general 

compositional trends in zircons over certain periods of times? 

 Do compositions or compositional trends change around age hiatuses? 

 

 

1.2 Thesis structure 

 The thesis provides a literature review of the current models of silicic magma system 

processes and U-series dating, and presents data from a detailed geochronological and 

geochemical case study for Tarawera volcano. These findings are discussed in the context of 

their relevance to the process of silicic magma generation. 

►  Chapter 1 – Introduction states the rationale behind the study and the significance of the 

research. It explains how the geochronological and geochemical investigations of zircon 

crystals from Tarawera rhyolites can contribute to questions pertaining to rhyolite magma 

genesis. The chapter provides a background to silicic magmatism with the focus on the 

current understanding of the processes occurring within silicic magma systems from 

rhyolitic melt generation to storage in the crust and magmatic timescales. A background to 

zircon characteristics and U-series chronology introduces U-Th disequilibrium dating of 

zircon and gives a brief overview of previous work undertaken to investigate timescales of 

magmatic processes. This section also describes the physical and chemical characteristics 

of zircon and explains the Ti-in-zircon thermometer.  

► Chapter 2 – Geological background outlines the geological setting and provides a brief 

description of the deposits relevant for this study. 
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► Chapter 3 – Methods describes the techniques and equipment used to collect and analyse 

the data. 

► Chapter 4 – U-Th zircon geochronology presents new results from U-Th disequilibrium 

dating of zircons from Tarawera volcano. The data has been partly published in Storm et 

al. (2011, 2012) and Shane et al. (2012). 

► Chapter 5 – Zircon geochemistry presents new results from trace element analyses of 

zircons from Tarawera volcano. 

► Chapter 6 – Discussion of the zircon age and compositional data discusses the 

implications of the U-Th zircon ages and trace element variations in individual crystals. 

Furthermore, it provides a critical discussion about the Ti-in-zircon thermometer. The data 

has been partly published in Storm et al. (2011, 2012). 

► Chapter 7 – Synthesis: A perspective on the Tarawera magma system discusses new 

insights to the heterogeneity of silicic magma systems and suggests a model for rhyolite 

magma evolution at Tarawera volcano. The data has been partly published in Storm et al. 

(2011, 2012) and Shane et al. (2012). 

► Chapter 8 – Conclusions summarises the main findings of this study and highlights their 

significance for silicic magmatism. 

 

 

1.3 Silicic magmatism 

1.3.1 Evolution and storage of rhyolite magmas in the upper crust  

 Silicic igneous rocks comprise the major part of the continental crust and some of the 

largest explosive eruptions in Earth history were rhyolitic (Mason et al., 2004). The genesis 
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of these highly evolved magmas has been the subject of research and discussion for more 

than a century and views of how silicic magmas evolve are still controversial.  

 The two major, and generally accepted, end-member processes of magmatic 

differentiation are (a) partial re-melting of pre-existing crust and (b) fractional crystallisation 

of mantle-derived magmas in the deep or shallow crust (e.g., Bowen, 1928). Thermal models 

of silicic magma production (e.g., Annen and Sparks, 2002; Dufek and Bergantz, 2005) 

illustrate that both of these processes have the potential to occur in the crust depending on 

external conditions such as tectonic setting, crustal structure, and magma-flux from the 

mantle. However, it is still uncertain which process is dominant. Partial melting seems to play 

an important role in silicic magma generation in some tectonic settings, e.g. intra-oceanic 

plates (Smith et al., 2003) and continental rifts (e.g. Riley et al., 2001), and is the preferred 

process in models for the production of granitoids (e.g. Clemens, 2003; Sisson et al., 2005; 

Vigneresse, 2005). Based on geochemical studies, crystal-liquid fractionation is considered as 

the more important mechanism for the genesis of many highly evolved volcanic rocks (e.g. 

Anderson et al., 2000; Hildreth and Fierstein, 2000; Lindsay et al., 2001; Clemens, 2003; 

Ginibre et al., 2004). To explain the chemical and mineralogical variety of silicic melts in a 

single magma system, models that couple the end-member processes with other geologic 

mechanisms have been suggested, e.g., assimilation and fractionation (AFC; DePaolo, 1981) 

or mixing, assimilation, storage, and hybridisation (MASH; Hildreth and Moorbath, 1988). 

 Recent studies have developed new ideas on in silicic magma generation. Bachmann and 

Bergantz (2004), Hildreth (2004), and Hildreth and Wilson (2007) developed similar models 

for silicic magmatism suggesting that rhyolitic melt escapes from a pluton-scale granodioritic 

mush zone and assembles at the top of the mush to form a horizon of highly evolved 

compositions. In contrast, Bindeman et al. (2008) explain the genesis of silicic melts by 

remelting of hydrothermally altered source rocks. In contrast to the above models, which are 
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developed from field and analytical data for particular magmatic systems, Fowler and Spera 

(2010) created a model ‘template’ that is based on the assumption that single-step fractional 

crystallisation of a mafic parent magma is the prevailing process in the generation of large 

volumes of rhyolite melt in any silicic magma system. 

 

Bachmann and Bergantz (2004): Model for melt extraction from crystal mush 

 Each of the following processes have been proposed for rhyolite production, but 

Bachmann and Bergantz (2004) suggest none of them would be sufficient, if acting alone: 

fractional crystallisation at a low crystal content (≤50 % crystals) by crystal settling (Bowen, 

1928), extraction of melt from a crystallising, double-diffusive boundary layer (McBirney et 

al., 1985) or sidewall crystallisation with the solidification front growing inwards (e.g. Marsh, 

2002), and at higher crystal contents (≥50 % crystals) by exsolution of a gas phase referred to 

as filter-pressing (Sisson and Bacon, 1999) or compaction (McKenzie, 1984; Jackson et al., 

2003) both resulting in extraction and rise of interstitial melt. 

 Voluminous, crystal rich (40-45 % crystal content), unzoned ignimbrites of intermediate 

composition such as the Fish Canyon Tuff, are referred to as ‘Monotonous Intermediates’ by 

Hildreth (1981). They are suggested to be erupted crystal mushes a.k.a ‘erupted batholiths’ 

and provide the link to investigate the relationship between plutonism and volcanism (e.g., 

Bachmann et al., 2002). Regarding the generation of crystal-poor rhyolites, the spatial and 

temporal proximity of volcanic and plutonic rocks (Johnson et al., 1990; Barth et al., 1993; 

Lindsay et al., 2001; Bacon and Lowenstern, 2005) and the similar chemistry of crystal-poor 

rhyolites and interstitial melts from batholiths / Monotonous Intermediates (Bachmann et al., 

2002; Schmitt et al., 2003a) suggest that silicic crystal mushes could be the source for large 

volumes of rhyolitic melt. Following up this idea, Bachmann and Bergantz (2004) designed a 

model (Fig. 1.1) which describes the co-genetic evolution of plutonic and volcanic systems 
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prior to magma storage, and melt extraction from crystal mush in the upper crust. In their 

model, granitoids are the residues of rhyolitic eruptions. Crystallisation to >35-45 % of an 

intermediate composition magma body generates interstitial melt of rhyolitic composition, as 

observed in several systems (Bachmann et al., 2002; Schmitt et al., 2003a). As the magma 

reaches its rheological locking point (crystal content 50-55 %) crystals start to form a 

framework and convection is impeded (Vigneresse et al., 1996). A combination of different 

processes including hindered settling (Davis and Acrivos, 1985), micro-settling (Miller et al., 

1988), and compaction (McKenzie, 1984) leads to crystal-melt segregation and interstitial 

melt expulsion from the crystal mush zone. The melt accumulates and forms a crystal-poor 

rhyolitic sill-like horizon at the roof of the mush zone, leaving behind a crystalline granitoid 

residue. The sill-like horizon may have an overlying crystallizing boundary layer (Philpotts et 

al., 1996). This boundary layer might release drops of melt and nearly solidified chunks into 

the melt horizon accounting for both the trace element variation and crystallinity gradients in 

rhyolites and co-genetic xenoliths in some ignimbrite deposits (e.g., Bacon, 1992; 

Lowenstern et al., 1997).  

 Based on modelling crystal-melt segregation rates, Bachmann and Bergantz (2004) 

suggested 104-105 years for the differentiation and emplacement of a large (500 km3) rhyolite 

body. This is within the estimated storage times (>105 years) based on U-Th and U-Pb dating 

of zircon (e.g., Vazquez and Reid, 2002; Reid et al., 2003; Costa, 2008). Mush zones are 

argued to be long-lived bodies (Bachmann and Bergantz, 2004, and authors therein) that can 

be kept active for extended periods of time by thermal rejuvenation through input of hotter 

mafic magma (e.g., Bachmann et al., 2002).  

 This magma mush model suggests that the most voluminous erupted rhyolites (102-103 

km3) could be produced by <10 vol.% of interstitial melt from large silicic mush zones. 

Furthermore, in addition to providing a mechanism for the generation of large crystal-poor 
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rhyolites, the model also justifies some observations made for plutonic as well as volcanic 

deposits such as the compositional gap in ignimbrites (Daly Gap = lack of intermediate 

compositions, named after Daly, 1925), regions of highly evolved compositions at the top of 

sub-volcanic batholiths, the broad range of zircon age spectra in silicic rocks, and large zones 

of low P-wave velocities in the upper crust under active silicic calderas (Bachmann and 

Bergantz, 2004; Bachmann et al., 2007b). 

 

 

 

Figure 1.1 Schematic illustration by Bachman and Bergantz (2004) of the melt extraction model for the 
generation of crystal-poor rhyolites. (a) Convective stirring in a large magma body of intermediate composition 
and crystallinities <45 % keeps crystals in suspension. (b)  As crystals start to form a connected framework at 
~45-50 % crystallinity, the interstitial melt is rhyolitic and convection is impeded by the associated yield 
strength. Melt expulsion begins, probably by a combination of several two-phase flow mechanisms (compaction, 
micro-settling, hindered settling). (c) A zone of crystal-poor rhyolite magma forms above a crystalline residue 
and below a solidified layer growing by crystallisation against the cool roof. 
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Hildreth (2004): Mush model for rhyolitic magmatism 

 Hildreth (2004) developed a model (Fig. 1.2) for upper crustal silicic magmatism based 

on investigations of the Bishop Tuff. During the formation of the Long Valley Caldera in 

California, >600 km3 of compositionally zoned rhyolitic magma were erupted and emplaced 

as the Bishop Tuff. The model explains the production of such a large volume of silicic melt 

by batchwise release of interstitial crystal-poor high-silica melt from a kilometres-thick 

intermediate mush zone in which the magma is differentiated mainly by fractionation before 

extraction. The individual batches stagnate at their level of neutral buoyancy, enclosed in the 

mush, and are protected from convection driven by mafic recharge events that keep the whole 

system active. Due to impeded convection, homogenisation is prevented and the zoning 

sustained. Melt batches may merge and form a horizon of crystal-poor rhyolitic magma above 

a granitoid mush zone. Convection in the rhyolite horizon could cause homogenisation. 

 The formation of the mush zone is initiated by sills, dikes, and laccoliths that are rising 

from deeper regions of the crust. As they reach their level of neutral buoyancy, the magma 

becomes water-saturated and gas exsolution leads to crystallisation of the anhydrous phases 

quartz and feldspar, forming a pluton-scale mush of intermediate and silicic hybrid 

composition. Consequently, the resulting interstitial rhyolitic melt is enriched in water and 

crystallisation at the roof of the chamber where melt lenses coalesce is inhibited (Hildreth, 

1979). Depending on recharge of hotter magma from the deep crust, these stages can be 

repeated several times and provide new melt for further eruption episodes or the mush could 

finally crystallize completely to form a granitoid pluton. 

 Hildreth (2004) argues that these large volumes of high-silica melts are not likely to be 

derived directly from zones of partial melting in the deep crust, but evolve in the mid- to 

upper crust. For example, low concentrations of Ba, Sr, and Eu in rhyolites cannot be 

explained by partial melting but require extensive feldspar fractionation, which in turn 
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requires a voluminous intermediate-granitoid magma as source. Entrapment pressures of 1-3 

kbar analysed in water-saturated melt inclusions in crystals from rhyolites indicate 

crystallisation in the upper crust. 

 This mush model helps elucidate various enigmas related to large silicic eruptions, e.g.: 

(1) Multiple eruptions from the same reservoir producing compositionally similar rhyolite 

magmas could be explained by disturbance and rejuvenation of the mush by magma recharge 

(Hildreth and Wilson, 2007). (2) The enormous range of zircon age spectra in some 

ignimbrites (thousands to hundreds of thousands of years and hundreds of thousands of years 

to millions of years, e.g., Charlier et al., 2005; 2010; Simon and Reid, 2005) might reflect 

remobilisation of older crystals as well as formation of new crystals. Recharge events could 

have induced remobilisation and entrainment of crystals (too small to sink) from the mush 

zone into the expelled melt (e.g., Charlier et al., 2005). (3) The diversity of trace-element 

concentrations in sequentially erupted melt lenses can be ascribed to the varying abundance 

of accessory minerals (e.g. zircon, apatite, monazite) in the surrounding mush zone. 

 Based on a steep Ti increase in quartz towards the crystal rims, final remobilisation of 

the system that led to the caldera-forming eruption of the Bishop Tuff is suggested to have 

occurred relatively rapidly (<100 years) as a response to recharge with mafic, CO2-rich melts 

(Wark et al., 2007). 
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Figure 1.2 Schematic illustration by Hildreth (2004) of a mush model of rhyolite melt extraction from an 
intermediate to silicic hybrid plutonic crystal mush. xp = crystal poor (0-6 %), xm = intermediate crystal content, 
xr = crystal-rich (12-25 %, mush 25-55 %), gd = granitoid. Black dikes and lenses represent mafic magmas 
intruding into the upper crust and the mushy reservoir. Most mantle-derived basalt lodges in the deep to mid-
crust, inducing partial melting and hybridism, thermally sustaining the system, and replenishing the upper 
crustal reservoir via a mushy root zone (Hildreth, 1981; Hildreth and Moorbath, 1988; Marsh, 2000). 

 

 

Bindeman et al. (2008): Remelting model for silicic magmatism at Yellowstone 

 Bindeman et al. (2008) found that the mush models commonly used to explain the 

production of large-volumes of silicic melts (e.g., Bachmann and Bergantz, 2004; Hildreth 

and Wilson, 2007; see above) cannot satisfactorily explain the generation of rhyolites at 

Yellowstone caldera, Wyoming. Based on oxygen isotope disequilibrium between low δ18O 

whole rocks and relatively higher δ18O zircon crystals in large-volume Yellowstone 

ignimbrites and post-caldera lavas, they suggest remelting of solidified, hydrothermally 

altered high-silica source rocks in the shallow crust due to intrusion of basaltic magmas as the 

source to the rhyolites (Fig. 1.3). Each post-caldera lava represents an individual protolith, 

variably altered by heated meteoric waters that caused the lower δ18Owhole rock values, and 

nearly completely remelted in unrelated batches by basaltic intrusions. Evidence for separate 

magma batches that generated and erupted individually rather than in a single, long-lived 

differentiating reservoir, is also provided by variable δ18O values of single zircons, many of 

which show inherited cores. However, although eruption products of the youngest volcanism 
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at Yellowstone have different oxygen isotope ratios from the eruption products of the 

caldera-forming event, they show similar Sr, Nd, and Pb isotope ratios (Vazquez and Reid, 

2002). This could point to the evolution of the youngest lavas from a crystallized, 

hydrothermally altered pre-caldera magma body. 
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Figure 1.3 Schematic illustration by Bindeman et al. (2008) of the evolution of the Yellowstone caldera after 
the caldera-forming eruption of the Lava Creek Tuff (LCT) at 0.64 Ma. Repeated intrusions of hot, plume-
derived basaltic magma cause progressive re-melting of a variety of volcanic rocks, including collapsed roof- 
blocks and previously crystallized sub-volcanic magmas, which have been variably altered by heated low-δ18O 
meteoric waters. In contrast to the variably altered low-δ18O whole rock, zircon retain their original U-Pb ages 
and δ18O. Zircon recycling provides evidence that both pre-caldera high-δ18O and post-caldera low-δ18O rocks 
of variable ages contribute to the youngest volcanism at Yellowstone.  
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Fowler and Spera (2010): Metamodel for crustal magmatism 

 Fowler and Spera (2010) created a general or ‘reference’ model (Fig. 1.4) for the purpose 

of providing a simple mechanism that could be applied to all silicic magma systems to 

explain the production of rhyolitic melt. In contrast to previously developed models based on 

data for a particular magmatic system, they took the opposite approach to hypothesize the 

simplest process, single-step fractional crystallisation of a mafic parent, and test it against the 

collected data for individual systems. Their model does not rule out more complicated 

scenarios (e.g., assimilation), but emphasises the underlying process of basalt fractional 

crystallisation. 

 Phase equilibria calculations and the comparison with glass and mineral compositions 

from three large-volume ignimbrite deposits, Bishop Tuff, Bandelier Tuff, and tuffs from 

Yellowstone, point to some degree of commonality in the evolution of these systems. The 

dominant process seems to be crystal fractionation of a water-saturated mafic parental melt at 

shallow depth (~5 km) (Fowler and Spera, 2010). This process causes dramatic changes in 

magma physical properties leading to destabilisation of the system and finally resulting in an 

explosive eruption. Even though more complex processes might take place, the underlying 

process of fractional crystallisation is quantitatively the most relevant. Fowler and Spera 

(2010) state that a multi-stage scenario such as e.g. fractional crystallisation and rejuvenation 

is not required for the production of rhyolitic melt. Although acknowledging that their 

metamodel might miss important system specific details, they emphasize that starting with 

the simplest model leaves open the possibility to add more complications, if the system turns 

out to be more complex. 

 Furthermore, thermal timescales of magma system evolution were estimated through 

scale analyses. According to Fowler and Spera (2010), the Bishop magma fractionated 
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over >1 Ma, implying that zircon crystallised only in the last stages of the Bishop Tuff 

evolution. 

 However, Gualda and Ghiorso (2011) provide geochemical and mineralogical evidence 

for the Bishop magma that is inconsistent with single-step crystallisation from a single melt 

body and question the validity of the metamodel. They also point out that the model for 

calculating the thermal timescales hugely depends on the chosen input values and that 

(geologically supported) variation of these values can result in extremely different timescales 

that are (for the Bishop magma) at least four magnitudes shorter (~130-2 ka) than those 

calculated by Fowler and Spera (2010) (>1 Ma). The shorter timescales are consistent with 

results from U-Pb dating of zircons from the early Bishop Tuff that suggest magma residence 

times <100 ka (Reid and Coath, 2000). Furthermore, isotope data in feldspars is dismissive of 

their crystallisation in the host melt (feldspars have more radiogenic Sr isotope signatures 

than and distinct Nd isotope signatures from their host melt; some sanidines have rimward 

enrichments in compatible elements such as Sr and Ba), and rather suggests open system 

processes in the Bishop Tuff (Simon and Reid, 2005, and references therein).  
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Figure 1.4 Schematic illustration by Fowler and Spera (2010) of the metamodel for crustal magmatism. The 
metamodel includes a compilation of several models: Deep-crustal crystallisation, assimilation, and recharge is 
followed by fractional crystallisation at shallow crustal levels (left), melt extraction from magma mush (middle), 
and crustal melting (right). 

 

 

Okataina magma system models 

 Models involving long-lived crystal mushes with periodic rhyolite melt extraction and 

eruption have also been suggested for Okataina Volcanic Centre (Nairn et al., 2004; Smith et 

al., 2002; 2004; 2006; Shane et al., 2005a; 2007; 2008a; 2008b; Deering et al., 2008; 2010; 

Charlier and Wilson, 2010). However, in contrast to the magma systems that can be 

explained by the above models, the Okataina magma system has been shown to be more 

heterogeneous with more than one magma type existing at the time of eruption (Nairn et al., 
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2004; Smith et al., 2002; 2004; 2006; Shane et al., 2005a; 2007; 2008a; 2008b; Charlier and 

Wilson, 2010). Previous studies based on geochemistry and mineralogy of rhyolites from 

Tarawera volcano suggest that multiple physiochemically distinct magma batches 

accumulated in the crystal mush just prior to the eruptions (Shane et al., 2007; 2008a; 2008b). 

These semi-isolated magma batches were then triggered into eruption by basaltic recharge, 

and the different magmas only mingled in the conduit (Nairn et al., 2004; Shane et al., 2007; 

2008a; 2008b). Models for the individual rhyolite eruptions at Tarawera volcano are 

described in section 2.3. 

 

 

1.3.2 Timescales of rhyolite magma generation and storage 

 A major challenge in the process of understanding silicic magma systems is the 

estimation of the timescales of magma generation, differentiation, and accumulation in the 

crust before eruption. Several studies have attempted to estimate magma residence times. 

Magma residence time means the length of time that magma is present in the crust. However, 

there are variations in its definition: it can refer to the duration of magma emplacement, or 

step-wise accumulation, or cooling of a liquid to a semisolid state (Reid et al., 2003). 

Therefore, distinction between eruptible magma (= magma that is rheologically able to erupt; 

<50 % crystallinity; Marsh, 1981) and non-eruptible magma (= magma that is rheologically 

impossible to erupt; >50-60 % crystallinity; Marsh, 1981) is essential when investigating 

magma residence time. Residence time of eruptible magma refers to the time needed for 

accumulation of the magma that is finally erupted (e.g., Charlier and Wilson, 2010). In 

contrast, residence time of non-eruptible magma spans the period of time a magma is stored 

in the crust and differentiates. A common approach to estimate magma residence time is to 

calculate the time difference between crystallisation of a mineral (determined by e.g. Rb-Sr, 
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U-Th-Pb) and eruption age (determined by e.g. K-Ar, 40Ar/39Ar, (U-Th)/He, 14C). 

Considerable work has focused on the accessory mineral phase zircon to assess silicic magma 

residence times and the crystallisation conditions that lead to eruption (see reviews by Costa, 

2008; Reid, 2008). This is because of the durability of zircon even under high temperatures 

and pressures, which makes it a robust chronometer. 

 Evidence for prolonged crystal growth in a super-solidus magma reservoir comes from 

rim and core analyses of age-zoned zircon in the Whakamaru ignimbrite (Brown and Fletcher, 

1999), and zircon and allanite in the Youngest Toba Tuff (Vazquez and Reid, 2004; Reid, 

2008). Zircons from the Whakamaru ignimbrite range from within error of the eruption age 

(340 ka) for the rims to at least 608 ± 20 ka (for resorbed cores) and 520 ± 33 ka (euhedral 

cores), indicating residence times of up to ~250 ka (Brown and Fletcher, 1999). In the 

Youngest Toba Tuff some zircons record increasing ages from within error of eruption age 

(74 ka) at the rims to secular equilibrium (i.e. ≥350 ka) at their cores (Reid, 2008). Allanites 

from the same tuffs range from eruption age at the rims to 150 ka at the cores and show 

complex chemical variations, suggesting crystallisation over >100 ka under varying chemical 

conditions (Vazquez and Reid, 2004). In both deposits, gradual decrease of ages from core to 

rim plus the lack of significant resorption features in many crystals, imply continuity of 

growth over >200 ka. In this case, magma residence time provides evidence for long-lived 

melts. 

 In contrast, in magmatic systems that show evidence of inherited crystals from earlier 

pulses or recycled solid materials, the longevity of a melt cannot be estimated from the 

difference between crystallisation of a mineral and the eruption age. This is because the 

crystal is foreign to its host melt. In this case, residence time refers to the crystal’s residence 

in a magma body / magma bodies and provides insight to the longevity of the crystal mush 

including potential periods under sub-solidus conditions. Studies of post-caldera rhyolites at 
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Yellowstone volcano have demonstrated recycling of zircon by re-melting of earlier deposits 

and intrusions (Bindeman et al., 2001; 2008) or repeated extraction from a ‘mushy’ reservoir 

(Vazquez and Reid, 2002). Thus, zircon age spectra are polymodal and an abundance of 

crystals is significantly older than their eruption age. Early work on the Bishop magmas 

suggested long magma residence times of >0.5 Ma based on Rb-Sr systematics (Christensen 

and DePaolo, 1993) and 40Ar/39Ar studies (van den Bogaard and Schirnick, 1995; Winick et 

al., 2001). Later U-Pb zircon studies imply much shorter crystal residence times of <100 ka 

and question the validity of the previous data because of possible contamination and excess 

40Ar in the analyses of melt inclusions in quartz (Reid and Coath, 2000; Simon and Reid, 

2005). Elsewhere, sub-populations of old zircons in age spectra have been interpreted as 

magmatic events such as intrusion or remobilization of crystal mush, that were not expressed 

as volcanism at the surface (e.g., Taupo volcano, Charlier et al., 2005). In contrast, there is a 

lack of dominant crystallization events recognizable in zircon age spectra from Okataina 

volcano, and magma evolution has been heterogeneous (Charlier and Wilson, 2010). Age 

data of zircons from the caldera-forming Rotoiti eruption and from some of the pre-25 ka 

intra-caldera eruptions show a wide range of ages over 10s to 100s ka for each individual 

eruption (Charlier and Wilson, 2010). The data support the interpretation from previous 

geochemical studies at Okataina (e.g., Shane et al., 2005a; Smith et al., 2005) that instead of a 

single melt-dominant body, there were chemically distinct, transient melt-dominant bodies. 

However, in spite of their chemical differences, commonalities in zircon age spectra from 

some of the eruptions indicate that some of these bodies might have experienced the same 

thermal events during at least some episodes of their crystallisation histories (Charlier and 

Wilson, 2010). Nevertheless, the longevity of the erupted melt cannot be estimated from the 

zircon age spectra because of evident crystal inheritance from older magmas (Charlier and 

Wilson, 2010). At Tarawera volcano, eruptible silicic magma is suggested to be short-lived 
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and to accumulate in transient batches <1 ka prior to eruption, based on quartz and melt 

inclusion chemistry (Shane et al., 2008b). However, timescales for the generation, 

differentiation, and storage of non-eruptible magma, i.e. the longevity of the crystal mush, 

still need to be assessed, and will be focused on in this study.  

 The variety of zircon ages in some deposits requires a terminology to distinguish crystals 

of different origin in space and time. Zircons that grew in the erupted melt shortly before 

eruption are autocrysts (Miller et al., 2007). The previously used term for these crystals, 

phenocrysts, is a textural term meaning ‘larger crystals in a finer matrix’ and is therefore not 

suitable in the context of temporal classification of commonly microscopic zircon crystals 

(Miller et al., 2007). Zircons that are foreign to the magma system and much older (several 

million years), e.g. crystals from basement rock entrained into the melt during crustal melting, 

transport, or eruption, are xenocrysts. All other crystals that did not grow in the erupted melt, 

but are recycled from earlier pulses of the magma system are referred to as antecrysts (Wes 

Hildreth, presentation at the Penrose Conference on ‘Longevity and Dynamics of Rhyolite 

Magma Systems’, 2001). Since this term includes both crystals that grew continuously and 

those that grew intermittently, Schmitt (2011) introduced a further subcategory of antecrysts, 

the phoenicrysts a.k.a. dormicrysts, for those crystals that show hiatuses in growth, i.e. that 

grew intermittently. 

 

 

1.3.3 The plutonic‐volcanic link in silicic magma systems 

 Principles for the link between plutonism and magmatism have been described in the 

magma mush model by Bachman and Bergantz (2004) (see section 1.3.1). In their model, 

entirely crystalline parts of the magma mush, evidence of which are granodioritic batholiths, 

are described as the remnants of silicic eruptions. Bachmann et al. (2007b) support the idea of 
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a connection between the plutonic and volcanic evolution of upper crustal magmatic systems. 

They describe plutons as the final stage of crystallizing magma bodies that record the history 

of multiple intrusions and late-stage processes. Volcanic rocks, in contrast, reflect the 

conditions in the magma shortly before eruption at the maximum of magmatic activity. 

Bachmann et al. (2007b) suggest that magma chambers might not be emptied completely 

during eruption, not even during an event with the dimensions of the Fish Canyon Tuff (> 

5000 km3). This assumption is based on a comparison of the estimated dimensions of the Fish 

Canyon magma body and the Mount Givens Pluton. They seem to be similar in length and 

width, yet different in thickness. The smaller thickness of the Fish Canyon magma body, 

estimated from the volume of the eruption products and the caldera surface area, could imply 

that some magma remained in the chamber during the eruption (Bachmann et al., 2007b). 

Further evidence for non-erupted magma is provided by geophysical data suggesting 

batholith-sized mush bodies under calderas, resurgence after caldera collapse, and 

fractionation signature in most volcanic rocks (Bachmann et al., 2007b). Therefore, large 

plutons are suggested to be the remains of non-erupted magma chambers or residues that 

were left behind during eruption (Bachmann et al., 2007b). Stagnation or eruption of magma 

are likely to be controlled by external influences such as the age and rheology of the wall 

rock, regional tectonic stresses, and overpressure in the magma chamber caused by injection 

of new magma and thermal input (Bachmann et al., 2007b). Therefore, Bachmann et al. 

(2007b) presume that plutons preferably form during the early and late stages of a magmatic 

system when the crust is cool and magmatic activity low, whereas volcanic venting is 

prevalent during the thermal peak.  

 In young volcanic systems, there are often no plutonic rocks outcropping because erosion 

has not yet been extensive enough to expose the intrusive part of the magma system. In those 

cases, the only indicator of plutonic activity comes from deep drill holes or sporadic plutonic 
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clasts found in some volcanic deposits. While geochemistry and zircon geochronology 

provide evidence for a direct relationship between volcanic and plutonic eruption products in 

some systems (e.g., Crater Lake, Oregon: Bacon et al., 1994; 2000; Bacon and Lowenstern, 

2005; Kos Plateau Tuff, Aegean Arc: Bachmann et al., 2007a; Soufriere Volcanic Complex, 

Lesser Antilles: Schmitt et al., 2010a), there is no genetic link between them in other systems 

(e.g., Okataina: Charlier et al., 2003; Nairn et al., 2004).  

 At Tarawera volcano, granitoid clasts found in the eruptive deposits from the 0.7 ka 

Kaharoa event are distinct from all co-erupted rhyolites based on mineralogy and major 

element, trace element and isotopic composition (Nairn et al., 2004). This precludes direct 

derivation of the rhyolite melt from the granitoid magma (Nairn et al., 2004). However, 

whether rhyolites and granitoids share a common crystallisation history, as is the case for the 

genetically unrelated rhyolites and granitoids from Rotoiti (Charlier et al., 2003), needs to be 

investigated through zircon geochronology in this study. 

 

 

1.4 Zircon characteristics and U‐series chronology  

1.4.1 Zircon 

 Zircon (ZrSiO4) is a common accessory mineral and almost ubiquitous in the continental 

crust. Its physical and chemical durability makes it a mineral of unique importance in Earth 

science, especially in geochronology. Its physical and chemical properties are mainly 

controlled by the crystal structure. Zircon is a tetragonal dipyramidal orthosilicate that is built 

up of [SiO4]
 4- tetrahedra sharing corners and edges with [ZrO8]

12- dodecahedra. Chains of Si 

and Zr polyhedra strongly connected by their edges are responsible for many of the physical 

properties (Finch and Hanchar, 2003, and references therein). During crystal growth, the 
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zircon crystal face can be in equilibrium with the melt. If so, it will record the conditions of 

the magma system at the time of crystallisation and consequently reflects changes in melt 

characteristics over time. The ability of zircon to retain its initial element composition even 

during exposure to geologic processes such as partial melting, high-grade metamorphism, 

erosion, transport, and weathering, makes it a robust tracer of chemical and thermal changes 

in the magma. 

 

Geochemistry of zircon 

 The main constituent of zircon is zirconium (67.2 wt% ZrO2 and 32.8 wt% SiO2). Zr is 

tetravalent and has an ionic radius of 0.84 Å. Elements with a similar ionic radius such as U4+ 

(1.00 Å) and Th4+ (1.05 Å) are somewhat compatible within the crystal lattice and substitute 

for Zr4+ (Hoskin and Schaltegger, 2003). Their abundances range from tens to thousands of 

ppm, but concentrations are usually <5000 ppm (U) and <1000 ppm (Th) (Harley and Kelly, 

2007). Typical Th/U ratios for high-silica magmas are ~02.-0.9 (Bindeman et al., 2001). In 

contrast, Pb2+ (1.29 Å) is incompatible in zircon because of its larger ionic radius and is 

therefore only incorporated at ppb levels at crystallisation (Watson et al., 1997). These 

properties can be exploited for U-Pb and U-Th dating, and make zircon a valuable 

geochronometer. 

 Other elements such as hafnium (Hf), yttrium (Y), and rare-earth-elements (REE) can 

also substitute for Zr. Concentrations of HfO2 vary from 0.15 wt%  to 12.3 wt% (Uher et al., 

1998; Ballard et al., 2002). Rhyolite zircon from the Bishop Tuff contains 1.04-1.29 wt% 

HfO2 (Hoskin and Schaltegger, 2003). The only mineral zircon has a solid solution with is 

hafnon (HfSiO4). However, in natural zircons the Zr/Hf ratio is typically ~37 (chondritic 

value), although variations are common (Hoskin and Schaltegger, 2003). Fractionation of Zr 

and Hf generally occurs during crystallisation, where the Zr/Hf ratio of zircon decreases with 
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increasing evolution of the magma (Linnen and Keppler, 2002). Abundances of REE + Y in 

zircon are typically <1 wt%. Since heavy REE (HREE, e.g., Lu, 0.977 Å) have ionic radii 

close to that of Zr, they are compatible within the zircon lattice, whereas the larger light REE 

(LREE, e.g., La, 1.160 Å) are generally incompatible. The dependency of REE compatibility 

in zircon on ionic radii (Hinton and Upton, 1991) leads to progressively increasing 

compatibility with decreasing ionic radius from La to Lu. The trivalent Y3+ and REE3+ 

require charge-balance that can be provided by the substitution of e.g. P5+ (Speer, 1982) or 

Mg2+, Fe2+, Fe3+, and Al3+ for Si4+ (Hoskin et al., 2000). Low concentrations of many other 

elements, including Ti which is used to calculate crystallisation temperatures (Ti-in-zircon 

thermometer, see below), can also be incorporated into zircon. The elemental composition of 

zircon is an important indicator for petrogenetic processes. This information correlated with 

isotopic age data can provide valuable insight into the temporal physio-chemical evolution of 

magmatic systems. 

 

Diffusion in zircon and closure temperature 

 Diffusion in zircon has long been suggested to be extremely slow, because zoning on a 

micron to sub-micron scale is preserved even in several hundred thousand year old crystals 

(Cherniak et al., 1997). This is evident from cathodoluminescence (CL) and backscattered 

electron images that show oscillatory and sector zoning. Sharp contacts between the zones in 

the images indicate preservation of the internal chemical variations, and therefore the 

durability of zircon. Experimental studies by Cherniak et al. (1997) demonstrate slow 

diffusion rates in zircon. Diffusivity seems to be controlled by ionic charge and radius, ionic 

porosity of the mineral structure, and the requirement of charge compensating species and 

their respective transport rates (Cherniak et al., 1997). Trivalent REE diffuse 4-5 orders of 

magnitude faster than tetravalent cations. Hf4+ diffuses faster than the larger U4+ and Th4+, 
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and Ti diffusion is about two orders faster than U and Th diffusion and one order of 

magnitude faster than Hf diffusion, yet significantly slower than diffusion of Pb, REE and 

oxygen (Cherniak and Watson, 2007). However, diffusion rates in crystalline zircon are so 

slow (on the order of 10-20 – 10-23 m2sec-1 at 1400-1650 °C for U, Th, and Hf) that cations can 

be considered immobile under most geologic conditions (Cherniak et al., 1997). As an 

example, in zircon heated to 950°C Hf zoning of 1 µm would be sustained for longer than the 

Earth’s history (Cherniak et al., 1997). Zoning of the slower diffusing U and Th would be 

retained even longer. Only radiation damage of zircon could considerably accelerate the 

diffusion rates (Cherniak et al., 1991). The presence of water has little influence on Pb and Ti 

diffusion in zircon, whereas O diffusion is enhanced under ‘wet’ conditions in the system 

(Cherniak et al., 1997; Cherniak and Watson, 2001, 2007) 

 The closure temperature of minerals is defined as the temperature of the system 

corresponding to the apparent radiometric mineral age (Dodson, 1973). As a mineral reaches 

its closure temperature for a certain element, this element becomes completely immobile. 

Since diffusion in zircon is extremely slow, closure temperatures for cations are very high. 

For instance, in a crystal with 10 µm effective diffusion diameter, the closure temperatures 

for Hf, U, and Th would be at 1079, 1167, and 1193 °C for a cooling rate of 10 °C/Ma, 

respectively (Cherniak et al., 1997). These temperatures are much higher than eruption 

temperatures for Tarawera volcanic rocks which have rapidly cooled at the surface (~700-

800 °C, Shane et al., 2008b). Therefore, zircons analysed in this study are unlikely to have 

been altered by diffusion and can be assumed to reflect their original elemental composition. 

 

Zircon saturation temperatures and zircon growth 

 The stability of zircon in magma depends mostly on Zr concentration and temperature of 

the melt (Fig. 1.5), and to some extent on the melt’s bulk chemical composition (Watson and 
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Harrison, 1983). A measure for zircon stability in a melt is the zircon saturation temperature 

(TZir), i.e. the temperature at which the melt would be saturated in Zr and zircon would be 

stable. It can be calculated from the Zr content and the cation ratio M, defined as (Na + K + 

2Ca) / (Al * Si), where the elements are cation fractions of the melt, by using equation 1.1:  

 

T = 12900 / (2.95 + 0.85 * M + ln(476000 / Zr)) (1.1) 

 

where T is the absolute temperature in Kelvin and Zr is the Zr content of the melt in ppm. 

Comparing TZir with the melt temperature at eruption that can be estimated from Fe-Ti oxide 

equilibria (Fe-Ti oxides reset within weeks to months and therefore reflect the melt 

temperature at eruption, Devine et al., 2003; Toxide, Ghiorso and Evans, 2008) provides 

some insight to the solubility of zircon in the host melt. Three states of stability can be 

distinguished as noted by Charlier et al. (2005): (1) TZir < Toxide: The melt is undersaturated in 

Zr and zircon would dissolve, provided enough time is available. Otherwise the crystals are 

preserved (Watson, 1996). (2) TZir = Toxide: The melt is saturated in Zr and zircon is stable. 

Even though growth might occur, zircons can survive in the melt without growing or 

dissolving considerably. (3) TZir > Toxide: The melt is oversaturated in Zr and zircon would 

crystallise, if sufficient time is available. 

 While water pressure does not seem to directly affect the solubility of zircon (Watson 

and Harrison, 1983), it indirectly plays a role in zircon growth or dissolution by influencing 

the crystallisation of major mineral phases such as quartz and feldspar (Cashman and Blundy, 

2000; Blundy and Cashman, 2001; Blundy et al., 2006). For example, as these minerals 

crystallise due to water pressure changes in the melt, incompatible Zr is enriched in the melt 

whereby zircon growth is facilitated. And vice versa, as quartz and feldspar dissolve due to 

water pressure changes in the melt, Zr is diluted in the melt and zircon gets resorbed. Reid et 
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al., (2011) described four scenarios for the stability and instability of zircon in a silicic melt 

(Fig. 1.5). Scenario (1): Cooling melt under constant pressure and water-undersaturated 

conditions leads to crystallisation and is evident as rimward temperature decrease in zircon 

crystals based on Ti-in-zircon thermometry (see below). Scenario (2): Water-loss of a water-

saturated melt at constant temperature causes crystallisation. As explained above, 

crystallising major phases exclude Zr and cause the Zr content of the melt to rise. At Zr 

saturation, further increase in Zr is buffered by the crystallisation of zircon. Scenario (3): 

Increasing temperature, e.g. during magmatic rejuvenation, results in resorption of zircon to 

maintain the equilibrium between temperature and Zr content of the melt. Scenario (4): 

Decompression of a hydrous melt leads to resorption of major phases and a consequent 

dilution of the Zr concentration in the melt. Zirconium undersaturation causes resorption. 

 

 

Figure 1.5 Diagram showing T-Zr evolution paths for a hypothetical phyric rhyolite magma that is zircon 
saturated (black dot) and in which Zr is incompatible in major minerals. (1) crystallisation due to cooling; (2) 
isothermal crystallisation due to loss of water; (3) resorption due to heating; (4) resorption due to decompression 
of a hydrous melt. U refers to the degree of initial undersaturation of the melt in Zr (after Reid et al., 2011). 
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 The survival of zircon in a melt is controlled by Zr diffusion in the melt and depends on 

the following factors: initial radius of the crystal; intensity and duration of rejuvenation 

events; and the volume of the local melt reservoir with which the zircon interacts (Watson, 

1996). Dissolution and growth rates of zircon depend on the time, temperature, and degree of 

Zr under-/oversaturation of the melt. While linear (= one-dimensional) dissolution and 

growth rates fall between 10-19–10-15 cm/s at temperatures of 650-850 °C, radial (= three-

dimensional) rates range from 10-17–10-13 cm/s for crystals with a radius r > 30 µm based on 

numeric modelling by Watson (1996). In contrast to linear rates, radial rates depend on 

crystal dimensions, with rates increasing with decreasing radius. A linear dissolution and 

growth rate model is not realistic enough to accurately simulate the interaction of zircon and 

crystal melts under geological conditions. Therefore, it is irrelevant for this study and is not 

discussed further. Here, radial growth and dissolution rates have been estimated using  

Watson (1996) (Fig. 1.6). Equation 1.2 describes the temperature dependence of zircon 

solubility, presuming M ≈ 1.3 which is typical for granitic compositions (zircon solubility 

increases at increasing M; Watson, 1979; Watson and Harrison, 1983): 

 

Csat = (4.414 * 107) / exp(13352 / T) (1.2) 

 

where Csat is the concentration of dissolved Zr in ppm, and T the absolute temperature in 

Kelvin (Harrison and Watson, 1983b; Watson and Harrison, 1983). This concentration is 

used to calculate the degree of initial undersaturation U of the melt in Zr (equation 1.3): 

 

U = Csat - CZr (1.3) 
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where CZr is the Zr concentration in ppm in the melt and U is expressed as ppm Zr below Csat. 

Subsequently, a positive value of U indicates undersaturation of the melt in Zr and therefore 

dissolution, whereas a negative value denotes oversaturation and thus zircon formation 

(Watson, 1996). Zirconium diffusion in a melt is given by equation 1.4, assuming a melt of 

granitic composition with 3 wt% H2O which is suggested to be typical for granitic melts (see 

summary by Johnson et al., 1994; higher H2O contents do not significantly increase the 

diffusivity of Zr in the melt, whereas lower H2O contents lead to considerable decrease; 

Harrison and Watson, 1983): 

 

D = 0.1 exp(-235980 / RT) (1.4) 

 

where D is in cm2s-1 and R is the gas constant in JK-1mol-1. The time t for zircon 

dissolution/growth can be derived from solving equation 1.5 for t: 

 

x = U0 (Dt / r0
2) * 10-5 (1.5) 

 

where x can be read from the x-axis of Fig. 1.6 as the intersection of the ratio of present and 

initial radii (r/r0) with the dissolution curve for the initial radius r0.  

 Information on dissolution and growth rates of zircon calculated for the time of eruption 

together with zircon crystal face ages can provide insight to the resolution of rim growth. 
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Figure 1.6 Diagram showing three-dimensional dissolution of zircons in terms of dimensionless radius (r/r0) 
and dimensionless time (Dt/r0

2) at constant temperature. Solid curves are derived from numeric simulations as 
described in Section 1.3 in Watson (1996). (Fig. 6 from Watson, 1996)  

 

 

 An alternative approach to estimate zircon growth rates has been taken by Schmitt et al. 

(2011), who based their calculations on U-Th disequilibrium ages and crystal size. They 

determined differences between crystal face and interior ages, and translated these into radial 

growth rates using a radius of 50 µm typical for zircons of their study. Estimated growth rates 

are in the range 10-13 to 10-14 cm/s which is in agreement with the fastest rates numerically 

modelled by Watson (1996; see above). 

 

Ti‐in‐zircon thermometry 

  Changes in the Ti concentration of zircon are suggested to be temperature dependent 

based on high pressure-temperature experiments by Watson et al., (2006). This led to the 

formulation of a Ti-in-zircon thermometer. The physical characteristics of zircon permit only 

very slow Ti diffusion in the crystal (see above), so that the temperature information from the 
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time of crystallisation is preserved (Cherniak and Watson, 2007). The disadvantage of the 

first thermometer by Watson et al. (2006) was that it assumed rutile (TiO2) saturation (aTiO2 = 

1, where aTiO2 is the activity for TiO2 in the melt), and did not allow independent variation of 

aTiO2 for rutile-free rocks with aTiO2 <1. Therefore, Ferry and Watson (2007) revised the 

thermometer and provide an equation (1.6) that can be applied to calculate zircon 

crystallisation temperatures (Ti-in-zircon temperatures = TTiz) in rocks that are rutile 

undersaturated. Furthermore, they also recognised that the incorporation of Ti into zircon not 

only depends on the temperature and aTiO2 of the melt, but also on aSiO2 (activity for SiO2 in 

the melt). The revised equation 1.6 by Ferry and Watson (2007) accounts for independent 

variation of aSiO2 and aTiO2:  

 

log(ppm Ti-in-zircon) = (5.711 ± 0.072) – (4800 ± 86) / T(K) – logaSiO2 + logaTiO2  (1.6) 

 

where 5.711 ± 0.072 and 4800 ± 86 are constants derived from experimental data and natural 

samples. Uncertainties are 95 % confidence intervals. 

 The Ti-in-zircon thermometer is strongly dependent on aSiO2 and aTiO2. To minimise 

uncertainties on TTiz, it is essential to estimate these parameters accurately. An overestimation 

of aSiO2 will result in overestimation of TTiz, whereas overestimation of aTiO2 will 

underestimate TTiz (Ferry and Watson, 2007). In crustal rocks, aSiO2 is not likely to be <~0.5 

(calculated by Ferry and Watson (2007) from the database of Berman (1988) that was 

updated in 1992). For evolved magmas that contain quartz, it can be assumed that aSiO2=1. 

aTiO2 in silicic melts is commonly between 0.6 and 0.9  and not likely to be <~0.5 (Watson et 

al., 2006; Hayden and Watson, 2007). If Fe-Ti-oxide pairs in volcanic rocks crystallised 

under equilibrium conditions, they can be used to calculate aTiO2 from three different reactions: 

(1) 2 ilmenite = rutile + ulvöspinel (Wark et al., 2007); (2) 6 rutile + 2 magnetite = 6 ilmenite 
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+ O2 (Reid et al., 2011); (3) 3 rutile + 2 magnetite = 3 ulvöspinel + O2 (Reid et al., 2011). The 

results for aTiO2 from these equations vary slightly, however, it is as yet unclear, whether one 

of them should be applied preferentially to the others. Reid et al. (2011) prefer reactions 2 

and 3 because the oxide mole fractions are close to 1, which minimises the effects of poorly 

understood trace element substitutions in solid solutions. Ghiorso and Evans (2008) 

developed a thermodynamic model based on equation 1 that provides the only 

thermodynamically self-consistent method to calculate aTiO2, and might therefore be used 

preferably. 

 The reliability of the Ti-in-zircon thermometer has been discussed in several studies (e.g., 

Ferriss et al., 2008; Fu et al., 2008; Hofmann et al., 2009; Claiborne et al., 2010b; Reid et al., 

2011) and some uncertainties have to be considered when interpreting TTiz. The fundamental 

assumption is that the Ti concentration in zircon is controlled by temperature only. However, 

even if this is correct, the estimation of aSiO2 and aTiO2 are two factors of uncertainty that have 

considerable impact on TTiz. Although aSiO2 and aTiO2 of the melt before eruption can be 

determined from Fe-Ti oxide compositions, their values at the time of zircon crystallisation 

are unknown and could have varied over time, e.g. after rejuvenation of the magma system by 

mafic melt, or due to magma mixing and consequent zircon growth in different melts. An 

approach to better evaluate the constancy of the estimated aTiO2 has been suggested in a recent 

study by Ghiorso and Gualda (2012). They investigated the relationship between aTiO2 and 

melt temperature, and provide a method to thermodynamically determine, whether the Fe-Ti 

oxide pairs were in equilibrium with the melt composition. Thermodynamic relations suggest 

that aTiO2 and melt temperature are negatively correlated. If aTiO2 and melt temperature 

calculated from Fe-Ti oxide pairs follow this trend, as for example in the Fish Canyon Tuff 

deposits, the oxide pairs have likely preserved pre-eruptive conditions (Ghiorso and Gualda, 

2012). This implies that the estimated aTiO2 are suitable to calculate TTiz. In contrast, an Fe-Ti 
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oxide trend that is inconsistent with the theoretical trend and shows a positive correlation 

between aTiO2 and melt temperature, as for example in the Bishop Tuff deposits, indicates that 

the oxide pairs have not preserved pre-eruptive conditions Ghiorso and Gualda (2012). This 

implies that using the estimated aTiO2 for temperature calculations could induce large 

uncertainties in TTiz and make the Ti-in-zircon thermometer unreliable. Ferry and Watson 

(2007) estimated that in the case of unconstrained aSiO2 and aTiO2, maximum uncertainties for 

TTiz are ~60 to 70 °C at 750 °C. 

 A further uncertainty to be taken into account when calculating TTiz, is the effect of 

pressure (P) on the incorporation of Ti in zircon (Ferry and Watson, 2007; Ferriss et al., 

2008). At decreasing pressure the Ti content in zircon increases. The Ti-in-zircon 

thermometer is calibrated at 1 GPa, and a temperature change with pressure is estimated at 

50-100 °C/GPa (Ferry and Watson, 2007; Ferriss et al., 2008). Hence, for a zircon that 

crystallised in the upper crust at ~0.2 GPa, the calibration would underestimate the Ti content 

and the crystallisation temperatures would be 40-80 °C lower than the calculated TTiz. Fu et al. 

(2008) interpret all TTiz in their study as underestimated and suggest that if the calculated 

temperatures seem to be geologically unreasonable, several factors must play a role, e.g.: 

subsolidus exchange of Ti in zircon or diffusion; non-Henry’s Law substitution of Ti into the 

zircon structure; disequilibrium crystallization of zircon from the melt; or possibly also 

dependence of Ti uptake into zircon on other trace element substitutions. To confirm or 

revoke the suitability of the Ti content in zircon as geothermometer, a detailed study on the 

incorporation systematics of Ti into zircon would have to be conducted. 
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1.4.2 Principles of uranium decay series chronology 

 Radioactive isotopes of uranium (U) and thorium (Th) decay via three complex chains of 

intermediate, relatively short-lived daughter products (Fig. 1.7), that can be utilised for dating 

and investigating crystallisation and magma differentiation processes.  

 238U (t1/2 = 4.47 billion years) decays via a chain of daughter isotopes to 206Pb (Fig. 1.7, 

Table 1.1). One of the most long-lived daughter isotopes is 230Th (t1/2 = 75,381 years) (Fig. 

1.7, Table 1.1), which is both radiogenic (produced by decay) and radioactive (decays itself). 

Due to ingrowth of the daughter (e.g., in zircon which preferentially incorporates U to Th) or 

decay of excess daughter (e.g., in allanite which preferentially incorporates Th to U), any U-

bearing system that is undisturbed for a sufficient period of time will approach a steady-state 

condition. This condition is referred to as secular equilibrium, where the number of decays 

per unit time (i.e., the activity) for parent and daughter isotopes becomes equal. If the half-

life of the daughter is significantly shorter than that of the parent, as is the case for 230Th-238U, 

the former dictates the rate at which the system returns to secular equilibrium (e.g., Cooper 

and Reid, 2008). This, in turn, delimits the useful timescale for dating. 

 U-Th dating of young volcanic rocks, mineral separates, and single crystals is commonly 

based on the isochron approach (e.g., Kigoshi, 1967; Allegre, 1968). The isochron diagram 

(Fig. 1.8) is a plot of the daughter isotope 230Th versus the parent isotope 238U. Both isotopes 

are normalised to 232Th (t1/2 = 14.1 billion years), as this isotope can be considered stable over 

the timescales of 230Th disequilibrium. Isotopic ratios are expressed as activity ratios (denoted 

in parenthesis). The line with the gradient of one that passes through the origin is termed the 

equiline (Allegre and Condomines, 1976) and compositions plotting on this line are in secular 

equilibrium. Elemental fractionation causes horizontal displacement on the plot. Whereas 

compositions to the left of the equiline display daughter (Th) excess, those to the right of the 

equiline display daughter deficiency (Fig. 1.8). Evolution through radioactive decay over 
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time (vertical vectors in Fig. 1.8) will lead to secular equilibrium (Allegre and Condomines, 

1976). A suite of minerals that crystallises simultaneously from a melt in secular equilibrium 

will plot on a horizontal isochron at the time of crystallisation. The position of each mineral 

on this isochron, i.e. the degree of disequilibrium, depends on the distribution coefficients of 

U and Th (DU/DTh) for the mineral. In a closed system, the melt composition stays in secular 

equilibrium, forming a fixed point on the equiline around which the isochron rotates over 

time due to radioactive decay (Allegre and Condomines, 1976). Therefore, the initial Th 

isotope ratio of the system, i.e. (230Th/232Th) at crystallisation, is given by the intersection of 

the isochron with the equiline (Allegre and Condomines, 1976).  

 However, a major limitation for U-Th disequilibrium dating of most minerals is that U 

and Th are strongly incompatible in most major rock-forming minerals. Furthermore, 

distribution coefficients of U and Th for these minerals are very similar resulting in DU/DTh 

close to 1. Hence, the difference between the initial U/Th ratios of the melt and the minerals 

is relatively small. This affects the precision of the isochron regressed through the points and 

consequently the mineral ages calculated from the isochron. 

 In contrast, a few accessory minerals such as zircon and to a lesser extent apatite strongly 

fractionate U and Th and are therefore better suited for U-Th disequilibrium dating than 

major mineral phases (Fukuoka and Kigoshi, 1974; Reid et al., 1997). In general, isotopic 

disequilibrium can be detected for ~5 half-lives of the daughter isotope (Cooper and Reid, 

2008). This corresponds to a time span of ~350 ka for 230Th. The upper limit for U-Th dating 

depends on the degree of initial disequilibrium and the accuracy of the analysis of parent and 

daughter abundances. The lower limit is restricted by the minimum detectable difference 

between the initial and present abundance of the daughter isotope, i.e. it is a function of 

analytical uncertainty (e.g., Cooper and Reid, 2008). 
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Table 1.1 Half-lives and decay constants for parent-daughter pairs of uranium and thorium revised from Dickin 
(1995) 
 
  
 
 
 
 
 
 
Data from Jaffey et al. (1971), Meadows et al. (1980), and Cheng et al. (2000) 

 

 

Figure 1.7 Uranium and thorium decay-series diagram showing decay chains of the nuclides, in terms of Z 
(number of protons) and N (number of neutrons), and their half-lifes. Red boxes mark isotopes used for U-Th 
disequilibrium dating. Redrawn after Dickin (1995) 

Decay route t1/2, Ga Decay constant λ, yr-1  
 

238U → 206Pb 4.47 1.55125 x 10-10 
230Th → 206Pb 0.000075 9.1577 x 10-6  
235U → 207Pb 0.704 9.8485 x 10-10 
232Th → 208Pb 14.01 0.49475 x 10-10 
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Figure 1.8 Equiline diagram showing the evolution of different mineral phases from a common parental melt. 
Horizontal vectors illustrate elemental fractionation as a result of different partition coefficients of U and Th for 
various minerals. Vertical vectors illustrate radioactive decay. Numbers 1, 2, 3, and 4 represent different mineral 
phases and indicate different degrees of elemental fractionation from the same source composition that is in 
secular equilibrium. If the minerals crystallised simultaneously, they plot on a horizontal line at the time of 
crystallisation. Over time, the minerals move along vertical vectors because of radioactive decay. Numbers 1’, 
1’’, 2’, 2’’, etc. indicate different stages of radioactive decay of the phases 1, 2, etc., respectively (after Allegre 
and Condomines, 1976). 

 

 

238U‐ 230Th disequilibrium dating of single zircon crystals and model age calculation 

 In-situ dating of growth domains in individual zircon crystals is performed with 

techniques allowing for high spatial resolution, such as secondary ion mass spectrometry 

(SIMS), used in this study. For late Quaternary volcanoes, such as Tarawera, most zircon 

crystallisation is likely to have occurred less than ~350 ka ago, the period of time for a zircon 

crystal to reach secular equilibrium. For such volcanoes, U-Pb dating is unsuitable because 

the short time elapsed since crystallisation makes it impossible to distinguish the extremely 

small amount of 206Pb produced by 238U decay from that incorporated during crystal growth 
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(Reid, 2008). In systems where crystallisation occurred <~350 ka ago, U-Th disequilibrium 

dating becomes applicable.  

 The fact that zircon preferentially incorporates U relative to Th, due to contrasting 

mineral-melt partition coefficients (Fukuoka and Kigoshi, 1974), is exploited in the dating of 

zircon crystals. This elemental fractionation produces an initial disequilibrium in the zircon 

that returns to secular equilibrium over time due to radioactive decay of 238U (e.g., Turner and 

Costa, 2007; Watson, 2007). At first, 230Th production from 238U decay is greater than the 

loss of 230Th due to decay. Thus, 230Th accumulates in the crystal. With increasing quantities 

of accumulated 230Th, the rate of 230Th decay increases until it equals the production rate, and 

secular equilibrium is reached (Reid, 2008). If the initial amount of 230Th can be estimated, 

the time of crystallisation can be calculated from the degree of disequilibrium at present.  

 A 230Th/238U disequilibrium model age can be calculated from a two-point isochron 

defined by an individual zircon crystal analysis and the corresponding whole rock isotope 

analysis representing the initial amount of 230Th of the melt (Fig. 1.9). Two necessary 

assumptions for two-point isochron model age calculations have to be made: (1) The melt 

was in equilibrium (i.e., (230Th/232Th) = (238U/232Th)) at the time of crystallisation. (2) The 

zircon crystal was erupted in its parental melt (i.e. whole rock composition = parental melt 

composition), and therefore initial (230Th/232Th) in the zircon crystal was the same as in the 

whole rock. This requires the system to remain closed, which is often not the case. However, 

the assumption is valid, because initial (230Th/238U) of the zircons is so low that the calculated 

Th model ages are barely affected by tiny variations in initial (230Th/232Th) (e.g., Reid et al., 

1997).  
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The gradient (m) of the two-point isochron can be calculated from equation 1.7 (Allegre, 

1968): 
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where (230Th/232Th)t is the activity ratio of the daughter isotope after time t, (230Th/232Th)initial 

is the initial activity ratio of the daughter isotope, and λ230 is the decay constant of the 

daughter isotope (see Table 1.1). The model age of the zircon can then be calculated by using 

the gradient (m) in equation (1.8): 
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m
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Figure 1.9 Schematic two-point isochron diagram for (238U/230Th). Zircons 1-3 are hypothetical examples of 
crystal analyses and slopes for 20 ka, 100 ka, and 200 ka are shown for reference. Model ages are estimated 
from two-point isochrons plotted through the whole rock and crystal.  
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U‐Pb (zircon) dating 

 Zircons that reached secular equilibrium in the U-Th system become amenable for U-Pb 

dating (only 8 crystals were analysed with U-Pb in this study). 238U (half-life t1/2 = 4.47 Ga) 

and 235U (t1/2 = 0.704 Ga) decay to stable 206Pb and 207Pb, respectively (Fig. 1.7, Table 1.1). 

Zircon largely excludes Pb2+ because of its relatively large radius and low charge that is 

incompatible with the zircon crystal structure (see section 1.4.1.1) (Watson et al., 1997). 

Hence, most of the Pb in the crystal is radiogenic Pb (Pb*) that accumulated due to ingrowth 

from radioactive decay. Once incorporated in zircon, U and Pb are very immobile so that the 

two radiometric clocks start at the time of crystallisation, each at its characteristic rate. The 

time t elapsed since crystal growth can be derived from equations 1.9 and 1.10 (e.g., Dickin, 

1995): 
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where Pb* represents radiogenic lead only and λ is the decay constant of the parent isotope 

(Table 1.1). Corrections have to be made for small abundances of inherited or ’common’ Pb 

that were incorporated by the zircon at crystallisation before any radiogenic Pb accumulated. 

For this, 204Pb in the zircon is analysed and the amount of common 206Pb and 207Pb 

incorporated in the zircon (or contributed from contamination of the analysis volume) is 

estimated from the whole rock 206Pb/204Pb and 207Pb/204Pb ratios (e.g., Dickin, 1995). To 

obtain the amount of Pb* in the zircon, the estimated values for common 206Pb and 207Pb are 

subtracted from the measured abundances (e.g., Dickin, 1995). In a closed system, U and Pb 



Chapter 1  Introduction 

45 
 

isotopic compositions must give concordant ages. Discordant ages can be a result of Pb loss 

and indicate a geologic event, e.g. thermal recharge, that can only be interpreted in geologic 

context. The lower limit of U-Pb dating is constrained by the age where U-Th ages become 

more precise than U-Pb ages, usually <200-300 ka (e.g., Schmitt, 2011). Dating of zircons 

from Quaternary igneous rocks by SIMS (secondary ion mass spectrometry) is generally 

limited to 238U-206Pb dating, because the small amounts of radiogenic 207Pb produced by 

decay of the less abundant 235U (present-day 238U/235U = 137.88) lead to imprecise 235U-207Pb 

zircon ages in young rocks (e.g., Schmitt, 2011). 

 

 

1.4.3 Brief overview of the development of U‐Th analytical techniques 

 U-Th disequilibrium dating in its modern form commenced in the 1970s (e.g., Allegre 

and Condomines, 1976). Since then the most common method to determine crystallisation 

ages has been the analysis of bulk zircon separates by TIMS (thermal ionisation mass 

spectrometry) (e.g., Fukuoka and Kigoshi, 1974; Charlier and Zellmer, 2000). However, the 

disadvantage of bulk sample analyses is the loss of spatial resolution if the separate is 

heterogeneous in composition and age. In situ analyses of individual crystals by SIMS 

(secondary ion mass spectrometry) were first applied to zircons from rhyolites from Long 

Valley caldera (California) and described by Reid et al. (1997). That work and a study on 

bulk zircon separates of different size fractions (that imply different growth durations) from 

the Oruanui eruption in the Taupo Volcanic Zone (Charlier and Zellmer, 2000) show that 

crystal ages can cover a wide range and be polymodal. TIMS ages of bulk zircon samples 

only represent an average of the age range of crystals in the bulk sample and agree with the 

average of SIMS ages from single crystals the same sample (Heumann et al., 2002; Charlier 

et al., 2005). Hence, some information such as the onset and cessation of crystallisation 
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remain undetected, and bringing the age data (a mixture of crystals that grew at different 

times) into geologic context might be difficult. Although bulk analyses by TIMS are more 

precise, high-spatial resolution analyses of individual crystals by SIMS allow more detailed 

interpretations of magmatic processes and timescales.  

 Until recently, U-series dating of individual zircons was only performed on the interior 

of polished crystals using an oval ion beam to excavate the material from the spot to be 

analysed. By analysing a few spots from the ‘core’ towards the ‘rim’ of a crystal, it was 

shown that zircons can grow over long periods of time (~250 ka) in rhyolite magmas (e.g., 

Brown and Fletcher, 1999). However, the drawback of spot analyses is that the ion beam size 

(~10-20 µm) can be wider than age domains. This would result in the production of mixed 

ages that could mislead geologic interpretation. Furthermore, late-stage growth remains 

undetected because even spots selected close to the rim can represent a large percentage of 

the crystallisation history of the zircon before eruption. An important advance in resolving 

the last stage of crystal growth and therefore, a step forward to interpreting the relation 

between crystal growth and eruption, has been made by the development of a method to 

analyse crystal faces of unpolished zircons (Reid and Coath, 2000). In this method, the width 

of the ion beam is parallel to growth zoning, reducing the problem of beam overlap onto 

different age domains, and with a beam penetration depth of 2-5 µm only a small percentage 

of the growth history is analysed. While early U-Pb crystal face analyses were performed on 

crystals mounted in epoxy, later U-Th studies switched to using soft indium (In) metal 

(Schmitt et al., 2010a, b; Zou et al., 2010; Reid et al., 2011). Indium has two advantages over 

epoxy: (1) zircon crystals can be easily placed into the indium with the crystal faces flush to 

the mount surface; and (2) no interferences (= obstruction of a signal from one ion species 

because of superimposition of a signal from another ion species) are encountered for beam 

overlap with indium. Beam overlap with epoxy has to be avoided because carbon in the 
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epoxy creates interferences on the 230Th16O+ peak and at a mass-to-charge-ratio of 244 

(Schmitt, 2011).  

 Spot and crystal face analyses represent only a snapshot in the lifetime of a crystal, and 

not the continuity of its growth. To assess continuity of crystal growth, depth profiling has to 

be performed. This can either be done in a stepwise approach where the crystal is polished 

down to certain depth intervals before each analysis (Bindeman et al., 2006), or by 

continuous removal of material and excavation of a pit from the rim towards the interior of 

the crystal (Reid, 2008; Schmitt et al., 2010a, b; Reid et al., 2011). With both techniques, 

progressively older age domains are analysed with increasing depth into the crystal. The 

analysis depth for continuous depth profiling is typically limited to ~25-30 µm which 

corresponds to an aspect ratio of beam diameter to beam depth of approximately 1 (Schmitt, 

2011). At deeper excavation depths, charging might change relative ion sensitivities and 

instrumental mass fractionation. Therefore, deeper profiles require polishing of the crystal to 

the bottom of the analysis pit and further profiling. 

 Crystal face analyses and continuous depth profiling are used in this study to obtain 

zircon ages of maximum possible spatiotemporal resolution for the interpretation of 

magmatic timescales beneath Tarawera volcano (Storm et al., 2011, 2012). 



  

48 

 

 

 



  

49 

 

Chapter 2 ‐ Geologic background 

  

 Tarawera volcano is situated in the central North Island of New Zealand and is part of 

the Okataina Volcanic Centre (OVC) within the Taupo Volcanic Zone (TVZ) (Fig. 2.1). 

 

2.1 Geology of the Taupo Volcanic Zone 

 The Taupo Volcanic Zone (TVZ) in the central North Island of New Zealand (Fig. 2.1) is 

one of the most active rhyolite systems on Earth, characterised by extensively faulted, thin 

(~30 km) crust, extremely high heat flux (26 MW/km, Stern et al., 2006) and frequent and 

exceptionally voluminous rhyolite volcanism (Wilson et al., 1995). It is an actively rifting arc 

that comprises the on-land continuation and southern 10 % of the 2800 km long NE-trending 

Tonga-Kermadec arc. The convergent plate boundary is located ~250 km east of the TVZ and 

is characterised by oblique westerly subduction of the oceanic Pacific Plate beneath the partly 

continental Australian Plate. Subduction occurs at a rate of ~42-48 mm/yr (Beavan et al., 

2002). Due to clock-wise rotation of the North Island, northwest-southeast extension rates in 

the TVZ decrease from ~15 mm/yr in the NE at the Bay of Plenty coastline to <5 mm/yr in 

the SW south of Lake Taupo, with ~12 mm/yr at the Okataina Volcanic Centre (OVC) 

(Wallace et al., 2004).  
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Figure 2.1 Sketch map of the North Island of New Zealand in the context of the convergent Australian-Pacific 
plate boundary of the Tonga-Kermadec subduction system. TVZ = Taupo Volcanic Zone; OVC = Okataina 
Volcanic Centre; single arrows indicate direction of subduction with rates from Beavan et al. (2002); double 
arrows indicate back-arc extension with rates from Wallace et al. (2004). Redrawn after Campbell et al. (2007). 

 

 

 The structure of the crust and upper mantle in the TVZ has been described by Harrison 

and White (2004; 2006) and Stratford and Stern (2004, 2006) based on modelling of seismic 

data. Interpretations of the crustal structure are in agreement to a depth of ~16 km, but 

diverge below. Based on P-wave velocities of VP ~2.0-3.2 km/s, volcaniclastics and/or 

pyroclastics comprise the upper 3 km of the crust. This is consistent with metallotelluric and 

gravity data indicative of conductive porous rock (Seebeck et al., 2010). P-wave velocities of 

VP ~5.0-6.5 km/s suggest that upper crust of quartzo-feldspathic compositions, such as 

greywacke and silicic intrusives, extends down to a depth of 16 km (Harrison and White, 
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2004; 2006; Stratford and Stern, 2004; 2006). East and west of the TVZ similar velocities in 

the crust reach down to 30 and 25 km, respectively. The high heat flux causes the brittle-to-

ductile transition in the TVZ to occur at a shallow depth, typically 6-7 km (Bryan et al., 1999). 

According to Stratford and Stern (2004, 2006) the depth interval 16-20 km is the crust-mantle 

transition zone underlain by the mantle down to at least ~80 km. They ascribe P-wave 

velocities of VP ~7.4 km/s (which are anomalously low for the upper mantle) to ~2 % partial 

melt, and explain a reflector at ~35 km with low P-wave velocity as partial melt bodies 

within the upper mantle. Partial melting could be a result of hydration of the mantle wedge 

due to dehydration of minerals that were carried down in the subducted plate. The Wadati-

Benioff zone is encountered at ~80-100 km and P-wave velocities increase by 8 % in the 

subducted plate. In contrast, Harrison and White (2004; 2006) interpret the interval 16-30 km 

(Vp 6.9-7.3 km/s) as highly intruded mafic lower crust containing ~2 % partial melt. They 

argue that a crust extending to ~30 km is consistent with a crustal thickness of ~25-30 km 

suggested by Bannister et al. (2004) based on receiver function analyses. The mantle reaches 

from ~30 to >100 km (Vp ~7.4-7.8 km/s). 

 Basement rocks outcropping east and west of the TVZ, and probably underlying the 

volcanic deposits in the TVZ, are extensively faulted Mesozoic greywacke of the Torlesse 

(depositional ages 150-170 ka and 100-120 ka; Mortimer, 1994; 2004; Adams et al., 2009) 

and Waipapa (depositional ages 140-160 ka; Adams et al., 2009) Supergroups, respectively 

(Mortimer, 2006; Seebeck et al., 2010). Greywacke has also been found at 1-2 km depth at 

the eastern side of the TVZ (e.g., Browne, 1971; Wood et al., 2001) and as xenoliths in 

rhyolite domes (e.g., Charlier et al., 2010). 

 Intrusive rocks have only been encountered in-situ in one drill hole about 60 km SW of 

the OVC at 2.2 km depth (Browne et al., 1992). Rare blocks of granodiorite or granitoid 
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occur in some silicic volcanic deposits in the TVZ (e.g., Ewart and Cole, 1967; Brown et al., 

1998).  

 The TVZ has been active for ~2 Ma and started with early andesite volcanism that was 

nearly coeval with voluminous rhyolite volcanism starting at ~1.6 Ma (Houghton et al., 1995). 

An average rhyolite eruption rate of 0.28 m3/s has been calculated by Wilson et al. (1995). 

The total erupted bulk volume is poorly constrained but estimated to be 15,000-20,000 km3. 

Rhyolite makes up for >90 % of the erupted magmas and comprises deposits ranging from 

products of large caldera-forming eruptions (30- >300 km3) to those of smaller intra-caldera 

eruptions (commonly not >10 km) and dome-building events (few >10 km). Andesite is an 

order of magnitude less abundant than rhyolite and is erupted as pyroclastics or lavas in 

events producing volumes ranging from 1-10 km3. Dacite and basalt are subordinate (<3 km3) 

(Wilson et al., 1995). The 250 km long TVZ is divided into three segments: a north-eastern 

and a south-western margin that are dominated by andesitic and dacitic volcanism, and a 125 

km long and 60 km wide central segment which is dominated by rhyolitic volcanism (Wilson 

et al., 1995). The differences in eruption styles, volumes, and rates in the central segment 

reflect a fundamentally distinct magmatic plumbing system in the Central TVZ (Charlier et 

al., 2003; Price et al., 2005), where rifting is suggested to be assisted by magmatic and 

volcanic activity (Rowland et al., 2010). 

 In the Central TVZ eight major rhyolite caldera centres are the result of ~34 caldera-

forming eruptions and numerous intra-caldera events within the last 1.6 Ma (Houghton et al., 

1995; Wilson et al., 1995; Nairn, 2002). Only two of these caldera centres are still considered 

active and count as the most active rhyolite volcanoes in the world: the Okataina Volcanic 

Centre (OVC) at the northern end of the Central TVZ and the Taupo Volcanic Centre (TVC) 

at the southern end of the Central TVZ (e.g., Wilson et al., 1995; Nairn, 2002) (Fig. 2.2).  
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Figure 2.2 Map showing the locations of the eight rhyolite calderas in the TVZ. Red: The only two active 
volcanic centres are Okataina and Taupo. The inset shows the location of the TVZ within the North Island of 
New Zealand. Redrawn after Wilson et al. (1995). 

 

 

2.2 Eruptive history of the Okataina Volcanic Centre 

 The eruptive history of the Okataina Volcanic Centre (OVC) has been described in great 

detail by Nairn (2002) and summarized by Cole et al. (2010). The OVC is located at a major 

offset within the young Taupo Rift and forms a structurally complex transfer zone between 

north-eastwards and south-westwards propagating rift segments (Fig. 2.3) (Rowland et al., 

2009).  
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Figure 2.3 Geologic sketch map of OVC showing the outline of the caldera associated with the Rotoiti eruption 
and the location of post-26 ka volcanoes Haroharo and Tarawera. Modified from Nairn (2002) and Shane et al. 
(2007). Inset: Map of the North Island showing the location of the TVZ. 

 

 

 Volcanism in the OVC possibly started at ~625 ka (Manning, 1996), although the earliest 

volcanic activity is difficult to determine. The main reason could be, according to Shane et al. 

(2012), that distal pyroclastic deposits are difficult to trace back to source because calderas 

adjacent to the OVC were active contemporaneously (e.g., Kapenga with several eruptions 

between 890 and 275 ka; Reporoa with caldera-forming eruption at 230 ka; Rotorua with 
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caldera-forming eruption at 240 ka; summary by Wilson et al., 2009). Furthermore, the 

record of early activity could be covered or destroyed by later eruptions.  

 Nairn (2002) suggests that ignimbrites he refers to as the ‘quartz-biotite tuffs’ 

outcropping in the OVC, with an estimated volume of 90 km3, are large enough to be related 

to a caldera-forming eruption. The recently revised age of 550 ka (Cole et al., 2010) would 

make this the first caldera-forming eruption in the OVC.  

 The oldest, well-constrained record of a caldera-forming eruption is the Matahina 

Ignimbrite (150 km3; Nairn, 2002) which was emplaced at 325 ka (Cole et al., 2010) and 

resulted in a caldera collapse that formed the southern part of the present day Okataina 

caldera.  

 Explosive volcanism continued after this eruptive episode (Nairn, 2002), but in a 

diminished form. Between 325 and 240 ka only volumetrically minor pyroclastic deposits are 

known (Nairn, 2002) and regional tephra records from 240-61 ka suggest that this was a 

period of sparse volcanic activity (Shane et al., 2006; Molloy et al., 2009).  

 During the eruption of the Rotoiti Pyroclastics, >100 km3 of non-welded ignimbrite and 

intercalated airfall deposits were produced, leading to caldera collapse on the northern side of 

the OVC (Nairn, 2002; Shane et al., 2006). The present day morphology of the OVC is 

largely a result of the Matahina and Rotoiti caldera-forming ignimbrite eruptions. Fall 

deposits from the Rotoiti eruption, referred to as Rotoehu tephra, are widespread throughout 

the North Island of New Zealand and parts of the SW Pacific Ocean (Vucetich and Pullar, 

1969; Pillans and Wright, 1992; Newnham et al., 2004) and provide a key horizon for 

stratigraphy. However, the age of the Rotoiti eruption is controversial and ranges between 

~35 and 71 ka have been suggested (see summaries in Froggatt and Lowe, 1990; Lowe and 

Hogg, 1995; Shane and Sandiford, 2003; Wilson et al., 2007). The currently accepted 

eruption age is 61 ka based on K-Ar and Ar-Ar dating of lava flows under- and overlying 
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distal Rotoehu tephra (Wilson et al., 2007). New age estimates based on combined U-Th 

disequilibrium and (U-Th)/He analyses of zircon and high precision radiocarbon dating 

suggest ~45 ka (Danišík et al., 2012; see Appendix F), which is adopted for further use in this 

study. The Earthquake Flat (EQF) pyroclastics, ~10 km3 of non-welded ignimbrite and tephra 

fall deposits, directly overlie the Rotoiti deposits. There is no indication for weathering or 

erosion of the contacts nor the formation of palaeosols between the deposits, suggesting that 

the EQF eruption to the south-west of the OVC immediately followed the Rotoiti event 

(Nairn and Kohn, 1973). Danišík et al. (2012) were the first to perform direct dating of the 

EQF deposit using U-Th disequilibrium and (U-Th)/He analyses of zircon and obtained an 

age of ~45 ka. Based on 238U-230Th disequilibrium dating of zircon, Charlier et al. (2003) 

suggest that although the Rotoiti and EQF eruptions were close in time, the magmas were 

discrete and not interconnected. However, their relationship seems to be more complex, in 

that the EQF magma is distinct from Rotoiti T1 magma (Shane et al., 2005a), but very similar 

to the Rotoiti T2 magma and some plutonic lithics (Molloy et al., 2008). It has been 

suggested that the EQF magma was generated by re-melting of a nearly crystalline silicic 

plutonic body following large-scale recharge with hotter mafic magma that also partly 

affected the Rotoiti magma body (Molloy et al., 2008). 

 After the caldera-forming Rotoiti event, intra-caldera volcanism commenced and the 

frequency of rhyolitic activity at the OVC increased, with 23 silicic episodes during the last 

~43 ka (e.g., Nairn, 2002). 

 The Mangaone Subgroup Pyroclastics erupted in 14 dominantly plinian episodes 

between 43-31.5 ka and represent >30 km3 (magma volume) of silicic tephra and ignimbrites 

(Jurado-Chichay and Walker, 2000; 2001; Smith et al., 2002). It has been suggested that the 

~33 ka Kawerau Ignimbrite (~20 km3) is part of the younger Mangaone Subgroup (Spinks, 
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2005) and would therefore represent the largest eruption at the OVC since Rotoiti that could 

have likely caused minor caldera collapse. 

 Nine eruptive episodes during the last ~25 ka built up two sub-parallel north-east 

trending intra-caldera dome complexes, Haroharo and Tarawera, composed of lavas and 

pyroclastic deposits with a magma volume of >85 km3 (Fig. 2.3) (Nairn, 2002). Haroharo is 

situated in the northern part of the OVC and produced rhyolite lava domes and flows with 

interbedded pyroclastic flow and fall deposits during four main eruptive episodes triggered by 

magmatic intrusion or seismic disturbance (Smith et al., 2004, 2005; 2006). Tarawera formed 

in the southern part of the OVC during four rhyolite eruptions triggered by basaltic intrusion, 

and one basaltic eruption (e.g., Nairn et al., 2004; Shane et al., 2007; 2008a; b). 

 

 

2.3 Eruptive history, petrology, and geochemistry of 

rhyolites from Tarawera volcano 

 The eruptive history, geochemistry, and petrology of Tarawera volcano have been 

documented in detail by Speed et al. (2002), Nairn et al. (2004), Shane et al. (2007; 2008a; b), 

and others. The Tarawera massif was built up by four rhyolite eruptive episodes (~30 km3 

magma) occurring at 21.9 (Okareka), 17.7 (Rerewhakaaitu), 13.7 (Waiohau), and 0.7 ka 

(Kaharoa) (Fig 2.4; Table 2.1). The only entirely basaltic eruption was the plinian fissure 

eruption in AD1886 (Nairn, 2002). Each episode involved the emplacement of pyroclastic 

fall and flow deposits by plinian-style activity and the extrusion of lava domes from one or 

more vents (Nairn et al., 2001; Nairn, 2002; Speed et al., 2002; Darragh et al., 2006). The 

lack of palaeosols and significant erosion hiatuses within deposits from each of the four 

episodes points to episode durations of <100 years.  



Chapter 2  Geologic background 

58 
 

 

Figure 2.4 A) Map of Tarawera volcano showing major lava domes and pyroclastic units from the four rhyolite 
eruption episodes (modified from Nairn (2002)). (B) Map of the OVC, showing Tarawera and Haroharo 
volcanic complexes. Stars mark rhyolite vents active during the last 25 ka. 

 

 

 

 

 

 



Chapter 2  Geologic background 

59 
 

 In general, the rhyolites have high silica contents (73-77 %) and a common mineral-

assemblage comprising quartz, plagioclase, pyroxene, and hornblende (with cummingtonite 

and biotite in some cases) and spinel, ilmenite, apatite, and zircon as accessory phases (Shane 

et al., 2008b). However, during each episode except Waiohau, two or three distinct rhyolite 

magma types were co-erupted. Evidence for their co-existence is provided by commingled 

glasses in pumice clasts and lava, and syn-eruption of different clast types. The magma types 

can be distinguished by pumice, glass and mineral chemistry, T-fO2, ferromagnesian mineral 

assemblage and crystallinity (Speed et al., 2002; Nairn et al., 2004; Shane et al., 2007; 2008a) 

(Table 2.1). None of these parameters show temporal trends between any of the magmas from 

the same eruption nor from different eruptions suggesting that there is no common 

crystallizing parent magma body and magma diversity cannot be ascribed to fractionation in a 

closed system (Shane et al., 2008b). Despite being erupted simultaneously or in short 

succession, the different magma types of each episode show evidence for separate 

crystallization histories and accumulation in distinct batches before eruption. Shane et al. 

(2007; 2008a) suggest a model for magma system processes beneath Tarawera that involves a 

transient and heterogeneous system in which individual melt pockets develop and erupt from 

a magma mush. Production and recharge of silicic melt occur rapidly and frequently due to 

basaltic intrusions (Shane et al., 2008b) which are also suggested to be the trigger mechanism 

for all eruptions at Tarawera. Evidence of basalt involvement includes basaltic inclusions, 

mingled pumices, and hybrid glass found in the deposits of all four eruptive episodes (Table 

2.2) (Shane et al., 2008b). 
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Table 2.1 Summary of magma types erupted from Tarawera volcano (revised from Shane et al., 2008b) 

Magma Vol (km3) Mineralogy Crystal (%) SiO2 Rb/Sr Zr T °C fO2 
 

636 ± 12 cal yr BP (Kaharoa) 
T1 2 Bio>Hb>Cgt±Opx 2-25 77.5 2.41 87 728 -0.13 
T2 2 Bio>Cgt>hb±Opx 20-40 76.2 0.98 138 728 -0.13 
         
13635 ± 165 cal yr BP (Waiohau) 
 10 Opx+Hb 5-10 76.8 0.98 140 774 0.33 
         
17625 ± 425 cal yr BP (Rerewhakaaitu) 
T1 4 Opx>Hb±Cgt <10 77.0 1.15 128 763 0.17 
T2 1.5 Bio>Hb >20 75.6 0.91 135 723 -0.50 
T3 0.2 Opx+Hb 20 73.7 0.41 154 796 0.99 
         
21992 ± 317 cal yr BP (Okareka) 
T1 0.3 Opx>Cgt>Hb±Bio 9-18 77.0 0.82 119 763 0.19 
T2 0.3 Hb+Bio>Opx - - - - 744 -0.08 
T3 4.5 Opx+Hb>Cgt±Bio 24-34 75.3 1.52 170 783 0.61 
 

 

SiO2 (wt %); Zr (ppm); Rb/Sr = whole rock; T and fO2 (NNO) from Fe-Ti oxides (data from Nairn et al. 2004; 
Shane et al. 2007; 2008a,b; T and fO2 recalculated after Ghiorso and Evans, 2008); Bio = biotite, Hb = 
hornblende, Cgt = cummingtonite, Opx = orthopyroxene. Eruption ages from Lowe et al. (2008) and Molloy et 
al. (2009). Magma volumes from Shane et al. (2008a). 
 

 

Table 2.2 Evidence for the involvement of basaltic magma in eruptions from Tarawera volcano 

Eruption Evidence for the involvement of basaltic magma 
 

AD1886 entirely basaltic 
 
636 ± 12 cal yr BP (Kaharoa) deposits contain ubiquitous but subordinate populations of basaltic 

and hybrid andesitic inclusions (Leonard et al., 2002; Nairn et al., 
2004) 

 
13,635 ± 165 cal yr BP (Waiohau) no basalt in eruptives from main vent; 

rare basaltic and andesitic clasts in rhyolite breccia erupted from 
satellite vent near Lake Rotomahana (Nairn, 2002) 

 
17,625 ± 425 cal yr BP (Rerewhakaaitu) some rhyolite pumices contain andesitic to rhyodacitic hybrid glass 

blebs ≤1 cm in size; 
these are accompanied by xenocrystic olivine, calcic plagioclase, and 
magnesian orthopyroxene (typical of basaltic to andesitic magmas) 
(Shane et al., 2007) 

 
21,992 ± 317 cal yr BP (Okareka) episode started with subplinian eruption of basaltic scoria; 
 initial rhyolite fall deposits contain basalt-rhyolite hybrid and mingled 
a  pumices (Shane et al., 2008) 
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2.3.1 Kaharoa eruptive episode and deposits 

 During the 0.7 ka Kaharoa eruption episode (4 km3) two main rhyolite magmas (T1 and 

T2) were ejected from 7 vents aligned along an 8 km linear zone. The magma body was 

stored in the upper crust at ~6-7 km depth based on pressure estimates from glass 

compositions and the duration of the episode is estimated to be ~4 years based on 

stratigraphy and lava extrusion rates (Nairn et al., 2001; 2004). T1 magma was evacuated in 

an early plinian phase and emplaced as pyroclastic fall and flow deposits, whereas T2 magma 

mostly represents late-stage lavas and block-and-ash flows (Nairn et al., 2004). The 

composition of T1+2 magma indicates that some mixing between the main rhyolite magma 

types took place. The existence of a third rhyolite magma has been inferred from the 

occurrence of rhyodacites which could have formed from a rhyolitic magma under the 

influence of basaltic magma. However, this third rhyolite end-member has not been 

discovered in the deposits (Nairn et al., 2004). Kaharoa is the only eruptive episode at 

Tarawera in which rare granitoid clasts have been found. Their composition is distinct from 

those of the rhyolites. Basaltic material has been erupted from nearly all of the vents and 

suggests that multiple basaltic intrusions primed and triggered the eruption (Nairn et al., 2004) 

(Table 2.2). 

 The two main rhyolite magma types can be distinguished based on their crystal content 

and whole rock geochemistry (Table 2.1). T1 magma contains <25 % crystals and is 

characterized by a ferromagnesian mineral assemblage of biotite > hornblende > 

cummingtonite ± orthopyroxene. In the T2 magma, crystal contents are between 25-40 % and 

the mineral assemblage is represented by biotite > cummingtonite > hornblende ± 

orthopyroxene. T1 magma has slightly higher SiO2, K2O, and Rb, and lower CaO, Fe2O3, Zr, 

and Sr than T2 magma. Temperature and oxygen fugacity estimates from Fe-Ti oxides give 

728 °C and fO2 = NNO-0.13, respectively, based on the geothermobarometer by Ghiorso and 
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Evans (2008; see Appendix A). In contrast to the other eruption episodes at Tarawera, 

Kaharoa magmas were erupted from a stratified magma body and compositions were 

controlled by eruption sequence rather than by vent location. However, the two main magmas 

are not related by simple fractionation in a closed system (Nairn et al., 2004). 

 

2.3.2 Waiohau eruptive episode and deposits 

 The 13.7 ka Waiohau eruption episode (10 km3) included several plinian phases that 

emplaced pyroclastic fall and flow deposits and ended with the extrusion of two lava domes 

and Pokohu lava flow. It is the only episode at Tarawera that erupted only one rhyolite 

magma type. The rhyolite magma lacks significant geochemical and mineralogical gradients 

(Speed et al., 2002). It contains <10 % crystals and has a characteristic ferromagnesian 

mineral assemblage of orthopyroxene and hornblende (Table 2.1). A lack of biotite as a 

phenocryst phase distinguishes the Waiohau deposits from other eruption deposits at 

Tarawera (Speed et al., 2002). Temperature and oxygen fugacity estimates from Fe-Ti oxides 

give 774 °C and NNO+0.33, respectively, based on the geothermobarometer by Ghiorso and 

Evans (2008; see Appendix A). Although no basaltic material has been found in the deposits, 

there are indications of basalt triggering of the eruption (Table 2.2) (Shane et al., 2008b). 

 

2.3.3 Rerewhakaaitu eruptive episode and deposits 

 During the 17.7 ka Rerewhakaaitu eruption episode (5.7 km3 magma volume) two 

distinct rhyolite magmas (T1 and T2) were simultaneously and sequentially erupted from the 

same vent area by plinian-style activity and emplaced as pyroclastic fall and flow deposits 

(Shane et al., 2007). Some pumice clasts show mingled and/or mixed glass compositions and 

crystal populations. However, lapilli of both magma types have been found within the same 
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units. A third rhyolite magma (T3) was contemporaneously extruded as lava dome from a 

vent 3 km distant. Crystallisation of T1 and T2 magmas occurred at a depth of 8 and 12 km, 

respectively, based on volatile saturation pressures of melt inclusions in quartz (Shane et al., 

2007). Both magmas were triggered into eruption by basaltic intrusion (for evidence see 

Table 2.2) and disequilibrium of Fe-Ti oxides suggests that mingling and mixing took place 

in the conduit only just prior to eruption (Shane et al., 2007). 

 The three magma types can be distinguished by crystal content, ferromagnesian mineral 

assemblage, geochemistry, and intensive parameter data (Shane et al., 2007) (Table 2.1). T1 

magma is highly evolved and characterized by a crystallinity of <10 %, a ferromagnesian 

mineral assemblage of orthopyroxene > hornblende ± cummingtonite, and T = 763 °C and 

NNO+0.17. T2 magma is less evolved and more crystal rich (>20 %) than T1 magma, and 

displays a ferromagnesian mineral assemblage of biotite > hornblende, and lower T- fO2 

values (723 °C, NNO-0.50) (Shane et al., 2007; see Appendix A). T3 magma is the least 

evolved magma with a moderate crystal content of 20 % and a ferromagnesian mineralogy of 

orthopyroxene + hornblende. It shows the highest T- fO2 (796 °C, NNO+0.99). The 

difference between the magmas and a lack of linear trends in some trace element plots 

precludes the evolution of the magmas by simple closed-system fractionation or mixing of 

end-member magmas (Shane et al., 2007). 

 

2.3.4 Okareka eruptive episode and deposits 

 The 21.9 ka Okareka eruption episode (5.1 km3 magma volume) started with a basaltic 

eruption directly followed by a rhyolitic plinian eruption. Three rhyolite magma types (T1, 

T2, and T3) erupted simultaneously from the same conduit system (Shane et al., 2008a). 

Evacuation of T1 magma directly followed the eruption of basaltic scoria. Heterogeneous 

clasts of mingled rhyolite and basalt magmas are contained in the lowermost eruption units. 
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Hence, basaltic intrusion is suggested to be the eruption trigger mechanism (Shane et al., 

2008a) (Table 2.2). Basaltic material has not been found in any of the younger units. T2 and 

T3 magma joined the eruption of T1 magma, resulting in a mid to late-stage pyroclastic fall 

and flow sequence that comprises a mixture of all three magma types. However, there was a 

decrease in abundance of T1 magma and an increase of T3 magma over the course of the 

eruption with the uppermost units containing T3 magma only. The plinian eruption was 

directly followed by the emplacement of Hawea and Ridge lava flows represented by T3 

magma towards the end of the eruption episode (Shane et al., 2008a). The eruption sequence 

lacks palaeosols and erosion hiatuses, and the ash dispersal is recorded as a single 

‘instantaneous’ event in sedimentary sequences, pointing to a likely duration of <100 yrs 

(Shane et al., 2008a). A magma storage depth of <8 km has been suggested based on volatile 

saturation pressures of melt inclusions in quartz. All pyroclastic deposits and lava flows (thus, 

all magma types) appear to have erupted from one central vent, now buried beneath the lava 

flows (Nairn, 2002). Since volatile saturation pressures for both T1 and T3 magma indicate 

similar depths of residence (Shane et al., 2008a) and the two magmas also shared a common 

eruption conduit, they must have resided in close proximity. 

 The three magma types can be distinguished based on crystal content, ferromagnesian 

mineralogy, glass and whole rock chemistry, and intensive parameter data (Table 2.1). T1 

magma contains <18 % crystals, displays a ferromagnesian mineral assemblage of 

orthopyroxene > cummingtonite > hornblende ± biotite, and is distinguished by medium-K2O 

content of the matrix glass. Eruption temperature and oxygen fugacity estimates from Fe-Ti 

oxide pairs are T = 763 °C and fO2 = NNO+0.19, based on the geothermobarometer by 

Ghiorso and Evans (2008; see Appendix A). T2 magma consists of ash-grade material only, 

with >30 % crystals, a ferromagnesian mineral assemblage of hornblende + biotite > 

orthopyroxene, high K2O and T- fO2 of 744 °C and NNO-0.08, respectively. T3 magma is 



Chapter 2  Geologic background 

65 
 

crystal rich (27-34 %) and has higher T- fO2 (783 °C, NNO+0.61) than T1 and T2 magma. It 

is characterized by a ferromagnesian mineralogy of orthopyroxene + hornblende > 

cummingtonite ± biotite, and glass compositions with low-K2O and high CaO as well as high 

Sr and Zr contents (Shane et al., 2008a). The differences between the magmas preclude a 

simple relation by fractionation from a common magma body (Shane et al., 2008a).  
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Chapter 3 ‐ Methods 

 

3.1 Sampling and sample preparation  

3.1.1 Sampling 

 In previous studies of the OVC the stratigraphy and geochemistry of the Tarawera 

eruptive episodes have been thoroughly investigated and described in great detail (e.g. Nairn, 

1981; 1989; 2002; Speed et al., 2002; Nairn et al., 2004; Shane et al., 2007; 2008a). This 

information was used to collect samples of eight different magma types from the four rhyolite 

eruptions of Tarawera: the 0.7 ka Kaharoa eruption (samples of T1 and T2 magmas, and 

granitoids); the 13.7 ka Waiohau, the 17.7 ka Rerewhakaaitu (samples of T1 and T2 magmas); 

and the 21.9 ka Okareka eruption (samples of T1 and T3 magmas) (Table 3.1; Fig. 3.1, 3.2, 

and 3.3).  

 

Table 3.1 Samples used for zircon analyses 

Sample /AU no.a Eruption Magma Eruption unit Lithology Grid ref 
 

T014Ka / AU64966 Kaharoa T1 fall units F and G multiple lapilli 174196 
T005Ka / AU64967 Kaharoa T2 Wahanga block-and-ash flow lava block 217291 
T022Ka / AU64968 Kaharoa granitoid block-and-ash flow, unit N rock fragment 174196 
T027Ka / AU64969 Kaharoa granitoid block-and-ash flow, unit N rock fragment 174196 
T028Ka / AU64970 Kaharoa granitoid block-and-ash flow, unit N rock fragment 174196 
T029Ka / AU64971 Kaharoa granitoid block-and-ash flow, unit N rock fragment 174196 
T032Ka / AU64972 Kaharoa granitoid block-and-ash flow, unit N rock fragment 174196 
T008Wh / AU64973 Waiohau  Pokohu Lava lava block 202321 
T012Rk / AU64974+5 Rerewhakaaitu T1, T2 fall unit H multiple lapilli 238270 
T011Ok / AU64976 Okareka T3 Hawea lava lava block 238270 
T018Ok / AU64977 Okareka T1 fall units B and C multiple lapilli 285265 
C3ab/ - Kaharoa granitoid fall unit A rock fragment 179223 
 

Grid references from Topographic Map 260-V16 Tarawera, Geodetic Datum 1949, New Zealand Map Grid 
Projection 
aCatalogue number for samples archived in the petrology collection of the School of Environment, University of 
Auckland 
bfrom Nairn et al. (2004) 
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Figure 3.1 Geologic sketch map of the OVC showing the sampling sites for rhyolites and granitoids used in this 
study. Modified from Nairn (2002) and Shane et al. (2007). Inset: Map of the North Island showing the location 
of the OVC. 
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 The Kaharoa T1 magma sample (T014Ka) was collected from the rhyolite quarry in 

Crater Road south of Mt Tarawera (Table 3.1; Fig. 3.1 and 3.2). It comprises multiple pumice 

lapilli from the airfall units F and G erupted from Crater vent and described in Nairn et al. 

(2004). 

 

 

Figure 3.2 Photo showing a typical outcrop of a fallout deposit of the 0.7 ka Kaharoa eruption and a block-and-
ash flow that formed after dome collapse during the eruption. Rhyolite quarry in Crater Rd. Units F and G from 
the fallout deposit, sampling site of Kaharoa T1 magma, are covered by debris in this picture, but exposed 2 m 
further to the right of the picture border. A4-lecture book for scale. 
 

 
 The Kaharoa T2 magma sample (T005Ka) was collected from a rhyolite quarry in 

Edwards Road ca. 2 km northeast of the intersection with Hawea Road (Table 3.1; Fig. 3.1). 

It represents a lava block from the block-and-ash flow that formed after partial collapse of 

Wahanga dome (unit N; Nairn et al., 2004). 
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 The Kaharoa granitoid samples (T022ka, T027Ka, T028Ka, T029Ka, T032Ka) were 

collected from the rhyolite quarry in Crater Road south of Mt Tarawera (Table 3.1; Fig. 3.1). 

They were found as extremely rare loose rock fragments in a block-and-ash flow from 

Ruawahia dome (unit N; Nairn et al., 2004). Granitoid clast C3a had been collected from 

pumice fall unit A in a previous field visit by Phil Shane (Nairn et al., 2004). 

 The Waiohau magma sample (T008Wh) was collected from lava outcropping on 

Tarawera Road ca. 2 km northeast of the airstrip near Lake Tarawera (Table 3.1; Fig. 3.1). It 

represents a pumiceous lava block from Pokohu lava flow (Nairn, 2002; Speed et al., 2002). 

 The Rerewhakaaitu T1 and T2 magma samples (T012Rk T1 and T2) were both collected 

from a gully on a track off Purutai Road, the same location which is described as ‘section 

Rw1’ in Shane et al. (2007) (Table 3.1; Fig. 3.1). Both samples comprise multiple pumice 

lapilli from fall unit H. 

 The Okareka T1 magma sample (T018Ok) was collected from a road outcrop on Savage 

Road ca. 3 km south of the intersection with Forestry Road (Table 3.1; Fig. 3.1 and 3.3). It 

comprises multiple pumice lapilli from fall units B and C described by Shane et al. (2008a). 

 The Okareka T3 magma sample (T011Ok) was collected 50 m down a track from the 

Rerewhakaaitu sampling site (Table 3.1, Fig. 3.1). It is represented by a block from the 

Hawea lava flow (Shane et al., 2008a). 
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Figure 3.3 Photo showing an outcrop of the deposits of the 21.9 ka Okareka eruption with under- and overlying 
palaeosols. Magma sample T1 was collected from horizon labelled ‘Okareka pumice’. 
 

 

3.1.2 Sample preparation 

 First, the samples were washed and dried at 50 °C at the University of Auckland. Then, 

~1-3 kg of each sample were crushed in a tungsten carbide rock splitter / crusher, and 

pulverised in a tungsten carbide swing mill. The powder was dry-sieved to remove the 

fraction >500 µm. In order to separate zircon, two stages of gravity separation were 

undertaken, followed by magnetic separation and hand-picking.  

 Since the crystal content in the rhyolitic lavas and pumices from Tarawera is relatively 

low (<30 %), much of the voluminous glass was removed first. For this purpose, a ‘Gemini 

Table’ at the University of Waikato was used. The samples were washed down the vibrating 
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table at a feeder frequency of 55-60 Hz and a table frequency of 20-22 Hz, and split into four 

fractions according to the density of the material. While the light fraction, mostly glass, was 

flushed away, the three heavier fractions were kept. All samples were washed in de-ionised 

water and dried in an oven at 50 °C. 

 Heavy liquid separation was carried out at the University of Auckland using non-toxic 

Sodium-Polytungstate (SPT) (Na6[H2W12O40]*H2O). SPT was mixed with de-ionised water 

until the solution reached the required density of 2.84 g/cm3. The heaviest fraction of the 

sample recovered from separation on the Gemini Table was added to the heavy liquid, stirred 

well, and then allowed to settle (Fig. 3.4). Minerals with a density >2.84 g/cm3 including 

zircon (~4.7 g/cm3) collected at the bottom, whereas lighter minerals and remaining glass 

floated to the top. To recover the heavy fraction, it was drained into a filter. A vacuum pump 

was used to create suction and accelerate the heavy liquid running through the filter paper. 

The heavy fraction was then repeatedly cleaned in de-ionised water, collected in a dish, and 

dried at 50 °C. The same procedure was performed with the light fraction.  
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Figure 3.4 Photo showing the setup for heavy liquid separation using Sodium-Polytungstate (SPT, density = 
2.84 g/cm3). The separation is based on the density contrast between the different minerals and the liquid. While 
heavy minerals >2.84 g/cm3 including zircon (~4.7 g/cm3) sink to the bottom, light minerals and glass <2.84 
g/cm3 float to the top. A filter connected to a vacuum pump that accelerates the filtering process through suction 
is used to recover the heavy and afterwards the light fraction. 

 

 

 Magnetic separation with a hand-magnet was used on the heavy mineral fraction from 

the heavy liquid separation to remove the magnetic Fe-Ti oxides. The remaining grains were 

then run through the Frantz Isodynamic Separator at 15° forward and side tilt and a magnet 

current of 1.0 A to remove ferro-magnesian minerals. 

 Finally, the non-magnetic fraction was hand-picked under a petrographic microscope to 

obtain a pure final selection of zircon crystals (typically 100-250 µm in length) (Fig. 3.5). 
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Figure 3.5 Photos of zircon crystals from Tarawera granitoid sample T029Ka under a petrographic microscope. 

 

 

3.2 Analytical equipment and instrumental conditions 

3.2.1 Cathodoluminescence (CL) imaging 

 Cathodoluminescence (CL) imaging of zircon crystals was performed at UCLA using a 

Leo 1430VP scanning electron microscope. Operating the sample chamber at an air pressure 

of approximately 20 Pa during the imaging prevented charge build-up occurring under 

irradiation with the electron beam and obviated the need for conductive carbon coating. The 

advantage of this was that following the CL imaging, zircon crystals could be analysed for U-

Th disequilibrium by SIMS without encountering the problem of interferences on the 

230Th16O+ peak and at a mass-to-charge-ratio of 244 due to remnants of carbon from the 

coating. CL images were obtained from sectioned zircon crystals to examine zoning patterns 

(see section 4.1). 
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3.2.2 Whole rock U‐Th isotope analyses 

 Sample preparation for whole rock U-Th isotope analyses by MC-ICP-MS was 

undertaken by Michael Turner in the Macquarie University ultraclean U-series laboratory 

following a protocol that is described by Turner et al. (2011). Preparation involved several 

steps including grinding of rock chips to a fine powder, dissolution of the powder, and 

column chemistry to obtain U and Th separates. The powder of each sample (0.1-0.2g of 

rhyolites and ~1g of basalts) plus a spike of 236U-229Th tracer of known concentration and 

composition was dissolved in a mixture of HF-HNO3-HCl and heated in Teflon pressure 

bombs. Fluorides that might have formed from the reaction with HF were then dissolved by 

producing a chloride (6N HCl) saturated with H3BO3. After addition of 14N HNO3 to convert 

the product to a nitrate, the sample was taken up in 7N HNO3 and introduced to columns 

filled with 4ml 1-x8 100-200 biorad anionic resin (Fig 3.6). The sample was loaded onto the 

column and eluted with 7N HNO3 before collecting Th with 6N HCl, and U with 0.2N HNO3. 

 U-Th isotope analyses were conducted by Michael Turner at Macquarie University on a 

Nu Instruments® multi-collector inductively coupled plasma mass spectrometer (MC-ICP-

MS) using the method described by Turner et al. (2011). Concentrations and isotope ratios 

were measured in ‘dynamic mode’ to simultaneously analyse multiple isotopes. 238U and 235U 

were analysed on Faraday cups assuming 238U/235U = 137.88 to correct for the mass bias 

between 238U and 235U, whereas 236U and 234U were alternatively collected in the IC0 ion 

counter. Each sample was bracketed by analysis of the standards U010 and U005A (New 

Brunswick Laboratory) to check the consistency of the 238U/234U ratio.  

 232Th was analysed in Faraday cups, whereas 230Th and 229Th were measured in the IC0 

ion counter. Each sample analysis was bracketed with analyses of Th’U’ and Th’A’ standards 

(Open University). Th’U’ analyses were used to determine the mass bias, whereas analyses of 

Th’A’ were treated as unknowns to check the 232Th tail correction and Th mass bias. 
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Measurements at masses 230.5 and 229.5 were used to derive a linear correction for residual 

232Th tail interference as described in detail for the GEMOC laboratory in Appendix A of 

Sims et al. (2008). In order to test discrepancy from secular equilibrium and analytical 

precision, the standard TML was analysed as an unknown. The following values were 

obtained for the first session: (238U/232Th) = 1.066 ± 0.002 (2 σ), and the second session: 

1.101 ± 0.002. 

 

 

Figure 3.6 Photo showing the setup for column chemistry. The dissolved sample plus spike are washed through 
anionic resin (yellow) in order to elute U and Th. 
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3.2.3 Secondary Ion Mass Spectrometry (SIMS) 

 U–Th isotope, U-Pb isotope, and trace element analyses on individual zircons were 

performed at the University of California Los Angeles using the CAMECA ims 1270 

secondary ion mass spectrometer (SIMS, ion microprobe) (Fig. 3.7).  

 

 

Figure 3.7 UCLA CAMECA ims 1270 secondary ion mass spectrometer (SIMS) used for U-Th isotope and 
trace element analyses of zircon. 

 

 

Zircon U‐Th disequilibrium dating  

 U-Th disequilibrium analyses of the zircons were performed using a mass-filtered 16O- 

primary ion beam at a current of ~40-50 nA and focused into a 25x30 µm oval spot. 

Secondary ions were accelerated at 10 keV with an energy bandpass of 50 eV, and analysed 
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at a mass resolution of ~4800. Analyses were carried out during three sessions between 

February 2010 and May 2011. The technique used in session 1 is described by Schmitt et al. 

(2006). In session 2 and 3, a modified protocol was applied. By simultaneous detection of 

230ThO+ and 232ThO+ in multi-collection analysis using electron-multiplier (EM) and Faraday 

cup (FC) detectors, respectively, analysis time could be reduced by ~30 %. EM and FC 

detector gains were calibrated by analysis of 235UO+ and 238UO+ in both detectors, and 

normalizing the background-subtracted secondary ion intensity ratios to 238U/235U = 137.88 

(Rosman and Taylor, 1998). U/Th relative sensitivities were calibrated from analyses of U-Th 

equilibrium zircon standard AS3 (232Th/238U = 208Pb/206Pb × 3.327; Paces and Miller, 

1993) for session 1, and of zircon standard 91,500 (232Th/238U = 0.3559; Wiedenbeck et al., 

1995) for session 2 and 3. Accuracy of the relative sensitivity calibration and background 

corrections were verified by replicate analysis of AS3 interspersed with the unknowns. The 

following weighted mean (230Th)/(238U) values were obtained for the first session: ‘rims’ 

1.000 ± 0.011 (1σ) (MSWD = 0.71; n = 10); ‘interiors’ 1.025 ± 0.009 (MSWD = 0.84; n = 

10); for the second session 1.010 ± 0.007 (MSWD = 0.77; n = 20); and for the third session 

1.001 ± 0.014 (MSWD = 0.10; n = 10). The values are within 1-2 % of the expected ratio of 1, 

typical for the reproducibility of the U/Th relative sensitivity calibration. Because of the 

deficit in 230Th in young zircons, (230Th)/(238U) uncertainties for the unknowns are dominated 

by low count rates and background corrections, with only a minor contribution from the U/Th 

relative sensitivity calibration. It is emphasised, however, that stated errors are based on 

propagation of all analytical uncertainties, including measurement and calibration errors. 

 Tarawera zircons typically have adhering glass which was removed by etching in 50 % 

HF at room temperature for approximately 3 min. The crystals were embedded in indium (In) 

metal and coated with gold. U-Th disequilibrium analyses were carried out on unpolished 

crystal faces (‘rim’ analyses) with 3–5 μm depth excavation at ~25–30 μm diameter lateral 
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resolution (Fig. 3.8). Spot analyses of polished sections of the same crystals (ground down at 

least 5 μm) were also carried out to obtain ages for the crystal interiors (‘interior’ analyses) 

(Fig 3.8). The size of the crystal influences the degree of interior history exposed by 

polishing. The crystals range from stubby (α = c/a axes = ~2) to more acicular (α = >3) 

(Table 3.2). Although absolute axis length has the most control on percentage of volume 

removed by polishing (i.e., a larger percentage of volume will be removed by polishing an 

acicular crystal than a stubby crystal of the same length), the absolute width of the crystal 

plays the most important role because it dictates whether the centre of the crystal is analysed, 

regardless of whether the crystal is acicular or stubby. It is estimated that polished surfaces 

represent conditions at ~30-70 % (average ~51 %) of crystal growth by assuming a 

bipyramidal tetragonal morphology (see Charlier and Zellmer, 2000 for generalised crystal 

geometry), and estimating the volume change from crystal dimensions (measured from CL 

images) and depth of polishing (Table 3.2). Grinding of the crystals leaves an average of 32 

to 23 % of the initial growth history undetected during interior analyses, with a pit excavation 

depth of 3 to 5 µm, respectively (Table 3.2). This implies that for most zircons the ion beam 

did not penetrate the innermost part of the crystals and the age of the centre is unknown. 

However, the calculated percentages of unanalysed crystal growth are only approximate 

estimates because: (a) The depth of grinding is an estimate only (the crystal mounts were 

ground down until the beam excavation pits from crystal face analyses disappeared in most 

crystals). (b) The lengths of the crystal axes are measured from CL images of sectioned 

crystals. However, the exposed surface in the CL image does not necessarily represent the 

widest and longest section of the crystal, which could still be covered by the indium. (c) The 

calculations are based on a tetragonal crystal geometry and symmetric growth; however, 

asymmetric growth cannot be excluded. Consequently, the centre of the crystal does not 

necessarily represent the oldest growth domain, and the oldest domains might be missed 
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during analysis, even if the ion beam has penetrated the crystal centre. (d) In cases where a 

zircon is not imbedded with its surface perfectly horizontal to the mount surface, the crystal is 

polished at an angle to the growth planes. This leads to wrong determination of the crystal 

dimensions, and the ion beam cuts across several growth planes and mixed ages are produced. 

The above aspects illustrate the difficulty in comparing interior ages of different crystals, as it 

is uncertain which parts of the crystals are compared. Furthermore, it is highly unlikely that 

the maximum crystal age i.e. the onset of crystallisation, will be determined, because it is 

uncertain whether the oldest crystal domain was analysed, and because in spot analyses beam 

overlap onto younger age domains always biases the interior ages towards younger ages (Fig. 

3.9). Therefore, the interior age only provides an estimate of the minimum zircon age. 

 On selected crystals, continuous depth profiling was performed after extracting the 

polished crystals, and remounting them with the opposite crystal face flush on the mount 

surface (Fig 3.8). Secondary ion intensities were recorded in 80 to 120 magnet cycles of ~30 

sec, corresponding to a depth interval of ~0.1 µm/cycle (a magnet cycle means that within a 

specified time the magnet runs through all ion species to be analysed, including magnet 

settling and peak counting times). However, meaningful depth resolution at this scale cannot 

be attained for low abundance ions such as 230Th16O+ because of large counting uncertainties, 

and thus multiple cycles (~30) were binned to obtain ages comparable in precision to those of 

spot analyses. 

 The depths of the pits excavated by the ion beam during profile analyses (typically ~10-

20 µm) were determined by non-contact surface mapping with an interference microscope 

(MicroXAM Surface Mapping Microscope) (Fig. 3.10). The volume of the crystal that was 

not analysed during depth profiling could be estimated for half of the crystals based on the 

crystal dimensions and the measured depth of the analysis pit (the other half of the crystals 

did not display clear dimensions in CL images). It was determined that the ion beam only 
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penetrated the crystal centre in a few cases. In other crystals up to ~2-60 % of the growth 

history may remained undetected (Table 3.3).  

 

 

Figure 3.8 Schematic sketch illustrating the conventional technique for zircon dating and the techniques 
developed by Axel Schmitt that are used in this study. The conventional technique encounters the problem that 
the ion beam width might be larger than individual age domains of the crystal. Analyses with the beam 
overlapping several age domains result in mixed ages that could be geologically meaningless. This problem can 
be minimised by crystal face analyses of unpolished surfaces where the beam width is parallel to the growth 
zoning. For this purpose the crystal is pressed into soft indium (In) metal with the surface flush to the mount 
surface. After analysing the crystal face, the grain is ground down and polished, and an interior age is 
determined by conventional spot analysis. To perform depth profiling, the grain is extracted from the mount, 
turned over 180° and imbedded again. The profile is then drilled from the surface towards the interior providing 
a continuous age record of the zircon’s crystallisation history. 
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Table 3.2 Crystal geometry and estimation of the percentage of the volume remaining un-analysed after interior 
analyses 

Sample a (µm) c (µm) α V (µm3) V1 (%) V2 (%) V3 (%) 
 

Kaharoa T1 
z5 33 150 4.55 139392 34 14 6 
z6 56 216 3.86 560299 55 36 27 
z8 34 72 2.12 57029 35 15 7 
z9 46 115 2.50 178449 48 28 18 
Average 42 138 3.26 233792 43 23 14 
 

Kaharoa T2 
z4 55 141 2.56 315608 55 36 26 
z7 43 208 4.84 331587 45 25 15 
z8 55 117 2.13 243008 55 36 26 
z10 46 108 2.35 163637 48 28 18 
z11 78 127 1.63 456300 66 50 41 
z13 52 74 1.42 106357 53 33 23 
Average 55 129 2.49 269416 54 35 25 
 

Crystal geometry is based on measurement of the lengths of the crystal axes from CL images.  
a = width of the crystal 
c = length of the crystal 
α = aspect ratio c/a 
V = volume of the crystal based on a bipyramidal tetragonal geometry (V = a2 * c – (2/3 *a3)) (Charlier and 
Zellmer, 2000) 
V1 = percentage of crystal growth represented by polished surface after grinding 5 µm 
V2 = percentage of the volume of the crystal remaining un-analysed after 3 µm deep interior analysis 
V3 = percentage of the volume of the crystal remaining un-analysed after 5 µm deep interior analysis 
 

 

Figure 3.9 Cathodoluminescence image of a sectioned zircon crystal. Red oval 
marks the pit of an interior spot analysis, illustrating that the dimensions of the 
ion beam cover nearly the entire width of the crystal and potentially overlap 
several age domains. 
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Table 3.2 continued 

Sample a (µm) c (µm) α V (µm3) V1 (%) V2 (%) V3 (%) 
 

Waiohau 
z1 40 97 2.43 112533 42 22 13 
z7 38 113 2.97 126591 40 19 11 
z8 55 298 5.42 790533 55 36 26 
Average 44 169 3.61 343219 46 26 16 
 

Rerewhakaaitu T1 
z5 49 140 2.86 257707 50 31 21 
z13 45 109 2.42 159975 47 27 17 
z14 28 103 3.68 66117 27 8 2 
z15 43 108 2.51 146687 45 25 15 
z25 62 133 2.15 352367 59 41 31 
Average 45 119 2.72 196571 46 26 17 
 

Rerewhakaaitu T2 
z4 43 155 3.60 233590 45 25 15 
z5 71 211 2.97 825044 63 46 37 
z8 55 143 2.60 321658 55 36 26 
z9 44 220 5.00 369131 46 26 16 
z10 42 200 4.76 303408 44 24 14 
z12 45 120 2.67 182250 47 27 17 
z13 40 100 2.50 117333 42 22 13 
z20 111 262 2.36 2316348 75 63 55 
z23 50 130 2.60 241667 51 31 22 
Average 56 171 3.23 545603 52 33 24 
 

Okareka T1 
z1 60 227 3.78 673200 58 39 30 
z4 38 122 3.21 139587 40 19 11 
z5 60 193 3.22 550800 58 39 30 
z12 26 129 4.96 75487 23 6 1 
z24 65 147 2.26 437992 57 40 29 
Average 50 164 3.49 375413 47 29 20 
 

Okareka T3 
z2 63 203 3.22 639009 60 42 32 
z4 70 245 3.50 971833 63 46 36 
z6 45 215 4.78 374625 47 27 17 
z7 53 187 3.53 426032 53 34 24 
z9 87 153 1.76 719055 69 54 46 
z10 40 107 2.68 128533 42 22 13 
z12 50 163 3.26 324167 51 31 22 
z15 93 154 1.66 795708 71 57 48 
z16 73 333 4.56 1515212 64 48 38 
z31 48 153 3.19 278784 50 30 20 
Average 62 191 3.21 617296 57 39 30 
 

Total average 53 160 3.12 417253 51 32 23 
 

Crystal geometry is based on measurement of the lengths of the crystal axes from CL images.  
a = width of the crystal 
c = length of the crystal 
α = aspect ratio c/a 
V = volume of the crystal based on a bipyramidal tetragonal geometry (V = a2 * c – (2/3 *a3)) (Charlier and 
Zellmer, 2000) 
V1 = percentage of crystal growth represented by polished surface after grinding 5 µm 
V2 = percentage of the volume of the crystal remaining un-analysed after 3 µm deep interior analysis 
V3 = percentage of the volume of the crystal remaining un-analysed after 5 µm deep interior analysis 
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Figure 3.10 (a) Microscopic image of an imbedded zircon crystal showing an analytical pit and (b) profile A-B 
of the pit. Image and depth measurement taken with a MicroXAM surface profilometre.  
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Table 3.3 Crystal geometry and estimation of the percentage of the volume remaining un-analysed after depth 
profiling 

Sample a (µm) c (µm) α V (µm3) pit depth (µm) V1 (%) comment 
 

Kaharoa T1 
z3 40 85 2.13 93333 22.2 0 centre reached 
z18     8.5 - grain dimensions not 

clear in CL; however 
drilled <1/4 *a 

z35     9.0 - grain dimensions not 
clear in CL; however 
drilled <1/4 *a 

 

Kaharoa T2 
z3     25.0 - grain dimensions not 

clear in CL 
z4 55 141 2.56 315608 19.7 2 centre not reached 
z7 43 208 4.84 331587 26 0 centre reached 
z30     9.1 - grain dimensions not 

clear in CL; however 
drilled <1/4 *a 

 
Waiohau 
z5     19.7 - grain dimensions not 

clear in CL 
z6     21.0 - grain dimensions not 

clear in CL 
z22     9.1 - no CL image 
 
Rerewhakaaitu T1 
z25 62 133 2.15 352367 8.6 38 centre not reached 
 

Rerewhakaaitu T2 
z4 43 155 3.60 233590 25.0 0 centre reached 
z5 71 211 2.97 825044 15.4 18 centre not reached 
z7     20.9 - grain dimensions not 

clear in CL 
z20 111 262 2.36 2316348 8.0 63 centre not reached 
z23 50 130 2.60 241667 13.0 11 centre not reached 
 
Okareka T1 
z24 65 147 2.26 437992 9.2 37 centre not reached 
 

Okareka T3 
z3     19.7 - grain dimensions not 

clear in CL 
z12 50 163 3.26 324167 15.0 6 centre not reached 
z13     15.3 - grain dimensions not 

clear in CL 
z15 93 154 1.66 795708 18.3 22 centre not reached 
z18     9.9 - grain dimensions not 

clear in CL; however 
drilled <1/4 *a 

z31 48 153 3.19 278784 7.1 35 centre not reached 
 

Crystal geometry is based on measurement of the lengths of the crystal axes from CL images. 
a = width of the crystal 
c = length of the crystal 
α = aspect ratio c/a 
V = volume of the crystal based on a bipyramidal tetragonal geometry (V = a2 * c – (2/3 *a3)) 
V1 = percentage of the volume of the crystal remaining un-analysed after depth profiling 



Chapter 3  Methods 

86 
 

 Zircon model ages were calculated as two-point isochrons through each zircon analysis 

and a whole rock composition, assuming that initial (230Th/232Th) in the zircon crystal was the 

same as other OVC rhyolite whole rock compositions. The average of three Rotoiti and 

Earthquake Flat whole rock analyses with (230Th/232Th) = 0.736 ± 0.013 and (238U/232Th) = 

0.732 ± 0.006 (Charlier et al., 2003) was used to represent the model magma. Minor 

variations in (230Th/232Th) and (238U/232Th) in OVC rhyolites are insignificant for the 

uncertainties of the Th model ages, because of the strong leverage of zircon on the model 

isochron. This has been tested by recalculation of the model ages using (230Th/232Th) and 

(238U/232Th) whole rock values determined for each Tarawera magma (see Table 4.1). The 

calculated ages differ on average by 0.5 % (~0.3 ka), which is significantly less than 

analytical uncertainties (for detailed discussion see results section 4.2). This justifies the use 

of the average of Rotoiti and EQF whole rock (230Th/232Th) and (238U/232Th) values and 

renders the re-calculation of the zircon ages with Tarawera whole rock data, which was 

received only towards the end of the PhD project after publication of the zircon age data, 

unnecessary. 

 

Zircon U‐Pb dating 

 Zircon crystals that were in secular equilibrium (within 1 σ uncertainty) for U-Th 

(plotting on the equiline; >~350 ka; see Fig. 1.9) were re-analysed for U-Pb. Analyses were 

performed using the CAMECA ims1270 at UCLA with a primary 16O- ion beam at 10-20 nA 

that was focussed to a ~30-35 µm diameter spot. Secondary ions were accelerated at 10 eV 

with an energy bandpass of 50 eV and analysed at a mass resolution of ~5000. The technique 

used including corrections applied for common Pb (also see section 1.4.2) and 230Th 

disequilibrium is described in Schmitt et al. (2003b). 
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Zircon trace element analyses 

 Zircon crystals from all four Tarawera rhyolite eruptions that had previously been 

analysed by continuous age depth profiling were chosen for continuous trace element depth 

profiling. Existing crystal mounts with the unpolished crystal face flush to the mount surface 

(and the analysis pit exposed) were used. Continuous trace element depth profiles were 

analysed directly adjacent to the age profiles to allow correlation of ages and composition.  

 The analyses were performed using a mass-filtered 16O- primary ion beam at a current of 

~60 nA and focused into a 25x30 µm oval spot. Secondary ions were accelerated at 10 keV 

with an energy bandpass of 50eV and analysed at a mass resolution of ~4500. Trace element 

compositions were calibrated against zircon standard 91500 (Liu et al., 2010, Table 2) by 

using Zr as an internal standard. The magnet cycling time over the entire mass range (45 sec.) 

corresponds to a depth of ~0.2 µm which is adopted as the smallest resolvable depth interval. 

Secondary ion intensities were recorded over 99 cycles. Crystals were analyzed for Ti, Hf, Y, 

Ce plus U and Th. U and Th had also been analysed during the previous age profiling 

sessions and were re-analysed here to provide a control for correlation between the profiles in 

the same crystal. In most cases, depth measurement using a MicroXAM surface profilometer 

coupled with correlating U and Th abundances from the adjacent profiles established a 

reliable relationship between trace element composition and age. Whereas the depth 

resolution of the age profile is, in theory, nearly equivalent to that of the trace element 

profiles, it is impractical to calculate (230Th)/(238U) ages for individual cycles due to the large 

counting uncertainties for the low intensity 230ThO+ peak. To facilitate the investigation of the 

relationship between zircon trace element compositions and crystal age, the trace element 

cycles were binned corresponding to the depth interval of each individual age bin resulting in 

a depth resolution of ~2-6 µm. For example, the age-depth profile of a crystal is 20 µm deep. 
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Four age bins are integrated over 5 µm each. To bin the 99 trace element cycles accordingly, 

25 cycles were integrated into one bin. 

 High sensitivity ion imaging is a method to generate compositional maps of crystals. Ion 

imaging of Ti and Y concentrations in zircon is a useful tool to assess their distribution within 

a crystal and trace the origin of potential elemental variations, e.g., geological processes or 

inclusions / cracks or other factors such as analytical artefacts. Here, compositional maps of 

Ti and Y were generated on sectioned zircon crystals that had been analysed previously for 

crystallisation age and one-dimensional trace elements composition within the crystal. The 

maps were produced on the same section as the interior age analysis and opposite the crystal 

face from which age and trace element profiles were drilled into the crystal. They were 

positioned in areas of the section that show transitions in CL brightness to investigate parts of 

the crystal that have grown under changing chemical and potentially thermal conditions. 

Analyses were conducted following the protocol described by Harrison and Schmitt (2007) 

using a Cs+ primary beam focused to a ~1 µm spot and measuring negatively charged Ti and 

Y secondary ions (e.g., TiO-, YO-). The smaller Cs+ beam diameter permits a better spatial 

resolution than that achievable with a 16O- beam. A further advantage compared to a negative 

primary ion beam is that no isobaric interferences from doubly-charged negative secondary 

ions (e.g., ZrO2-) are encountered (Harrison and Schmitt, 2007). This allows for low 

resolution / high sensitivity analyses. However, a drawback of using the Cs+ beam is the 

lower abundance of negatively charged Ti and Y ions compared to positive ones, which was 

compensated by increased analysis duration (Harrison and Schmitt, 2007). Analyses started 

with pre-sputtering the sample with a ~500 pA primary beam for 3 min to remove the gold 

coating before rastering over an area of 25 x 25 µm with ~50 pA beam. Secondary ions of 

30SiO2
-, 48TiO-, and 89YO- were collected using electron multipliers in multi-collection mode 

over a total integration time between 4 and 6 hours. Images were processed using the 



Chapter 3  Methods 

89 
 

software ENVI©. Filtering each mass by averaging 8 x 8 pixels reduced the number of zero 

or undefined pixel values. The Ti and Y counts were normalised to Si counts. Finally, a 

colour scale was applied to rationed pixels to better visualise Ti and Y distributions. 
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Chapter 4 ‐ U‐Th zircon geochronology 

 

 This chapter presents new U-Th disequilibrium age data from crystal face, interior and 

continuous depth profiling analyses as well as CL images of zircons from Tarawera rhyolites 

and granitoids. The samples will be referred to as in Table 4.1 and the colour code will be 

applied to all diagrams for easy sample recognition in this and the following chapters. 

 

Table 4.1 Abbreviations of sample names and colour code 

Sample name  Abbreviation Colour code 

Kaharoa T1 KaT1  
Kaharoa T2  KaT2 
Waiohau Wh 
Rerewhakaaitu T1  RkT1 
Rerewhakaaitu T2  RkT2 
Okareka T1 OkT1 
Okareka T3 OkT3 
Kaharoa granitoid  Ka gran 
 

 

4.1 Cathodoluminescence (CL) imaging 

 Cathodoluminescence (CL) images were obtained from 102 sectioned zircon crystals 

from all samples after interior analyses had been performed. Therefore, the analysis 

excavation pit from the ion beam is prominent in the images. Jagged edges of some crystals 

are an artefact of incomplete removal of the gold coating from ion microprobe analyses, as 

obvious under the microscope. 

 In the Kaharoa samples, most crystals show a simple zoning pattern and few crystals 

display multiple zones (KaT1z9, KaT1z16, KaT1z35) (Fig. 4.1). The most common pattern is 

a bright interior domain with a dark rim zone (KaT1z3, KaT1z16, KaT2z3, KaT2z13), and 
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only few crystals have a dark interior surrounded by a bright rim (KaT1z1, KaT2z7) (Figs. 

4.1 and 4.2). Oscillatory zoning is found in few crystals (KaT1z1, KaT1z29, KaT2z4, 

KaT2z13). A few crystals are sector-zoned (KaT1z28, KaT2z26). Crystals with resorbed 

zone boundaries are rare (KaT1z29, KaT1z35, KaT2z4; Figs. 4.1 and 4.2). 

 Many CL images of Waiohau zircons are not of good quality and preclude the 

determination of zoning patterns. However, simple zoning with a bright interior surrounded 

by a dark rim zone is evident (Whz1, Whz7) as well as sector zoning (Whz8) (Fig. 4.3). 

 In the Rerewhakaaitu T1 sample, zircons display different patterns including simple 

zoning with bright interiors and dark rims (RkT1z5, RkT1z15), dark cores and bright rims 

(RkT1z13, RkT1z14), sector zoning (RkT1z29), and oscillatory zoning (RkT1z25) (Fig. 4.4). 

A few crystals have resorbed boundaries (RkT1z25, RkT1z32). Zircons from the 

Rerewhakaaitu T2 sample generally exhibit more complex zoning patterns than those from 

Kaharoa T1 and T2, Waiohau, Rerewhakaaitu T1, and Okareka T1 samples (Fig. 4.5). 

Oscillatory zoning is common in many crystals (RkT2z7, RkT2z18, RkT2z21, RkT2z28, 

RkT2z29). Some crystals show dark cores (RkT2z8, RkT2z10, RkT2z31), whereas distinct 

bright cores with dark rims are rare (RkT2z4). Resorbed zone boundaries are found in a few 

crystals (RkT2z4, RkT2z28, RkT2z29, RkT2z31; Fig. 4.5).  

 Crystals in the Okareka T1 sample generally display a simple zoning pattern with either 

bright cores surrounded by dark rims (OkT1z1, OkT1z12, OkT1z13) or a dark core with a 

bright rim (OkT1z5) (Fig. 4.6). Resorbed zone boundaries are evident in few crystals 

(OkT1z7, OkT1z13). Zoning patterns of zircons from the Okareka T3 sample are in general 

more complex than those in most other magma types (except Rerewhakaaitu T2) (Fig. 4.7). 

The most common features are dark cores with bright sector zoning at the rim (OkT3z0, 

OkT3z2, OkT3z4, OkT3z7, OkT3z10, OkT3z26). Some crystals show oscillatory zoning 

(OkT3z7, OkT3z16). Resorbed zone boundaries are found in crystal OkT3z30. 
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 In summary, a variety of zoning features is observed in crystals from all magma types. 

However, in the Kaharoa samples, crystals with bright cores and dark rims are dominant, 

whereas in the Okareka T3 sample most zircons show dark cores and bright sector zoning at 

the rim. Fine-scale oscillatory zoning is observed in only a few crystals from Kaharoa T1 and 

T2, Rerewhakaaitu T1 and T2, and Okareka T3. Sector zoning is found in some crystals in 

the Kaharoa T1 and T2, Waiohau, Rerewhakaaitu T1, and Okareka T3 samples. In general, 

zone boundaries are sharp and linear with no indication of resorption. However, in a few 

crystals resorption boundaries are identified, yet there is no evidence for strongly corroded 

cores. 
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Figure 4.1 CL images of polished zircon interiors from the Kaharoa T1 (KaT1) sample. Examples of bright 
interiors with dark rim zones: crystals z3, z16; dark interior with a bright rim zone: z1; multiple zoning: z9, z16, 
z35; sector zoning: z28; resorption boundaries: z29, z35. White scale bars are 20 µm long. 
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Figure 4.2 CL images of polished zircon interiors from the Kaharoa T2 (KaT2) sample. Examples of bright 
interiors with dark rims: crystals z3, z13; dark interior with a bright rim: z7; oscillatory zoning: z4; sector 
zoning: z26; resorption boundaries: z4. White scale bars are 20 µm long. 
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Figure 4.3 CL images of polished zircon interiors from the Waiohau (Wh) sample. Examples of bright interiors 
with dark rims: crystals z1, z7; sector zoning: z8. White scale bars are 20 µm long. 
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Figure 4.4 CL images of polished zircon interiors from the Rerewhakaaitu T1 (RkT1) sample. Examples of 
bright interiors with dark rims: crystals z5, z15; dark interiors with bright rims: z13, z14; oscillatory zoning: z25; 
sector zoning: z29; resorption boundaries: z25, z32. White scale bars are 20 µm long. 
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Figure 4.5 CL images of polished zircon interiors from the Rerewhakaaitu T2 
(RkT2) sample. Examples of oscillatory zoning: crystals z7, z18, z21, z28, z29; 
dark interiors: z8, z10, z31; bright interiors with darker rims: z4; resorption 
boundaries: z4, z28, z29, z31. White scale bars are 20 µm long. 
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Figure 4.6 CL images of polished zircon interiors from the Okareka T1 (OkT1) sample. Examples of bright 
interiors with dark rims: crystals z1, z12, z13; dark interior with bright rim: z5; resorption boundaries: z7, z13. 
White scale bars are 20 µm long. 
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Figure 4.7 CL images of polished zircon interiors 
from the Okareka T3 (OkT3) sample. Examples of 
dark interiors with bright sector zoning at rims: 
crystals z0, z2, z4, z7, z10, z26; oscillatory zoning: z7, 
z16; resorption boundaries: z30. White scale bars are 
20 µm long. 
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4.2 U‐Th whole rock isotope data 

 (230Th/232Th) and (238U/232Th) whole rock isotope data were obtained from each of the 

seven Tarawera rhyolite samples, one Kaharoa granitoid clast, and 5 basalt samples (Table 

4.2; Fig. 4.8). All rhyolite and basalt U-Th whole rock data cluster close to the equiline 

indicating near secular equilibrium and are similar to the (230Th/232Th) vs (238U/232Th) whole 

rock values of the average of three Rotoiti and Earthquake Flat rhyolites published by 

Charlier and Wilson (2010) (Fig. 4.8). The Kaharoa granitoid clast displays distinctly lower 

Th/Th and U/Th isotope whole rock values and plots relatively far off the equiline indicating 

disequilibrium. The Th excess (i.e. U deficiency) in the granitoid sample could have been 

caused by hydrothermal fluids that remobilised and transported the more fluid mobile U and 

left the immobile Th behind (e.g., Rosholt and Noble, 1971; Sighinolfi and Sakai, 1974). This 

is supported by petrographic evidence for incipient hydrothermal alteration of the granitoid 

clasts (e.g., subhedral biotite crystals with reaction rims; alkali-feldspar with ‘cloudy’ 

appearance caused by micro-inclusions; Shane et al., 2012). None of these features are found 

in the rhyolite samples. 

 In this study, U-Th zircon model ages were calculated using the average of the three U-

Th whole rock values from Rotoiti and Earthquake Flat rhyolites in Charlier and Wilson 

(2010). This is because the U-Th data of Tarawera whole rocks associated with the zircons 

investigated here became available only at the end of this study. It is shown that slight 

variations in (230Th/232Th) and (238U/232Th) in the OVC whole rocks do not have a significant 

effect on the model age and its uncertainties (see section 3.2.3). Zircon model ages were re-

calculated using the associated Tarawera U-Th whole rock values (Table 4.2; Fig 4.8). This 

resulted in ages for rhyolite zircons that differ from those estimated using Rotoiti and 

Earthquake Flat data on average by ~0.1-0.7 ka (~0.3-0.8%; Table 4.3), which is significantly 
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less than analytical uncertainties (>> ±1 ka). These differences are too small to affect the 

interpretation of the data. Thus, re-calculation of the zircon crystallisation ages with the 

associated whole rock values is seemingly unnecessary. Zircon ages of the Kaharoa granitoid 

were recalculated using the average of the Kaharoa granitoid whole rock data (Table 4.2; Fig. 

4.8). This resulted in a ~5.5 % shift in model ages towards younger ages, which is still less 

than typical analytical uncertainty. However, because the granitoid whole rock data shows 

some indication of U-Th disequilibrium (Fig. 4.8) and there is evidence for incipient 

hydrothermal alteration of the granitoid clasts (see above), the final zircon model ages were 

calculated using the Rotoiti and Earthquake Flat rhyolite compositions. 

 

Table 4.2 U-Th whole rock data for Tarawera samples 

Sample  # Magma Lithology Eruption (ka) Grid ref (238U/232Th) ±1σ (230Th/232Th) ±1σ 
 

Rhyolites 
T014 Ka KaT1 Pumice 0.7 174196 0.708 0.0008 0.737 0.0021 
T005 Ka KaT2 Lava 0.7 217291 0.719 0.0006 0.732 0.0014 
T008 Wh Wh Lava 13.7 202321 0.722 0.0010 0.738 0.0019 
T012 Rk T1 RkT1 Pumice 17.7 238270 0.726 0.0011 0.733 0.0020 
T012 Rk T2 RkT2 Pumice 17.7 238270 0.713 0.0007 0.728 0.0016 
T018 Ok OkT1 Pumice 21.9 285265 0.716 0.0010 0.730 0.0017 
T011 Ok OkT3 Lava 21.9 238270 0.697 0.0005 0.726 0.0026 
 

Granitoid 
T022 Ka  Granitoid 0.7 174196 0.402 0.0004 0.527 0.0017 
T022 Ka (r)  Granitoid 0.7 174196 0.407 0.0004 0.519 0.0017 
 

Basalts 
T021  Lava AD1886 179252 0.747 0.0005 0.738 0.0035 
T023 Ka  Lava 0.7 174196 0.743 0.0007 0.731 0.0020 
1aa  Scoria 21.9 265267 0.726 0.0009 0.728 0.0012 
1a (r)a  Scoria 21.9 265267 0.719 0.0011 0.727 0.0010 
1009b  Scoria pre-22 117203 0.726 0.0014 0.723 0.0015 
 

Grid references from Topographic Map 260-V16 Tarawera, Geodetic Datum 1949, New Zealand Map Grid 
Projection 
(r) replicate analysis 
a from Shane et al. (2008a) 
b collected by Phil Shane in an earlier field visit 
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Figure 4.8 Whole rock (230Th/232Th) vs (238U/232Th) data for Tarawera rhyolites, granitoid, and basalts. The 
average of three U-Th whole rock values from Rotoiti and Earthquake Flat values (Charlier and Wilson, 2010) 
used in this study to calculate the U-Th disequilibrium zircon ages is shown for comparison. Error bars for the 
Tarawera data represent 1σ analytical uncertainties and are often smaller than symbol size. Error bars for the 
data point representing the average of three Rotoiti and Earthquake Flat U-Th whole rock values are 1σ of the 
average value. The equiline is shown for reference. 

 

 

 

 

 

 

 

 

 

Sample Δ age (ka) Δ age (%) 
 

Rhyolites 
KaT1 0.1 0.8 
KaT2 0.1 0.6 
Wh 0.2 0.6 
RkT1 0.1 0.3 
RkT2 0.4 0.4 
OkT1 0.4 0.3 
OkT3 0.7 0.6 
Total average 0.3 0.5 
 

Ka gran 13.9 5.5 

Table 4.3 U-Th model age differences of Tarawera zircons based on different whole rock compositions. 

Δ age is the average difference between zircon model ages based on the average of three U-Th rhyolite whole 
rock values from Rotoiti and Earthquake Flat (Charlier and Wilson, 2010) and model ages based on the 
associated Tarawera whole rock composition. 
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4.3 U‐Th zircon ages 

 U-Th zircon ages were obtained on unpolished crystal faces and interiors of 214 zircon 

crystals from Tarawera rhyolites (Figs. 4.9; 4.10; Table 4.4; Appendix B). As discussed in 

section 3.2.3, the interior domain exposed after polishing represents conditions at ~40-60 % 

of crystal growth. As a consequence, even after the interior analysis, an additional excavation 

of 3-5 µm, on average ~23-32 % of the crystallisation history remains unanalysed (Table 3.2). 

This, together with the fact that beam overlap onto younger age domains is often inevitable, 

crystal interior ages are minimum ages, and crystallisation is likely to have started earlier. A 

wide range of crystal face and interior ages was determined for each sample. The individual 

age analyses from a sample can be presented as rank order plots (ROP) and histograms (Figs. 

4.10 to 4.14). However, histograms do not account for analytical uncertainties of each data 

point which is important for a meaningful interpretation (e.g., Schmitt, 2011). Therefore, U-

Th zircon age distributions are frequently presented as probability density function (PDF) 

curves (e.g., Lowenstern et al., 2000; Bacon and Lowenstern, 2005; Charlier et al., 2005; 

Wilson and Charlier, 2009; Schmitt et al., 2010a) (Figs. 4.11 to 4.14). The advantage of PDF 

curves is that analytical uncertainties of each analysis are accounted for by producing 

Gaussian curves for each data point and integrating those curves to generate a PDF curve for 

the entire population (Lowenstern et al., 2000). Ludwig (2003) developed a program to 

generate PDF curves based on symmetrical errors. Therefore, the PDF curves in this study 

were generated using isochron slope values instead of the model ages which have 

asymmetrical errors. To produce a representative age spectrum, the number of analyses needs 

to be sufficient. In this study, the PDF curves are derived from a population of ~30 crystals 

each (Table 4.4). At this number of analyses, any sub-population representing >10 % of the 

overall population would be detected at 95 % confidence (see Dodson et al., 1988), i.e. any 
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(minor) population consisting of >3 crystals is likely to be detected. Thus, it is unlikely that 

major sub-populations remain undetected. A qualitative approach to compare age spectra of 

different samples is peak-matching. However, this could over-emphasise minor populations, 

and therefore a quantitative statistical approach such as Kolmogorov-Smirnov statistical 

testing (see section 4.4), is more robust to investigate the overall difference between the age 

spectra of two samples. 
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Figure 4.9 U-Th disequilibrium model-age data of zircons from the Tarawera rhyolite samples. The (230Th/232Th) 
vs (238U/232Th) equiline and isochrons for the associated eruption ages are shown for reference. Error bars 
represent 1σ analytical uncertainties. 
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Figure 4.10 Rank order plots (ROP) for Tarawera rhyolite zircons. The plots are ranked according to crystal 
face ages, and associated interior ages are shown for comparison. Error bars represent 1σ analytical uncertainties. 
Eruption ages are marked by dashed lines. 
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Table 4.4 Summary of rhyolite zircon U-Th age data 

Sample KaT1 KaT2 Wh RkT1 RkT2 OkT1 OkT3 
Eruption age (ka) 0.7 0.7 13.7 17.7 17.7 21.9 21.9 
 

Number of crystals 33 31 32 34 31 32 31 
 
Crystal face age (ka): 
Youngest 1.8 2.8 10.3 14.9 21.2 21.0 18.4 
 +2.0 +1.9 +4.5 +3.1 +3.9 +7.9 +6.2 
 -2.0 -1.9 -4.3 -3.0 -3.8 -7.4 -5.9 
 
Oldest 22.9 24.4 117.0 34.1 101.1 78.3 a 124.8 
 +6.9 +4.4 +36.8 +7.0 +11.1 +10.7 +16.4 
 -6.5 -4.3 -27.5 -6.6 -10.1 -9.7 -14.3 
 
Dominant PDF peak b 4 8 18 22 27 27 28 
Subordinate PDF peak   61   69 45 
Subordinate PDF peak       75 
 
Δt crystal face-eruption c 1-22 2-24 0-103 0-17 4-83 0-56 0-103 
 
Interior age (ka): 
Youngest 4.5 10.6 19.1 20.9 35.3 21.1 19.9  
 +1.4 +12.5 +5.0 +13.4 +16.2 +7.4 +9.9 
 -1.4 -11.2 -4.8 -12.0 -14.1 -6.9 -9.1 
 
Oldest 47.6 79.0 169.3 121.4 149.9 a 162.9 a 197.7 a 

 +9.9 +4.7 +43.1 +29.3 +25.6 +19.3 +34.0 
 -9.1 -4.5 -30.8 -23.1 -20.8 -16.4 -25.9 
 
Dominant PDF peak 12 14 22 23/35 57 30/45 87 
Subordinate PDF peak 39 75 39 55 28/39 62 36 
Subordinate PDF peak   145  140 112 149 
 
Δt interior-eruption d 4-47 7-78 5-156 0-104 10-132 0-141 0-176 
Δt interior-crystal face range e 0-44 0-54 0-67 0-94 1-74 0-94 0-119 
Δt interior-crystal face average f 11 13 21 18 29 38 54 
 

Ka = Kaharoa; Wh = Waiohau; Rw = Rerewhakaaitu; Ok = Okareka 
 
a also contains one crystal at secular equilibrium 
b peak age from probability density curve (Figs. 4.11 to 4.14) 
c age difference between crystal face age and eruption age 
d age difference between interior age and eruption age 
e age difference between interior age and crystal face age 
f age difference between interior age and crystal face age for zircons where crystal face and interior ages do not 
overlap within error 

 

 

Kaharoa eruption (0.7 ka) 

 U-Th zircon ages were obtained for 33 crystals from the sample representing T1 magma 

(T014 Ka) and 31 crystals from the sample representing T2 magma (T005 Ka) (see section 
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2.3.1, Table 2.1, and Appendix B). In the T1 sample, crystal face ages are in the range ~2-23 

ka (Figs. 4.10 and 4.11; Table 4.4). Interior ages are in the range ~5-48 ka. In the T2 sample, 

crystal face ages (~3-24 ka) have a similar range to those of the T1 sample, whereas interiors 

show a wider range (~11-79 ka) than those in the T1 sample  (Figs. 4.10 and 4.11; Table 4.4). 

In both samples, interior ages have a wider range than crystal face ages. None of the crystals 

are in secular equilibrium. Crystal face analyses are in most cases significantly older (up to 

~24 ka) than the eruption age (0.7 ka) with only two crystal faces within analytical error (at 

1σ) of the eruption age (Figs. 4.10 and 4.11; Table 4.4). The crystals started to grow ~4-78 ka 

before eruption, based on interior analyses. Only one crystal from the T2 sample has an 

interior age that overlaps within analytical error with the eruption age. The crystals are 

mostly short-lived (defined here as crystal history that can be determined from isotope 

measurements and that is <10 ka excluding uncertainties), and in 13 crystals of the T1 sample 

and 18 crystals of the T2 sample crystal faces and interiors overlap within analytical error. 

However, a few crystals have interior ages that are significantly older (>40 ka) than their 

respective crystal face ages (Fig 4.10; Table 4.4). Time intervals represented by interior age 

and associated crystal face age are in the range ~0-44 ka for the T1 sample and ~0-54 ka for 

the T2 sample. There is no systematic relationship between the age of a crystal face and that 

of the associated interior, i.e. crystals with old crystal faces do not necessarily have old 

interiors and vice versa (Fig. 4.10). PDF curves of the crystal faces are unimodal, whereas 

those of the interiors are bimodal (Fig. 4.11). Peaks of the interior age distributions (T1: 12 

ka and a subordinate peak at 39 ka; T2: 14 ka and a subordinate peak at 75 ka) are slightly 

older than those of the associated crystal face age distributions (T1: 4 ka; T2: 8 ka) (Fig. 4.11; 

Table 4.4). The major peaks of the interior age distributions from the T1 and T2 samples are 

similar. 

 



Chapter 4   U-Th zircon geochronology 

110 

 

 

Figure 4.11 Probability density function (PDF) curves and histogram (top), and rank order plot (ROP, bottom) 
showing distributions of U-Th model ages of zircon crystals from the Kaharoa rhyolites, based on isochron 
slopes to incorporate symmetrical errors. For the ROP, 1σ error bars are shown for each data point. Eruption age 
(0.7 ka) is marked by the dashed grey line.  
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Waiohau eruption (13.7 ka) 

 U-Th zircon ages were obtained for 32 crystals from the Waiohau sample (T008 Wh; see 

section 2.3.2, Table 2.1, and Appendix B). Crystal face ages range from within analytical 

error of eruption age (13.7 ka) to 117 ka, whereas interior ages display a wider range between 

~19 and 169 ka (Figs. 4.10 and 4.12; Table 4.4). None of the crystals are in secular 

equilibrium. Crystal face analyses are in most cases significantly older (up to ~103 ka) than 

the eruption age except of 5 that are within analytical error (at 1σ) of the eruption age (Figs. 

4.10 and 4.12; Table 4.4). None of the interior ages overlap the eruption age within 

uncertainties. The crystals started to grow ~5-156 ka before eruption, based on the interior 

age analyses. Most crystals are short-lived. However, there are a few exceptions. 

Approximately half of the crystals (15) display interior ages that overlap within analytical 

error with the associated crystal face ages, whereas the rest have interior ages that are much 

older than their respective crystal face ages (Fig 4.10; Table 4.4). Time intervals represented 

by interior age and associated crystal face age are in the range ~0-67 ka. Interior ages of 2 

crystals are younger than their respective crystal face ages (including errors). This is 

problematic as the analyses seem to be correct, but no part of the crystal can be younger than 

the crystal face. The PDF curve of the crystal face age distribution is bimodal and has a major 

peak at 18 ka and a subordinate one at 61 ka. The PDF curve of the interior age distribution is 

somewhat polymodal with a major peak at 22 ka, and subordinate peaks at 39 ka and 145 ka 

(Fig. 4.12; Table 4.4). 
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Figure 4.12 Probability density function (PDF) curves and histogram (top), and rank order plot (ROP, bottom) 
showing distributions of U-Th model ages of zircon crystals from the Waiohau rhyolite, based on isochron 
slopes to incorporate symmetrical errors. For the ROP, 1σ error bars are shown for each data point. Eruption age 
(13.7 ka) is marked by the dashed grey line. 

 

 

Rerewhakaaitu eruption (17.7 ka) 

 U-Th zircon ages were obtained for 34 crystals from the sample representing T1 magma 

(T012RkT1) and 31 crystals from the sample representing T2 magma (T012RkT2; see 

section 2.3.3, Table 2.1, and Appendix B). Crystal face ages from the T1 sample range from 

within analytical uncertainties of the eruption age (17.7 ka) to 34 ka (Figs. 4.10 and 4.13; 

Table 4.4). Interior ages range from ~21-121 ka. In the T2 sample, crystal face ages have a 

wider range (~21-101 ka) than in the T1 sample. Interior ages range from ~35-150 ka, with 

one crystal at 449 ka (overlapping secular equilibrium within uncertainties). In both samples, 

interior ages show a wider range than crystal face ages (Figs. 4.10 and 4.13; Table 4.4). 
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Crystal face analyses are in most cases significantly older (up to ~17 ka in the T1 sample and 

~83 ka in the T2 sample) than the eruption age. However, 14 crystal faces of the T1 sample 

(and one crystal face from the T2 sample) are within analytical error (at 1σ) of the eruption 

age. The crystals started to grow ~0-132 ka before eruption, based on interior analyses, with 7 

crystal interior ages from the T1 sample overlapping eruption age within analytical 

uncertainties. Many crystals have interior ages that are significantly older than their 

respective crystal face ages (Fig 4.10; Table 4.4). However, 18 crystals from the T1 sample 

and six crystals from the T2 sample display overlapping interior and crystal face ages within 

error. Time intervals represented by interior age and associated crystal face age are in the 

range ~0-94 ka for the T1 sample and ~1-74 ka (or more, if accounting for the crystal in 

secular equilibrium) for the T2 sample. However, crystals in the T1 sample are mostly short-

lived, whereas those in the T2 sample are generally longer-lived than in the T1 sample (Fig. 

4.10). There is no systematic relationship between crystal face and their associated interior 

ages, as some young crystal faces of nearly the same age display interiors of very different 

ages (the same is the case for old crystal faces). Crystal face age populations are unimodal in 

both samples, and interior age populations are polymodal (Fig. 4.13). The PDF curves of 

crystal face and interior age distributions for the T1 sample share a common peak at 22-23 ka. 

The interior age distribution shows another major peak at 35 ka and a subordinate peak at 55 

ka. The peak of the crystal face age distribution of the T2 sample (~27 ka) is older than that 

of the T1 crystal face age distribution. The PDF curve of the interior ages from the T2 sample 

peaks at 57 ka and has subordinate peaks at 28 ka, 39 ka, and 140 ka (Fig. 4.13; Table 4.4). 
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Figure 4.13 Probability density function (PDF) curves and histogram (top), and rank order plot (ROP, bottom) 
showing distributions of U-Th model ages of zircon crystals from the Rerewhakaaitu rhyolites, based on 
isochron slopes to incorporate symmetrical errors. For the ROP, 1σ error bars are shown for each data point. 
Eruption age (17.7 ka) is marked by the dashed grey line. 
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Okareka eruption (21.9 ka) 

 U-Th zircon ages were obtained for 32 crystals from the sample representing T1 magma 

(T018Ok) and 31 crystals from the sample representing T3 magma (T011Ok; see section 

2.3.4, Table 2.1, and Appendix B). In the T1 sample, crystal face ages are in the range ~21-78 

ka with one crystal at secular equilibrium (Figs. 4.10 and 4.14; Table 4.4). Interior ages are in 

the range ~21-163 ka with one crystal at ~427 ka (overlapping secular equilibrium within 

uncertainties). In the T3 sample, crystal face ages range from within error of the eruption age 

(21.9 ka) to ~125 ka, and interiors range from within error of the eruption age to ~198 ka 

with one crystal in secular equilibrium (Figs. 4.10 and 4.14; Table 4.4). In both samples, 

interior ages display a wider range than crystal face ages; and in the T3 sample crystal face 

and interior ages have a wider range than in the T1 sample. Crystal face analyses are in most 

cases significantly older than the eruption age (Figs. 4.10 and 4.14; Table 4.4). Four crystal 

faces are within analytical error (at 1σ) of the eruption age. The crystals started to grow ~0-

176 ka before eruption, based on interior analyses, with 3 interior ages overlapping the 

eruption age within analytical uncertainties. Many crystals are long-lived (defined here as 

crystal history that can be determined from isotope measurements and that is >40 ka 

excluding uncertainties) and have interior ages that are significantly older than their 

respective crystal face ages (Fig 4.10; Table 4.4). However, nine crystals from the T1 sample 

and five crystals from the T3 sample display overlapping interior and crystal face ages within 

error. Time intervals represented by interior age and associated crystal face age are in the 

range ~0-94 ka for the T1 sample and ~0-119 ka for the T3 sample. There is no systematic 

relationship between crystal face ages and their respective interior ages. PDF curves are 

polymodal, except for the one of crystal face age distributions of the T1 sample which is 

bimodal (Fig. 4.14). The PDF curve for crystal face ages of the T1 sample shows a peak at 27 

ka, and a subordinate peak at 69 ka. The interior age distribution has major peaks at 30 ka and 
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45 ka, with subordinate peaks at 62 ka and 112 ka (Fig. 4.14; Table 4.4). The PDF curve for 

crystal face ages of the T3 sample has a major peak at 28 ka, with subordinate peaks at 45 ka 

and 75 ka. The interior age distribution peaks at 87 ka, with subordinate peaks at 36 ka and 

149 ka (Fig. 4.14; Table 4.4). PDF curves for crystal face ages of both samples share a 

common major peak at ~27-28 ka. The major population of interiors from the Okareka T3 

sample displays much older ages than the major populations (crystal faces as well as interiors) 

from all other Tarawera rhyolite samples. Semi-quantitative mass scans of the two zircons at 

secular equilibrium detected very little radiogenic 206Pb, indicating that they crystallized 

during early phases of OVC magmatism, and are not xenocrysts inherited from Mesozoic 

basement or unknown Cenozoic volcanics. 
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Figure 4.14 Probability density function (PDF) curves and histogram (top), and rank order plot (ROP, bottom) 
showing distributions of U-Th model ages of zircon crystals from the Okareka rhyolites, based on isochron 
slopes to incorporate symmetrical errors. For the ROP, 1σ error bars are shown for each data point. Eruption age 
(21.9 ka) is marked by the dashed grey line. 
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Kaharoa granitoid 

 U-Th analyses were also performed on 79 zircons from six granitoid clasts erupted 

during the Kaharoa event (Fig. 4.15; Appendix C). The small number of analyses is due to 

small clasts with only few zircons and the limited availability of crystals sufficiently large for 

the ion beam not to overlap onto the mounting medium. Crystal face ages range from 134 ka 

to 323 ka, with 9 crystals near secular equilibrium (Fig. 4.15; Appendix C). PDF curves show 

unimodal crystal face age distributions with a peak at 186 ka to 232 ka (including crystals at 

secular equilibrium) (Fig. 4.16). The weighted mean of the combined crystal face ages 

including crystals near secular equilibrium is 216 ± 6 ka. However, an MSWD = 1.83 at an 

analysis number of n = 79 is significantly elevated and not acceptable based on statistical 

tests outlined in Mahon (1996). Excluding the 9 crystals near secular equilibrium results in a 

weighted mean of the combined crystal face ages of 206 ± 4 ka and an MSWD = 1.08 (n = 

70), which is statistically acceptable. This indicates that the crystal face ages (excluding those 

at secular equilibrium) represent a single population. Therefore, these ages can be combined 

to generate a PDF curve. The curve is unimodal and displays a peak at 209 ka which is in 

agreement with the weighted mean age (excluding crystals near secular equilibrium) (Fig. 

4.17). Furthermore, the weighted mean age is indistinguishable from the zircon isochron age 

of the crystal face population of 195 +19/-16 ka (MSWD = 1.16; n = 70; excluding crystals 

near secular equilibrium). 

 In addition to crystal face analyses, interior analyses were performed on sectioned zircon 

crystals from sample T022Ka. Interior ages range from 154 ka to 367 ka with 3 crystals at 

secular equilibrium (overlapping the equiline within 2σ uncertainty). The PDF curve shows a 

peak at 212 ka (Fig. 4.16), whereas the weighted mean of the combined interior ages is 234 ± 

4 ka (MSWD = 1.4; n = 11; excluding crystals at secular equilibrium). Only one crystal 
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(grain 13) has a resolvable (at 2σ) difference between interior age and its associated crystal 

face age of ~170 ka. In 9 crystals, crystal face and interior ages overlap within 1σ uncertainty. 

 U-Pb ages were obtained for 6 crystal faces that have U-Th ages near secular equilibrium 

(~350 ka) (Appendix C). These crystal faces have generally low radiogenic 206Pb and are near 

zero age when uncertainties are accounted for. This indicates that they are indeed near secular 

equilibrium (~350 ka). Only two crystal faces yield reasonable U-Pb ages: 412 ± 138 ka and 

765 ± 78 ka, with only the latter being significantly older than the secular equilibrium age of 

~350 ka. 

 

 

Figure 4.15 U-Th model-age data for zircon crystal faces from six Kaharoa granitoid clasts (see section 3.1.1; 
sample 022 represents crystal faces and interiors). The equiline and isochrons for the eruption age and 100 ka 
are shown for reference. Error bars represent 1σ analytical uncertainties. 
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Figure 4.16 Probability density function (PDF) curves and histogram (top), and rank order plot (ROP, bottom) 
showing distributions of U-Th model ages of zircon crystal faces from Kaharoa granitoid samples. Crystal 
interior analyses are also shown for sample 022. Model ages are based on isochron slopes to incorporate 
symmetrical errors. For the ROP, 1σ error bars are shown for each data point. The full data set is shown, 
including those in secular equilibrium. 
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Figure 4.17 Probability density function (PDF) curve and rank order plot (ROP) showing distributions of U-Th 
model ages of zircon crystal faces from all Kaharoa granitoid samples combined, but excluding those in secular 
equilibrium. Model ages are based on isochron slopes to incorporate symmetrical errors. For the ROP, 1σ error 
bars are shown for each data point. 

 

 

4.4 Statistical comparison of rhyolite zircon age spectra 

 To rigorously compare the zircon age spectra, Kolmogorov-Smirnov (KS) statistical 

analysis (e.g., Press et al., 1988) was applied to the U-Th zircon age data set (Figs. 4.18 to 

4.21; Table 4.5). The KS test compares two data sets that are assumed to be random samples 

of some underlying distribution(s) to determine the probability that they are drawn from the 

same distribution. The null hypothesis is that they are from the same distribution. This is 

assessed by comparing the two cumulative probability functions of the datasets. If the 

probability of equivalency (P) is <0.05, the hypothesis that the populations are identical is 

rejected. Conducting the KS test is a good way to detect shifts in a probability distribution, in 
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particular between peak values of populations (e.g., Press et al., 1988). However, a potential 

disadvantage according to Press et al. (1988) could be that scattered individual crystals and 

subordinate populations of few crystals that are more apparent in the tails of a probability 

distribution, are not always recognised. In contrast, Schmitt (2011) regards this as an 

advantage as it prevents over-emphasizing the importance of minor age probability 

distributions and stresses the overall similarity or difference of the compared age spectra. An 

example of this issue is the comparison of two age spectra that display similar major peaks 

yet distinct subordinate peaks in their PDF curves (e.g., Fig. 4.21 C). The age distributions 

would be expected to be different, however, KS-statistical testing denotes them as 

indistinguishable. 

 Here, KS analyses were performed to investigate whether crystal face and interior age 

distributions from co-erupted magma types are identical or reflect separate crystallisation 

histories. Furthermore, it is examined whether crystal face age distributions and associated 

interior age distributions are distinct, consistent with diverse crystal longevities within a 

sample. It is also tested whether there are similarities between crystal face and interior age 

spectra from different eruptions, i.e. whether crystal faces or interiors from one eruption share 

similar crystallisation histories with crystal faces or interiors from another eruption. 

 Results for KS analyses of all possible combinations of crystal face and interior age 

distributions are shown in Table 4.5. The possibility of crystal face age distributions being 

identical to their associated interior age distributions of the same magma type is rejected (P 

<0.05) for all combinations tested, except for Kaharoa T2 (P = 0.0733; Fig. 4.18 B) and 

Waiohau (P = 0.373; Fig 4.19) magmas. Zircon age distributions of crystal faces and interiors 

in both the Kaharoa T1 and T2 magma samples are likely to be similar, with the KS statistics 

neither rejecting the hypothesis that crystal face age distributions are identical (P = 0.164; Fig. 

4.18 C) nor the hypothesis that interior age distributions are identical (P = 0.993) (Fig. 4.18 
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D). Furthermore, it is noteworthy that the age spectra of Kaharoa T2 crystal faces and 

Kaharoa T1 interiors are statistically similar (P = 0.418; Fig. 4.18 E), indicating at least 

partially common crystallisation and/or thermal histories. In contrast to the Kaharoa magmas, 

crystal face as well as interior age spectra of the Rerewhakaaitu T1 and T2 magmas differ 

significantly (crystal faces: P = 0.00193; interiors: P = 0.00107; Figs. 4.20 C, D). 

Nevertheless, the distributions of Rerewhakaaitu T2 crystal faces and Rerewhakaaitu T1 

interiors are remarkably similar (P = 0.936; Fig. 4.20 E). KS analysis of the Okareka T1 and 

T3 crystal face age distributions does not reject the possibility of the two spectra being 

identical (P = 0.163; Fig. 4.21 C), whereas the null hypothesis is rejected for the interior age 

distributions (P = 0.0117; Fig. 4.21 D). There is a remarkable similarity between the age 

distribution of crystal interiors from the Okareka T1 magma and crystal faces from Okareka 

T3 magma (P = 0.705; Fig. 4.21 E).  

 KS statistical testing of zircon populations from different eruptions shows that there is 

often a high likelihood of similarity between crystal face age distributions from an older 

eruption and interior age distributions from a younger eruption (e.g., the crystal face age 

distribution from the T3 sample of the 21.9 ka Okareka eruption is similar to the interior age 

distributions from the T1 and T2 samples of the 17.7 ka Rerewhakaaitu eruption and the 13.7 

ka Waiohau eruption; the crystal face age distribution from the T1 sample of the 

Rerewhakaaitu eruption is similar to the interior age distribution from the T2 sample of the 

0.7 ka Kaharoa eruption; see Fig. 4.22 and Table 4.5 for similarities between age 

distributions). KS analysis rejects the hypothesis that the Okareka T3 crystal interior 

population is identical to any other population (Fig. 4.22; Table 4.5). 
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Table 4.5 Results for KS statistical testing for a) crystal faces, b) interiors, and c) crystal faces and interiors of 
Tarawera rhyolite zircons. Numbers represent the probability of equivalency (P) 
 

 
 

 
 

 
 

Pink shading marks values of probability of equivalency P >0.05, indicating that the hypothesis of the 
populations being similar is not rejected. 
 

a)

KaT1 KaT2 Wh RkT1 RkT2 OkT1 OkT3

KaT1 1.64E-01 1.72E-06 4.14E-08 1.90E-11 4.34E-12 2.28E-11

KaT2 2.50E-04 6.05E-06 4.66E-10 6.41E-11 2.03E-10

Wh 6.81E-01 1.25E-02 2.81E-03 1.37E-03

RkT1 1.93E-03 2.09E-04 2.71E-06

RkT2 9.83E-01 1.51E-02

OkT1 1.63E-01

OkT3

crystal faces
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b)

KaT1 KaT2 Wh RkT1 RkT2 OkT1 OkT3

KaT1 9.93E-01 6.50E-04 5.07E-04 8.40E-09 4.44E-08 4.02E-10

KaT2 1.05E-02 5.51E-03 1.45E-08 1.68E-07 2.17E-09

Wh 1.00E+00 8.78E-04 1.55E-02 9.98E-07

RkT1 1.07E-03 1.72E-02 3.98E-07

RkT2 9.82E-01 2.23E-03

OkT1 1.17E-02

OkT3

interiors
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c)

KaT1 KaT2 Wh RkT1 RkT2 OkT1 OkT3

KaT1 4.39E-03 4.18E-01 7.47E-02 6.87E-03 3.34E-06 5.48E-07 8.20E-07

KaT2 6.01E-04 7.33E-02 4.64E-01 8.92E-02 7.50E-05 1.10E-05 4.99E-06

Wh 7.34E-09 3.68E-07 3.73E-01 2.52E-02 7.64E-01 4.00E-01 1.62E-01

RkT1 9.12E-09 3.01E-07 1.87E-01 5.48E-03 9.36E-01 6.50E-01 1.66E-01

RkT2 1.53E-12 3.16E-12 2.97E-06 3.63E-10 1.41E-05 5.04E-04 2.61E-01

OkT1 2.59E-12 9.99E-12 8.90E-05 4.11E-08 5.51E-04 1.19E-02 7.05E-01

OkT3 1.24E-12 1.07E-12 6.52E-08 1.22E-11 3.81E-09 1.24E-07 9.48E-05

crystal faces

in
te

ri
or
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Figure 4.18 Comparison of U-Th model age populations from the Kaharoa samples. Left: Probability density 
function (PDF) curves. Right: Cumulative probability curves showing the results of Kolmogorov-Smirnov 
statistical testing. Probabilities P >0.05 indicate that the populations being compared are indistinguishable at the 
95 % confidence level. Eruption age (0.7 ka) is marked by dashed line. 



Chapter 4   U-Th zircon geochronology 

126 

 

 

Figure 4.19 Comparison of U-Th model age populations from the Waiohau sample. Left: Probability density 
function (PDF) curves. Right: Cumulative probability curves showing the results of Kolmogorov-Smirnov 
statistical testing. Probabilities P >0.05 indicate that the populations being compared are indistinguishable at the 
95 % confidence level. Eruption age (13.7 ka) is marked by dashed line. 
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Figure 4.20 Comparison of U-Th model age populations from the Rerewhakaaitu samples. Left: Probability 
density function (PDF) curves. Right: Cumulative probability curves showing the results of Kolmogorov-
Smirnov statistical testing. Probabilities P >0.05 indicate that the populations being compared are 
indistinguishable at the 95 % confidence level. Eruption age (17.7 ka) is marked by dashed line. 
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Figure 4.21 Comparison of U-Th model age populations from the Okareka samples. Left: Probability density 
function (PDF) curves. Right: Cumulative probability curves showing the results of Kolmogorov-Smirnov 
statistical testing. Probabilities P >0.05 indicate that the populations being compared are indistinguishable at the 
95 % confidence level. Eruption age (21.9 ka) is marked by dashed line. 
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Figure 4.22 Schematic sketch providing an overview of age distributions where KS statistical testing does not 
reject the hypothesis of two populations being identical. Populations with a high likelihood of similarity are 
connected via dashed lines (from the same eruption) and black lines (from different eruptions).  

 

 

4.5 Age depth profiling of zircon 

 Continuous age-depth profiling was conducted on 23 crystals to assess the continuity of 

crystal growth (Figs. 4.23 to 4.26; Appendix B). To obtain meaningful ages and maintain 

analytical uncertainties comparable to that of a spot analysis (average: ±~20 % error), the 

continuous profile data was binned into 2-5 (mostly 4) blocks of equal thickness, where a 

single block comprises ~30 cycles (see section 3.2.3). Most of the depth profiles do not 

penetrate the centre of the crystals (see section 3.2.3; Table 3.3) and therefore leave part of 

the early crystallisation histories undetermined. 

 The age-depth profiles reveal that the zircons are age zoned and some crystals from each 

eruption grew persistently while others display hiatuses in growth (Figs. 4.23 to 4.26). 

 Eleven of the crystals show continuous growth throughout the profile with each age bin 

overlapping the subsequent bin within analytical uncertainty. Some of these crystals display 
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regularly increasing ages with depth from the crystal face towards the core (Figs. 4.23 A, D; 

4.25 B). The profile of one crystal KaT2z7 (Fig. 4.23 D) likely reflects the complete growth 

history of the zircon based on estimated crystal size (Table 3.3; and the CL image suggests 

symmetric growth). In contrast, the profiles of crystals KaT1z18 (Fig. 4.23 A) and RkT2z5 

(Fig. 4.25 B) stop before the centre of the crystal and lack information about the early stages 

of growth (Table 3.3). In a few crystals the deepest part of the profile reverses in age (Figs. 

4.23 B, C; 4.24 A, B). The most obvious explanation would be drilling through the centre of 

the crystal into a younger growth zone on the opposite site of the core, as many zircons are 

only ~30-50 µm thick. This is the case in crystal KaT1z3 (Fig. 4.23 B), where the depth of 

the analysis pit is larger than the grain radius (Table 3.3). However, for zircon KaT1z35 (Fig. 

4.23 C) comparison of the crystal radius with the analysis pit depth dismisses drilling through 

the crystal centre as a cause of reverse in age at the bottom of the profile (Table 3.3). 

Alternatively, the ion beam might have encountered growth boundaries that were not 

perpendicular to the beam, such as those arising from sector zoning; or the crystal could have 

an asymmetric geometry, with the oldest growth domain shifted towards one of the edges of 

the grain.  

 The remaining 12 crystals display hiatuses in crystal growth, with a hiatus being defined 

as the gap between successive age bins that do not overlap within analytical uncertainties 

(1σ). Hiatuses are detected in some crystals of each of the four eruptions (Figs. 4.23 to 4.26) 

and are up to ~40 ka in duration (Figs. 4.23 G; 4.25 E, F; 4.26 E). The larger hiatuses are 

resolvable even at 2σ uncertainties. Hiatuses in crystals erupted in different events and in 

different magma types of the same event are asynchronous, although some hiatuses overlap 

(Figs. 4.23 to 4.26). Remarkably, even zircons derived from the same lava block show 

asynchronous hiatuses with a break in growth in one crystal at a time that marks a period of 

growth in another crystal (e.g., Figs. 4.23 E, F, and G; 4.26 D, E, F, and G). The longest 
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crystal history recorded in an age-depth profile is ~114 ka (excluding errors; Fig. 4.25 F). 

However, the longest continuous period of growth uninterrupted by a hiatus is only ~34 ka 

(excluding errors; Figs. 4.26 A, F). As already recognised in crystal face analyses, many 

crystals from each of the four eruptions also display hiatuses between rim growth and 

eruption. A distinct age pattern where one bin within the profile reverses in age is found in 

two crystals (Figs. 4.24 C and 4.25 E). The cause for this is expected to be sector zoning. 

Alternatively, as suggested from the CL image of zircon RkT2z23 (Fig. 4.25 E), the ion beam 

might have encountered an inclusion that diluted the 230Th/232Th signal resulting in an 

apparent younger age of the concerned domain. However, the likelihood of this is small 

because the inclusion would have to be rich in U and Th and have a 230Th/232Th ratio distinct 

from that of the zircon. The occurrence of potential phases that could change the Th isotope 

ratio, such as allanite, has never been reported for rocks from Tarawera. Furthermore, here 

the elemental ratio of the bin that reverses in age is not anomalous compared to those of the 

other bins from the same profile (Appendix B). 

 The investigation of a potential relationship between resorption boundaries or changes in 

shading in CL images and age hiatuses in the depth profiles proves to be difficult. This is 

because some CL zones are asymmetric on opposite sides of the crystal and grain boundaries 

are not always clear in the CL images (due to insufficient removal of the gold cover from 

SIMS analyses). However, age hiatuses do not seem to be systematically associated with 

sharp or resorbed CL boundaries. While the hiatuses in crystals KaT2z3 (Figs. 4.3 and 4.23 F) 

and KaT2z4 (Figs. 4.3 and 4.23 G) might be evident in CL images, the age gap in crystal 

RkT2z23 is not consistent with the CL pattern (Figs. 4.5 and 4.25 E). In crystal KaT2z7 (Figs. 

4.3 and 4.23 D), the sharp contrast in CL shading is not accompanied by a transition in the 

age pattern. 
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 Additional insight to spatial growth heterogeneity in a crystal is provided by the fact that 

the profile analysis starts on the crystal face opposite to that of the independent rim analysis, 

as crystals were turned over 180° and remounted for continuous depth profiling. In general, 

age data from opposing faces are concordant. However, a few crystals show differences of up 

to ~40 ka at 1 σ uncertainty (Figs. 4.24 C; 4.25 D; 4.26 B and G). These larger temporal 

differences are still resolvable (~5-10 ka) at 2 σ uncertainty.  

 It is noteworthy that interior spot ages on sectioned crystals are not always consistent 

with the ages of the deepest parts of the depth profile on the same crystal. However, a simple 

explanation for this is that age surfaces exposed in polishing and those reached by depth 

profiling are not the same. This illustrates the problem of analysing and comparing the same 

temporal domain in all crystals where age profiles are not available. 

 Zircon growth rates were calculated from age-depth profiles using the mean ages 

(including analytical uncertainties) of data bins and their depth within the profile. From 14 

age-depth profiles, growth rates were estimated for 19 zones of crystals where successive 

data bins show progressive increase in age with depth, and analytical uncertainties overlap 

demonstrating no measureable hiatus (Figs. 4.23 to 4.26; Table 4.6). An average rate of 

3.8x10-15 cm/s (n = 19) was determined. Most of the determinations (15/19; ~79 %) yield 

rates >1.0x10-15 cm/s. The large uncertainties for some rate estimates are acknowledged, but 

it is also noted that the rates are of the same order of magnitude as determined from Watson 

(1996) model estimates (10-15–10-16 cm/s; see section 1.4.1). Overall, there are no 

characteristic growth rates for crystals erupted during the same event or in the same magma 

type (Table 4.6). However, zircons from the Okareka eruption display mostly slow rates (≤ 

1.1x10-15 cm/s; Table 4.6). In general, growth rates vary greatly between crystals from the 

same sample and even within a single crystal. The slowest and fastest rates recorded occur in 

the same zircon (OkT3z31; Fig. 4.26 A; Table 4.6). Furthermore, the growth rates do not 
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depend on the age of the investigated growth zones. This is illustrated by some crystals that 

exhibit slower growth for their older zones and faster growth for their younger zones (e.g., 

Figs. 4.23 F and 4.26 G), whereas other crystals show the opposite (e.g., Figs. 4.24 A and 

4.26 A). Moreover, it is noted that contemporaneous crystal growth of zircons from the same 

eruption but different magma types can occur at different rates (Figs. 4.23 C and D; 4.26 D 

and G). Strikingly, even crystals extracted from the same lava block display simultaneous 

growth at contrasting rates as observed in crystal OkT3z3 (Fig. 4.26 B), the pattern of which 

indicates instantaneous growth, and crystal OkT3 z12 (Fig. 4.26 E) which yields a slow rate. 

In a few cases it is observed that growth rates change around hiatuses (4.23 F and 4.26 G). 
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Figure 4.23 Continuous age-depth profiles for Kaharoa zircons. Spot analyses (rims = open circles; interiors = 
black circles) are shown for comparison at top of profiles. Grey boxes represent ~30 integrated analysis cycles 
(~0.1 µm/cycle), with U-Th model ages at 1σ uncertainties. Shaded grey zones represent apparent hiatuses in 
crystal growth delineated by 1σ error (solid line) and 2σ error (dotted line). Dashed line represents eruption age. 
Numbers are estimated growth rates (red italics) in 10-15 cm/s (1σ) and MSWD values. Right: CL image of the 
sectioned crystal. White bars for scale are 20 µm. 
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Figure 4.24 Continuous age-depth profiles for Waiohau zircons. Spot analyses (rims = open circles; interiors = 
black circles) are shown for comparison at top of profiles. Grey boxes represent ~30 integrated analyses cycles 
(~0.1 µm/cycle), with U-Th model ages at 1σ uncertainties. Shaded grey zone represents apparent hiatus in 
crystal growth delineated by 1σ error (solid line). Dashed line represents eruption age. Numbers are estimated 
growth rates (red italics) in 10-15 cm/s (1σ). Right: CL image of the sectioned crystal. White bars for scale are 20 
µm. 
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Figure 4.25 Continuous age-depth profiles for Rerewhakaaitu zircons. Spot analyses (rims = open circles; 
interiors = black circles) are shown for comparison at top of profiles. Grey boxes represent ~30 integrated 
analyses cycles (~0.1 µm/cycle), with U-Th model ages at 1σ uncertainties. Shaded grey zones represent 
apparent hiatuses in crystal growth delineated by 1σ error (solid line) and 2σ error (dotted line). Dashed line 
represents eruption age. Numbers are estimated growth rates (red italics) in 10-15 cm/s (1σ) and MSWD values. 
Right: CL image of the sectioned crystal. White bars for scale are 20 µm. 
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Figure 4.26 Continuous age-depth profiles for Okareka zircons. Spot analyses (rims = open circles; interiors = 
black circles) are shown for comparison at top of profiles. Grey boxes represent ~30 integrated analyses cycles 
(~0.1 µm/cycle), with U-Th model ages at 1σ uncertainties. Shaded grey zones represent apparent hiatuses in 
crystal growth delineated by 1σ error (solid line) and 2σ error (dotted line). Dashed line represents eruption age. 
Numbers are estimated growth rates (red italics) in 10-15 cm/s (1σ) and MSWD values. Right: CL image of the 
sectioned crystal. White bars for scale are 20 µm. 
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Table 4.6 Zircon growth rates estimated for profiled zircons. Zircon growth rates were calculated from age-
depth profiles using the mean ages including analytical uncertainties of data bins and their depth within the 
profile. Sorted from slowest (top) to fastest (bottom) rate. Colour illustrates that there are no characteristic rates 
for zircons from the same sample, although Okareka crystals grew mostly at slow rates 
 

 

*MSWD = 0 where rates are calculated from two-point isochrons 

 

 

4.6 Summary of observations from Tarawera zircon ages 

 A wide range of crystal face and interior ages was determined for each sample. Interior 

ages display a wider spectrum than crystal faces reflecting various degrees of exposure 

by polishing. 

 Crystal face ages are mostly within ~20 ka of the eruption age. However, a few crystal 

faces are significantly older (>100 ka to secular equilibrium). In each sample, a few 

Sample growth rate & 
errors (cm/s)

*MSWD Colour 
code

all rates x10
-15

OkT3z31 (outer zone) 0.3 ± 0.1 0.0052

OkT3z18 (inner zone) 0.4 ± 0.5 0

OkT3z12 0.9 ± 0.8 0.0058

OkT1z24 0.9 ± 1.0 0.045

OkT3z13 1.1 ± 1.2 0

KaT1z35 1.4 ± 1.2 0.039

Whz6 (outer zone) 1.5 ± 1.9 0

RkT1z25 1.8 ± 3.1 0.0043

RkT2z5 1.9 ± 0.8 0.069

KaT2z3 (inner zone) 1.9 ± 3.1 0

Whz6 (inner zone) 13 ± 160 0

RkT2z7 (outer zone) 2.5 ± 4.1 0

KaT2z7 4.8 ± 3.2 0.0053

KaT1z18 4.8 ± 4.1 0.050

KaT1z3 5.7 ± 3.5 0.082

OkT3z18 (outer zone) 6.3 ± 57 0

RkT2z7 (inner zone) 6.3 ± 67 0

KaT2z3 (outer zone) 7.0 ± 21 0

OkT3z31 (inner zone) 9.5 ± 250 0
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crystal face ages overlap the eruption age within analytical error. The fact that crystal 

face ages younger than the independently determined eruption age of the deposits are 

absent underscores that U-Th zircon ages are analytically robust. 

 Interior ages extend back to between ~48 ka (Kaharoa T1) and ~198 ka (Okareka T3). In 

addition, a few crystals are at secular equilibrium. However, the crystallisation is likely 

to have started earlier, because polishing may not have revealed the oldest domains. Few 

interior ages overlap the eruption age within analytical error and generally, the youngest 

interiors are ~2-5 ka older than their associated eruption age when uncertainties are 

accounted for. 

 The longevity of crystal growth can be estimated based on crystal face and associated 

interior ages (199 pairs). While each sample contains both long- and short-lived (>40 ka 

and <10 ka, respectively) crystals, the crystals in the Kaharoa T1, Kaharoa T2, Waiohau, 

and Rerewhakaaitu T1 samples are in general relatively short-lived, whereas those in the 

other samples are more long-lived. In 85 crystals (43 %), crystal face and interior ages 

overlap within analytical uncertainties and the minimum longevity cannot be resolved. 

However, in the remaining crystals longevity mostly ranges between 10 ka to 50 ka, and 

in some crystals up to >100 ka. Crystal longevity is not related to crystal age. 

 Crystal face age populations of Kaharoa and Rerewhakaaitu are unimodal, whereas those 

of Waiohau and Okareka are polymodal. Major peaks in crystal face age distributions 

predate the eruption by ~3-9 ka. Interior age distributions are polymodal, and display a 

major peak generally ~10-20 ka or more before the eruption. The PDF curves for some 

of the co-erupted magmas show disparate age peaks, in particular, the interior ages of 

Okareka T1 and T3, and Rerewhakaaitu T1 and T2. 
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 The zircon crystal age population from the Kaharoa granitoids is much older than those 

from the Tarawera rhyolites and ranges from 134 ka to secular equilibrium. The 

weighted mean age of the crystal faces is ~206 ka. The oldest analysed crystal yields a 

U-Pb crystal face age of ~765 ka. Most of the interior ages obtained for one of the 

samples overlap with their associated crystal face ages within 1 σ. 

 Statistical comparison of the rhyolite zircon age distributions shows that most crystal 

face age spectra are different from associated interior age spectra. Furthermore, crystal 

face and interior age distributions of zircons from co-erupted magma types are 

statistically different in a few cases. However, statistical analysis also indicates a lot of 

commonality of the zircon crystallisation histories. Many of the crystal face age 

distributions in older eruption deposits are indistinguishable from the interior age 

distributions in younger eruption deposits. 

 Continuous age depth profiling reveals that some zircons grew continuously, while 

others display hiatuses in growth of up to ~40 ka. Crystals with hiatuses are observed in 

each of the four eruption deposits. The hiatuses are asynchronous, even in crystals 

extracted from the same lava block, indicating the simultaneous occurrence of growth 

and stagnation of growth in different parts of the magma system. 

 Hiatuses in growth are not always consistent with zone boundaries in CL images. In 

addition, some sharp contrasts in CL shading are not accompanied by a transition in the 

age pattern. 

 Crystal face analyses on opposite sides of the zircons are generally concordant. However, 

in a few crystals differences of up to ~40 ka are observed. Interior ages from spot and 

profile analyses are not always consistent, indicating diverging depths of polishing and 
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profiling. This emphasizes the difficulty of analysing and comparing the same age 

domains in crystals without depth profiles. 

 Zircon growth rates determined from the age depth profiles show great variation between 

crystals and even within a single crystal. Contemporaneous crystal growth in different 

samples as well as in the same sample can occur at contrasting rates. Growth rates and 

crystal age are not related. Some of the age hiatuses are accompanied by a change of 

growth rate. 
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Chapter 5 ‐ Zircon geochemistry 

 

 This chapter presents compositional data for the dated Tarawera zircon crystals (see 

Chapter 4). Uranium and Th concentrations were obtained during U-Th disequilibrium 

analyses of crystal faces, interiors, and depth profiles. A selection of the petrogenetically 

relevant elements Ti, Hf, Ce and Y in addition to U and Th were obtained in compositional 

depth profiling. The 2-dimensional distribution of Y and Ti abundances was investigated by 

high sensitivity ion imaging. The first part of this chapter deals with elemental variations and 

correlations, as well as chemical zoning patterns in the crystals that provide insight to the 

magmatic conditions under which the zircons crystallised. Ti-in-zircon thermometry is also 

discussed. The second part of this chapter focuses on correlating compositional depth 

profiling data with age depth profiling data to provide temporal constraints on the thermal 

and chemical evolution of the magma system. 

 

 

5.1 Zircon chemistry and zoning 

5.1.1 Uranium and Th composition of zircon 

 Uranium and Th concentrations were obtained for zircons from the 7 rhyolite samples 

during U-Th disequilibrium analyses of crystal faces (n = 214), interiors (n = 209), and in 

depth profiles (n = 6) (Appendix B; see Chapter 4), as well as during compositional depth 

profiling (n = 17) (Appendix D). In addition, U and Th compositions of zircon crystal faces 

(n = 79) from 6 Kaharoa granitoid clasts and zircon interiors (n=14) from one of those clasts 

were determined (Appendix C). 
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 Uranium and Th concentrations in zircon crystal faces and interiors of the rhyolite 

samples display similar distribution patterns and are mostly in the range ~100-600 ppm and 

~100-500 ppm, respectively (Figs. 5.1 to 5.6; Appendix B). A minor group of zircons 

displays U and Th concentrations that range up to ~2000 ppm. Two outlier crystals with 

extreme U and Th contents were found in the Okareka samples (OkT3z14 crystal face: U = 

5400 ppm, Th = 4800 ppm; OkT1z3 interior: U = 18300 ppm, Th = 17800 ppm; Fig. 5.5). 

Although the overall range of U and Th abundances is similar in crystal faces and interiors 

(Figs. 5.2 to 5.6), the majority of 199 crystal face-interior pairs show U (67 %) and Th (61 %) 

enrichment in the crystal face relative to the interior. Uranium and Th concentrations in 

crystal faces and their associated interiors vary commonly by a factor of ~1-2. However, the 

concentrations of both elements in a few zircons are up to ~9 times higher in the crystal face 

than in the interior. In addition, a few zircons from different magma types (Rerewhakaaitu T1 

and T2, Okareka T1) display up to ~18 times higher Th contents in their interior than in the 

crystal face. Th/U ratios (total average of crystal faces and interiors = 0.71 ± 0.17) are mostly 

in the range of typical values for igneous zircons (~0.2-0.9, e.g., Bindeman et al., 2001) (Figs. 

5.2 to 5.6). However, some crystals from the Rerewhakaaitu T1, and Okareka T1 and T3 

samples show Th/U ratios up to ~1.5 in their interiors (Figs. 5.4 and 5.5). The majority of 

interiors (~70 %) display higher Th/U ratios (average = 0.76 ± 0.18) than their associated 

crystal faces (average = 0.66 ± 0.13).  

 In general, zircons from all of the samples display a similar range in U and Th 

concentrations. However, there are a few distinguishing features between zircon populations 

in co-erupted magma types from the same eruption. In the Kaharoa T1 sample, high U and Th 

contents (>700 ppm) are more common than in the Kaharoa T2 sample (Figs. 5.2 and 5.7). 

Similarly, zircons from the Okareka T1 sample display a wider range of U and Th 

abundances, extending to higher concentrations (>1000 ppm) than those in the Okareka T3 
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sample (mostly <600 ppm) (Figs. 5.5 and 5.7). Zircons in the Rerewhakaaitu T1 sample are 

characterised by relatively low U and Th contents (mostly <400 ppm), whereas those in the 

Rerewhakaaitu T2 sample show a broader range extending up to higher concentrations (>900 

ppm) (Figs. 5.4 and 5.7). 
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Figure 5.1 Histograms illustrating the number of crystal faces and interiors of the rhyolite zircons from all four 
Tarawera eruptions that display particular values of (A) U concentration, (B) Th concentration, and (C) Th/U 
ratio. Outlier compositions from 2 crystals are omitted for clarity and indicated by arrows. 
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Figure 5.2 U and Th composition of zircon crystals from the Kaharoa eruption. Left: zircons from the T1 magma 
sample; right: zircons from the T2 magma sample. Crystal faces and interiors are plotted separately to allow for 
comparison.  
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Figure 5.3 U and Th composition of zircon crystals from the Waiohau eruption. Crystal faces and interiors are 
plotted separately to allow for comparison.  
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Figure 5.4 U and Th composition of zircon crystals from the Rerewhakaaitu eruption. Left: zircons from the T1 
magma sample; right: zircons from the T2 magma sample. Crystal faces and interiors are plotted separately to 
allow for comparison. The oldest crystal is omitted for clarity and indicated by arrow. 
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Figure 5.5 U and Th composition of zircon crystals from the Okareka eruption. Left: zircons from the T1 magma 
sample; right: zircons from the T3 magma sample. Crystal faces and interiors are plotted separately to allow for 
comparison. Outlier compositions from 2 crystals are omitted for clarity and indicated by arrows. 
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Figure 5.6 U and Th composition of zircon crystals from all 7 Tarawera rhyolite samples combined. Plot B, C, 
and D show that there is no simple correlation between the age and the Th/U ratio, U or Th concentration.  
However, in the time period between ~20-45 ka, high U zircons (>500 ppm) are more abundant than before and 
after. Outlier compositions are omitted for clarity and indicated by arrows. 
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Figure 5.7 U and Th compositions of zircons plotted against age for co-erupted magma types for the Kaharoa, 
Rerewhakaaitu, and Okareka eruptions. Rare outliers with abundances >2000 ppm are omitted for clarity. 

 

 

 Uranium and Th concentrations in the depth profiles (U = 60-2300 ppm; Th = 30-3500 

ppm, mostly U>Th; Figs. 5.8 to 5.12; Appendix B and D) display the same compositional 

range as revealed by crystal face and interior analyses. The range of U and Th abundances in 

the depth profiles is broadly similar in the samples from each eruption. However, most 

zircons from the Kaharoa T2 sample, the Rerewhakaaitu T1 sample and 2 crystals from the 

Okareka T3 sample have U and Th contents <280 ppm (Figs. 5.8 and 5.10 to 5.12). Uranium 
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concentrations within a crystal generally vary by a factor of ~1-7, and Th concentrations by a 

factor of ~1-9. Two crystals (KaT1z18 and OkT1z24; Figs. 5.8 and 5.11) display Th 

concentrations that vary by a factor of ~12 and ~26, respectively. Th/U ratios generally range 

between 0.36 and <1. However, parts of the interiors of 6 crystals show Th/U ratios up to 

~2.19 (RkT2z5, RkT2z23, KaT2z4, OkT3z15, OkT3z18, KaT1z18, OkT1z24; Figs. 5.8 and 

5.10 to 5.12). These parts of the crystals also show higher U and Th concentrations relative to 

the outer parts of the crystals. The largest diversity of Th/U ratios is found in crystal 

OkT1z24 (~0.36-2.19; Fig. 5.11), whereas the smallest variations are displayed by crystal 

KaT1z3 (~0.67-0.74; Fig. 5.8). Both U and Th concentrations as well as Th/U fluctuate 

rimwards in all analysed zircons. However, in a few zircons, a broad rimward decrease in 

those elements can be observed (KaT1z18, Whz5, the outer half of RkT1z25, OkT1z24, 

OkT3z18; Figs. 5.8 to 5.11). Zircon RkT2z20 displays a broad increase in U and Th 

concentrations, with a reversal at the crystal face (Fig. 5.10). In contrast to most crystals, 

zircon OkT3z31 shows relatively constant U and Th contents with little fluctuation 

throughout the whole crystal (Fig. 5.11). 
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Figure 5.12 Continuous age depth profiles and U, Th, and Th/U depth profiles obtained during the U-Th 
disequilibrium dating sessions for Tarawera zircons that were not analysed in the compositional depth profiling 
session. Grey boxes in the age depth profiles represent ~30 integrated analysis cycles (~0.1 µm/cycle), with U-
Th model ages at 1σ uncertainties (as in Figs. 4.23 to 4.26). U, Th, and Th/U profiles are binned at ~5 integrated 
cycles (~0.1 µm/cycle). Grey dotted lines mark the borders of binned age domains. Red dashed lines display the 
location of hiatuses in crystal growth. 

 

 

 Comparison of U and Th compositions obtained on opposite crystal faces during ‘spot’ 

U-Th disequilibrium analyses and depth profiling analyses shows compositional consistency 

(within 10 % analytical uncertainty for ‘spot’ analyses and 1σ uncertainty of the binned U 
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and Th concentrations from profiling analyses) in more than half of the crystals (14 of 23) 

(Fig. 5.13). The remaining crystals display compositional differences between opposing faces 

of up to ~280 ppm in U and Th concentration. 

 

 

Figure 5.13 Comparison of U and Th compositions obtained on opposite faces of the zircon crystal during ‘spot’ 
U-Th disequilibrium analyses and continuous depth profiling analyses. For the purpose of comparison, U and 
Th data from the depth profiling analyses are binned in the same fashion as during age depth profiling (~2-6 
µm). Error bars for the crystal face data from depth profiling are 1σ of the binned U and Th concentrations, and 
error bars for the crystal face data from ‘spot’ analyses are 10 % analytical uncertainty.  
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 Uranium and Th concentrations in zircons from the Kaharoa granitoid clasts fall mostly 

within the range 200-600 ppm and 100-400 ppm, respectively (Figs 5.14 and 5.15). A few 

crystals have concentrations of up to ~2000 ppm U and ~1000 ppm Th. The range of U and 

Th abundances in the granitoid zircons is broadly similar to that of the Kaharoa rhyolite 

zircons and all Tarawera rhyolite zircons combined (Fig. 5.15). However, low-U zircons 

(<200 ppm) and high-Th zircons (>400 ppm) are more common in the rhyolite samples 

compared to the granitoid samples. For the 14 crystals where crystal face and interior 

analyses were obtained, most crystal faces show U and Th enrichment by a factor of 1-3 

relative to the interior. Th/U ratios of the granitoid zircons display a narrower range (mostly 

~0.3-0.7) and lower total average (0.57 ± 0.13, n = 93) than those of the rhyolite zircons (Fig. 

5.15). As observed in the rhyolites, granitoid zircon crystal faces yield lower mean Th/U 

ratios (0.55 ± 0.11, n = 79) than the interiors (0.64 ± 0.20, n = 14). Only one crystal shows 

Th/U >1 in its interior. 
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Figure 5.14 Histograms illustrating the number of the combined crystal faces and interiors of zircons from the 
Kaharoa granitoid that display particular values of (A) U concentration, (B) Th concentration, and (C) Th/U 
ratio. 
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Figure 5.15 U and Th compositions of zircon crystals from the Kaharoa granitoid compared with those from the 
two Kaharoa rhyolite samples and the other five Tarawera rhyolite samples.  

 

 

 There is no simple relationship between the crystal age and U or Th concentrations in the 

whole data set (Fig. 5.6). However, zircons from the Kaharoa samples show two distinct 

peaks of high U and Th abundances (>500 ppm) around 5 ka and 25 ka separated by an 

interval of crystals with low abundances (Fig. 5.7). In general, the data density in the plot of 

zircons from the OVC with high U and Th concentrations (>500 ppm) is highest <45 ka (Fig. 

5.16). 
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Figure 5.16 U and Th composition, and Th/U ratio vs age of zircon crystals from all 7 Tarawera rhyolite samples 
(crystal faces, interiors, data from U-Th disequilibrium depth profiling and from compositional depth profiling), 
the Kaharoa granitoid (crystal faces and interiors), the Rotoiti rhyolites (Charlier and Wilson, 2010, spot 
analyses; Danišík et al., 2012, outer and inner rim), the EQF rhyolite (Danišík et al., 2012, outer and inner rim), 
and the Mangaone Subgroup rhyolites (Charlier and Wilson, 2010, spot analyses). Outliers are omitted for 
clarity. Dashed lines mark the age of the Tarawera eruptions (grey) and the Rotoiti eruption (purple). 
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5.1.2 Ti composition of zircon 

 Titanium abundances were obtained during compositional depth profiling of 17 zircons 

from the 7 Tarawera rhyolite samples (Figs. 5.8 to 5.11; Appendix D). The Ti concentrations 

are in the range 1.87 ppm to 193 ppm. However, exceptionally high Ti concentrations relative 

to adjacent analysis cycles or compared to values commonly reported in the literature (20 

ppm, Harrison and Schmitt, 2007; 40 ppm, Claiborne et al., 2010a; 36 ppm, Claiborne et al., 

2010b) were measured in parts of five crystals. These measurements have been interpreted as 

anomalous and are possibly Ti-rich inclusions based on the lack of correlation with 

abundances of other elements. If inclusions (microlites) cause the elevated Ti concentrations, 

elements such as U, Th, and Y would either decrease (e.g., Whz6 and RkT2z7; Figs. 5.9 and 

5.10) because Fe-Ti rich minerals do not incorporate these elements, or not vary significantly, 

if the composition of the enclosing zircon masks the effect of the lower abundance of these 

elements (e.g., KaT2z3; Fig. 5.8). However, as the continuous depth profiles are drilled from 

the crystal face into the crystal, there are no images of the analysed domains that could 

confirm the presence of inclusions traversed by the ion beam. The unavailability of Fe 

analyses makes it difficult to either ascribe the high Ti concentrations to Fe-Ti rich inclusions 

or prove them as realistic. Because all element concentrations were calculated relative to the 

Zr content of the crystal, hitting a Zr-poor inclusion would lead to the calculation of 

erroneously high elemental abundances. Therefore, all compositional data from domains with 

anomalous Ti concentrations are disregarded (KaT2z3: 12.12-13.33 µm, Whz5: all data 

below 3.4 µm, Whz6: all data below 10.8 µm, RkT2z7: whole crystal, RkT2z23: all data 

below 13.1 µm; Figs. 5.8 to 5.11). 

 Excluding these domains, the highest Ti concentration is 17.8 ppm (in OkT3z18; Fig. 

5.11). The range of Ti contents in zircons from each eruption is broadly similar to the overall 
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range for all eruptions. Furthermore, Ti concentrations fluctuate within each of the profiles by 

a factor of ~1.3-7.6 (average = 3.0; n = 16), with the largest variations in crystals OkT3z18, 

KaT1z18, RkT2z23, and RkT1z25 (Figs. 5.8, 5.10, and 5.11). Despite these fluctuations, 

broad rimward trends are observed in some crystals. Some of the zircons display rimward 

decrease in Ti concentration (KaT1z18, KaT2z30, Whz6, RkT2z20, RkT2z23, OkT3z31; 

Figs. 5.8 to 5.11). Furthermore, a few crystals show a distinct reversal in the rimward trend 

from increasing Ti concentration in the inner part of the crystal to decreasing Ti concentration 

in the outer part of the crystal (KaT2z3, RkT1z25, RkT2z4; Figs. 5.8 and 5.10), or vice versa 

(OkT1z24; Fig.5.11). In a few zircons, Ti contents are relatively constant throughout most of 

the crystal (KaT2z7, Whz6, RkT2z5, OkT3z12; Figs. 5.8 to 5.11). 

 

 

5.1.3 Ti‐in‐zircon temperatures 

 Ti abundances can be used to estimate zircon crystallisation temperatures (TTiz) based on 

the calibration by Ferry and Watson (2007) (see section 1.4.1). Here, it can be assumed that 

aSiO2=1, because the magmas are evolved and all samples contain abundant quartz. In contrast, 

rutile is absent, and therefore aTiO2 needs to be estimated. In this study, aTiO2 is calculated 

from equilibrium Fe-Ti oxide pairs (Speed et al., 2002; Nairn et al., 2004; Shane et al., 2007; 

2008a; P. Shane unpublished data) using the model of Ghiorso and Evans (2008), as this is a 

thermodynamically self-consistent method (Table 5.1). However, there are another three 

reactions that can also be used to calculate aTiO2 and they all produce slightly different results 

(see section 1.4.1; Table 5.1). Reaction (1) 2 ilmenite = rutile + ulvöspinel (Wark et al., 2007) 

gives the highest aTiO2 values. Reaction (2) 6 rutile + 2 magnetite = 6 ilmenite + O2 (Reid et 

al., 2011) produces values that are close to the average of aTiO2 from the four individual 
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calculations. Reaction (3) 3 rutile + 2 magnetite = 3 ulvöspinel + O2 (Reid et al., 2011) gives 

the lowest aTiO2 values (Table 5.1), most of which are below the empirical lower limit of ~0.5 

for silicic igneous rocks (see section 1.4.1; Watson et al., 2006; Hayden and Watson, 2007). 

 In general, the highest aTiO2 for TTiz calculations results in the lowest temperatures and 

the smallest difference between minimum and maximum temperatures, whereas the lowest 

aTiO2 results in the highest temperatures and the largest difference between minimum and 

maximum temperatures. When comparing temperatures calculated with the lowest and 

highest aTiO2, the difference between the minimum TTiz in each sample is ~16-50 °C and the 

difference between the maximum TTiz is ~24-70 °C. In conclusion, this means that depending 

on which of the four reactions is used to estimate aTiO2, the calculated TTiz could be higher or 

lower by up to ~70 °C, with the larger differences at higher temperatures. The TTiz calculated 

in this study using the model by Ghiorso and Evans (2008) would be increased by ~15-55 °C 

when using the aTiO2 values from reaction (3) (lowest aTiO2), or decreased by 2-16 °C when 

using the aTiO2 values from reaction (1) (highest aTiO2). 

 An additional source of uncertainty regarding the aTiO2 value is that it can only be 

calculated for the time of eruption (because Fe-Ti oxides equilibrate within weeks to months; 

Devine et al., 2003), and it is not known whether the activity changed during the 

crystallisation histories of the zircons. This might affect the absolute TTiz and the relative 

temperature differences observed within a single crystal and between crystals from the same 

sample.  
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Table 5.1 Estimates of aTiO2 based on different reactions and Ti-in-zircon-temperatures (TTiz) for the Tarawera 
rhyolite samples. TTiz are calculated for minimum and maximum Ti concentration of each sample based on the 
respective aTiO2 (Ferry and Watson, 2007) 
 

 
aTiO2 estimated from: 
* thermodynamic reaction based on 2ilmenite=rutile+ulvöspinel (Ghiorso and Evans, 2008) 
(1) Reaction 1: 2ilmenite=rutile+ulvöspinel (Wark et al., 2007) 
(2) Reaction 2: 6rutile+2magnetite=6ilmenite+O2 (Reid et al., 2011) 
(3) Reaction 3: 3rutile+2magnetite=3ulvöspinel+O2 (Reid et al., 2011) 
 

 

 To test whether estimated aTiO2 values based on Fe-Ti oxide data reflect magmatic 

conditions, Ghiorso and Gualda (2012) developed a thermodynamic method to evaluate 

whether Fe-Ti oxides were in equilibrium with the erupted melt (see section 1.4.1). They 

found that thermodynamic relations require the aTiO2 of the melt to increase progressively at 

decreasing melt temperature. This negative relationship can be illustrated by isopleths of aTiO2 

relative to a rutile-saturated liquid on an aTiO2 vs T plot (Ghiorso and Gualda, 2012). aTiO2 

values estimated from Fe-Ti oxides of genetically linked rocks should follow the isopleths, if 

the Fe-Ti oxides were in equilibrium with the erupted melt and preserved pre-eruptive 

conditions. To investigate whether the aTiO2 values estimated from Tarawera Fe-Ti oxide pairs 

reflect equilibrium based on this criteria, the same approach was used here via the ‘isopleths 

diagram’ of Ghiorso and Gualda (2012) (Fig. 5.17; Appendix A). The data show a positive 

trend similar to that of the Bishop Tuff in which the Fe-Ti oxide-derived data diverge from 

the thermodynamically expected negative trend if equilibrium with the melt was preserved 

(see section 1.4.1). Ghiorso and Gualda (2012) suggest that the Bishop Tuff Fe-Ti oxides do 

not record the conditions just prior to eruption. The Tarawera data represents discrete 

 Sample n aTiO2* TTiz (°C) aTiO2 
(1)

TTiz (°C) aTiO2 
(2)

TTiz (°C) aTiO2 
(3)

TTiz (°C)

Kaharoa 10 0.53 671 / 843 0.61 660 / 828 0.48 680 / 855 0.38 699 / 882
Waiohau 20 0.62 677 / 717 0.66 671 / 711 0.59 681 / 721 0.52 691 / 732
Rerewhakaaitu T1 11 0.59 708 / 845 0.64 701 / 836 0.52 719 / 860 0.43 737 / 882
Rerewhakaaitu T2 9 0.49 666 / 843 0.57 654 / 827 0.42 678 / 861 0.31 704 / 898
Okareka T1 7 0.60 647 / 743 0.65 641 / 735 0.54 655 / 752 0.45 669 / 770
Okareka T3 10 0.66 648 / 848 0.69 646 / 843 0.62 654 / 856 0.56 662 / 867
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eruptions with different magmatic histories (in contrast to the Bishop Tuff). Individually they 

display only limited variation in aTiO2 and T, thus it is difficult to assess whether they follow 

the isopleths. However, in general, the aTiO2 do not increase with decreasing T. Therefore, the 

criteria of Ghiorso and Gualda (2012) would suggest that the Tarawera Fe-Ti oxides do not 

reflect the magmatic conditions at eruption.  

 Ghiorso and Gualda (2012) suggest disequilibrium growth of magnetite and ilmenite to 

explain the divergence between the thermodynamically expected negative aTiO2 – T trend and 

the opposing trend formed by Bishop Tuff Fe-Ti oxide data. They argue that, in the case of 

the Bishop Tuff, one of the factors that support disequilibrium between the oxides is the large 

difference in crystal sizes of magnetite and ilmente. A similar explanation could apply to the 

Tarawera Fe-Ti oxide pairs that fail to reflect pre-eruptive conditions. Although Speed et al. 

(2002), Nairn et al. (2004), and Shane et al. (2007; 2008a) show that the oxide pairs are in 

equilibrium for Mg and Mn using the method of Bacon and Hirschman (1988), there is the 

possibility that they are in disequilibrium for Ti. In most cases, the analysed oxide pairs were 

attached to the same pyroxene crystal, yet they were not touching each other. Furthermore, 

the generally smaller size of the ilmenites could imply either faster growth rates of the 

crystals or non-contemporaneous growth with the magnetites which could indicate 

disequilibrium crystallisation. If this is correct, the Fe-Ti oxides would not be suitable to 

reliably estimate aTiO2 and T of the erupted melt. Thus, the inferences about TTiz calculated 

here (and in many other studies) must be treated with caution. 
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Figure 5.17 Plot showing the relationship between aTiO2 and melt temperature T (°C) estimated from Fe-Ti oxide 
pairs from the Tarawera rhyolite samples (see text for method of calculation). Data from the Bishop Tuff is from 
Ghiorso and Evans (2008) and shown here for comparison. Isopleths of aTiO2 relative to rutile saturation were 
calculated for a pressure of 200 MPa by Ghiorso and Gualda (2012) and illustrate the expected thermodynamic 
relationship between aTiO2 and temperature of a melt. Numbers on isopleths are aTiO2 values of the melt, 
referenced to a standard state of unity for pure TiO2 liquid at any T and P. Diagram redrawn after Ghiorso and 
Gualda (2012). 

 

 

 The effect of zircon crystallising at pressures lower than 1 GPa (the pressure at which the 

Ti-in-zircon thermometer by Ferry and Watson, 2007 is calibrated) on TTiz has not been 

accounted for in the temperature calculations and is not integrated in the data shown in 

Appendix D, Table 5.1, and Fig. 5.17. However, crystallisation in the Tarawera magma 

system occurred in the upper crust at pressures <200 MPa (depths <8 km) based on volatile 

contents of melt inclusions in quartz, and the projection of rhyolite melt compositions onto 

the Qz-Ab-Or-H2O ternary diagram (Nairn et al., 2004; Shane et al., 2007; 2008a). Therefore, 

the TTiz reported here might be systematically too high by ~40-80 °C, based on an estimated 

temperature decrease of 50-100 °C/GPa (Ferry and Watson, 2007; Ferriss et al., 2008). 
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However, the pressure dependence of the thermometer only affects the accuracy of the 

absolute TTiz, whereas the relative differences remain unchanged, if the pressure history was 

simple. 

 TTiz range from 647 to 848 °C (Appendix D). As inferred from the observations made for 

Ti concentrations, the range of TTiz of zircons within each eruption deposit is similar to the 

overall range of all deposits, and TTiz strongly fluctuates within individual crystals (Figs. 5.8 

to 5.11). The largest temperature difference recorded within a zircon is ~192 °C (OkT3z18; 

Fig. 5.11), and the smallest difference is ~21 °C (Whz6; Fig. 5.9). Twelve of the 16 crystals 

display lower TTiz values for the rim compared to the deepest part of the profile. Broad 

rimward cooling is observed in KaT1z18, KaT2z30, Whz6, RkT2z20, RkT2z23, OkT3z31 

(Figs. 5.8 to 5.11). Furthermore, a few crystals display rimward heating in the inner part of 

the crystal and a change to rimward cooling in the outer part of the crystal (KaT2z3, 

RkT1z25, RkT2z4; Figs. 5.8 and 5.10). Zircon OkT1z24 shows the reverse (Fig. 5.11). A few 

zircons grew mostly at relatively constant temperatures (KaT2z7, Whz6, RkT2z5, OkT3z12; 

Figs. 5.8 to 5.11). In general however, TTiz estimates suggest that most of the crystal growth 

occurred during overall cooling. 

 A comparison of TTiz (Table 5.2; Appendix D) with the eruption temperatures (Teruption; 

Table 5.2; Appendix A) and the zircon saturation temperatures (TZir; Table 5.2; Appendix E) 

can provide insight to the conditions of zircon growth and the relationship of the crystals to 

the melts they were erupted in. The eruption temperatures were calculated with the revised 

geothermometer by Ghiorso and Evans (2008) using the compositions of Fe-Ti oxide pairs 

from Speed et al. (2002), Nairn et al. (2004), Shane et al. (2007; 2008a), and P. Shane 

unpublished data (see section 1.4.1). Zircon saturation temperatures were estimated based on 

the method by Watson and Harrison (1983) using whole rock compositions (Speed et al., 

2002; Nairn et al., 2004; Shane et al., 2007; 2008a; see section 1.4.1). In all analysed zircons, 
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TTiz of the crystal rims are below Teruption (Fig. 5.18). Moreover, 7 crystals from 4 samples 

grew entirely at temperatures lower than the calculated Teruption (Whz5, Whz6, RkT2z4, 

RkT2z5, OkT1z24, OkT3z12, OkT3z31; Appendix D; Figs. 5.9 to 5.11). In another 3 crystals 

(KaT1z35, KaT2z3, KaT2z25; Appendix D; Fig. 5.8) the interiors and the rims display TTiz < 

Teruption. This sums up to a total of 77 % of the calculated TTiz being below Teruption. None of 

the zircons grew entirely at temperatures above Teruption. As all zircon saturation temperatures 

(TZir) are higher than Teruption (Table 5.2), most zircons grew at temperatures below the 

estimated TZir. However, the interiors of 3 crystals (KaT1z18, RkT2z23, OkT3z18; Figs. 5.8, 

5.10, and 5.11) and the middle domain of one crystal (RkT1z25; Fig. 5.10) display TTiz > TZir. 

 

Table 5.2 Estimated Ti-in-zircon temperatures, eruption temperatures, and zircon saturation temperatures 

 
TTiz (=Ti-in-zircon temperatures) calculated based on Ferry and Watson (2007); see section 1.4.1; all cycles with 
anomalously high Ti concentration are excluded 
Teruption (=eruption temperatures) calculated based on Ghiorso and Evans (2008) using Fe-Ti oxide compositions 
from Speed et al. (2002), Nairn et al. (2004), Shane et al. (2007; 2008a), and P. Shane unpublished data; see 
section 1.4.1 
TZir (=zircon saturation temperatures) calculated based on Watson and Harrison using whole rock compositions 
from Speed et al. (2002), Nairn et al. (2004), and Shane et al. (2007; 2008a); see section 1.4.1 
M= cation ratio, defined as (Na + K + 2Ca) /(Al * Si); see section 1.4.1 
 

 

Sample TTiz (°C) Teruption (°C) TZir (°C) M 
Kaharoa T1 671-843 728 743 1.34 
Kaharoa T2 673-774 728 778 1.38 
Waiohau 677-717 774 783 1.37 
Rerewhakaaitu T1 708-845 763 781 1.27 
Rerewhakaaitu T2 666-843 723 779 1.35 
Okareka T1 647-743 763 773 1.28 
Okareka T3 648-848 783 798 1.36 



Chapter 5   Zircon geochemistry 

172 

 

 

Figure 5.18 Comparison of Ti-in-zircon temperatures for individual analysis cycles from zircon profiling and 
eruption temperatures (Fe-Ti oxides) from each of the 7 Tarawera rhyolites. Crystal rims (the 10 outermost 
analyses cycles per crystal) of zircons from each sample are shown as white triangles. Analyses from individual 
samples with the same eruption temperatures based on Fe-Ti oxide compositions (indicated by arrows; see Table 
5.2) are plotted slightly apart to illustrate the range in TTiz. The solid line has a slope of 1 and represents 
conditions at which zircon crystallisation temperatures equal eruption temperatures. All data plotting below the 
line reflect zircon crystallisation at temperatures lower than eruption temperatures. 

 

 

 Many of the estimated TTiz fall below the wet solidus of high silica melts (~680 °C at 200 

MPa; Johannes and Holtz, 1996), particularly if a pressure correction for crystallisation at 

~200 MPa is accounted for. This strengthens the conclusion that the estimation of zircon 

crystallisation temperatures and geologic interpretation thereof are problematic, if the 

relevant parameters (aTiO2, P) used in the calculation cannot be determined with certainty for 

the time of crystal growth.  
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5.1.4 Yttrium, Hf, and Ce composition of zircon 

 Yttrium, Hf, and Ce abundances of zircon were obtained during compositional depth 

profiling of 17 crystals from the 7 Tarawera rhyolite magma samples (Figs. 5.8 to 5.11; 

Appendix D). 

 Yttrium concentrations range from ~500 to ~5900 ppm (Figs. 5.8 to 5.11). In general, Y 

concentrations within a crystal vary by a factor of ~2-5. The largest difference in Y 

abundance within a crystal is found in zircon OkT1z24 (965-4700 ppm; Fig. 5.11) and the 

smallest variation is found in zircon RkT2z4 (~1070-1840 ppm; Fig. 5.10). Although Y 

concentrations fluctuate rimward in almost all crystals, some of the crystals show a broad 

rimward decrease (KaT1z18, Whz5, the outer half of RkT1z25, RkT2z23, OkT1z24, 

OkT3z18; Figs. 5.8 to 5.11) and a few a rimward increase (RkT2z4, RkT2z20; Fig. 5.10). 

 Hafnium concentrations range from ~7500 to ~15800 ppm. As Hf and Zr are fractionated 

during zircon crystallisation because zircon preferentially incorporates Zr, the Zr/Hf ratio 

decreases in the melt during crystallisation (Linnen and Keppler, 2002). Thus, Zr/Hf is 

considered to be controlled by the degree of zircon crystallisation in a closed system. Zr/Hf is 

calculated from the quotient of the measured ratio in the zircon and the RSF (relative 

sensitivity factor), where the RSF is the quotient of measured ratio and true ratio in the 

standard. Zr/Hf is used from here on instead of the Hf concentration. Zr/Hf for the entire suite 

is in the range ~29-63 (Figs. 5.8 to 5.11). Within crystals, the ratio varies by a factor of ~1.1 

(Whz5; Fig. 5.9) to ~1.6 (RkT2z23; Fig. 5.10). Most of the crystals show fluctuations in 

Zr/Hf throughout their growth history. However, broad rimward trends are observed. Many 

of the zircons in the Kaharoa and Okareka samples display rimward increase in Zr/Hf in the 

inner parts of the crystals, followed by rimward decrease in Zr/Hf in the outer parts of the 

crystals (KaT1z18, KaT1z35, KaT2z3, KaT2z30, OkT1z24, OkT3z12; Figs. 5.8 and 5.11). 
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Furthermore, some crystals show a broad rimward decrease in Zr/Hf (Whz6, RkT2z4, 

RkT2z23; Figs. 5.9 and 5.10). A few of the outermost parts of zircons in the Rerewhakaaitu 

and Okareka samples show rimward increasing Zr/Hf (e.g. RkT1z25, RkT2z5, RkT2z20, 

OkT3z18; Figs. 5.10 and 5.11). One entire crystal (OkT3z31) displays rimward increase in 

Zr/Hf (Fig. 5.11). 

 Cerium concentrations range from ~1.8 to 4.0 ppm and show a similar diversity in most 

eruption deposits (Figs. 5.8 to 5.11). However, zircons in both Kaharoa samples display more 

restricted Ce contents (>2.68 ppm). Abundances within a crystal vary by a factor of ~1.1-1.9. 

Broad rimward trends can be determined, although fluctuations in Ce abundances occur in 

most crystals. Some zircons in the Kaharoa and Okareka samples display a rimward decrease 

in Ce concentration in the inner part of the crystal, succeeded by rimward increase in Ce 

concentration in the outer part of the crystal (KaT1z18, KaT2z7, KaT2z30, OkT1z24 Figs. 

5.8 and 5.11). A few zircons show broad rimward increase in Ce abundance (KaT2z3, Whz6, 

RkT1z25, RkT2z4, RkT2z23, OkT3z12; Figs. 5.8 to 5.11), although it is noted that in most of 

these crystals the trend reverses at the crystal face. One entire crystal (OkT3z31; Fig. 5.11) 

displays rimward decrease in Ce abundance.  

 

 

5.1.5 Elemental trends and correlations 

 Elemental trends are highly variable (Figs. 5.8 to 5.12). Some elements show either 

negative or positive trends with others. However, the pattern of correlations between most 

elements differs from crystal to crystal or even within the same crystal. To investigate 

systematic correlation between pairs of elements, the depth profile data of all zircons is 

shown as scatter plots and as probability density contour plots (generated with unpublished 
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software by O. Lovera) (Figs 5.19 to 5.21). The advantage of a probability density contour 

plot is that it avoids masking of prominent data clusters or trends as a consequence of point 

overlap due to the large number of data (n = 1390 cycles), and the overemphasis of sporadic 

deviating trends.  

 Uranium, Th, and Y correlate positively (Fig. 5.19). Linear regression on the whole data 

set gives an R-squared value (r2; correlation coefficient) of 0.85 for Th and U, and of 0.70 for 

Y and U, indicating good correlation between the elements which is also evident in the 

contour plots. In the scatter plot for Th and U (Fig. 5.19 A), prominent appearing trends 

above Th concentrations of ~500 ppm are generated by the data from parts of 4 crystals only 

(high Th trend: interiors of OkT1z24 and OkT3z18; high U trend: KaT1z18 and RkT2z5). 

The data disappears on the contour plot reflecting the low density of points. The interior data 

of zircon OkT3z18 is mainly responsible for the slightly deviating high-Th trend in the scatter 

plot for Y and U (Fig. 5.19 B). 

 To investigate the relationship between the analysed elements and zircon fractionation, 

the elements are plotted against Zr/Hf (Fig. 5.20). Ce and Zr/Hf show a weak negative 

correlation, with the exception of crystal KaT2z3 and the interior part of crystal OkT3z12 

(Figs. 5.8 to 5.11, and 5.20 E). In contrast, the three elements U, Th, and Y show both 

negative and positive correlation with Zr/Hf in nearly all crystals (Figs. 5.8 to 5.11). This 

non-uniformity of trends is also indicated by very low R-squared values (r2 <0.21) and is 

reflected in the lack of trends in the contour plots (Fig. 5.20). Nevertheless, a negative 

correlation is common (Figs. 5.8 to 5.11 and 5.20). There is no systematic relationship 

between Th/U and Zr/Hf (Fig. 5.20). The data forms two clusters at different Th/U values. In 

most crystals, contrasting positive and negative correlations of TTiz and Zr/Hf are observed 

(Figs 5.8 to 5.11). However, there is an overall positive correlation observed in the contour 

plot (Fig. 5.20). It is noteworthy that this positive trend is formed mainly by zircons from the 
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Kaharoa, Waiohau, and Rerewhakaaitu samples (Figs. 5.8 to 5.10). In crystals from the 

Okareka samples, TTiz correlates mostly negatively with Zr/Hf (Fig. 5.11).  

 The overall relationships between the analysed elements and zircon crystallisation 

temperatures are illustrated in Fig. 5.21. There is no overall prevailing correlation of U, Th, 

and Y with TTiz. Most crystals display both negative and positive trends, although in each 

crystal generally one type of correlation prevails (Figs. 5.8 to 5.11). In zircons from the 

Kaharoa samples, U, Th, and Y correlate predominantly negatively with TTiz (Fig. 5.8), 

whereas in crystals from the Okareka samples they correlate more often positively with TTiz 

(Fig. 5.11). In general, the contour plots show that zircons with lower TTiz have higher U and 

Th concentrations (Fig. 5.21). Contour plots suggest weak positive correlation for Th/U and 

Ce with TTiz (Fig. 5.21), whereas linear regression for both data sets gives R-squared values 

that are inconsistent with an overall systematic relationship of Th/U and Ce with TTiz (Th/U 

vs TTiz: r
2 = 0.15; Ce vs TTiz: r

2 = 0.001). 

 



Chapter 5   Zircon geochemistry 

177 

 

 

Figure 5.19 Co-variations between A) Th and U concentration and B) Y and U concentration for the 16 zircon 
compositional depth profiles. Left: Scatter plots showing all individual cycles (n = 1390) from the depth profiles, 
except for those which were interpreted as anomalous (see section 5.1.2). Red lines are based on linear 
regression and the correlation coefficient R-squared (r2) indicates goodness of fit of that line. Orange boxes 
indicate the area shown in the contour plots. Right: Probability density contour plots generated from the same 
data as the scatter plots. Note that the scale is different from scatter plots. Data that disappeared in the contour 
plots reflect low density of points. The coloured zones are based on relative data density probability and indicate 
decreasing relative probability from red to dark blue. The numbers represent the percentage of analysis cycles 
included in the contour. Both Th and Y show a systematic positive relationship with U. 
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Figure 5.20 Co-variations between Zr/Hf as a measure of zircon fractionation and A) U concentration, B) Th 
concentration, C) Th/U, D) Y concentration, E) Ce concentration, and F) TTiz for the 16 zircon compositional 
depth profiles. Left: Scatter plots showing all individual cycles (n = 1390) from the depth profiles, except for 
those which were interpreted as anomalous (see section 5.1.2). Red lines are based on linear regression and the 
correlation coefficient R-squared (r2) indicates goodness of fit of that line. Orange boxes mark scaling of 
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contour plots. Right: Probability density contour plots generated from the same data as the scatter plots. Note 
that the scale is different from scatter plots. Data that disappeared in the contour plots reflect low density of 
points. The coloured zones are based on relative data density probability and indicate decreasing relative 
probability from red to dark blue. The numbers represent the percentage of analysis cycles included in the 
contour. 
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Figure 5.21 Co-variations between TTiz as a measure of zircon crystallisation temperatures and A) U 
concentration, B) Th concentration, C) Th/U, D) Y concentration, and E) Ce concentration for the 16 zircon 
compositional depth profiles. Left: Scatter plots showing all individual cycles (n = 1390) from the depth profiles, 
except for those which were interpreted as anomalous (see section 5.1.2). Red lines are based on linear 
regression and the correlation coefficient R-squared (r2) indicates goodness of fit of that line. Orange boxes 
mark scaling of contour plots. Right: Probability density contour plots generated from the same data as the 
scatter plots. Note that the scale is different from scatter plots. Data that disappeared in the contour plots reflect 
low density of points. The coloured zones are based on relative data density probability and indicate decreasing 
relative probability from red to dark blue. The numbers represent the percentage of analyses cycles included in 
the contour. 
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5.1.6 Compositional zoning in zircon 

 Complex compositional zoning patterns in the Tarawera zircons provide insight to the 

processes that control the crystals’ growth histories. Most of the crystals display significant 

rimward changes and even reversals in their elemental co-variations (Fig. 5.22). Overall, 

there is no prevailing zoning pattern in crystals from the entire suite of samples or for crystals 

from the same eruptive unit. Fig. 5.22 shows examples of 6 crystals to illustrate the variety of 

compositional zoning patterns observed. Each change in zoning pattern reflects a change of 

the conditions under which the crystals grew. Some parts of crystals display decreasing Zr/Hf, 

Ti, and increasing U towards the rim (e.g., KaT2z3, KaT2z30, RkT2z20), while others show 

the reverse (e.g., KaT2z3, KaT2z30). A rimward decrease in Zr/Hf but increase in Ti (e.g., 

KaT2z30, OkT1z24) and the reverse (e.g., KaT2z7, RkT2z20, OkT1z24) are also found in 

some crystal parts (Fig. 5.22). The U vs Zr/Hf zoning pattern in zircon OkT3z18 points to 

frequently altering conditions of growth over time (Fig. 5.22). Zircons from the Okareka 

samples display dominantly increasing Zr/Hf at decreasing TTiz. In general, a reverse in TTiz is 

not necessarily accompanied by a reverse in Zr/Hf (e.g. OkT1z24; Fig. 5.22). The chemical 

conditions at the last stage of crystal growth vary from crystal to crystal, and termination of 

growth occurs at decreasing as well as increasing TTiz and Zr/Hf. 
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Figure 5.22 Examples of time progressive zoning patterns illustrating rimward co-variations between Ti 
concentration and Zr/Hf ratio (left), U concentration and Zr/Hf ratio (middle), and U concentration and Ti 
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concentrations (right) within individual zircon crystals. Each data point represents a single cycle of the 
continuous compositional depth profile. Different colours mark zones of the crystal with distinct trends. 
Arrows indicate the direction of rimward zoning. Double headed arrows indicate rimward fluctuating 
compositions. All crystals demonstrate that zoning can vary and even reverse throughout the growth history of 
a zircon.  

 

 

5.1.7 Correlations of zircon composition with cathodoluminescence 

(CL) zoning 

 The correlation of zircon compositional data with CL zoning is problematic for two 

reasons: (1) CL zones are heterogeneous through the crystal (section 4.5); and (2) crystal face 

and compositional depth profile analyses were performed on the crystal face perpendicular to 

the faces shown in the CL images. Thus, the geometry of the intersected zones is uncertain. 

However, in some crystals high U and Th contents correlate with dark CL zones, and lower 

concentrations correlate with brighter zones based on spot analyses (e.g., KaT1z6, KaT1z29, 

KaT2z3, KaT2z8, KaT2z11, KaT2z16, RkT1z14, RkT1z29, RkT2z4, RkT2z5, OkT3z4; Figs. 

4.1, 4.2, 4.4, 4.5, and 4.7), which is in agreement with observations from other studies (e.g., 

Poller et al., 2001; Miller and Wooden, 2004; Claiborne et al., 2006; Claiborne et al., 2010b). 

The opposite is observed in sector zoned crystals (e.g., KaT2z7, KaT2z15, KaT2z22, Whz8, 

OkT3z2, OkT3z26; Figs. 4.2, 4.3, and 4.7) but could be misleading and has to be treated with 

caution because the sector zoning might not occur on all faces around the crystal. In a few 

crystals dark CL zones yield higher U yet lower Th contents compared to the bright zones 

(e.g., KaT2z16, KaT2z10, KaT2z13, RkT1z15; Figs. 4.2 and 4.4). Considerable chemical 

changes observed in the compositional depth profile only sometimes seem to be consistent 

with CL zone boundaries (e.g., RkT2z4, RkT2z20, OkT3z12; Figs. 4.5, 4.7, 5.10 and 5.11). 

In zircon RkT2z4, the boundary from the light core to the dark rim occurs at ~9 µm depth 

(Fig. 4.5). This coincides with a change from increasing U, Th, Y, and Ti concentrations in 
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the light core (no variation in CL shading) to decreasing (but fluctuating) U, Th, Y, and Ti 

concentrations in the dark oscillatory zoned rim (Figs. 4.5 and 5.10). The position of the age 

hiatus at ~6 µm cannot be reliably associated with one of the oscillatory bands. However, one 

of the crystal tips shows evidence for resorption that could be related to the hiatus. 

Nevertheless, the uncertainties described above are considered too major for a reliable 

investigation of the general relationship between crystal chemistry and CL brightness. A 

more direct method for this investigation is the production of high sensitivity ion images of a 

sectioned zircon crystal and comparison of these images with CL images from the same 

section.  

 

High sensitivity ion imaging 

 High sensitivity ion imaging of zircon provides information about the 2-dimensional 

distribution of selected elements in a crystal, and elemental distribution patterns can be 

compared directly with CL zoning patterns. Here, ion images of Y and Ti were generated for 

two selected zircon crystals (KaT2z3 and RkT2z4) that were previously analysed by 

compositional depth profiling and that show fluctuations in their elemental concentrations as 

well as CL images with distinct patterns.  

 

Zircon KaT2z3 

 Zircon KaT2z3 ranges in age from ~15 to ~56 ka (from the crystal face to ~25 µm depth) 

and displays a hiatus between ~24 and ~34 ka at ~12 µm depth (Fig. 5.8). The CL image 

shows a sharp boundary between a dark rim and a lighter core at about the same depth (Fig. 

4.2). Ion images of both sides of the crystal record Y concentrations between <500 and ~3500 

ppm, with one spot >~4500 ppm (Fig. 5.23 A). The Y distribution pattern corresponds to the 

CL pattern, with high concentrations in dark zones and the relatively sharp contact from low 
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to medium and high Y concentrations (~1500-3500 ppm) coinciding with the sharp CL 

boundary between light core and dark rim. The fact that Y and U co-vary positively (Fig. 

5.10 and 5.19 A) means that darker regions will have higher U in addition to Y, which is 

consistent with results from spot analyses (see start of this section). Particularly low Y 

concentrations (<~250 ppm) are found in the area excavated by the ion beam of the interior 

age analysis. Yttrium abundances in ion image ‘2’ (Fig. 5.23 A) along the crystal face are 

between ~1500 and ~2000 ppm. This is in good agreement with the concentrations of ~1500 

ppm Y at the crystal face analysed during continuous compositional depth profiling.  

 In zircon KaT2z3 both areas analysed for their Y distribution were also analysed for their 

Ti distribution (Fig. 5.23 B). Ti concentrations range from ~2 ppm to ~12 ppm corresponding 

to TTiz of ~660 to ~830 °C, with a few spots up to >20 ppm corresponding to TTiz of 890 °C. 

In contrast to Y concentrations, the distribution of Ti concentrations is heterogeneous in 

domains parallel to the crystal face and cuts across the CL pattern, with high Ti 

concentrations in both dark and light CL zones. Ion image ‘3’ generally displays higher Ti 

contents towards the rim, whereas ion image ‘4’ shows the opposite. The lowest 

concentrations (~2 ppm) in image ‘3’ are observed where the ion image overlaps the 

excavation pit. Ion image ‘4’ is positioned so that the right image frame borders the crystal 

face. Compositions along the crystal face vary from ~2 to >20 ppm Ti. In comparison, the 

crystal face analysed in the compositional depth profile yields ~3 ppm, which is in agreement 

with the lower concentrations of the ion image (Figs. 5.8 and 5.23 B). However, in contrast to 

the profile which indicates crystallisation during heating followed by crystallisation during 

cooling, no temperature path for the crystal’s growth history can be determined from the 

distribution pattern of Ti concentrations in the ion image. The spots with Ti abundances of 

~20 ppm display no visible features in the CL image and could be caused by microlites or 

surface contamination during sample preparation. 
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Figure 5.23 Ion images for A) Y and B) Ti of zircon KaT2z3 overlain on the CL image of the crystal. Right: 
White lines show boundaries between areas with distinct Y and Ti concentrations to facilitate the comparison of 
element abundances with features in the CL image.  

 

 

Zircon RkT2z4 

 Zircon RkT2z4 ranges in age from ~37 to ~151 ka (from the crystal face to ~19 µm 

depth) and displays a hiatus between ~43 and ~81 ka at ~6 µm depth (Fig. 5.10). The CL 

image shows a light core and a dark rim with oscillatory zoning (Fig. 4.5). In one of the 

crystal tips a black subhedral zone not present on the long sides of the crystal provides 

evidence for resorption at some stage during the growth history of the zircon. Ion imaging for 

Y and Ti was performed at both tips of the crystal to capture the parts which show an 

oscillatory zoning pattern and a resorbed zone in the CL image (Fig. 5.24).  

 Yttrium ion images indicate concentrations ranging from ~500 to ~3500 ppm, with one 

corner in image ‘2’ >5000 ppm (Fig. 5.24 A). The range of Y abundances detected in the 

depth profiles is narrower (~1000-1800 ppm). In image ‘1’, a sharp contact between low and 

medium concentrations is observed. The shape of this contact broadly matches the shape of 
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the oscillatory zones. However, the contrast in Y concentration is not consistent with a strong 

contrast in CL shading. Furthermore, the highest Y concentrations found mostly towards the 

right side of the crystal, do not reflect the oscillatory pattern observed in the CL image. In 

image ‘2’, zones with characteristic Y concentrations can be distinguished and appear to 

correlate with the CL zoning. However, high concentrations are sometimes associated with 

dark CL zones and sometimes with lighter CL zones. The sharp contact between light core 

and dark rim is not reflected in a change in Y abundance. 

 Titanium concentrations in both ion images are very low (mostly <~2-3 ppm, 

corresponding to TTiz <670-700 °C) which is consistent with the Ti concentrations measured 

during continuous depth profiling (Figs. 5.10 and 5.24 B). Although the imaged areas cover 

parts of the crystal with distinct CL features that show a high contrast in brightness (such as 

the boundary between light core and dark rim, and the black resorbed zone), no distinct 

variations in Ti abundance are observed. 
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Figure 5.24 Ion images for A) Y and B) Ti of zircon RkT2z4 overlain on the CL image of the crystal. Right: 
White lines show boundaries between areas with distinct Y and Ti concentrations to facilitate the comparison of 
element abundances with features in the CL image.  

 

 

 

5.2 Correlation of zircon age and compositional depth 

profiling data 

5.2.1 Direct dating of compositional profiles 

 Compositional depth profiles for 15 of the 17 analysed zircons could be correlated with 

the associated age depth profiles by matching U and Th patterns collected in both analytical 
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sessions. For crystal RkT1z25 it proved to be impossible to establish a reliable relationship 

between the profiles based on U and Th abundances. For crystal RkT2z7 correlation is 

possible, but the data is disregarded because of anomalous Ti concentrations (see section 

5.1.2; Fig. 5.10; Appendix D). The lower spatial resolution of the binned age data compared 

to the unbinned compositional data makes it difficult to assign an age to parts of the crystal 

compositional profiles and furthermore, some parts of the profiles are not dated. However, 

age data for some parts of the profiles allow direct comparison of synchronous crystallisation 

histories. The following examples reveal that zircons erupted in the same event or even the 

same sample, underwent distinct chemical evolution although they grew at the same time. 

 Zircons KaT1z18 and KaT2z30 erupted in the same event and both grew between ~5-10 

ka (Fig. 5.25 A). In that period of time, Zr/Hf, Ce, and Ti all show similar trends in the 

crystals. However, the two crystals have distinct U, Th, and Y concentrations. This indicates 

that the zircons grew in different domains of the magma, but experienced similar processes. 

 A similar observation is made for zircons RkT2z20 and RkT2z23 which show similar 

chemical trends yet different elemental abundances and crystallisation temperatures around 

~37 ka (Fig. 5.25 B). This demonstrates that even crystals from the same sample can have 

simultaneously formed in disparate magmas. 

 Zircons OkT1z24 and OkT3z31 were erupted in the same event and both grew between 

~68 and 86 ka. Opposing trends of Zr/Hf, Ce, and Ti reflect contemporaneous crystal growth 

under contrasting magmatic conditions (Fig. 5.25 C). 

 The above observations demonstrate non-uniformity of temporal trends in the 

compositional data and point to a variety of co-existing thermal and chemical conditions in 

the magma system. 

 In addition to comparing the chemical evolution during contemporary growth of different 

crystals, the unbinned compositional depth profiles also provide some general information 
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about growth patterns in relation to time. Crystal growth at increasing TTiz can occur over 

relatively long periods of time provided that the estimated temperatures are reliable (~25 ka 

in crystal OkT3z12; Fig. 5.11). The same is observed for increasing Zr/Hf (>30 ka in crystal 

OkT3z31; Fig. 5.11).  
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Figure 5.25 Comparison of compositional trends in depth profiles of contemporaneously crystallised zircons: A) 
KaT1z18 and KaT2z30 between ~5-10 ka, B) RkT2z20 and RkT2z23 around ~37 ka, C) OkT1z24 and 
OkT3z31 between ~68-86 ka. These profiles are enlargements of those in Figs. 5.8, 5.10, and 5.11 showing only 
the parts of the crystals which grew contemporaneously. Data points are single analysis cycles. Error bars 
represent 1σ uncertainties (where no error bar is visible, it is smaller than symbol size). 
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5.2.2 Compositional changes at age hiatuses 

 Investigation of the age depth profiles revealed that several zircon crystals display 

hiatuses in growth of up to ~40 ka (see section 4.5). Here, it is examined whether the 

compositional depth profiles show significant changes around the age hiatuses. Eight of the 

16 crystals where age and compositional profiles could be correlated show a hiatus in age 

(KaT2z3, KaT2z30, RkT2z4, RkT2z20, RkT2z23, OkT1z24, OkT3z12, OkT3z18; Figs. 5.8, 

5.10, and 5.11). As the age data is binned into an equal number of cycles per bin within each 

profile, the binning might cause slight imprecision of the exact position of the hiatus in the 

plot. Furthermore, age and compositional depth profiles were analysed in parallel profiles, 

which could lead to a slight offset of the position of the hiatuses. In general, compositional 

changes such as jumps in concentration or a reverse in zoning pattern near hiatuses are 

observed in all crystals. However, not all of the elements display variations. Furthermore, it 

has to be noted that changes of similar magnitude are also found within the compositional 

profiles where no hiatus is apparent in the age depth profile. The following examples 

illustrate the changes observed near hiatuses: 

 Zircon RkT2z4 shows a jump in U, Th, and Y concentrations and Th/U, and a change in 

Zr/Hf and Ce trends near the hiatus of ~38 ka. There is no significant change in Ti (Fig. 5.25 

A). 

 In zircon RkT2z20, the zoning patterns of U, Th, Y, Ce, and Zr/Hf reverse after the 

hiatus of ~11 ka. In contrast, Ti continues to decrease without any changes (Fig. 5.26 B). 

 Zircon RkT2z23 only displays a reverse in U, Th, and Y trends at the hiatus of ~31 ka, 

without considerable changes in Zr/Hf, Ce, and Ti (Fig. 5.26 C). 
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 In zircon OkT3z18, a compositional change near the hiatus of 19 ka is evident in all 

elements. Uranium, Th, and Y jump to lower concentrations, whereas Zr/Hf, Ce, and Ti 

display a reverse in trend (Fig. 5.26 D).  
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Figure 5.26 Selected compositional depth profiles for zircons A) RkT2z4, B) RkT2z20, C) RkT2z23, and D) 
OkT3z18 illustrating chemical behaviour at an age hiatus (red dashed line). The profiles are enlargements of 
those in Figs. 5.10 and 5.11, showing only the part of the crystal where composition and age could be correlated. 
Data points are single analysis cycles. Error bars represent 1σ uncertainties (where no error bar is visible, it is 
smaller than symbol size). The positioning of the hiatus in RkT2z4 is imprecise and it is assumed that it relates 
to the chemical changes. 
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5.2.3 Compositional variation over time 

 The difficulties of directly comparing compositional profiles of individual zircons with 

respect to time have already been discussed in section 5.2.1. To enable the investigation of 

zircon chemistry relative to the time of crystallisation, the cycles from the compositional 

depth profiles were binned over the same interval as the age bins at a depth resolution of ~2-6 

µm (see section 3.2.3). Of the 15 zircon crystals for which the correlation of compositional 

and age depth profiles is possible, 48 crystal domains ranging from ~5 to ~142 ka provide age 

control for the chemistry (Fig. 5.27). Zircon compositions vary significantly over the entire 

age range. However, there are 16 domains older than ~45 ka (14 from 4 zircons of Okareka 

and 2 from zircons of Rerewhakaaitu) that show more restricted chemical diversity (Fig. 

5.27). The main difference here is the Ti concentrations and consequently TTiz. TTiz estimates 

corresponding to domains <45 ka (675-819 °C) are higher, and display a wider range than in 

the >45 ka domains (mostly 654-699 °C; Fig. 5.27). Furthermore, Y, U, and Th values in the 

younger (<~45 ka) domains are more variable (Y = 914-4494 ppm, U = 103-947 ppm, Th = 

54-888 ppm) and have higher Ce concentrations (Ce = 2.4-3.8 ppm). Zircon domains <45 ka 

also show a wide range of Th/U ratios (0.46-0.93), whereas those >45 ka display two clusters 

at the lower and higher end of this range (0.49-0.54 and 0.70-0.96). The range of Zr/Hf is not 

convincingly different in the young and old zircon domains (Fig. 5.27). 
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Figure 5.27 Compositions of 48 crystal domains from the 15 zircons where compositional and age depth profiles 
could be correlated, plotted against crystallisation age. The compositional depth profiling data has been binned 
corresponding to the respective age bins (see section 3.2.3). Error bars represent 1σ uncertainties.  
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5.3 Summary of observations from zircon geochemistry 

 The range of U and Th concentrations recorded during crystal face and interior analyses 

is broadly consistent with that shown by continuous compositional depth profiling. 

Uranium and Th concentrations in crystal faces and interiors show a wide range that is 

similar in each of the rhyolite samples. However, zircons from co-erupted magmas show 

some characteristic abundances (e.g., mostly higher U and Th in Kaharoa T1 than in 

Kaharoa T2; wider range in U and Th in Rerewhakaaitu T2 and Okareka T1 than in co-

erupted Rerewhakaaitu T1 and Okareka T3, respectively). In more than half of the 

crystals, U and Th are enriched in the crystal face relative to the interior. Th/U ratios are 

generally higher in the interiors than in their associated crystal faces. A few interiors of 

zircons from the Rerewhakaaitu T1 and both Okareka samples display Th/U>1.  

 Analyses of opposing faces of the same crystal indicate that some zircons have 

significant lateral heterogeneity in chemistry (up to ~280 ppm difference in U content).  

 Kaharoa granitoid zircons display a similar range of U and Th concentrations to that of 

the rhyolite zircons. However, low U and high Th contents are more common in the 

rhyolite zircons.  

 The accurate estimation of aTiO2, and consequently the determination of reliable Ti-in-

zircon temperatures, is problematic. The activity of Ti is likely to have varied through the 

growth history of a zircon crystal and in addition, Fe-Ti oxides from the Tarawera 

rhyolites used for the calculation of aTiO2 are not in equilibrium with the erupted melt. 

Inaccurate aTiO2 values could lead to errors in estimated absolute zircon crystallisation 

temperatures and also in the relative temperature differences. Thus, the estimated TTiz 

have to be treated with caution. Titanium concentrations translate to TTiz of ~650-850 °C. 
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Most of the crystal growth (77%) occurred at temperatures below the estimated eruption 

temperatures (all crystal faces, some interiors, and 7 entire crystals).  

 Continuous compositional depth profiling reveals that the chemical variability of zircons 

within each sample is similar to the variability in the entire suite of samples. Strikingly, 

even in some individual crystals the compositional variability (ranges of enrichment 

within single zircons: U = ~1.2-7.2x, Th = ~1.4-25.5x, Th/U = ~1.1-6.1x, Y = ~1.6-4.9x, 

Ce = ~1.1-1.9x, Zr/Hf = ~1.1-1.6x, Ti = ~1.3-1.7x) is comparable to that of the entire 

population. 

 Element concentrations generally fluctuate within profiles of individual crystals. 

However, in most crystals most elements show broad rimward trends. Uranium, Th, 

Th/U, and Y display rimward decrease in many crystals. Zr/Hf decreases and Ce 

concentrations increase toward the rim in some crystals. Most of the zircon 

crystallisation occurred during overall cooling based on TTiz. However, some crystals 

display a distinct reverse in the temperature trend, mostly from rimward increasing to 

decreasing temperatures during their growth history. 

 Uranium, Th, and Y concentrations of the zircons generally correlate positively with 

each other, and Ce generally correlates negatively with Zr/Hf. All other elemental co-

variations show opposing trends between crystals and even within crystals. However, 

some overall correlations are observed. Uranium, Th, and Y show mostly negative 

correlation with Zr/Hf. Correlation of the three elements with TTiz is mostly negative in 

zircons from the Kaharoa samples and positive in zircons from the Okareka samples. TTiz 

show an overall positive correlation with Zr/Hf, except in zircons from the Okareka 

samples where negative correlation prevails.  
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 Compositional zoning patterns in individual zircon crystals reveal the complexity and 

diversity of zircon crystallisation histories under various magmatic conditions. Zircon 

crystallisation can occur during cooling or heating, and can show decreasing or 

increasing Zr/Hf and U concentrations. There is no overall zoning pattern in crystals 

from the entire sample suite or from a single sample. However, zircons from the Okareka 

samples crystallised dominantly at increasing Zr/Hf during cooling. Termination of 

crystal growth occurred at various magmatic conditions and temperatures. 

 Correlated dating of the compositional depth profiles reveals contemporaneous zircon 

growth under different thermal and chemical conditions in crystals from the same 

eruption or even from the same sample. This points to heterogeneity of the magma. 

 Dating of compositional depth profiles indicates that zircon crystallisation can occur 

during heating or increasing Zr/Hf over several tens of thousands of years. 

 The occurrence of hiatuses in the age depth profiles is generally accompanied by 

significant changes in zircon chemistry or chemical trends in the compositional depth 

profiles. 

 The compositional data from depth profiling, especially Ti concentrations, suggest that 

compositional variability of zircons <45 ka is larger than that of zircons >45 ka. 

 High sensitivity ion imaging suggests that a correlation between Y abundance and CL 

zoning, with higher Y concentrations corresponding to darker zones occurs only 

sometimes. The distribution of Ti concentrations does not correlate with the CL pattern. 

In two crystals, a sharp contrast in CL shading can be correlated with age hiatuses. 



 

202 

 

 

 

 



 

203 

 

Chapter 6 ‐ Discussion of the zircon age and 
compositional data 

 

 This chapter discusses the age and compositional variations of individual zircon crystal 

domains from Tarawera volcano. 

 

6.1 Zircon growth rates and the significance of crystal face 

ages 

 Tarawera zircon is typically euhedral with crystal faces that lack resorption features and 

thus represent the last stage of crystal growth. Therefore, age analyses obtained on 

unpolished euhedral crystal faces document the time of termination of crystallisation, in 

contrast to rim spot analyses on polished crystal sections where rim ages are biased towards 

older ages (see section 1.1). Many Tarawera zircon crystal face ages are significantly older 

(up to ~100 ka) than their eruption age, indicating termination of growth long before the 

eruption. This phenomenon has also been found in other silicic magma systems: e.g., 

Soufrière Volcanic Complex, Saint Lucia, Lesser Antilles (Schmitt et al., 2010a). Crystal face 

ages in this study integrate over 3-5 µm of zircon growth and represent an upper limit for the 

crystal growth rate. 

 Numeric zircon crystallisation models by Watson (1996) suggest radial growth rates of 

~10-17-10-13 cm/s for crystals with radii >30 µm (see section 1.4.1). At the slowest rates of 

this range (~10-17 cm/s) and constant temperature, 3 µm of crystal growth (corresponding to 

the beam pit excavation depth of a crystal face analysis) would take ~1 Ma. This is clearly 

inconsistent with the determined crystallisation ages (103-105 years). Intermediate growth 
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rates (~10-15 cm/s) would mean that a 3 µm thick rim could represent an integration of ~10 ka 

of growth, implying that the final stage of growth would be irresolvable in many crystals and 

only the larger hiatuses between crystal face ages and eruption ages would be robustly 

determined. The fastest growth rates modelled by Watson (1996; ~10-13 cm/s) would 

produce a 3 µm thick rim within only ~100 years. Hence, the latest growth, if occurring at 

these rates would be analytically resolvable. Growth at fast rates is supported by a few 

crystals that grew entirely within error of the eruption age which could imply quasi-

instantaneous growth.  

 Zircon growth and dissolution rates depend primarily on melt composition, melt 

temperature (Watson, 1996), and Zr diffusion in hydrous rhyolite melt (Baker et al., 2002). 

These parameters are expected to have changed through the evolution history of the magma 

system, and thus it is likely that the growth rates varied. Estimated zircon growth rates based 

on Watson (1996; see section 1.4.1) using the Tarawera rhyolite whole rock compositions 

and Fe-Ti oxide temperatures, vary by an order of magnitude and are in the range 10-15-10-16 

cm/s. This, together with an estimated time of 6-17 ka for rim growth of 3 µm thickness 

based on these rates, is consistent with the intermediate rates obtained by numeric modelling 

of Watson (1996). 

 In a different approach, zircon growth rates were determined for individual crystals 

based on the age-depth profiles using the mean ages of the data bins and their depth within 

the analytical profile (see section 4.5). These growth rates also vary by orders of magnitude 

(Figs. 4.23 to 4.26; Table 4.6). An average rate of 3.8x10-15 cm/s would produce 3 µm of rim 

growth in ~2.5 ka. At rates representing 79 % of the determinations (>1.0x10-15 cm/s), 3 µm 

would crystallise in <9.5 ka. The uncertainties for growth rate estimates are between 1x10-16 

and 2.5x10-13 cm/s (Figs. 4.23 to 4.26; Table 4.6) and are of the same order of magnitude as 

those based on the Zr diffusion-based model of Watson (1996). Within analytical 
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uncertainties, late-stage crystal growth would be resolvable on crystal faces predating the 

eruption by >30 ka because this would have been sufficient time to allow the formation of 

thick overgrowths. That some crystals have gained such young overgrowth is supported by 

the presence of occasional crystal face ages that are within error of the eruption age. 

 In conclusion, significant hiatuses between the crystal face age and the eruption age are a 

result of growth termination over a resolvably long time before eruption. As the estimated 

zircon saturation temperatures are all higher or near the estimated eruption temperatures 

(Table 5.2) and consequently, the conditions in the erupted melts would have permitted 

zircon crystallisation, it is likely that the crystals are antecrysts and were recycled into the 

erupted melt from an environment where zircon growth was extremely slow or absent. The 

scarcity of near-eruption overgrowth occurring in the erupted melt could be a result of 

relatively quick melt accumulation (~102-103 years; Shane et al., 2008b) which would 

preclude crystallisation of a detectable overgrowth. 

 

 

6.2 Periods of peak crystallisation and crystal interior ages 

 A first order interpretation of the major peaks in PDF curves of zircon model ages is that 

they indicate periods of zircon crystallisation (section 4.3; Figs. 4.11 to 4.14). However, the 

interpretation of age spectra can be complex and the significance of peaks for interior crystal 

age populations can be obscured (e.g., Wilson and Charlier, 2009; Charlier and Wilson, 2010). 

This is because sectioning of crystals which have different crystal sizes and experienced 

different growth rates can lead to a poorly controlled exposure of growth domains within the 

crystals with significant variation in age (see section 3.2.3). To minimise the effect of 

unequal exposure of the growth history, the crystals in this study are of similar size and were 
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polished to a similar degree. This results in polished sections representing growth at 30-70 % 

of the crystal’s history (see section 3.2.3). This indicates that different stages of growth are 

compared, which could have a strong impact on the apparent time of maximum crystallisation. 

Nevertheless, there are meaningful differences in the zircon age distributions from different 

samples. For example, zircon interiors of the 0.7 ka Kaharoa eruption are mostly <30 ka, and 

younger than the interiors of crystals from the 21.9 ka Okareka eruption which display a 

broad range between ~20-200 ka (Figs. 4.11 and 4.14). As many Kaharoa crystals are smaller 

than Okareka crystals, an earlier stage of their growth history is exposed during ~5 µm of 

polishing. Thus, the young age spectra of the Kaharoa zircons are real and not an artefact of 

sectioning. 

 A systematic sequence is observed in the peaks of the crystal face and interior age 

spectra from the four Tarawera eruptions, with a younging of the peak crystallisation periods 

in the younger eruptions (Fig. 6.1). This could be the result of progressively swamping of 

older relict populations with new crystals. The interior age spectra of zircons from the 

Okareka sample (particularly the Okareka T3 sample) are an exception to the above 

observations in that old crystals are abundant in addition to the younger crystals (Fig. 6.1). 

Zircon saturation temperatures of the Okareka samples are only slightly higher than the Fe-Ti 

oxide magmatic temperatures (Table 5.2). This suggests that the conditions permitted new 

zircon growth, though it was insufficient to swamp the relict population. Charlier et al. (2005) 

have discussed a similar observation for zircons from the Tihoi, Okaia, and post-Oruanui 

subgroup 2 rhyolites from Taupo volcano. If the depletion of older zircons due to extraction 

during eruptions also plays a role, the abundance of old zircons in the Okareka samples could 

also be explained by the longer period of volcanic quiescence at Okataina beginning at the 

end of the Mangaone subgroup eruptions at ~31.5 ka. This is supported by the decreasing 

number of older zircons with decreasing eruption age. 



Chapter 6 Discussion 

207 

 

 

Figure 6.1 Summary diagram showing Tarawera zircon age data as PDF curves. Dashed line represents eruption 
age. 
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 Zircon age spectra from Tarawera rhyolites indicate that zircon crystallisation initiated 

long before the formation of the volcano and even long before the last caldera-forming 

eruption (~45.1 ka; Danišík et al., 2012; Fig. 6.1), and continued throughout the volcano’s 

entire eruptive history. The longevity of some individual crystals (up to ~120 ka) is 

comparable to the age range of the entire zircon population (Fig. 4.10). As many crystals 

started to grow before the apparent ‘peak’ crystallisation and continued to grow afterwards, 

the ‘peaks’ might not reflect the abundance of crystals of a certain age. Crystal growth at 

least in some parts of the system occurred at all times throughout the history of the volcano 

without interruption, not even during eruption periods. For example, age depth profiles of a 

few Kaharoa zircons show that the crystals grew continuously from the beginning of the 

formation of the volcano (~22 ka) and throughout the three eruptions preceding the 0.7 ka 

Kaharoa event (Fig. 4.23). Furthermore, 45/62 (73 %) of the mean crystal face ages from 

Kaharoa zircons post-date the 13.7 ka Waiohau eruption, and 21/59 (36 %) crystal face – 

interior pairs have crystal face ages that post-date the eruption, whereas their associated 

interiors pre-date the eruption. Similar observations of continuous growth during eruption 

periods are also made for the zircons in the other samples (Figs. 4.24 to 4.26).  

 Continuity of zircon crystallisation in individual crystals during the ~45 ka caldera-

forming Rotoiti eruption is difficult to assess because of analytical uncertainties of the binned 

data in the age-depth profiles and the possibility of undetected hiatuses of very short duration 

(e.g., 5-10 ka). Despite these uncertainties, there are some zircons that seem to have grown 

throughout the caldera-forming episode (e.g., Figs. 4.23 F, 4.25 B). In contrast, a few crystals 

also stopped growing during the eruptive event as indicated by hiatuses encompassing the 

eruptive interval, and resumed growth after caldera formation (e.g., Figs. 4.23 G, 4.26 D). In 

addition to the depth profiles, crystal face and interior analyses provide evidence for a 

continuous record of zircon growth during caldera collapse. The continuity of crystallisation 
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throughout a period of extraction of enormous amounts of magma implies the existence of a 

large, buffered magma mush with limited connectivity of the melt-rich zones. 

 

 

6.3 Hiatuses and asymmetry in zircon growth 

 In addition to the hiatuses between the last stage of crystal growth and the eruption (1 

to >100 ka, see section 6.1), hiatuses also occur within crystals (up to ~40 ka duration) as 

observed in the age-depth profiles (Figs. 4.23 to 4.26). Additional short-lived interruptions in 

zircon growth may have occurred but would be beyond analytical resolution. Intra-crystal 

hiatuses indicate that the magmatic conditions varied between growth-promoting and growth-

inhibiting throughout the crystallisation history of individual zircons. Hiatuses are 

asynchronous even in crystals extracted from the same lava block, implying 

contemporaneous growth and stagnation in the system. Asymmetric crystal growth is inferred 

from age differences (up to ~40 ka) and differences in composition (up to ~280 ppm for U) 

on opposing crystal faces of some zircons (Figs. 4.23 to 4.26 and 5.13). 

 Potential causes for hiatuses include resorption, inclusion in other mineral phases, 

storage under sub-solidus conditions, low magmatic temperatures (or anhydrous conditions) 

under which zircon crystallisation is kinetically inhibited (Watson, 1996), and extremely slow 

growth rates. 

 Strongly resorbed crystal surfaces or cores are not evident in the CL images of the 

Tarawera zircons, and the few resorbed zone boundaries that have been found do not seem to 

be related to the presence or absence of age hiatuses in the depth profiles. A similar 

observation was made by Schmitt et al. (2010a) for zircons in Soufrière dacites. Ti-in-zircon 

(this study; section 5.1.3) and Ti-in-quartz temperatures (Shane et al., 2008b) indicate that the 
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thermal conditions in the system exceeded 800 °C at times. At temperatures >800 °C, a melt 

composition with M = 1.3 [defined as (Na + K + 2Ca) / (Al * Si)] (see section 1.4.1) which is 

similar to the Tarawera rhyolite compositions, and Zr concentrations as determined from 

Tarawera whole rocks, would be undersaturated with respect to zircon (Watson, 1996). Thus, 

zircon dissolution would occur. However, steep diffusion gradients of Ti in quartz point to 

durations of only ~100-1000 years for the conditions with temperatures >800 °C (Shane et al., 

2008b). This might not have been a sufficient amount of time to cause major zircon 

dissolution, although that also depends on the size of the crystals and the size of the melt 

pockets the crystals grew in (Watson, 1996). The fact that some zircon crystallisation 

occurred at temperatures >800 °C based on Ti-in-zircon implies that the melt composition 

during zircon growth differed from the composition of the erupted melt, at least in some parts 

of the system. Furthermore, asynchronous hiatuses in the depth profiles of crystals, and 

crystallisation throughout the last ~200 ka suggest that at least parts of the system remained 

zircon saturated throughout its history. This is supported by the quasi-continuous zircon age 

record for the OVC, inferred from the entire available data set (Charlier and Wilson, 2010; 

Klemetti et al., 2011; this study). 

 Very thin growth zones resulting from extremely slow growth rates might not be 

analytically resolvable and could therefore appear as hiatuses in the depth profiles. Extremely 

slow growth could be caused by recharge with a melt that is close to zircon-undersaturation 

or by heating of the host melt up to zircon saturation temperature. The compositional depth 

profiles, which provide a much higher resolution than the age depth profiles, suggest that 

there is no simple relationship between the zircon composition and the age hiatuses. All 

hiatuses are consistent with changes in the chemical pattern, but major compositional changes 

also occur where hiatuses are not evident. Changed zircon chemistry after a gap in growth 
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could suggest that the crystal was isolated from the melt, while the melt underwent 

compositional and thermal changes. 

 Temporary storage of zircon crystals under sub- or near-solidus conditions followed by 

remelting and remobilisation has also been suggested as the cause for hiatuses (and antecrysts) 

in other studies (hiatuses between rim and eruption age: Schmitt et al., 2003b; Charlier et al., 

2005; Sisson et al., 2005; hiatuses within crystals: Schmitt et al., 2010a). As inferred from 

glass-coating of the zircons, their euhedral surfaces, and the absence of crystal aggregates, 

disintegration of the plutonic body would have been rapid and efficient, limiting resorption of 

the crystals. The remobilisation of a solid or highly crystalline mush is supported by the 

presence of resorbed quartz crystals that contain melt inclusions which are more evolved 

(have lower Sr, Ba, Ti) than the host melt represented by the matrix glass (Shane et al., 

2008b). The evolved melt inclusions are remnants of earlier crystallisation. Liberation of the 

crystals from a crystalline body could also explain the gap between the last stage of zircon 

growth and the eruption age. Inclusion of the zircon crystal in another crystal phase or a 

crystal aggregate could lead to asymmetric growth as a consequence of only partial exposure 

to the melt. This would explain the discrepancies in ages and compositions on opposing 

crystal faces. 

 The re-mobilisation of nearly solid bodies by melting alone is problematic (Huber et al., 

2010). However, Huber et al. (2011) demonstrate that mechanical self-assimilation processes 

that do not require unrealistically large intrusions as a heat source (in contrast to the melting 

models; Huber et al., 2010), are feasible for the re-activation of highly crystalline mushes 

(>50 % crystal content). They suggest that melting induced by an intrusion and volatiles 

exsolved from that intrusion cause overpressure in the mush that leads to micro-fracturing. 

Fragments liberated by this mechanism then assimilate in the convecting melt and can get 

broken down to the crystal scale. 
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6.4 Contrasting zircon age populations in co‐erupted magmas 

 Crystal face age populations are statistically distinct from their associated interior age 

populations in nearly all investigated rhyolite samples from Tarawera volcano (see section 

4.4; Table 4.5; Fig. 4.22). This illustrates the prolonged histories of the magmas.  

 Previous studies have suggested that during the Kaharoa, Rerewhakaaitu, and Okareka 

episodes distinct magma types (based on whole rock, glass and mineral chemistry, 

ferromagnesian mineral assemblage, intensive parameters, and crystallinity) were erupted 

simultaneously (Rerewhakaaitu, Okareka) or successively (Kaharoa) from the same vent 

(Nairn et al., 2004; Shane et al., 2007; 2008a; see section 2.3). Glass compositions and 

volatile saturation pressures of melt inclusions in quartz point to a similar depth of residence 

of the distinct magma types from each episode (Nairn et al., 2004; Shane et al., 2007; 2008a; 

see section 2.3). The difference between the co-erupted magmas from the Rerewhakaaitu and 

Okareka episodes is also reflected in their zircon age populations. Zircon age spectra from the 

Rerewhakaaitu samples display disparate peaks for crystal face age populations for the T1 

and T2 magmas (T1: 22 ka; T2: 27 ka) and also for the interior age populations (T1: 23-35 ka; 

T2: 57 ka; Fig. 4.20). The contrasting age populations are statistically meaningful based on 

KS analyses (crystal faces: P = 0.00193; interiors: P = 0.00107; see section 4.4; Fig. 4.20; 

Table 4.5). The same is the case for interior age populations of the Okareka T1 and T3 

crystals (major peak T1: 30 ka; T3: 87 ka; P = 0.0117; see section 4.4; Fig. 4.21; Table 4.5). 

The differences in zircon age populations point to asynchronous crystallisation histories of 

the contemporaneously erupted magmas. This means that periods of zircon crystallisation 

occur in some parts of the magma system at the same time as crystallisation stagnates in other 

parts. This implies that the thermal and chemical conditions facilitated zircon growth only in 
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restricted areas of the magma system and were not homogeneous and pervasive throughout 

the entire system. 

 Asynchronous zircon crystallisation in the T1 and T3 Okareka magmas only applies to 

their interior age populations. Okareka T1 and T3 crystal face age populations share a peak at 

27-28 ka and are statistically similar (P = 0.163; Fig. 4.21; Table 4.5). Therefore, it is 

interpreted that the Okareka T1 and T3 zircon crystal faces experienced similar crystallisation 

histories over a period of ~50-70 ka prior to their eruption, despite the distinct chemical and 

thermal characteristics of the co-erupted melts and crystals (Shane et al., 2008a). Some 

commonality in the crystallisation histories of the co-erupted magmas is also observed for the 

crystal face age population of the Rerewhakaaitu T2 sample and the interior age population of 

the Rerewhakaaitu T1 sample (P = 0.936; Fig 4.20; Table 4.5). This also applies to the crystal 

face age population of the Okareka T3 sample and the interior age population of the Okareka 

T1 sample (common major peaks at 28-30 ka, and subordinate peaks at 45, 60-75 and 106-

112 ka; P = 0.705; Fig. 4.21; Table 4.5). This could be explained by growth of Rerewhakaaitu 

T2 and Okareka T3 crystal faces on earlier crystals, whereas zircons in Rerewhakaaitu T1 

and Okareka T1 magmas formed as new crystals. Alternatively, Rerewhakaaitu T2 and 

Okareka T3 crystals could have grown for a longer period of time.  

 In contrast to the above examples of contrasting zircon crystal face and interior age 

distributions in co-erupted magmas, both crystal face and interior age populations in the two 

simultaneously erupted Kaharoa magmas show a high likelihood of similarity (crystal faces: 

P = 0.164; interiors: P = 0.993; Fig. 4.18; Table 4.5). As the zircon populations in the 

Kaharoa T1 and T2 magmas experienced common crystallisation histories, this could indicate 

that the conditions conducive for zircon growth were more pervasive in the latest stage of 

rhyolite magmatism at Tarawera volcano. 
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 Charlier and Wilson (2010) investigated zircon age distributions in co-erupted rhyolites 

of the Rotoiti episode (~45 ka) and suggested that the zircon populations in the 

contemporaneous magmas are distinct. However, KS statistical analyses applied to the 

Rotoiti zircon age data set contradict their interpretation and suggest that the populations are 

nearly identical (P = 0.954; using Charlier and Wilson, 2010, supplementary data appendix 1). 

Furthermore, the coeval magmas from the 17 ka Rotorua episode have zircon age populations 

that share a peak at 28-29 ka as noted by Charlier and Wilson (2010), and are also statistically 

similar based on KS statistical testing (P = 0.628; using Charlier and Wilson, 2010, 

supplementary data appendix 4 and 5). 

 The above observations show that some contemporaneously erupted magmas at 

Tarawera and within the OVC in general, shared a common crystallisation history, whereas 

others did not. This demonstrates the variety in the spatiotemporal evolution of the OVC. 

 In addition, a high likelihood of similarity based on KS statistics has been noted between 

crystal face age populations of older eruptions and interior age populations of younger 

eruptions (see section 4.4; Fig. 4.22; Table 4.5). The explanation could be that the crystal 

faces of zircons in one magma form an overgrowth on older crystals, while the interiors of 

zircons in the other magma nucleate new crystals. However, instead of the simultaneous 

eruption of the zircon populations, some parts of the crystal mush must have been spared by 

the magma extraction event so that zircon growth could continue. This points not only to the 

heterogeneity of the magma mush as discussed above, but also to temporally separate 

eruptions of magmas with common evolution histories. 
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6.5 The Ti‐in‐zircon thermometer 

 The potential drawbacks of the Ti-in-zircon thermometer due to the uncertainty of aTiO2 

at the time of crystallisation have been discussed in section 5.1.3. The assumption of constant 

aTiO2 during zircon crystallisation necessary for the calculation of TTiz is supported by the 

presence of ilmenite in all analysed Tarawera samples and by mineral assemblages within 

individual samples that show little variation. In contrast, the extremely high U and Th 

concentrations found in some zircons require high degrees of crystallinity based on 

fractionation modelling using typical crystal-melt partition coefficients (see section 6.6). This 

points to periods where interstitial melts in some parts of the magmatic system must have had 

very distinct compositions with much higher U and Th concentrations than found in the 

erupted OVC rocks. The fact that U and Th contents in the modelled parental melts for the 

high-U and high-Th zircons were significantly different from those in the erupted rhyolites 

suggests the possibility of the abundances of other elements such as Ti also being affected. If 

the Ti concentration was not buffered by the crystallisation of for example ilmenite, this 

could imply that aTiO2 was not (everywhere) constant during crystal growth. The question that 

arises here is, how much do other minerals in which Ti is compatible (e.g., amphibole) affect 

the variation of aTiO2. In addition, the Fe-Ti oxides from the Tarawera rhyolites do not reflect 

pre-eruptive conditions based on the criteria in Ghiorso and Gualda (2012; see section 5.1.3). 

Thus, the determination of aTiO2 from Fe-Ti oxides could be problematic for Tarawera 

rhyolites. If this is the case, none of the temperatures estimated based on the Fe-Ti oxides (Ti-

in-zircon temperatures, eruption temperatures, and zircon saturation temperatures) would be 

reliable and comparison of the temperatures could be meaningless. However, independently 

determined eruption temperatures for Kaharoa and Okareka rhyolites based on amphibole-

plagioclase thermometry are in agreement with the eruption temperatures estimated from Fe-
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Ti oxide compositions (Nairn et al., 2004; Shane et al., 2008a). Furthermore, the occurrence 

of zircon-inclusions in quartz suggests that zircon and quartz co-crystallised. The 

crystallisation temperatures of quartz (~640-860 °C; Shane et al., 2008b) from the Waiohau 

and Okareka eruption deposits display a similar overall range to the zircon crystallisation 

temperatures in all investigated Tarawera rhyolites (650-850 °C). It has to be noted though 

that the quartz crystallisation temperatures were calculated based on Ti concentrations (= Ti-

in-quartz temperatures) and also depend on the correct estimation of aTiO2. Nevertheless, as 

independently estimated eruption temperatures and crystallisation temperatures are broadly 

consistent, it is possible that the overall range of TTiz could be meaningful. 

 More than 2/3 of the estimated zircon crystallisation temperatures in Tarawera rhyolites 

are below eruption temperatures based on Fe-Ti oxides (Fig. 5.18). Similar observations have 

been made in other magmatic systems (Fu et al., 2008; Reid et al., 2011). In the study of Fu et 

al. (2008), TTiz could be underestimated because aTiO2 was not adjusted for zircon 

crystallisation in rutile-undersaturated melts. Reid et al. (2011) estimate that aTiO2 in the 

Bishop Tuff melts would have to be <0.4 to produce TTiz similar to magmatic temperatures. 

For Tarawera, aTiO2 values would have to be as low as ~0.15 to bring the lowest TTiz up to 

eruption temperature. This is significantly lower than the stated apparent lower limit of ~0.5 

for silicic magmas (Watson et al., 2006; Hayden and Watson, 2007) and lower than values of 

~0.45-0.33 recorded for Yellowstone rhyolites based on Fe-Ti oxides (Vazquez et al., 2009).  

 Low TTiz would indicate a decoupling between crystallisation and eruption temperatures, 

as previously suggested for the Bishop Tuff by Reid et al. (2011). In this scenario, zircon 

either crystallised in melts undergoing heating shortly prior to the eruption by mafic 

intrusions potentially triggering the eruptions, or advective crystal transport after 

remobilisation of a crystal mush carried the zircons into hotter melts represented by Fe-Ti 

oxides. The latter case is supported especially by those zircons that grew up to their eruption 



Chapter 6 Discussion 

217 

 

but show crystal face temperatures below eruption temperatures (RkT1z25, RkT2z20, 

RkT2z23; Figs. 4.25 and 5.18). Many of the calculated TTiz are close to or below the wet 

solidus of high silica melts of ~680 °C at 200 MPa (Johannes and Holtz, 1996), the 

approximate crystallisation pressure for Tarawera rhyolites determined from glass 

compositions and volatile saturation pressures of quartz-hosted melt inclusions (Nairn et al., 

2004; Shane et al., 2007; 2008a). If the low zircon crystallisation temperatures are correct, the 

lowest estimated TTiz of ~650 °C would relate to the wet solidus of silicic melts at ~500 MPa 

(Johannes and Holtz, 1996). This translates to a depth of ~19 km assuming an overburden 

density of ~2700 kg/m3. Zircon crystallisation at depths of ~16-20 km is unlikely because 

these depths correspond to either the crust-mantle transition zone (Stratford and Stern, 2004, 

2006) or the mafic lower crust (Harrison and White, 2004; 2006; see section 2.1) in the TVZ. 

If the zircon crystallisation temperatures were underestimated by 10s of degrees, the lowest 

TTiz would still be in the range of the wet solidus at ~200 MPa, or ~7 km depth which is the 

estimated storage depth for Tarawera magmas in the crust (Nairn et al., 2004; Shane et al., 

2007; 2008a). Therefore, it is suggested that some zircon growth occurred in highly evolved 

hydrous melts in a nearly crystalline environment. The implications of this are that parts of 

the magma system could be relatively cool and nearly solid for long periods of time, with 

only parts of the highly crystalline mush being rejuvenated and reheated periodically. 

 Some growth domains during the early history of some crystals have zircon 

crystallisation temperatures that are higher than the zircon saturation temperatures estimated 

from the whole rock composition. This could result from initial crystallisation of the zircons 

in hotter magmas that were thermally distinct from their final host magmas. Another effect 

(e.g., Claiborne et al., 2010b) is that the zircon saturation temperatures might be 

underestimated. Crystallisation of a zircon-undersaturated melt leads to an increase of Zr and 

the M value in the residual melt, and consequently to an increase of its zircon saturation 
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temperature. Because some crystal phases are likely to have existed in the melt when zircon 

started to form, zircon saturation temperatures estimated from whole rock compositions are 

potentially underestimated. 

 

 

6.6 Implications of U and Th geochemistry of zircons 

 Uranium and Th in zircon are discussed separately because they comprise a large data set 

that is not available for the other elements analysed in this study. The diffusion of U and Th 

in melt is slow even at magmatic temperatures (Cherniak et al., 1997). Therefore, the 

variability of their abundances within and between zircons from the Tarawera rhyolites likely 

reflects changes in the melt composition and temperature. In melts with a temperature similar 

to that of the Tarawera rhyolites (<800 °C), the crystal/melt partition coefficients (D) for U 

and Th in zircon are high, with DU > DTh (Charlier and Zellmer, 2000; Blundy and Wood, 

2003; Table 6.1). As U and Th are incompatible in major phases such as quartz and 

plagioclase (DU,Th = 0), the crystallisation of these minerals will lead to the increase of U and 

Th in the residual melt, unless the process is buffered by zircon crystallisation. If zircon 

crystallisation outweighed the effect of major mineral crystallisation, the melt would get 

depleted in U and Th in a closed system over time. Consequently, both elements would 

decrease in the crystals from the core towards the rim, corresponding with increasing Th/U. 

However, nearly all of the profiled zircons in the Tarawera rhyolites display rimward 

fluctuations in U and Th abundances (Figs. 5.8 to 5.12). Furthermore, although in some 

crystals a broad rimward decrease of these elements is observed, the majority of zircons have 

crystal faces that are enriched in U (67 % of the crystals) and Th (61 % of the crystals) and 
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have lower Th/U (70 % of the crystals) compared to their associated interiors. This is 

inconsistent with closed system fractionation. 

 The strong rimward fluctuations of U and Th concentrations in some crystals (e.g., 

KaT2z3, KaT2z7, RkT2z23, OkT3z12; Figs. 5.8, 5.10, and 5.11) could reflect growth zoning 

as a result of slow diffusion of these elements in the zircon. Incorporation of U and Th in 

zircon leads to their depletion in the melt at the interface between crystal and melt, and their 

concentrations in the crystal would only increase again once a sufficient amount of U and Th 

has diffused into the melt at the interface (Miller and Wooden, 2004). The lack of strong U 

and Th fluctuations in some zircons, also observed in some Tarawera zircons, suggests that 

crystallisation occurred in a magma where enough U and Th were supplied to the crystal-melt 

interface to prevent major variation in their concentrations (Miller and Wooden, 2004). 

 If the effect of major mineral crystallisation (DU,Th = 0) outweighs that of zircon 

formation, an increase of the U and Th concentrations in the zircons would be expected. This 

could explain the pronounced rimward increase in U and Th in some Tarawera zircons (e.g., 

KaT2z30, Whz6, RkT2z4, RkT2z20; Figs. 5.8 to 5.10) and U and Th enrichment in many 

crystal faces relative to their associated interiors. Alternatively, recharge with or transport of 

the crystals into a more evolved melt could also cause an increase of U and Th abundances in 

zircon. 

 Miller and Wooden (2004) have previously suggested that the high U and Th 

concentrations of some zircons in the Devil’s Kitchen rhyolites, Coso Volcanic Field, point to 

zircon growth in nearly solid magma bodies. This theory is based on simple Rayleigh 

fractional crystallisation modelling to investigate how enriched in U and Th the parental melt 

would have had to be to crystallise high-U and high-Th zircons. The modelled parental melt 

contained significantly higher U and Th concentrations than found in any Coso rhyolite. 

Miller and Wooden (2004) concluded that the modelled melts could have only formed by 
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extreme fractional crystallisation. This theory was tested here for high-U and high-Th zircons 

in Tarawera rhyolites. The calculations are based on DU = 126 and DTh = 21 (Table 6.1), 

estimated by Charlier and Zellmer (2000) for a calc-alkaline rhyolite from Taupo volcano, 

which is compositionally similar to the rhyolites from Tarawera volcano. The D values are in 

agreement with the theoretical partition coefficients (Di) calculated based on the lattice strain 

model described in Blundy and Wood (1994) and Blundy and Wood (2003) using equation 

6.1 (see Tables 6.1 and 6.2): 

 (6.1) 

∗ exp
910.17         

  

 
where  is the radius of an ion with the charge n+ entering the lattice site M,    is the 

radius of that site,  is the elastic strain response of that site to lattice strain caused by ions 

that are bigger or smaller than    (Young Modulus),  is the ‘strain-compensated’ 

partition coefficient for a (fictive) ion with radius   , and T is the melt temperature in K. 

 are taken from Table 1 of Shannon (1976), except of those for U and Th which are from 

Wood et al. (1999).   and  are derived from Fig. 24 of Blundy and Wood (2003). T 

has been set to 750°C (1023.15 K) based on the average eruption temperature of the Tarawera 

rhyolites estimated from Fe-Ti oxides. However, changes in temperature as large as ~100°C 

do not affect the theoretical partition coefficients significantly.  is calculated from 

equation 6.2: 

 
E ≈ 1.5 K  (6.2) 

 
where K is the bulk modulus, defined as a function of the ratio of cation charge (Zc) to 

molecular volume (dM-O
-3): 
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K = 750 (±20) Zc dM-O

-3 GPa (6.3) 

 
where dM-O is the metal-oxygen bond length derived from equation 6.4: 

 
dM-O =    + 1.38 Å (6.4) 
 

 

Table 6.1 Crystal/melt partition coefficients used in this study for U, Th, Hf, Ce, Y, and Zr 

 Plg Qtz Amph Bio Cpx Ilm Zrc Apt 
 

DU 0 0 0 0 0 0 126a/100b 0 
DTh 0 0 0 0 0 0 21a/15b 0 
DHf 0 0 0 0 0 0 448b 0 
DCe 0 0 0 0 0 0 0.3b 34.7c 
DY 0 0 6d 0 4d 0 30b 40d 
DZr 0 0 0 0 0 0 1000b 0 
 

Plg = plagioclase, Qtz = quartz, Amph = amphibole, Bio = biotite, Cpx = clinopyroxene, Ilm = ilmenite,  
Zrc = zircon, Apt = apatite 
a Charlier and Zellmer (2000); Taupo rhyolite 
b calculated using the elastic strain model described in Blundy and Wood (1994; 2003) 
c Arth (1976); rhyolite 
d Pearce and Norry (1979); ‘acid’ magmas 
 

 

Table 6.2 Parameters used to calculate theoretical partition coefficients based on the elastic strain model by 
Blundy and Wood (1994; 2003) (see section 6.6 for explanation of the calculations) 
 

Element D0 dM-O (Å) Zc  K E r0 ri T (°C) T (K) Di 
 

U 100 2.36 4 228 342 0.98 0.983 750 1023.15 100 
Th 15 2.42 4 212 318 1.04 1.041 750 1023.15 15 
Hf 450 2.205 4 280 420 0.825 0.83 750 1023.15 448 
Ce 0.3 2.52 3 141 211 1.14 1.143 750 1023.15 0.3 
Y 30 2.4 3 163 244 1.02 1.019 750 1023.15 30 
Zr 1000 2.22 4 274 411 0.84 0.84 750 1023.15 1000 
 

D0 = "strain-compensated" partition coefficient for an ion with radius r0; read from Fig. 24 in Blundy and Wood 
(2003) 
dM-O (Å) = metal-oxygen bond length in the host mineral 
Zc = cation charge 
K = bulk modulus 
E = elastic strain response of the lattice site to lattice strain (Young Modulus) 
r0 = radius of lattice site in the crystal; read from Fig. 24 in Blundy and Wood (2003) 
ri = radius of an ion with charge n+ 
T (°C) = estimated average eruption temperature for Tarawera rhyolites 
Di = theoretical partition coefficient 
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 Using the DU and DTh values of Charlier and Zellmer (2000) discussed above because 

they are derived from a melt similar to the Tarawera rhyolites and are consistent with those 

from the elastic strain model, a melt would need to contain U = ~8-14 ppm and Th = ~43-76 

ppm based on DTh/DU = 0.17 to produce the enriched Tarawera zircons with U = 1000–1700 

ppm and Th = 900–1600 ppm. However, none of the erupted rhyolite melts in the OVC have 

U and Th concentrations this high (typical values in the OVC: U = ~3 ppm; Th = ~11 ppm; 

Nairn et al., 2004; Shane et al., 2007; 2008b). Rayleigh fractionation assumes that crystals are 

removed from the melt the instant they have formed. This results in depletion of the residual 

melt in elements that are compatible in the phases being crystallised. Rayleigh fractionation 

modelling is based on equation 6.5: 

 

CL/C0 = F(D-1) (6.5) 

 

where CL is the concentration of the element in the resulting liquid, C0 is the concentration of 

the element in the parental melt, F is the fraction of melt remaining, and D is the distribution 

coefficient for the fractionating mineral assemblage. With an initial melt composition similar 

to the Tarawera rhyolites, zircon crystallisation of <0.2 % (consistent with its estimated 

abundance in the rhyolites), and DU,Th = 0 for all contemporaneously crystallising phases 

(plagioclase, quartz, amphibole, biotite, clinopyroxene, ilmenite, and apatite), the generation 

of such highly enriched melts requires fractional crystallisation of the magma to ~75-85 % 

(Table 6.3, Model 1a). A lower abundance of zircon (0.1 %) in the crystallising mineral 

assemblage would not change these results significantly (Table 6.3, Model 1b). For the 

Tarawera magma system this implies that there were periods in which parts of the magma 

mush were nearly solidified. The small melt fraction must have existed as melt pockets large 
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enough to promote zircon growth. However, the quantity of growth will have been restricted 

by the amount of Zr available in the melt (Miller and Wooden, 2004). 

 Some insight to melt evolution might be gained by investigating element ratios, such as 

Th/U, Zr/Hf, and Ce/Y because they are relatively insensitive to temperature changes or 

kinetic effects. To test whether the Tarawera zircons were in equilibrium with their rhyolite 

host melt, the composition of a zircon that would crystallise from the erupted melt is 

calculated based on the partition coefficients (Table 6.1). The erupted melt is represented by 

glass analyses from the Kaharoa rhyolites, because analyses for the entire suite of elements 

are available for these rocks (Nairn et al., 2004). Based on DTh/DU = 0.17 (Charlier and 

Zellmer, 2000) and assuming a closed system, a zircon that crystallised from the erupted melt 

with Th/U = ~3, typical for the OVC, would have Th/U = ~0.5. This is at the lower end of the 

range of measured ratios in the crystals (Kaharoa zircons: Th/U = ~0.4 to ~1.7; Appendices B 

and D). Hence, melts similar in composition to those erupted at Tarawera must have existed 

in parts of the system during crystallisation over a long period. Zircons with the highest Th/U 

ratios would have crystallised in a melt with Th/U = ~10 based on these D values. Using the 

Th/U ratio of the erupted melt as the starting composition and fractionating the Tarawera 

mineral assemblage as in Model 1 (Table 6.3) with either 0.2 % or 0.1 % of zircon, complete 

fractional crystallisation (100 %) would only increase the melt Th/U ratio to ~8 or ~5, 

respectively (Table 6.3, Model 2a and b). This implies that the parental melt of the high-Th/U 

zircons was fundamentally different from the erupted melt, and that the two melts were not 

linked by fractional crystallisation alone. A Th/U ratio of ~0.7, representing the average of all 

analyses of Kaharoa zircons, would require a parental melt with Th/U = ~4 (Kaharoa glass: 

Th/U = ~3). Fractionating the Tarawera rhyolite mineral assemblage with either 0.2 % or 0.1 % 

zircon would produce such a melt by ~75-95 % crystallisation (Table 6.3, Model 2c and d). 
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 High U and Th concentrations in zircons can be explained by high degrees of 

crystallinity of the magma (assuming these elements are incompatible in the major phases). In 

a closed system undergoing fractional crystallisation involving zircon at ~0.1-0.2 %, the 

Th/U ratio will increase in the melt and in the zircon. Thus, fractional crystallisation can 

explain some of the elevated Th/U ratios. However, some zircons display high Th/U ratios 

yet low U and Th concentrations. Furthermore, there is no statistical relationship between the 

absolute abundances of U and Th and the Th/U ratio based on linear regression (Fig. 6.2). 

This suggests that the zircons are not simply linked by fractional crystallisation. Instead, 

several processes and different starting compositions must be involved to produce the range 

of U and Th concentrations as well as Th/U ratios. 
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Figure 6.2 Th/U ratio vs U and Th abundances of zircon crystals from all 7 Tarawera rhyolite samples (crystal 
faces, interiors, data from U-Th disequilibrium depth profiling and from compositional depth profiling), the 
Kaharoa granitoid (crystal faces and interiors), the Rotoiti rhyolites (Charlier and Wilson, 2010, spot analyses; 
Danišík et al., 2012, outer and inner rim), the EQF rhyolite (Danišík et al., 2012, outer and inner rim), and the 
Mangaone Subgroup rhyolites (Charlier and Wilson, 2010, spot analyses). Outliers above 2000 ppm U and Th 
are omitted for clarity. Red lines are based on linear regression and the correlation coefficient R-squared (r2) 
indicates goodness of fit of that line. An enrichment in Th and/or U would be expected with increasing Th/U if 
the crystals were genetically linked by fractional crystallisation. Instead, different melts are involved. 

 

 

 Supporting the modelled high degrees of crystallisation is the occurrence of melt 

inclusions in resorbed quartz in some Tarawera eruption deposits that are more evolved 

(lower Sr and Ti, and higher Rb) than the surrounding matrix glass (Shane et al., 2008b). The 
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composition of these melt inclusions is consistent with high degrees of crystallisation of the 

major mineral phases observed in the rhyolites. This indicates that complex crystallisation 

histories were also experienced by quartz. 

 An alternative explanation to high degrees of fractional crystallisation for the occurrence 

of high-U, high-Th, and high-Th/U zircons in magmatic rocks could be disequilibrium 

crystallisation of zircon from the melt (Xiang et al., 2011). Xiang et al. (2011) argue that the 

incorporation of U and Th into a zircon crystal is enhanced with increasing degree of 

disequilibrium between the crystal and the melt. In the case of disequilibrium crystallisation, 

U and Th uptake into the crystal would be independent of the partition coefficients. Instead, 

the concentration of U and Th in the zircon would be controlled by the abundance of U and 

Th in the melt. As Th is more abundant than U in rhyolitic melts, the Th/U ratio would 

increase with increasing crystal-melt disequilibrium, and increasing Th and U contents in the 

zircon (Xiang et al., 2011). 

 A few zircons from the Tarawera rhyolites have interiors with Th/U >1, which is 

relatively rare for igneous zircons (e.g., Bindeman et al., 2001). The elevated Th/U values 

often coincide with high (>500 ppm) U and Th concentrations in the crystals and might be a 

result of disequilibrium crystallisation. Alternatively, Bacon et al. (2007) have reported 

zircons with Th/U ratios much higher than unity in plutonic blocks erupted in pyroclastic 

deposits, and suggest that the fluid-mobility of U could cause its depletion in a melt. In 

contrast to U4+, U5+ and U6+ are incompatible in the melt and in zircon, and could partition 

into a vapour phase. U4+ would be retained in the melt (Blundy and Wood, 2003). Therefore, 

the elevated Th/U ratios in some Tarawera zircons could be the result of zircon crystallisation 

in a magma that has experienced oxidative loss of U due to the interaction of the melt with 

hydrothermal fluids. As there is no relationship between the high Th/U ratios and the crystal 

ages, the depletion mechanism is a persistent or recurring process throughout the history of 
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the magma system. However, the occurrence of zircons with high Th/U interiors overgrown 

by low Th/U rims (e.g., KaT1z18, KaT2z4, OkT1z24, OkT3z15, OkT3z18; Figs. 5.8, 5.11, 

and 5.12) suggests that crystals from a distinct source were periodically recycled into the 

active magma system. 

 Several features such as high-U, high-Th, and high-Th/U zircons, evolved melt 

inclusions in quartz (Shane et al., 2008b), and growth hiatuses in zircon (see section 6.3) 

indicate that the Tarawera magma system could have experienced periods of near 

solidification at least in parts of the mush. The ages of high-U, high-Th, and high-Th/U 

zircons could provide insight to the timing of high crystallinity phases in the system and the 

duration of ‘freeze-thaw’ cycles. Age analyses reveal that zircons with high U and Th 

concentrations (>500 ppm) and high Th/U ratios (>0.7) are more abundant at the younger end 

of the age range (Fig. 5.6). This is also reflected in the combined data set of Tarawera, Rotoiti, 

EQF, and Mangaone Subgroup zircons (Fig. 5.16). Furthermore, it is particularly evident for 

Kaharoa zircons where two peaks of high U occur around ~5 ka and ~25 ka, separated by an 

interval with low-U zircons (<500 ppm) (Fig. 5.7). If the high-U zircons indicate conditions 

of high crystallinity of the mush, the early and late stages of the formation history of 

Tarawera volcano were characterized by near solidification, interrupted by an interval of re-

activation. The occurrence of contemporaneous low-U zircons throughout the history of the 

volcano suggests that the high crystallinity conditions were restricted to only parts of the 

magmatic system. 
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6.7 Implications of trace element geochemistry of zircons  

Fractional crystallisation modelling of Zr/Hf and Ce/Y 

 In addition to U and Th (section 6.6), the other elements analysed here (Hf, Ti, Y, Ce) 

also diffuse slowly in zircon under the given crystallisation and eruption temperatures, and 

are therefore expected to reflect the melt composition (Cherniak et al., 1997; Cherniak and 

Watson, 2007; see section 1.4.1). The determination of partition coefficients for these 

elements in zircon is problematic because of their strong sensitivity to changes in the melt 

composition, fO2, and H2O content. Partition coefficients determined from natural melt 

compositions vary significantly (Mahood and Hildreth, 1983; Sano et al., 2002), and the 

applicability of those values to Tarawera is unknown. Furthermore, kinetic effects such as 

disequilibrium crystallization can have an influence on the incorporation of elements into 

zircon and consequently on the partition coefficients (Watson, 1996; Hanchar and van 

Westrenen, 2007; Hofmann et al., 2009; Reid et al., 2011). Using partition coefficients that 

have been estimated from a melt composition that is different from the one the zircons 

crystallised in, the back-calculation from a zircon composition in order to determine its 

parental melt composition could give erroneous and unrealistic values (e.g., Hoskin and 

Schaltegger, 2003). Here, this is critical because no zircon-melt partition coefficients have 

been determined for OVC rhyolites. Therefore, the partition coefficients for zircon used to 

model fractional crystallisation have been calculated based on the lattice strain model of 

Blundy and Wood (1994; 2003) (see section 6.6; Tables 6.1 and 6.2). To minimise the 

potential effect of melt temperature changes or kinetic effects on the incorporation of 

elements into the zircon crystals, element ratios involving isovalent cations are modelled. 

 Zircons crystallising from the erupted melt (Kaharoa glass: Zr/Hf = ~25), assuming 

closed system crystallisation, would have Zr/Hf = ~57 based on DZr = 1000 and DHf = 448 
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(Table 6.1). This is in agreement with the higher end of Zr/Hf ratios measured in Kaharoa 

zircons (Zr/Hf = ~29 to ~53), and implies that some of the zircons crystallised from a melt 

that was similar to the erupted melt. To produce the zircons at the lower end of the Zr/Hf 

range, a melt would need a Zr/Hf ratio of ~13. Such a melt could be produced from the 

erupted melt by ~45 % or ~70 % of crystallisation of the Tarawera rhyolite mineral 

assemblage with either 0.2 % or 0.1 % of zircon, respectively (Table 6.4, Model 3a and b). 

This also assumes that Zr and Hf are largely incompatible in all crystallising phases, except 

zircon. This is valid because DZr and DHf are so small in those phases that the melt 

composition is barely effected by minor Zr and Hf incorporation. The range in fractional 

crystallisation (~45-70 %) highlights the effect of slight uncertainties in the crystallising 

mineral assemblage. This effect is strongest for uncertainties in the abundance of minerals 

with high partition coefficients for the modelled element ratios. Both Th/U and Zr/Hf 

modelling require high degrees of fractional crystallisation (>45 %), but the zircon 

compositions requiring these conditions are not consistent in every crystal. Some crystals 

have high Th/U and low Zr/Hf, but others have high Th/U and high Zr/Hf (Figs. 5.8 to 5.11), 

and there is no overall correlation between the ratios (Fig. 5.20). This demonstrates that the 

zircons crystallised in an open magmatic system and that other factors must have played a 

role in the evolution of at least one or both of the ratios in the crystals.  

 The erupted melt with Ce/Y = 1.7 would crystallise zircons with Ce/Y = 0.02 based on 

DCe = 0.3 and Dy = 30 (Table 6.1). This value is an order of magnitude higher than the 

highest ratios recorded in the Kaharoa zircons (Ce/Y = ~0.0006 to ~0.004) which would 

mean that the erupted melt is considerably different from the parental melt of the Kaharoa 

zircons with respect to Ce/Y. To produce zircons with the lowest and highest ratios recorded 

in the crystals, a melt Ce/Y ratio of 0.05 and 0.33, respectively, would be required (Table 6.4, 

Model 4). Fractional crystallisation was performed to test whether such melts could be 
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derived by fractionating the Tarawera mineral assemblage from a melt similar in composition 

to the erupted Kaharoa rhyolites. Incompatibility of Ce in all phases except zircon and apatite 

was assumed. The partition coefficient for Ce in apatite is not well constrained and has not 

been estimated for rhyolitic rocks from the OVC. Thus, an average value of three bulk 

analyses (DCe (apatite) = 34.7) for apatite in rhyolite (Arth, 1976; Table 6.1) was adopted here. 

Furthermore, incompatibility of Y was assumed in plagioclase, quartz, biotite, and ilmenite. 

In the remaining minerals, Y is compatible and the following partition coefficients were used: 

DY (amphibole) = 6, DY (clinopyroxene) = 4, and DY (apatite) = 40 (Pearce and Norry, 1979; see Table 

6.1). These partition coefficients were estimated based on bulk analyses of ‘acid’ magmas. 

Bulk samples could be influenced by micro-inclusions and their parent melts may be different 

from that of Kaharoa. Using the above parameters and the erupted melt as starting 

composition, fractional crystallisation would lead to an increase of the Ce/Y ratio in the melt. 

Assuming that the crystal/melt partition coefficients are applicable, it would not be possible 

to generate the low-Ce/Y melt required for the formation of Kaharoa zircons by fractional 

crystallisation of this particular mineral assemblage (Table 6.4, Model 4). To decrease the 

Ce/Y ratio during fractional crystallisation, the crystallisation of minerals that strongly 

incorporate Ce but not Y such as monazite [(Ce, La, Th) PO4] and allanite (DCe = 635, 

Brooks et al., 1981; DCe = 2279, Mahood and Hildreth, 1983) would be required. In this 

study, a single monazite crystal was detected in the Kaharoa T1 sample. Furthermore, 

Charlier et al. (2003) report accessory monazite in granitoid lithics in the Rotoiti deposits. 

Allanite has not been reported. As Ce is a major component of monazite, extremely low 

quantities of this mineral could be sufficient to deplete the melt in Ce. Cerium concentrations 

in zircons from Bishop Tuff (~20-100 ppm, Reid et al., 2011) and Spirit Mountain, Nevada 

(mostly between ~40->100 ppm, Claiborne et al., 2010b) are dramatically higher than those 

in the Tarawera zircons (1.8-4.0 ppm). In these systems, the occurrence of accessory allanite 
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has been reported, yet not that of monazite, which might explain the greater abundance of Ce 

in the melt and the zircons from Bishop Tuff and Spirit Mountain. The results of Ce/Y 

modelling have to be treated with caution because the effect of the oxygen fugacity on the 

Ce4+/Ce3+ ratio (Hinton and Upton, 1991; Trail et al., 2011; see below) could complicate the 

interpretation of the evolution of the Ce/Y ratio.  
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Trace element correlations 

 Zirconium and Hf are incompatible in the major phases found in the Tarawera rhyolites 

such as plagioclase, quartz, amphibole, and clinopyroxene. Therefore, their abundances in the 

melt would increase during fractionation of these mineral phases. However, both elements are 

compatible in zircon, and because DZr > DHf, the Zr/Hf ratio in the melt would decrease 

during fractionation (Linnen and Keppler, 2002; see section 5.1.4). Variations in the zircon 

composition reflect changes in the melt composition and thus, changes in the zircon Zr/Hf 

ratio reflect changes in the degree of zircon crystallisation from (or dissolution in) the melt. 

As the Ce concentration in the Tarawera zircons generally correlates negatively with Zr/Hf 

(positively with Hf) (Fig. 5.20), it also seems to be controlled by zircon fractionation. This is 

in agreement with observations from Claiborne et al. (2010b).  

 Deviation from the negative correlation of Ce and Zr/Hf is rare in the Tarawera zircons 

(Figs. 5.8 to 5.11). However, a positive correlation could be caused by changes in fO2 of the 

melt. The Ce4+/Ce3+ ratio in the melt increases at higher fO2 (Hinton and Upton, 1991). 

Because the Ce4+ is compatible in zircon due to its similar size and identical charge to Zr4+, 

and Ce3+ is incompatible due to its larger radius and different charge, the availability of Ce 

and the abundance of Ce4+ in the melt control the Ce content in the zircon (Hinton and Upton, 

1991). Consequently, changes in fO2 that affect the Ce4+/Ce3+ ratio of the melt can be 

reflected in variations of the Ce concentration in the zircon (Trail et al., 2011). A range of fO2 

values (NNO-0.5 to +0.99; Table 2.1) have been determined from Fe-Ti oxide pairs in 

Tarawera rhyolites throughout the volcano’s eruption history (Shane et al., 2008b). However, 

as most crystals do not show rimward fluctuations from negatively to positively correlating 

Ce and Zr/Hf, changes in fO2 of the melt might not be efficient enough to cause a reversal in 

the correlation between Ce and Zr/Hf. 
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 Alternatively, a change from negative to positive correlation between Ce and Zr/Hf could 

be a result of the crystallisation or dissolution of Ce-incorporating accessory minerals such as 

apatite or monazite (see above). The fact that Ce concentrations in the zircons are low and 

display hardly any deviations from the negative correlation with Zr/Hf could suggest, if the 

DCe used here is correct, that most zircons likely crystallised from a melt that was already 

depleted in Ce, and the high-Ce phases and zircon did not crystallise together.  

 Although the Ce concentration displays a broad rimward increase in most Tarawera 

zircons, it decreases in the outermost parts of all crystals (Figs. 5.8 to 5.11). In contrast, the 

behaviour of the other elements (U, Th, Y, Hf, Ti) differs in the rims from crystal to crystal. 

Cerium decreases during late-stage crystallisation towards the termination of growth, 

regardless of the crystal face age, and could possibly imply some late stage growth of 

monazite. 

 Uranium, Th, and Y show a positive correlation (Fig. 5.19), and are therefore probably 

controlled by the same processes. Each of these elements display positive and negative 

correlations with Zr/Hf and TTiz, implying that more than one process (e.g., fractionation and 

temperature) play a role for their uptake into zircon. In general, low Zr/Hf and low TTiz, 

which indicate crystallisation in the most fractionated and coolest melts, coincide with high U 

and Th concentrations (Fig. 5.19). This is consistent with the expectations of melt evolution 

in a cooling magma body that fractionates major phases and zircon (see section 6.6 for more 

detail on the increase or decrease of U and Th in a melt).  

 The thermal histories of the Tarawera zircons based on TTiz (Figs. 5.8 to 5.11) suggest 

that much of the crystal growth in the magma system occurred during overall cooling, 

although nearly all crystals also show episodes of growth under increasing temperatures, 

pointing to frequent recharge of the system with hotter magmas. Although fluctuations of 

elemental concentrations and changes in co-variations are observed in most crystals, there are 
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a few characteristics typical for zircons from certain eruptions. Zircons from the Kaharoa 

eruptions commonly display a negative correlation of U, Th, and Y with TTiz, which is in 

contrast to zircon from the Okareka eruption (Figs. 5.8 and 5.11). This suggests that, during 

the crystallisation of the Kaharoa zircons, major mineral growth and dissolution had a 

significant effect on the melt composition and outweighed that of zircon fractionation. In 

contrast, the crystallisation of Okareka zircons must have had stronger control on the U, Th, 

and Y concentration of the melt than crystallisation of the major minerals. Given the 

complexities of the compositional patterns in the Tarawera zircons and the limited number of 

crystals analysed, these assessments are preliminary. Despite these apparent differences 

during the crystallisation of Kaharoa and Okareka zircons, many crystals (although non-

contemporaneous) from both eruptions show early growth during a phase of Zr/Hf increase in 

the melt, indicated by a rimward increase of Zr/Hf in the zircons, which changed to a phase 

of Zr/Hf decrease during later growth (Figs. 5.8 and 5.11). As the Zr/Hf ratio of a melt 

generally only decreases due to zircon crystallisation, or increases due to zircon dissolution or 

recharge with less fractionated melt, all of these processes seem to have been common and 

changed frequently throughout the history of the magma system. The prevalent sequence of 

rimward increasing Zr/Hf followed by decreasing Zr/Hf in zircons from Kaharoa and 

Okareka might be coincidence, because these trends are not related to time. Strikingly, a 

feature that distinguishes the Okareka zircons from those of the other eruptions is the 

common negative correlation between TTiz and Zr/Hf. This implies that the Okareka zircons 

crystallised under distinct magmatic conditions where fundamentally different processes 

occurred (see below). To unravel if this is an effect of either time or space, age control for the 

entire depth of the profiles and more compositional data of old zircons (>50 ka) from 

different eruptions would be needed. 
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 The large-scale zoning patterns in the compositional depth profiling data are 

superimposed by smaller scale fluctuations within individual zircons. This suggests that 

overall processes in the Tarawera magma system are interrupted by frequent fluctuations of 

the magmatic conditions in the crystal mush. The chemical variety between and within 

crystals, and the lack of a common zoning pattern within zircons from the entire suite of 

samples or even a single sample, indicates that crystallisation occurred under a multitude of 

magmatic conditions. This is consistent with the range of zircon ages that suggest that a 

population from a single deposit consists of crystals with different histories (see sections 6.1 

to 6.4). From the changing correlations of TTiz with Zr/Hf evident in the depth profiles 

(assuming that the model TTiz accurately represent zircon crystallisation temperatures; Figs. 

5.8 to 5.11), a variety of processes during which zircon crystallisation occurred can be 

deduced (see also section 1.4.1). 

 Positive correlation between TTiz and Zr/Hf could derive from cooling of zircon-saturated 

melt in a closed system, as the Zr saturation of the melt decreases with decreasing 

temperature and zircon crystallisation is promoted (Harrison and Watson, 1983b). This would 

lead to a decrease of Zr/Hf in the residual melt, and the successive growth domains would 

form in that lower Zr/Hf melt (Linnen and Keppler, 2002; Claiborne et al., 2006). Positive 

correlation between TTiz and Zr/Hf could also be attained by zircon crystallisation during 

heating. Zircon growth at increasing Zr/Hf during heating implies recharge with a less 

evolved melt, where the increase of the Zr concentration in the melt must outweigh the 

increase in zircon saturation caused by heating, and potentially an increased cation ratio M 

(see section 1.4.1; Watson and Harrison, 1983). Otherwise, zircon dissolution would be 

induced during heating. This scenario is conceivable in parts of a magma where intrusion or 

underplating by mafic magma caused re-melting of more evolved crystal mush including 

zircons, leading to enrichment of Zr/Hf in the melt. Such higher Zr/Hf melts could percolate 
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through the mush accompanied by rising volatiles that transport heat (Bachmann and 

Bergantz, 2003; Wark et al., 2007), and lead to zircon precipitation once the melts have 

reached Zr saturation. 

 Negative correlation between TTiz and Zr/Hf would be possible, if zircon crystallised 

during heating in a closed system where the Zr concentration in the melt increased more 

rapidly than Zr saturation (neglecting changes in M). This could be the case if quartz and 

feldspar crystallisation was induced by decompression and consequent exsolution of water 

from the melt (Reid et al., 2011). Latent heat would be released and the Zr content in the melt 

would increase, facilitating zircon growth that causes the Zr/Hf ratio to decrease. 

Alternatively, the water content of a melt can also be reduced by changing the composition of 

the vapour phase. After rejuvenation of a crystal mush by mafic intrusion or underplating, gas 

percolation through the mush would lead to relatively rapid heating (Bachmann and Bergantz, 

2006) and could also increase the CO2 content in a hydrated melt. This would lead to a 

decrease in the H2O content and thus to an increase of the solidus that could induce the 

crystallisation of major phases such as quartz and feldspar (Wark et al., 2007). Zircon 

crystallisation during cooling but at increasing Zr/Hf could be explained by percolation of a 

thermally equilibrated but compositionally less evolved melt. 

 Each of these processes may have promoted zircon crystallisation at least during some 

stages of the magmatic history at Tarawera. Crystallisation of the Okareka zircons, in contrast 

to those from the other three Tarawera rhyolite eruptions, occurred dominantly in a cooling 

magma that was percolated by less evolved but thermally equilibrated fluids based on 

common rimward increasing Zr/Hf at decreasing TTiz within individual crystals. In general, 

several of these processes were responsible for the evolution history even of an individual 

crystal, and the compositional depth profiling data illustrates that a single crystal was exposed 

to various magmatic conditions during its lifetime (Fig. 5.22). Radical changes in melt 
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chemistry and temperature reflected in the zircon geochemistry do not only occur after 

hiatuses in growth, where they could be expected, but also during continuous periods of 

crystallisation (e.g., KaT2z3, KaT2z7, OkT3z18; Fig. 5.22). This could either be a result of 

changes in the environment around the crystal or of transport of the crystal into a different 

environment. This demonstrates the dynamic activity of the magma system and supports 

crystallisation in an open system. Episodes of cooling of the magma mush interspersed with 

frequent periods of heating, re-melting, and percolation of fluids and volatiles in addition to 

transport and mixing are required to create the thermo-chemical diversity in the magma 

system that is reflected in the variable and fluctuating zircon compositions. Evidence for little 

disturbance of some parts of the magma mush is provided by rare crystals that display no 

change in their chemical zoning pattern over long periods of time (e.g., OkT3z31; Fig. 5.11). 

 

 

6.8 Contrasting compositional zoning in contemporaneous 

zircons 

 The U-Th disequilibrium age data from the Tarawera zircons suggests a high degree of 

heterogeneity in the magma system, based on contrasting age populations found in different 

magma types erupted in the same event, and asynchronous hiatuses in crystals even from the 

same sample (see section 6.4 and 6.3, respectively). The comparison of the zircon chemistry 

in contemporaneous growth domains could help elucidate the co-evolution of some crystals 

under contrasting magmatic conditions (Fig. 5.25).  

 Zircon crystals that display similar trace element compositional trends but different 

abundances are likely to have crystallised under the same conditions but in compositionally 

different melts. For example, zircon KaT1z18 and KaT2z30 both crystallised during cooling 
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and with decreasing Zr/Hf between ~5-10 ka (Fig. 5.25 A). As the Ti concentrations and the 

Zr/Hf ratios are approximately in the same range, the crystals may have formed in the same 

melt. However, differences in the U, Th, and Y abundances suggest that major phase 

crystallisation could have locally enriched the melt more around one crystal than around the 

other. Contemporaneous crystallisation in compositionally different melts based on the Zr/Hf 

ratio and the concentrations of Ce, Ti, U, Th, and Y that underwent a similar evolution is 

shown in zircons RkT2z20 and RkT2z23 at ~37 ka (Fig. 5.25 B). This indicates that zircon 

crystallisation in different melt pockets with distinct chemistry and temperatures was 

controlled by the same processes. This could be possible when parts of a heterogeneous 

magma body experience common episodes of cooling or the same recharge event. The degree 

to which the melts are affected could vary depending on the distance to the intrusion. 

 Opposing chemical and thermal trends in coeval growth domains of syn-erupted zircons 

(Fig. 5.25 C) suggest that recharge events and consequent heating, volatile percolation and/or 

melt convection might affect only a limited part of the mush. 

 In conclusion, the zircon geochemistry together with the zircon age data points to high-

level heterogeneity of the magma mush at Tarawera. 
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Chapter 7 ‐ Synthesis: A perspective on the 
Tarawera magma system 

 

 This chapter focuses on new insights into the heterogeneity of silicic magma systems and 

the implications for their thermo-chemical evolution history based on the results from the 

discussion of the Tarawera zircon age and compositional data in Chapter 6. The results are 

integrated into a magma mush model for Tarawera volcano. 

 

7.1 Heterogeneity of the crystal mush: a model for Tarawera 

volcano 

 At Tarawera, multiple observations highlight the physiochemical heterogeneity of the 

magma system in space and time at different scales. Previous work revealed that three of the 

four rhyolite eruptive episodes ejected at least two chemically and mineralogically distinct 

magma types (see section 2.3). During the 17.7 ka Rerewhakaaitu and 21.9 ka Okareka 

episodes the distinct magma types were erupted simultaneously from the same conduit, with 

the Okareka magmas also having formed at a similar depth (see section 2.3). This indicates 

that the different magma types of each event must have resided in close proximity (Shane et 

al., 2007; 2008a). Therefore, the thermal and compositional differences of the syn-erupted 

magmas have been interpreted to point to magmatic heterogeneity on the sub-kilometre scale 

in the crystal mush (Shane et al., 2007; 2008a). Rapid re-equilibration of Fe-Ti oxides and 

abrupt trace element gradients in quartz suggest that the heterogeneous conditions in the co-

erupted magmas were short-lived (102-103 years; Shane et al., 2008b). In this study, however, 

the U-Th zircon age data highlight the separate evolution of different parts of the magma 
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system over longer time spans (>200 ka), indicating protracted heterogeneous conditions in 

the crystal mush. This argues against episodes of major homogenisation for most of the 

system’s history, and requires barriers to thermal and chemical homogeneity. As the 

Tarawera zircon age record dates back >200 ka, well beyond the formation of the volcano, at 

least some of the crystals survived the thermal and magma extraction event of the ~45 ka 

caldera-forming Rotoiti eruption at Okataina. This is further evidence for restricted 

transmittance of thermal and chemical signals through the system. 

 In the Tarawera magma system mafic intrusions and underplating have been shown to 

occur frequently (Nairn et al., 2004; Shane et al., 2007; 2008a; 2008b). Although the 

compositional depth profiles of Tarawera zircons imply crystallisation during overall cooling, 

rimward fluctuations in TTiz suggest that these intrusions periodically penetrated parts of the 

crystal mush and produced or maintained localised conditions in the melt that were conducive 

for zircon growth. In the Zr saturated melts zircon crystallised through a variety of processes 

during either cooling or heating (see section 6.7). Thermal perturbations above zircon 

saturation temperatures were rare and/or short-lived, as indicated by the absence of pervasive 

resorption features in the zircons. This is also supported by steep Ti diffusion gradients in 

quartz (heating events <102-103 years; Shane et al., 2008b). However, the timing of the 

events recorded in quartz in relation to the zircon histories is unknown. In contrast, protracted 

crystallisation histories of some zircons (>104 years) point to crystal residence in an 

environment with thermal conditions at or near zircon saturation for extended periods of time. 

Therefore, the melt rich zones must have been long-lived, though not ubiquitous throughout 

the entire magma system. 

 The spread of zircon crystal ages on the hand-sample scale is common for rhyolite 

magma systems (e.g., Charlier et al., 2005; Charlier and Wilson, 2010; and many others). 

This study highlights the occurrence of zircons with disparate crystallisation histories at the 
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hand-sample scale, based on the large range of ages of unpolished crystal faces (representing 

final growth) in individual samples, and contrasting hiatuses in age-depth profiles. These 

features point to asynchronous growth and non-contemporaneous termination of growth. This 

is further supported by opposing rimward Zr/Hf, Ce, and Ti trends observed in the 

compositional depth profiles of contemporaneous crystals erupted in the same event (e.g., 

OkT1z24 and OkT3z31, Fig. 5.25), as well as by distinct elemental concentrations (RkT2z20 

and RkT2z23; Fig. 5.25) and contrasting rimward trends in U and Th (KaT1z18 and KaT1z3, 

Figs. 5.8 and 5.12, respectively) in contemporaneous crystals from the same sample. These 

trends record thermal and compositional heterogeneity within a crystal mush. Significant 

crystal transport and mixing is required to bring the crystals with disparate evolution histories 

into close proximity before or at eruption. 

 Because selection of similar crystal sizes and consistent sectioning protocols have 

minimised the potential for age bias in exposing variable proportions of crystal interiors, their 

age spectra can be meaningfully compared. Interior age spectra in the co-erupted magmas of 

each of the Rerewhakaaitu and Okareka episodes as well as the crystal face age distributions 

of the Rerewhakaaitu magmas are statistically different and the peaks of their PDF curves are 

distinct (Figs. 4.20 to 4.22; Table 4.5). Zircons from the co-erupted magmas also show a 

certain degree of distinction in their U and Th composition (see section 5.1.1; Fig. 5.7). Such 

differences in age spectra require independent thermal and chemical conditions in the magma 

system over protracted periods (103-105 years) and limited connectivity until eruption. 

 Studies of plutons have demonstrated that mechanical mixing of crystal populations of 

various ages and origins could result from convective and buoyancy instabilities caused by 

chemical and physical gradients in relatively crystal rich bodies (>50 %) (Paterson, 2009). 

The structures found in plutons on the cm- to m-scale include tubes, pipes, troughs, diapirs, 

and plume heads, and reflect channelized magma flow through a crystal mush (Zák and 
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Klomínský, 2007; Paterson, 2009). Localised crystal concentrations and flow fabrics also 

suggest melt extraction (e.g., Paterson, 2009). Such phenomena would provide a mechanism 

for transporting crystals both vertically and laterally, and for mixing of crystals of various 

ages and origins. It has also been shown based on numerical modelling that gas-driven 

buoyancy instabilities caused by magma mixing have the potential to transport and mix 

crystals from different parts of the mush at rates that are too fast for re-equilibration of the 

crystal phases (Ruprecht et al., 2008). Thus, crystals formed hundreds of meters apart could 

be brought into close proximity on the cm-scale by a single overturn of the magma, and 

several overturns could juxtapose crystals from various parts of the system (Ruprecht et al., 

2008).  

 At Tarawera, buoyancy instabilities could be caused by localised mafic intrusions and 

crystal mush re-activation. However, the disparate zircon age distributions from the co-

erupted magmas of the Rerewhakaaitu and Okareka episodes demonstrate that none of the 

pre-eruptive thermal events were capable of homogenising the entire system. From the 

diversity of zircon crystal face ages in granitoids from the intrusive part of the Tarawera 

system, it is inferred that extensive crystal mixing and transport occurs long before eruption 

and is not necessarily linked to the melt accumulation stage just prior to eruption. The above 

observations are inconsistent with prolonged cooling in a closed system. 

 Gas sparging, a mechanism that leads to rapid heat transfer with limited material transfer 

(Bachmann and Bergantz, 2006), could be an alternative or additional mechanism for the 

generation of heterogeneous melts on a relatively small scale. As a consequence of 

underplating of silicic mush by hot hydrous basalt, gas phases exsolving in the basaltic 

magma can easily percolate through the crystal mush due to their low density and viscosity 

and their high specific heat. Small magma batches can be rejuvenated by single basalt 

intrusions with a high volatile content within days to weeks, if the gas flux through the mush 
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is high (Bachman and Bergantz, 2006). The extreme thermal and compositional diversity of 

Tarawera zircon crystallisation histories could be a result of gas sparging, induced by small 

localised mafic intrusions in different parts of the system. Varying levels of heating 

depending on the temperature difference between the intrusion and the rhyolite mush, the 

volume of the percolating gas phase, and the distance from the source could then create a 

multitude of magmatic conditions in a limited area. As a response to the magmas being only 

locally affected by heating, contemporaneous zircons in melts could experience opposing 

temperature histories. Gas sparging has also the potential to increase convective self-mixing 

processes (Couch et al., 2001; Bachmann and Bergantz, 2006). This is of importance, when 

magmas have reached the rheologic lock-up point (>50 % crystallinity) where convection in 

the entire system becomes impossible. 

 Melt generation at Tarawera and the post-22 ka eruptions have been interpreted to be the 

result of mafic underplating and transfer of heat and volatiles into the crystal mush (Shane et 

al., 2008b). A mechanism for melt extraction in mush zones could be provided by melt 

carrying dyke networks, equivalent to late-stage highly differentiated dykes found in plutons 

(e.g., Eichelberger et al., 2006). Melts percolating in a vein network would have eroded and 

transported crystals on their way through the mush zone, contributing to the diversity of 

crystal populations before accumulating in pods near the top of the system. As the melt pods 

have characteristic chemical and intensive parameters such as Fe-Ti oxide temperatures that 

would be reset in <1000 years, the final mafic events that triggered the eruptions were rapid 

(Shane et al., 2008b), and are therefore not represented in the zircon age and compositional 

record at Tarawera. 

 The re-activation of a composite crystal mush by mafic intrusions is a thermally feasible 

scenario that could explain the generation of voluminous silicic eruptions over relatively 

short timescales. This is in contrast to the fractional crystallisation models of Fowler and 
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Spera (2010) that require extended periods of cooling (106 years) which are unsupported by 

the zircon age and compositional record. 

 In summary, the following crystal mush model is suggested to apply to the Tarawera 

magma system (Fig. 7.1). The mush zone includes spatially restricted areas of near 

solidification, and overall cooling is periodically and frequently interrupted by small mafic 

intrusions into parts of the mush that locally rejuvenate the system with heat and volatiles, 

and keep it active over hundreds of thousands of years. Heating, re-melting, and the 

percolation of fluids induced by the intrusions alternating with cooling, create localized 

conditions that are conducive for zircon crystallisation. The limited connectivity of the 

system is responsible for the restricted transmittance of thermal and chemical signals through 

the mush. This provides the pre-condition for the development of the diversity of magmatic 

conditions reflected in the variable and fluctuating zircon compositions and ages. Moreover, 

it facilitates contrasting magmatic processes to operate contemporaneously in different parts 

of the mush, and thus contributes to its heterogeneity. Buoyancy instabilities result in magma 

flow that promotes transport and mixing of the crystal assemblage, juxtaposing zircons with 

various histories. Gas sparging as a consequence of the intrusion of hydrous basaltic melts 

can contribute to rapid heating of parts of the mush, support the development of magmatic 

heterogeneity, and facilitate convective self-mixing in a highly crystalline regime. In order to 

trigger a voluminous rhyolite eruption, a large mafic intrusion is required which causes 

extensive re-melting of the system leading to the production of rhyolite melts, which 

percolate through a vein or dyke network and accumulate in several semi-isolated pods. 

During the melt accumulation stage crystals are also transported, collected and recycled back 

into the melt, but this stage is too short-lived to significantly grow or dissolve zircons. 
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Figure 7.1 Schematic model showing the heterogeneous thermal and crystallisation history envisaged for the 
Tarawera magma system. (A) Periodic mafic events intrude parts of the system at various times (t=1, 2, 3, ...) 
rejuvenating the crystal mush with heat and volatiles. This promotes buoyancy instabilities and magma flow 
within the system. Parts of the system become conducive to zircon crystallization. Magma flow transports and 
mixes the crystal assemblage. (B) A large mafic intrusion results in extensive re-melting of the system and the 
production of rhyolite melts which accumulate in semi-isolated pods prior to eruption. The melt assembly stage 
also transports and collects crystals, but is too short-lived to significantly grow or dissolve much of the zircon 
population.  

 

 

7.2 Impact  of  the  caldera‐forming  Rotoiti  eruption  on  the 

thermal  and  chemical  evolution  of  the  Tarawera  magma 

system: insights from zircon 

 Eruption of hotter, less evolved magmas after caldera-forming eruptions have previously 

been observed in several magmatic systems (e.g., Yellowstone: Bindeman et al., 2001; Long 

Valley: Hildreth, 2004; Okataina Volcanic Centre: Shane et al., 2005b; Okataina and Taupo 

Volcanic Centres: Smith et al., 2005). However, the understanding of the timing of these 

changes and the dimension of the affected area is limited. This is because the investigation of 

whole rock compositions and mineralogy erupted in the caldera and post-caldera events only 

provides a discontinuous record of the evolving magma system due to episodic tapping 

during eruptive events. In contrast, the coupling of compositional and geochronological 
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information from minerals suitable for dating, such as zircon and allanite (e.g., Vazquez and 

Reid, 2004; Klemetti et al., 2011), provide the potential for quasi-continuous monitoring of 

compositional and thermal magma evolution.  

 In the OVC, previous work on the deposits of the caldera-forming Rotoiti eruption (>100 

km3) and post-Rotoiti deposits has demonstrated changes in whole rock and major mineral 

chemistry, melt temperature, and crystallization pressure after the caldera-forming event 

(Shane et al., 2005b; Smith et al., 2005). According to these authors, intra-caldera eruptions 

of the Old Mangaone Subgroup (43-35 ka) following the Rotoiti event produced hotter (based 

on Fe-Ti oxides), less evolved magmas (rhyodacites) that lack hydrous minerals and 

ascended from a deeper source region based on glass compositions projected onto the Qz-Ab-

Or-H2O ternary system of Tuttle and Bowen (1958). Magmas of the Young Mangaone 

Subgroup (34.5-31.5 ka) became progressively more evolved and cooler, reflecting rise from 

shallower levels in the crust (Smith et al., 2005). Magmas erupted post-26 ka have evolved 

under similar conditions to the Rotoiti magmas (Shane et al., 2005b; Smith et al., 2005), and 

are the most evolved and coolest intra-caldera magmas which are dominated by hydrous 

phases and have risen from shallow storage chambers based on volatile saturation pressures 

in quartz (e.g., Shane et al., 2007; 2008a).  

 Age correlated compositional variations in Tarawera zircons reflect a considerable 

increase in compositional, and potentially thermal, variability of the rhyolite magma system 

after ~45 ka (Fig. 5.27), the approximate timing of the Rotoiti caldera collapse. The main 

observation here is that, compared to the relatively restricted compositional range in zircon 

domains with pre-Rotoiti ages, the post-Rotoiti zircon population exhibits a considerably 

higher chemical variability. It is acknowledged that the number of the analyses in the pre-

Rotoiti population (n = 16) is smaller than that of the post-Rotoiti population (n = 32). 

However, the limited diversity of compositions of the pre-Rotoiti population is considered 
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real and not an artefact of sampling because the combined data set (including a large data set 

of spot analyses) for U and Th concentrations of the Tarawera, Rotoiti, EQF, and Mangaone 

Subgroup zircons (n = 837) shows a change from a low to a high density of data points 

with >500 ppm U and Th after 45 ka. In contrast, the density of data points with low U and 

Th (<500 ppm) is high regardless of the age (Fig 5.16). This suggests that the high chemical 

diversity was more common post-45 ka, even though the absolute range of (at least U and Th) 

concentrations might have been similar pre-45 ka. This reflects a fundamental change in the 

magmatic conditions around the time of the caldera-forming eruption. 

 The more variable range of elemental concentrations and crystallisation temperatures in 

the post-45 ka zircons result from enhanced compositional variability of the magma. Such a 

variety is more likely to develop in a system with a small melt fraction where semi-isolated 

melt pockets can evolve independently, rather than in a melt rich body that is homogenized 

by mixing. In consequence, the pre-Rotoiti magma body must have been largely 

interconnected impeding the development of significant heterogeneity, whereas the 

interconnectivity in the post-Rotoiti crystal mush was limited (see section 7.1) so that 

chemically and thermally distinct and independent regimes co-existed. The production of a 

large, relatively homogeneous magma body does not necessarily have to be time dependent, 

however, the following reasoning could provide a potential explanation. The time between 

the last two caldera-forming eruptions at Okataina at ~325 ka and ~45 ka was a period of 

relatively limited volcanic activity (Nairn, 2002; Cole et al., 2010). Any evidence within the 

caldera for eruptions during this time span would have been obliterated by the ~45 ka caldera 

collapse and the subsequent eruptions. Only three distal tephra layers and a few small rhyolite 

domes at the southern margin of the Okataina caldera have been reported for the time 

between ~240 ka and the Rotoiti eruption, and point to diminished eruptive activity before 

the latest caldera-forming event at the OVC (Cole et al., 2010). However, zircon age spectra 
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from the caldera-forming eruption at ~45 ka and several younger intra-caldera eruptions (<45 

ka) range to >200-300 ka (Charlier and Wilson, 2010; this study), indicating that 

subterranean activity was still in progress. Lower TTiz in and less chemical variety among 

zircon domains dated >45 ka could reflect accumulation of a larger melt fraction between the 

caldera-forming events, that was possible because the system remained nearly undisrupted by 

magma extraction (see review by Cole et al., 2010). Even though the Rotoiti caldera-collapse 

area occupies the northern part of the OVC (Nairn, 2002; Fig. 7.2) and does not overlap with 

the surface expression of Tarawera volcanic complex in the southern part, a more widespread 

sub-volcanic area might have been affected by the enormous melt expulsion event and/or the 

basaltic intrusion that is suggested to have triggered the Rotoiti eruption (Shane et al., 2005a). 

 

 

Figure 7.2 Map of the OVC showing the Okataina caldera with the extent of the collapse associated with the ~45 
ka Rotoiti eruption. Post-26 ka lavas and pyroclastic deposits (grey shaded areas) and vents (stars) are marked. 
Re-drawn after Nairn (2002). 

  



Chapter 7  Synthesis 

253 

 

 The changes in chemical composition and temperature recorded in Tarawera zircons 

point to a sharp transition leading to a chemically and thermally more heterogeneous magma 

system around ~45 ka. This coincides with the eruption of hotter rhyodacitic magmas (Shane 

et al., 2005b; Smith et al., 2005). Furthermore, eruptions at Okataina started to become more 

frequent and of smaller volume (mostly <10 km3 magma volume) after ~45 ka (Jurado-

Chichay and Walker, 2000; 2001; Smith et al., 2002). These changes in style, frequency of 

activity, glass and zircon composition, and Fe-Ti oxide and Ti-in-zircon temperatures all 

followed the caldera-forming Rotoiti eruption. Smith et al. (2005) and Shane et al. (2005b) 

ascribe the change to hotter, less evolved magmas after the Rotoiti eruption to a redistribution 

of the stress field in the magma system that facilitated more open system processes, leading 

to faster ascent of hot magmas from deeper sources and only short storage periods in the 

surrounding cooler crystal mush. The transition from crystallisation in cooler magmas before 

the Rotoiti event to crystallisation in hotter magmas after the eruption reflected in the 

Tarawera zircons is consistent with this concept. Evacuation of a large amount of magma 

(>100 km3) removed a buoyancy barrier for new mafic magma ascent. Although the Fe-Ti 

oxide data and Ti-in-zircon point to higher magmatic temperatures directly after the Rotoiti 

eruption, the zircon depth profiles reveal that there was no prolonged and overall heating 

event before, throughout or after the eruption (Fig. 7.3). Instead, most of the post-Rotoiti 

zircon crystallisation occurred during cooling, only occasionally and locally interrupted by a 

heating event (Fig. 7.3). This implies that cooling must have set in relatively soon after 

emplacement of the new hotter magmas and heating was too short-lived to be recorded in the 

zircons or, alternatively, the conditions for zircon growth under heating were not met.  
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Figure 7.3 Ti-in-zircon temperatures of 48 crystal domains from the 15 zircons where compositional and age 
depth profiles could be correlated, plotted against crystallisation age. The compositional depth profiling data has 
been binned corresponding to the respective age bins (see section 3.2.3; data as in Fig. 5.27). Bins from 
individual crystals are connected by lines to highlight the temperature and Zr/Hf trends during crystal growth. 
The Rotoiti eruption age is marked by the dashed line. 

 

 

 The increased abundance of high-U and high-Th (both >500 ppm) zircons after the 

Rotoiti eruption (Figs. 5.16 and 5.27) could point to an increase in crystallinity (see section 

6.6) in parts of the magma mush. Bachmann et al. (2012) describe a major crystallisation 

event directly subsequent to the caldera-forming Kos Plateau Tuff eruption, Greece. They 

suggest that the extraction of the large volume of magma (>60 km3) abruptly decreased the 

overburden on the remaining magma leading to its decompression and exsolution of volatiles, 

which induced rapid crystallisation. This scenario could also apply to the OVC, where the 

excavation of 100 km3 of magma could have induced considerable and immediate 

decompression-crystallisation in parts of the magma system after the ~45 ka Rotoiti event. 

Crystallisation in residual melts in a highly crystalline (75-85 %) magma reservoir could have 

produced the zircons with enriched U and Th concentrations. In contrast, the 

contemporaneous low-U and low-Th (both <500 ppm) zircons could have crystallised in the 
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newly emplaced low-crystallinity magma that could ascend after evacuation of the Rotoiti 

magma (Fig. 7.4). 

 During the intra-caldera eruptions directly following the Rotoiti caldera collapse, the 

episodes of the Old Mangaone Subgroup (43-35 ka), hotter rhyodacite magmas were tapped 

from deeper sources (Shane et al., 2005b; Smith et al., 2005). However, the Tarawera zircon 

record and the Mangaone zircon record (Charlier and Wilson, 2010) indicate that the 

rhyodacite magmas must have co-existed with highly crystalline mush during this period 

based on the large range of low- to high-U zircons (Figs. 5.16 and 5.27). Glass compositions 

and Fe-Ti oxide data from deposits of the Young Mangaone Subgroup (34.5-31.5 ka) reflect 

the tapping of more evolved, cooler magmas from a shallower source (Smith et al., 2005). 

 From ~26 ka onwards, the magmatic conditions seem to have returned to the pre-caldera 

state (Smith et al., 2005) based on glass compositions and Fe-Ti oxide data from the deposits 

of Haroharo and Tarawera volcanoes (Speed et al., 2002; Nairn et al., 2004; Smith et al., 

2006; Shane et al., 2007; 2008a). The return of the melt conditions and temperatures to the 

pre-caldera state starting around ~35 ka is not reflected in the zircon compositional data. 

Uranium and Th concentrations in zircon remained highly variable except around 20 ka based 

on the zircon data (Fig. 5.16; see section 6.6), and temperatures stayed elevated at least in 

parts of the mush to ~5 ka. This suggests that the degree of compositional heterogeneity of 

the system produced by the combination of the crystallisation event after the caldera-forming 

Rotoiti eruption and the ascent of hotter rhyodacitic magmas was maintained throughout the 

post-Rotoiti history of the magma system. However, over time, the rhyodacite magmas 

evolved to form a rhyolite mush, and the nearly solidified body must have become re-

activated at least in parts to recycle high-U and high-Th zircons back into the magma. As 

results from previous work (Speed et al., 2002; Nairn et al., 2004; Shane et al., 2007; 2008a) 

and this study demonstrate, a crystal mush that is characterised by small-scale heterogeneity 
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and little interconnectivity can be established by the interplay of ‘freezing’ periods and 

frequent rejuvenation and re-activation due to mafic intrusions (Fig. 7.4). The contrast 

between the melt conditions and temperatures returning to the pre-caldera state and the zircon 

crystallisation conditions and temperatures remaining at the post-caldera state is consistent 

with a decoupling of the crystallisation state of the system and the production of eruptible 

magmas discussed further in section 7.3. 

 

 

Figure 7.4 Schematic model illustrating the evolution history of the magma system at OVC prior to and after the 
~45 ka caldera-forming Rotoiti eruption. A) A large interconnected body of high-SiO2, cool rhyolite magma 
resides at shallow depth in the crystal mush in the upper crust. B) During the Rotoiti eruption, most of this 
magma is erupted. The sudden removal of the overburden causes abrupt decompression of the system and 
exsolution of volatiles from the remaining melts. This induces instant crystallisation of large parts of the crystal 
mush. ‘Emptying’ of the magma reservoir has also removed buoyancy barriers in the system so that the ascent 
of deeper hotter rhyodacite magma is facilitated. The subsequent eruptions (~43-35 ka) tap this less evolved 
magma. C) Over time the rhyodacite magmas evolve and the high crystalline parts of the mush get re-activated 
by frequent mafic intrusions. This results in the establishment of an extremely heterogeneous rhyolitic magma 
mush with limited interconnection as illustrated in Fig. 7 and described in section 7.1. 

 

 

 Klemetti et al. (2011) have argued for a change in magma system conditions after the 

Rotoiti eruption between 20-40 ka based on elevated Y and low Hf concentrations in zircons 

from the youngest eruption at Tarawera (0.7 ka Kaharoa). They suggest that their zircon data 

matches changes in the magma system from a cold, wet rhyolite source during the Rotoiti 

eruption, to a hotter, drier rhyolite source after the caldera-forming event and back to cold, 
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wet conditions at 20 ka interpreted from glass and whole rock chemistry and Fe-Ti oxide data 

(Shane et al., 2005b; Smith et al., 2005; Deering et al., 2010). It has to be noted though, that 

their zircon model ages were calculated based on the assumption that the crystals grew at 

constant rates and up to eruption. This, however, is clearly not the case as it can be 

demonstrated in this study that (Kaharoa) zircon growth rates are variable, some crystals 

display hiatuses in growth, and crystallization of many zircons terminates tens of thousands 

of years before eruption (see sections 6.1 and 6.3; Figs. 4.10 and 4.23 to 4.26). Therefore, the 

age control for their zircon trace element data is tenuous, and relating peaks and lows in 

zircon element concentrations to certain eruptions (as they do) could lead to erroneous 

geologic conclusions. 

 

 

7.3 Eruptible magma vs crystal residence time 

 The investigation of U-Th age spectra of zircons in Tarawera rhyolites highlights the 

decoupling between the crystallization and eruption history of a silicic magma system. This 

distinction is important when interpreting ‘magma residence time’ commonly based on the 

time a crystal with high closure temperature resided in the magma (= the time elapsed 

between crystallisation and eruption; e.g., Costa, 2008), as opposed to the time needed for 

production and accumulation of a magma that is eruptible. 

 Despite the short repose periods (4-13 ka) between each of the Tarawera eruption 

episodes, there is no evidence for a single large melt lens at the roof of the magma mush that 

was sequentially tapped. Previous work based on geochemical and mineralogical data points 

to contemporaneous but isolated melt pockets within the crystal mush that were not related 

through fractional crystallisation of a single melt (Nairn et al., 2004; Shane et al., 2007; 



Chapter 7  Synthesis 

258 

 

2008a, b). Furthermore, the generation of the erupted melts and their associated thermal 

events that are suggested to be caused by basalt intrusion were likely to be short-lived (<1000 

years; Shane et al., 2008b). These features indicate a decoupling of the production of 

eruptible magma from the magmatism recorded in long-lived zircon crystals. 

 The U-Th zircon age data from Tarawera rhyolites reveal protracted crystallisation 

histories that span the entire eruption history of the volcano (~22 ka) and even extend beyond 

the ~45 ka caldera-forming event in the OVC back to >200 ka. Therefore, it can be presumed 

that all magmas at the OVC derive from the same crystal mush zone. However, contrasting 

zircon age and compositional depth profiles and the variety of crystal face ages are 

inconsistent with a common evolution history experienced by the entire system. Instead, the 

data point to a low degree of inter-connectivity of the system. The age depth profiles illustrate 

that, at least in some parts of the system, crystallisation occurred throughout the volcano’s 

eruption episodes (Figs. 4.23 to 4.26). Even the most extreme upheaval of the OVC during 

the caldera eruption at ~45 ka did not leave a significant signal in the zircon age data at the 

available resolution. This could be because the magma system may have been buffered from 

change by its very large size. The magmatic conditions must have remained conducive for 

zircon growth in parts of the system, and the zircon saturated melts survived thermal 

extremes and magma evacuation as isolated melt pockets. Such longevity requires open 

system behaviour with frequent thermal and volatile recharge from the mantle to prevent the 

system from freezing. This is supported by rimward fluctuating TTiz recorded in many of the 

Tarawera zircons, and also by fluctuations in CL shading in quartz corresponding to 

variations of the Ti concentration, that have been interpreted to be a consequence of frequent 

thermally driven recharge events (Shane et al., 2008b), although their timing is uncertain. 

 There is no evidence that the timing of the eruptions or the production of eruptible 

magmas is linked to the crystallisation state of the Tarawera magmas. Thus, the eruptions 
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might have been externally controlled. This is supported by several features in favour of 

magma-assisted rifting in the TVZ, particularly the emplacement of basaltic magmas as linear 

dykes (reviewed by Rowland et al., 2010). Furthermore, the TVZ is subdivided into distinct 

segments based on varying volcanism and tectonism along its length axis (Rowland et al., 

2010). Although a number of SW-NE trending faults have been detected outside the ~45 ka 

caldera, faults within the OVC are rare (Nairn, 2002; Villamor et al., 2011; Fig 2.3). However, 

the post-26 ka intra-caldera eruptions occurred along SW-NE lineaments within the OVC, 

and are therefore controlled by structure. In addition, some of the fault ruptures outside the 

OVC seemingly coincide with the eruptions at Tarawera and Haroharo, although the majority 

(70 %) do not (Villamor et al., 2011). Based on surface geologic and deep geophysical data, 

Villamor et al. (2011) consider the faulting to be a result of tectonic processes. However, it is 

not clear whether tectonism controls the tempo of mafic magma ascent and eruption, or if 

deep-seated mafic magma production drives rifting.  

 

 

7.4 The plutonic‐volcanic link at Tarawera 

 The granitoid clasts erupted in the Kaharoa episode are small (<10 cm) and were found 

in only one of the pyroclastic units. This makes it difficult to assess whether they derive from 

a single or several intrusive bodies. However, the similarity of the zircon age distributions 

from individual clasts points to derivation from the same intrusive body (Figs. 4.16 and 4.17). 

 Kaharoa rhyolites and granitoids display a similar geochemistry and mineralogy (Nairn 

et al., 2004). Furthermore, Tarawera rhyolite melts have accumulated relatively rapidly 

(<1000 years) based on glass and Fe-Ti oxide compositions, and T-fO2 (Shane et al., 2008b). 

Shane et al. (2012) demonstrate that if the granitoids were the residue of melt extraction 
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(represented by the rhyolites) from a crystal mush, as suggested in mush models by Bachman 

and Bergantz (2004) and Bachman et al. (2007b) (see section 1.3.3), the depletion of 

compatible elements and enrichment of incompatible elements in the rhyolites relative to the 

granitoid could be explained by fractional crystallisation of mainly plagioclase. However, 

zircon crystallisation was not contemporaneous in the granitoid and the rhyolites as indicated 

by disparate zircon age spectra, which is not consistent with these models. The zircon age 

spectrum of the granitoid is significantly older than those of the Kaharoa rhyolites and all 

Tarawera rhyolites combined (Fig. 7.5). Thus, the granitoid cannot represent the remnant of 

the Tarawera rhyolite extraction events and eruptions. 
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Figure 7.5 Summary of zircon age data plotted as probability density function (PDF) curves. (A) Curve (a) 
Kaharoa rhyolite zircon from crystal face and interior analyses (n = 123; this study), and curve (b) interior 
analyses from sectioning of crystals (n = 66) (Klemetti et al., 2011). (B) Curve (c) Tarawera post-22 ka rhyolite 
zircons from crystal face and interior analyses (n = 487; Klemetti et al., 2011; this study); curve (d) Rotoiti 
rhyolite zircon interior analyses (n = 72); curve (e) Rotoiti granitoid zircon interior analyses (n = 22) (Charlier et 
al., 2003; Charlier and Wilson, 2010); and curve (f) Kaharoa granitoid crystal face and interior analyses (n = 83; 
this study). Data exclude analyses at secular equilibrium. Numbers at peaks represent ages (ka). 

 

 

 The age data obtained in this study during analyses of unpolished crystal faces and 

interiors, and during continuous depth profiling of 64 zircons from the Kaharoa rhyolites, 

ranges from within uncertainty of the eruption (0.7 ka) back to ~79 ka (oldest crystal 

interiors). Klemetti et al. (2011) performed U-Th disequilibrium analyses by SHRIMP-RG of 

‘rims’ and cores of 90 sectioned zircon crystals from the Kaharoa rhyolites. They obtained 

ages in the range ~2 to >200 ka, with nearly all crystals <50 ka (Fig. 7.5). The generally older 
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ages in Klemetti et al. (2011) are probably due to exposure of a greater part of the crystal 

history by deeper sectioning of the zircons in their study. The two oldest Kaharoa rhyolite 

zircons (excluding those in secular equilibrium) yield interior ages of 173 +62/-37 ka and 188 

+63/-37 ka (Klemetti et al., 2011) that overlap with the granitoid zircon age population (~200 

ka). This could indicate that those rhyolite zircons and the granitoid zircons shared part of 

their crystallisation history in the same magma or in magmas that were spatially and 

thermally related. Alternatively, the oldest crystals in the rhyolites could be xenocrysts 

whereas the granitoid zircons could derive from an unrelated intrusive body. As the granitoid 

zircons lack the young range of the age spectrum prominent in the rhyolite zircons, their 

evolution history stopped long before the Rotoiti event and the formation of Tarawera 

volcano. In contrast, the majority of Tarawera rhyolite zircons formed post-50 ka (Fig 7.5). 

This suggests that the granitoid zircons were isolated from melts and were stored under sub-

solidus conditions during the production and evolution of the Tarawera rhyolite magmas. 

Consequently, parts of the OVC magma system must have been at sub-solidus temperatures 

for the last ~200 ka and were not involved in magma production. 

 The CL images of the rhyolite zircons show no evidence for strongly resorbed cores that 

might have crystallised during a much earlier phase of the system, such as that recorded in 

the granitoid. The absence of such old zircons in the Tarawera rhyolites as in the granitoids 

could either be due to complete resorption during thermal events or volumetric swamping of 

the old population with younger crystals. Alternatively, the areas of magma production for 

the granitoid and the rhyolites could have been spatially separated. However, the granitoid 

must have resided in close proximity to the active part of the system because they erupted 

together with rhyolites that contain much younger zircon populations. 

 Shane et al. (2012) concluded that the intrusion of the granitoid magma must have risen 

to shallow levels in the crust (between ~3-7 km), based on the following features: low δ18O of 
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the granitoid whole rock (+3.03 ‰; Brown et al., 1998) as well as incipient alteration of 

feldspar and biotite, both potentially due to the interaction with meteoric-sourced 

hydrothermal fluids; evidence for brittle strain deformation in quartz and feldspar from the 

granitoid; and magnetotelluric, gravity, and seismic data from the TVZ (Bryan et al., 1999; 

Seebeck et al., 2010). They suggest that the low δ18O values of the granitoid whole rock 

compared to the δ18O values analysed in the granitoid zircons (~7.4 ‰), which are similar to 

typical magmatic values for OVC rhyolites (>7.5 ‰; Brown et al., 1998), point to 

hydrothermal alteration of the intrusive body post emplacement, rather than to crystallisation 

from a low δ18O melt. During the Kaharoa rhyolite eruption clasts of this shallow, 

hydrothermally altered intrusive granitoid body were probably accidentally entrained. 

 The only other granitoid clasts in the OVC that have been investigated in detail are those 

erupted in the ~45 ka Rotoiti event. They are similar to the Kaharoa granitoids in whole rock 

chemistry, mineralogy, and Sr and Nd isotope composition, but distinct in other 

characteristics summarised by Shane et al. (2012), such as the abundance of interstitial glass, 

slump folding that indicates ductile deformation (Brown et al., 1998), magmatic whole rock 

δ18O-values (+7.4-7.9 ‰; Brown et al., 1998) and their U-Th zircon age spectrum (Charlier et 

al., 2003), the latter two of which are both comparable to the co-erupted Rotoiti rhyolites. 

The similarity of the zircon age spectra in the Rotoiti granitoid and rhyolites suggests their 

contemporaneous crystallisation (Fig. 7.5), implying that the granitoid magma resided in the 

form of a partly molten body during the formation of the rhyolite magmas (Charlier et al., 

2003). This is in contrast to the evolution histories of the Kaharoa granitoid and rhyolites, 

where the granitoid was not involved in magma-production processes post-200 ka, and the 

rhyolites derived from an unrelated magma source. Some overlap between the age spectra of 

the Kaharoa rhyolites with those of the Rotoiti rhyolites and granitoid indicate that 

crystallisation occurred contemporaneously across the OVC, although the melts were not 
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necessarily connected based on distinct petrology and zircon crystallisation histories (e.g., 

Shane et al., 2008b; this study). 

 The oldest Tarawera zircon crystal (~765 ka), found in the Kaharoa granitoid clasts, is 

older than the putative onset of volcanism in the OVC at ~625 ka (Manning, 1996; see 

section 2.2). This indicates that magmatism in the vicinity of what later became the OVC 

took place over hundreds of thousands of years before the first expression of volcanism at the 

surface. Magmatic zircons predating the earliest volcanism of the volcanic centre they were 

erupted from have also been reported for other volcanoes in the TVZ. At Taupo volcano, the 

oldest zircons extracted from pumices are ~500 ka, whereas volcanism is mostly younger 

than ~300 ka (Charlier et al., 2005). Zircons found in the ignimbrite of the ~340 ka 

Whakamaru caldera eruption date back to ~600 ka (Brown and Fletcher, 1999). The oldest 

magmatic zircons (~900-1900 ka) in the TVZ derive from deposits of the Mangakino centre 

(Wilson et al., 2008; McCormack et al., 2009), which is the earliest known site of volcanic 

activity in the TVZ. Even though the determination of the beginning of volcanism at the 

individual volcanic centres can be difficult because of the obliteration of early deposits by 

later eruptions, the zircon record points to prolonged and contemporaneous magmatism 

across most of the central TVZ (Shane et al., 2012). This is supportive for a ‘central TVZ 

batholith’ as suggested by Wilson and Charlier (2009) based on overlapping volcanic centres 

and extensive deep-seated melt-bearing zones. The chemical evolution of magmas throughout 

the central TVZ between 550 to 180 ka provides further evidence for laterally continuous 

magmatism across the central TVZ (Deering et al., 2008; 2010). 

 Studies of rhyolites and co-erupted plutonic clasts from various volcanic centres 

demonstrate that the relationship between volcanism and plutonism differs from magma 

system to magma system. The currently favoured models for the origin of rhyolites by 

Hildreth (2004) and Bachmann and Bergantz (2004) describing rhyolite-melt extraction from 
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a crystal mush zone and potential solidification of the residue to form a plutonic body in the 

crust (see section 1.3.1), apply, for example, to the Bishop and Fish Canyon magma bodies. 

Similar whole rock chemistry and mineralogy as well as comparable zircon U-Th-Pb age 

spectra of pumices and granitic clasts from the Kos Plateau Tuff, Aegean Arc (Greece) reflect 

contemporaneous crystallisation in a magma body at various stages of solidification prior to 

eruption (Bachmann et al., 2007a). In some cases, episodes of crystallisation coincided with 

previous phases of eruptive activity of the volcano, as revealed by zircon age spectra of 

granitoids from Crater Lake, Oregon (Bacon and Lowenstern, 2005), whereas in other cases, 

the activity remained purely plutonic and was not accompanied by volcanism as at Medicine 

Lake volcano, California (Lowenstern et al., 2000) and at Mauna Kea and Hualalai, Hawaii 

(Vazquez et al., 2007). Zircon rim age spectra of granodiorite xenoliths from the Soufrière 

Volcanic Complex, Saint Lucia (Lesser Antilles) are statistically indistinguishable from those 

of their compositionally similar host lava (Schmitt et al., 2010a). The variety of crystal ages 

in both plutonic and volcanic rocks suggests that crystal mixing must have occurred before 

solidification of the pluton and not only just prior to eruption. The existence of granitoid 

clasts and hiatuses in crystal growth, interpreted to reflect periods of solidification, point to 

remelting and remobilisation of fully crystalline parts of the magma system. Entrainment of 

the plutonic clasts into the host melt, however, only took place shortly before eruption, not 

leaving enough time for young zircon growth (Schmitt et al., 2010a). In contrast, granitoid 

clasts in the Tarawera magma system erupted during the 0.7 ka Kaharoa episode remained 

mostly solid for ~200 ka, surviving assimilation and/or obliteration in numerous eruptions 

including caldera-forming events. Such crystalline parts of the mush could act as barriers to 

melt interaction and limit the connectivity of the magmatic system.  
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Chapter 8 ‐ Conclusions 

 

 U-Th disequilibrium analyses by SIMS on unpolished zircon crystal surfaces minimise 

the bias towards older ages, a problem of ‘rim’ spot analyses in many previous studies, 

and provide insight to the final stage of crystal growth. Most Tarawera rhyolite zircons 

stopped crystallising long (mostly within ~20 ka but also >100 ka) before their eruption. 

Crystal growth rates (mostly >1.0x10-15 cm/s) estimated based on continuous age-depth 

profiles indicate that the hiatus between the crystal face age and the eruption age is 

analytically resolvable for most crystals. Because the erupted rhyolite melts at Tarawera 

were Zr saturated and theoretically permitted zircon growth, the majority of zircons are 

antecrysts that were recycled into the erupted melt just prior to eruption.  

 The Tarawera rhyolite zircon age record (0 to >200 ka, with a few interiors at secular 

equilibrium) reveals that zircon crystallisation started long before the formation of the 

volcano. Age depth profiles of some crystals demonstrate continuous (over ~34 ka) or 

punctuated (over ~114 ka) growth that often continued throughout several eruptions of 

the OVC, even the large magma extraction event of the ~45 ka caldera-forming Rotoiti 

episode. This suggests that the continuity of zircon crystallisation was buffered from 

melt extraction episodes, either due to the large size of the crystal mush or limited inter-

connectivity of melt-rich zones. Thus, the eruptions were decoupled from the 

crystallisation state of the magma.  

 Hiatuses either within the zircon crystals (up to ~40 ka duration) or between final crystal 

growth and eruption are potentially caused by temporary storage of the crystals under 

sub-solidus conditions followed by re-activation and rapid, efficient disintegration of the 

crystalline body. Rapid liberation of the zircons from inclusion in a crystal aggregate or 
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other crystal phase could also explain asymmetric crystal growth that resulted in age (up 

to ~40 ka) and compositional (up to ~280 ppm for U) differences on opposing euhedral 

crystal faces. 

 Contemporaneous zircon growth and stagnation inferred from disparate crystallisation 

histories of co-erupted magmas and asynchronous hiatuses in age depth profiles imply 

that the conditions either promoting or inhibiting zircon crystallisation were not 

pervasive throughout the entire magma system. In addition to the diversity of crystal face 

ages and asynchronous hiatuses in zircons even from the same lava block, contrasting 

contemporaneous zircon compositional histories on the hand-sample scale required 

thermal and chemical heterogeneity within a magma mush over protracted periods of 

time (103-105 years), as well as intensive crystal transport and mixing before or at 

eruption. At Tarawera, frequent mafic intrusions into the crystal mush provide heat and 

volatiles to induce physical and chemical gradients that promote buoyancy instabilities. 

These result in magma flow with consequent transport and mixing of the crystal cargo. 

 The trace element compositions of Tarawera zircons display a large and similar range (U 

= ~80-2000 ppm, Th = ~40-2400 ppm, Y = ~500-5900 ppm, Hf = ~7500-15800, Ce = 

~1.8-4.0, Ti = ~1.9-193 ppm) in rhyolites from each of the four eruptions. However, co-

erupted magma types from the same eruption are distinct with respect to their range of U 

and Th abundances. Strongly varying trace element concentrations and crystallisation 

temperatures as well as contrasting element correlations within individual crystals 

revealed by compositional depth profiling indicate that an individual zircon crystallised 

under various distinct magmatic conditions with several fundamentally different 

processes being responsible for its evolution history. 
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 Phases of high crystallinity (~75-95 %) in at least some parts of the magma system are 

inferred from fractional crystallisation modelling of elevated U (>1000 ppm) and Th 

(>900 ppm) concentrations, and high Th/U ratios (>0.7) in some zircons. Ti-in-zircon 

temperatures close to the wet solidus of granite also point to some zircon crystallisation 

in a nearly crystalline environment. Spatially heterogeneous freeze-thaw cycles in the 

system would explain the diversity of crystal growth and compositional evolution 

histories. This highlights that crystal mush models involving episodic rejuvenation are 

the best explanation for complex zircon histories common in silicic magmas. 

 The activity of Ti used to estimate Ti-in-zircon temperatures is likely to have varied 

throughout the crystallisation histories of the crystals and, in addition, has been 

calculated from Fe-Ti oxides that potentially were in disequilibrium with the melt. 

Therefore, the Ti-in-zircon temperatures have to be regarded with caution. Some Ti-in-

zircon temperatures (total range ~650-850 °C) are lower than eruption temperatures 

based on Fe-Ti oxides. In particular, crystal faces that have Ti-in-zircon temperatures 

lower than eruption temperatures imply either that the melt experienced rapid heating 

just prior to eruption that was too short-lived to be recorded in the crystals, or that the 

crystals were transported into a hotter melt. This suggests a decoupling of crystallisation 

and eruption temperatures.  

 Correlation of age and compositional depth profiles of zircon provide an unparalleled 

insight to the evolution of a magma system. An increased chemical and potentially 

thermal diversity reflected in Tarawera zircons after the ~45 ka caldera-forming Rotoiti 

eruption indicates a larger variety of magmatic conditions after the enormous melt 

extraction event. The development of a more heterogeneous crystal mush is suggested to 

be the consequence of immediate decompression-crystallisation producing highly-
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evolved residual melts after the Rotoiti event in combination with the ascent of new, less 

evolved low-crystallinity magma. The magmatic conditions remained heterogeneous 

throughout the time of the formation of Tarawera volcano, with co-existing high and low 

zircon crystallisation temperatures, as well as co-existing high and low U and Th 

concentrations in zircons. This is in contrast to the erupted melts. These comprised hotter, 

less evolved compositions directly after the Rotoiti event and returned to cooler, highly 

evolved compositions similar to those of the pre-Rotoiti melts after 26 ka. 

 ‘Magma residence time’ based on zircon crystal age spectra refers to long-term 

subterranean magmatism which may not be accompanied by volcanism. At Tarawera 

volcano, the production of eruptible magma is controlled by external factors such as 

tectonism and mafic intrusion. Therefore, investigating timescales of rhyolite magmas 

residing in the crust requires the distinction between the longevity of the magma system 

(103-105 years) and the time needed to produce eruptible magma (<1000 years). 

 The difference in zircon age spectra of the Kaharoa granitoid clasts (crystallisation event 

at ~208 ka) and the Tarawera rhyolites (crystallisation mostly <50 ka) suggests that the 

granitoid does not represent the remnant of the rhyolite melt extraction events feeding 

the Tarawera eruptions. The lack of young zircons in the granitoid demonstrates that 

parts of the magma system can be solid for protracted periods of time, while other parts 

are involved in frequent and voluminous magma production including caldera-forming 

events. Such long-lived plutonic bodies could act as barriers, limit melt connectivity, and 

prevent the interaction with wall-rocks. 
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The world is the geologist's great puzzle-box; 

he stands before it like the child to whom the 

separate pieces of his puzzle remain a mystery 

till he detects their relation and sees where 

they fit, and then his fragments grow at once 

into a connected picture beneath his hand. 

 Louis Agassiz 

 


