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Abstract

Mt Ngauruhoe is a 900 m high andesitic cone constructed over the last 2500 yr, and is
the youngest cone of the Tongariro Massif. It was previously one of the most
continuously active volcanoes in New Zealand, with ash eruptions having occurred
every few years since written records for the volcano began in 1839. However, it has
now been more than 30 yr since the last eruption. Eruptions in 1870, 1949, 1954 and
1974-1975 were accompanied by lava and block-and-ash flows. Detailed sampling of
these historical lava and block-and-ash flows was conducted, including sampling from
seven different lava flows erupted over the period June-September 1954 to investigate
changes in magma geochemistry and crystal populations over short timescales, and to

enable observed changes to be related back to known eruption dates.

Mineral major and trace element chemistry highlights the importance of mixing
between distinct basaltic and dacitic melts to generate the basaltic andesite whole rock
compositions erupted. The basaltic end member can be identified from the presence of
olivine crystals with Mg# 75-87, clinopyroxene cores with Mg# 82-92, and plagioclase
cores of Angpgo. The dacitic melt is identified by SiO;-rich clinopyroxene melt
inclusions, clinopyroxene zoning with Mg# 68-76 and plagioclase rims of Ango.70.
Textural evidence from complex mineral zoning and large variability in the widths of
reaction rims on olivine crystals suggests that mafic recharge of the more evolved
system is frequent, and modelling of Fe-Mg inter-diffusion applied to the outermost
rims of the clinopyroxene crystal population indicates that such recharge events have
occurred weeks to months or even shorter prior to each of the historical eruptions, and

thus likely trigger the eruptions.
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CHAPTER ONE:
INTRODUCTION

Plate 1: Dawn over Mt Ngauruhoe
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1.1 Objectives of this thesis

The objectives of this thesis are to combine detailed petrographic investigations with
crystal-specific in situ geochemical measurements of the historical Ngauruhoe lava
flows in order to gain insight into the magma system and pre-eruptive processes
occurring at the volcano. Diffusion modelling of compositional boundaries in the crystal
population is applied to obtain timescales of magmatic processes occurring in the lead

up to eruptions where appropriate.

Specifically this study seeks to:

1) Investigate and interpret in detail the petrology of the historical Ngauruhoe lava
flows.

2) Use electron probe microanalysis (EPMA) to measure the major element
geochemistry of the crystal population (clinopyroxene, orthopyroxene, plagioclase,
olivine, Fe-Ti oxides) and clinopyroxene-hosted melt inclusions to better
understand the plumbing system and magmatic processes beneath Ngauruhoe.

3) Couple clinopyroxene and plagioclase major element measurements with trace
element data obtained via laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) to place further constraint on the processes leading to
the observed zoning.

4) Apply two-pyroxene geothermometry to each of the historic lava flows to
calculate the temperature of the final batch of magma prior to eruption.

5) Constrain timescales for the most recent magmatic events recorded in the crystal
population of the historical lava flows prior to their eruption.

6) Relate findings back to the known eruption dates for the lava flows to gain insight

into the short-timescale processes occurring beneath the volcano.
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1.2 Arc magma petrogenesis

1.2.1 Subduction zone magmatism

Arc magmatism occurs at convergent plate margins where the oceanic lithosphere of
one plate is being subducted beneath the continental or oceanic lithosphere of another
plate (Figure 1.1). With the possible exception of adakites, primary magmas are
considered to be generated from partial melting within the mantle wedge, the region of
upper mantle beneath the overriding plate and overlying the oceanic lithosphere of the
subducting plate (Gill, 1981). Partial melting results from lowering of the solidus by the
addition of volatiles released from the subducting slab as it undergoes dehydration
reactions during blueschist-eclogite facies metamorphism, although decompression
melting from subduction-induced corner flow has also been suggested to be a possible
mechanism for triggering melting (Wilson, 1989; Turner et al., 2000; Annen et al.,

2006).

Typically, the volcanic arc forms ~100-125 km above the top of the subducting plate
(Gill, 1981; Tatsumi, 1986; England et al., 2004; Syracuse & Abers, 2006). Previously
it has been suggested that this distance to the top of the slab is relatively constant and is
due to the depth at which hydrous minerals in the subducting slab break down and
release volatiles (Tatsumi et al., 1983). Recent studies, however, indicate substantial
variation in slab depth and suggest that other factors such as wedge thermal structure
may be more important in determining the location of the volcanic arc than the depth at
which the dehydration of hydrous phases takes place (Schmidt & Poli, 1998; Kerrick &
Connolly, 2001, England et al., 2004; Syracuse & Abers, 2006).
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Figure 1.1: Simplified diagram of the Pacific-Australian subduction zone beneath New Zealand
showing subduction of Pacific Plate and locations of mantle wedge, fore-arc region and Taupo
Volcanic Zone (which encompasses both arc and back-arc volcanism). Modified from Cole (1990)
and using interpretation of underplated or heavily intruded mafic lower crust from Harrison and
White (2004, 2006).

Prior to eruption at the surface, magma in continental arc settings must ascend through
the continental lithosphere. The low density of the continental crust may retard ascent of
the magma, allowing it to be modified by a range of physical and chemical processes
including decompression, heat transfer from igneous underplating, fractional
crystallisation, crustal assimilation, mafic recharge, degassing, and magma mixing
(Ruprecht & Worner, 2007; Streck, 2008). Mixing may occur between magmas which
have differentiated/resided in different parts of the magmatic plumbing system or
between different parts of the same magma chamber which have different temperatures

and/or chemistry (Streck, 2008).

Whilst basaltic andesite to andesitic volcanism is dominant in volcanic arcs, in many
cases it is associated with equal or greater quantities of basalt, rhyolite, or dacite
(Carmichael et al., 1974; Figure 1.2). Young oceanic arcs tend to be associated with
tholeiitic magmas, whereas calc-alkaline magmas are dominant in mature oceanic arcs

and continental arc settings (Miyashiro, 1974). Arc rocks typically show enrichment in
CHAPTER 1: Introduction 4



the large ion lithophile elements, which has been attributed to metasomatism of the
source mantle by fluids released from the subducting slab, and are characterised by flat
chondrite-normalised middle to heavy rare earth element profiles implying a shallow
(spinel Iherzolite) mantle source (Wilson, 1989; McCulloch & Gamble, 1991; Murphy,
2007). Variations in chemistry, temperature and dissolved H,O contents can occur
along an arc. For example, Annen et al. (2006) noted how there may be a range from
dry and hot magmas to wet and cool magmas within the one arc, and Philpotts (1990)
noted a change in the Lesser Antilles from tholeiitic magmatism in the north to alkaline

in the south.

Figure 1.2: TAS diagram of arc volcanism compiled using subsets of whole-rock data sourced from
the GEOROC database for the Cascadian, New Zealand, Honshu, Andean, and Aleutian arcs.

Despite the abundance of andesitic bulk rock compositions in arc settings, recent studies
suggest a pronounced lack of corresponding melts of andesitic composition.
Experimental crystallisation work by Reubi and Blundy (2009) combined with melt
inclusion and whole-rock geochemical data suggests a compositional bimodality of
melts reaching the upper crust, possibly resulting from the phase relations of hydrous
basalts in the mid- to lower crust. Rocks with andesitic whole rock chemistry are

therefore commonly highly porphyritic rocks composed of predominantly mafic crystal
CHAPTER 1: Introduction 5



cargoes hosted within dacitic to rhyolitic melts, rather than rocks which have
crystallised from melts of true andesitic composition. This observation highlights the
need to study porphyritic arc rocks by analysing the crystal population in more detail

rather than focusing on whole rock geochemical studies.

1.2.2 Crystals as archives of magmatic processes

Despite the complexity of arc systems and the range of processes which may occur prior
to eruption of these magmas, they are particularly important to understand. In addition
to their association with ore deposits (e.g. Beckinsale & Mitchell, 1981), importance for
models of the growth of continental crust (e.g. Taylor, 1967) and role as being the only
site where surficial material is recycled back into the mantle, arc volcanoes are the
second largest site of magma production globally (Wilson, 1989). Eruptions from arc
volcanoes can be particularly hazardous. For example, the eruptions of Krakatau in
1883 and Mt Pelée in 1902 resulted in thousands of fatalities due to the associated
tsunami and pyroclastic flows (Symons, 1888; Heilprin, 1903). It is hoped that
improved understanding of the processes involved in subduction zone volcanism will

lead to improved monitoring systems and risk assessment of active volcanoes.

Textural characteristics of volcanic rocks and their crystal populations such as crystal
size and abundance, crystal zoning patterns, dissolution features and reaction rims can
provide information about the magmatic history and pre-eruptive conditions (Davidson
et al., 2001; Ginibre et al., 2007; Streck, 2008). Linking these textural features with in
situ major and trace element chemistry can place further constraints on the magmatic
environment prior to eruption and aid in the identification of different crystal
populations present within a single lava flow (Streck, 2008). Along with the
phenocrysts and microlites which have crystallised directly from the magma and are in
equilibrium with the surrounding glass, the crystal population of a volcanic rock may
include abundant antecrysts and xenocrysts (Figure 1.3). Antecrysts are crystals that
have formed within the same magma system but been stored in crystal accumulations or

recycled through multiple recharge events prior to their eventual eruption, whilst
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xenocrysts are those foreign to the magma system that have been incorporated from

country or wall rock (Jerram & Martin, 2008).

Figure 1.3: Back-scattered electron image of a polished section of sample SB48 (the 18" September
1954 lava flow from Ngauruhoe), showing plagioclase microlites in the groundmass, possible
phenocrysts with near-uniform composition similar to that of the microlites, and antecrysts (or
possibly xenocrysts) with distinctly more anorthitic core compositions and sieve texturing. Light
grey crystals are pyroxenes.

Since the outermost portion of a crystal is in equilibrium with the surrounding melt
from which it is crystallized, the compositional zoning in minerals will reflect temporal
changes in the evolution of the magmatic environment. These may be chemical changes
such as magma recharge, mixing or assimilation, or changes in physical parameters
such as temperature, pressure or oxygen fugacity (Ginibre et al., 2007; Streck, 2008).
Correlating major element zoning with trace element measurements aids in
distinguishing from within this range of possible causes. For example higher Cr
concentrations coinciding with higher Mg regions of a pyroxene may indicate that the

higher Mg regions are the result of growth from a more mafic melt as opposed to a

higher oxygen fugacity (Streck, 2008). Textural zoning in antecrysts has the potential to
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preserve a record of events in the evolution of the magma system as a whole, whereas
phenocrysts record the history of only the last major batch of magma (Jerram & Martin,
2008). Melt inclusions trapped during crystal growth may also act as a useful archive of
changes in melt chemistry and volatile content during magma evolution, potentially
providing a direct snapshot of the melt composition at the time of entrapment. However,
melt inclusion analyses should be approached with caution due to the possibility of
post-entrapment processes which may alter the chemistry, such as growth of the host
crystal from the trapped melt, leakage of the inclusion, or diffusive exchange between
the host and melt (Lowenstern, 2003). In addition, recent work indicates that water
exchange may occur between melt inclusions and the host magma and that they are
therefore not a reliable record of the volatile content at the time of entrapment

(Portnyagin et al., 2008).

In situ geochemical techniques applied to crystal zoning and textures, melt inclusions
and interstitial glass can thus provide information that cannot be obtained from whole-
rock analyses alone, which average and obscure this finer-scale detail of the petrological
history of the rock to give only a bulk composition. The chemical and textural
information preserved within the crystal population has the ability to record the major
magmatic events that occur in the lead up to eruption, providing evidence to allow

reconstruction of aspects of the sub-volcanic magmatic plumbing system.

1.2.3 Constraining the timescales of magmatic processes using diffusion modelling

Our understanding of the timing of processes that occur between partial melting of the
mantle and the eruption of lavas at the surface is limited. Uranium-series disequilibrium
dating has been applied to magmatic systems to calculate timescales for a range of
magmatic processes, including magma storage, differentiation, crystallisation and
degassing (Condomines et al., 2003). However, uranium-series techniques can be
somewhat problematic, often relying on the assumption of closed-system evolution or
assumptions about initial isotopic ratios. Recently, the experimental determination of
diffusion coefficients for a range of elements in different minerals has allowed the

modelling of diffusion across compositional boundaries in igneous crystals to be used as
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a new tool to investigate the timescales of magmatic processes (Chakraborty, 2008;
Costa et al., 2008). Diffusion modelling has a number of advantages over uranium-
series techniques such as: (1) being unaffected by crustal assimilation and open system
processes, (2) there not being a limit on the sample age that it is possible to calculate a
timescale from (it is theoretically possible to obtain a timescale for a month-long event
from a million year old rock), and (3) not necessarily requiring the process it dates to be

one that resulted in the significant fractionation of isotopes.

Diffusion modelling is based on the fact that at magmatic temperatures diffusion of
elements will smooth out an initially sharp compositional boundary at a rate dependent
on the temperature and the diffusion coefficients of the elements of interest in that
mineral (Zellmer et al., 1999; Costa et al., 2008; Figure 1.4). Thus, using experimentally
determined diffusion coefficients coupled with temperatures obtained from
geothermometry, profiles of element concentrations obtained perpendicular to
compositional boundaries can be used to calculate the timescale over which the zones
have existed at magmatic temperatures. For example, if mafic recharge causes a pre-
existing crystal to grow a more mafic rim, then the timescale calculated for the
boundary between those two zones would represent the amount of time prior to eruption
that renewed crystal growth occurred following the recharge event. Diffusion modelling
therefore provides a tool to investigate the timescales of magmatic processes occurring

in the lead up to a volcanic eruption.
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Figure 1.4: Diagram modified from Morgan and Blake (2006) to illustrate how an originally sharp
compositional boundary in a crystal (left) degrades over time due to diffusion (right). Black line
represents the concentration curve for an element that diffuses more quickly in the crystal and lower (grey)
curve for one that diffuses more slowly. Dashed lines in the right-hand graph show overlain initial
concentrations from the left-hand graph. With knowledge of the magmatic temperature and the speed at
which diffusion of the element of interest occurs in the crystal at that temperature, the extent to which
diffusion has occurred (e.g. the shape of the top vs. bottom line on the right-hand graph) can be used to
calculate the time for which the zones have been adjacent at magmatic temperatures.

1.3 Geology of Mt Ngauruhoe

1.3.1 The Taupo Volcanic Zone and the Tongariro Massif

The Taupo Volcanic Zone (TVZ) in New Zealand is a region of volcanism and intra-
continental back-arc extension associated with the north-westward oblique subduction
of the oceanic Pacific Plate beneath the Australian Plate at the Hikurangi Trough (Cole,
1990; Figure 1.5). It has had an average eruption rate of 0.28 m3 s™* over the last 0.3
Myr determined from the exposed eruptives, making it one of the most frequently active
and productive rhyolitic systems on Earth (Wilson et al., 1995). The crustal basement
comprises Paleozoic-Mesozoic indurated sandstones and mudstones of the Torlesse
terrane, originally derived from erosion of the continental margin of Gondwana

(Mortimer, 1994). Seismic reflection and refraction data from active and passive
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sources indicate that the original TVZ crustal basement has been thinned to up to half of
its pre-deformation thickness (Stratford & Stern, 2004; Harrison & White, 2004). This
extension has been largely accommodated by a set of densely distributed NE-SW
striking normal faults known as the Taupo Fault Belt, combined with dyke intrusion and

the opening of vertical extension fractures (Rowland and Sibson, 2001).

Figure 1.5: North Island of New Zealand showing the location of the subduction trench, relative motion
of the Pacific Plate relative to the Australian Plate, and the location of the TVZ with some of the
rhyolitic-andesitic volcanism associated with it. Figure is modified after Browne et al. (1992), Spinks et al.
(2005) and Nicol and Wallace (2007).

Volcanism in the TVZ began around 2 Ma with andesitic activity preceding the ~1.6 Ma
onset of rhyolitic activity (Houghton et al., 1995; Wilson et al., 1995). Erupted material
has included rhyolite, andesite, and high alumina basalt along with minor amounts of
dacite arising from the mixing of rhyolitic and andesitic magmas (Graham et al., 1995).
Rhyolitic volcanism is dominant, representing >90% of the eruptives by volume whilst
high-alumina basalts represent only ~0.1% of the total volume of exposed volcanic

rocks (Graham et al., 1995). There is some spatial separation evident with regard to the
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nature of volcanism. Basalts are relatively evenly, but sparsely, distributed across the
entire TVZ, whereas rhyolites dominate the central portion, and the northeast and
southwest segments are dominated by andesitic volcanoes, with an absence of rhyolitic

calderas (Wilson et al., 1995; Houghton et al., 1995).

Located in the southwest segment of the TVZ is Ngauruhoe, the youngest cone of the
Tongariro Massif (Figure 1.6). The Tongariro Massif is a dominantly andesitic cone
complex comprising ca. 17 compositionally diverse nested and overlapping cones,
which show no apparent systematic trends in location or geochemistry through time
(Hobden et al., 1999). It is part of a larger set of andesitic volcanoes in the southern
TVZ referred to as the Tongariro Volcanic Centre, which comprises three other major
andesitic massifs in addition to Tongariro/Ngauruhoe. These are Ruapehu, Kakaramea
and Pihanga. Along with these larger centres, the Tongariro Volcanic Centre
encompasses the four smaller cones and flows of Mangakatote, Hauhangatahi,
Pukeonake and Ohakune (Cole, 1978; Figure 1.6). The majority of the Tongariro
Volcanic Centre andesites are medium-K, and all are quartz-hypersthene normative
(Cole et al., 1986; Graham et al., 1995). Most can be grouped as being plagioclase-two-
pyroxene, plagioclase phyric, or olivine-pyroxene phyric. However, clinopyroxene-
phyric andesites are also widespread, and there are rare occurrences of hornblende-
bearing andesites (Graham et al., 1995). K-Ar dating by Hobden et al. (1996) indicates
that growth of the visible portion of the Tongariro Massif has taken place since ~275 ka,
with intervals of rapid cone growth occurring at 210-200 ka, 170-130 ka, and 25 ka to

the present.
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Figure 1.6: Simplified geological map from Cole (1990) showing the volcanoes within the
Tongariro Volcanic Centre, along with some of the associated faulting. Key in bottom right gives
approximate ages for the Tongariro and Ruapehu eruptives. Main (<50 ka) vents are marked by
crosses. M denotes Mesozoic greywacke-argillite and T denotes Tertiary sediments.
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1.3.2 Early eruptive history of Ngauruhoe

Information on the cone building phase and early eruptive history of Ngauruhoe is
provided largely by the Mangatawai Tephra (Figure 1.7), a set of andesitic ash beds
conformably underlying the Taupo Tephra and overlying the Papakai Formation
(Donoghue et al., 1995). Isopachs by Gregg (1960) and Donoghue et al. (1995) show
that the Mangatawai Tephra was erupted from the Tongariro Volcanic Centre, with the
majority erupted from Ngauruhoe. The type section is on the Desert Road just south of
the Mangatawai Stream ([T19/489238] based on the NZMS 260 1:50,000 map series).
At the type section the Mangatawai Tephra is 0.79 m thick; the upper 0.29 m being a
dark brown fine ash and the lower 0.50 m consisting of interbedded dark grey and very
dark grey medium ash containing Nothofagus sp. leaves (Topping, 1973). Plant
material from the lower 7.5 cm of the leaf-bearing ash was originally radiocarbon dated
at 2500 + 200 yrs BP (Fergusson and Rafter, 1959; NZ186). However, recent re-dating
of a layer near the base of the Mangatawai Tephra using pollen gives an age of 3470 +
20 yrs BP (Mobis et al., 2008). Tephras of Ngauruhoe and Tongariro that overlie the
1850 yr B.P. Taupo Tephra are termed the Ngauruhoe Formation, and are interbedded
with the Tufa Trig Formation tephras originating from Ruapehu (Donoghue et al., 1995).
Tephrochronological studies using geochemical analyses of volcanic glass to distinguish
between Ruapehu and Ngauruhoe tephras reveal a continual decrease in the volcanic

explosivity indices of eruptions over Ngauruhoe’s history (Mobis et al., 2008).
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Figure 1.7: Photographs of the Mangatawai Tephra near the type section [T19/489238]. In the image on
the left the white of the overlying Taupo Tephra is visible in the top-left corner of the photograph, and the
more orange-brown colours of the Papakai Formation beneath the darker layers of the Mangatawai

Tephra. The tape measure is 780 mm from top to bottom. The image on the right is a close-up of the
lower section of the Mangatawai Tephra.

Hobden et al. (2002) divided the exposed Ngauruhoe lava flows into 5 groups based on
age and chemical composition (Figure 1.8), with stratigraphic relationships suggesting
that cone growth has occurred in a sectorial manner controlled largely by summit
morphology. The lavas comprise porphyritic to glomeroporphyritic olivine-bearing
basaltic andesites, andesites, and olivine-andesites, with SiO, = 54-59 wt% (Hobden,
1997; Hobden et al., 2002; Figure 1.9). Whole-rock geochemistry suggests that magma
batches at Ngauruhoe are generally small and short-lived, and show no single
geochemical trend or simple evolutionary trend throughout time (Hobden et al., 1999).
In addition, there is some evidence for magma mixing shown by the textural features
and chemical zoning of the crystal population. Sieve-textured plagioclase phenocrysts,
which suggest mixing and/or rapid decompression, are abundant throughout the

Ngauruhoe lavas. A number of lavas also contain orthopyroxene reaction rims around
olivine, augite rims around orthopyroxene, phenocrysts with strong reverse zoning, and

olivine phenocrysts more forsteritic than would be expected given their host rock Mg

number (Hobden, 1997; Hobden et al., 2002).
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Figure 1.8: Diagram modified from Hobden et al. (2002) showing the grouping of the exposed
Ngauruhoe lava flows based on age and chemical composition, with group 1 being the oldest flows and
group 5, shown in black, being the most recent (historical) flows. Stippled lava flows are those which
have unique chemistry from the other flows in their group (plotted in stippled grouping on the bivariate

plots).
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Figure 1.9: Total alkalis silica classification diagram for samples from Ngauruhoe and Tongariro lava
flows from Hora (2003), using whole rock geochemical data taken from Hobden (1997).
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1.3.3 Historical eruptions and current understanding of Ngauruhoe

Until 1975, Ngauruhoe was one of the most continuously active volcanoes in New
Zealand, having produced ash eruptions every few years since records began for the
volcano in 1839. A complete list of these eruptions excluding steam-only events can be
found in Gregg (1960). Most notably, lava and block-and-ash flows involving the
eruption of fresh magmatic material accompanied the eruptions of 1870, 1949, 1954-55

and 1974-75. These eruptions are summarised in Table 1.1.

Table 1.1: Summary of the main historical eruptions from Mt Ngauruhoe.

1870 1949 1954 1974-1975
19" February
Eruptive Period  ~\Pril-August 912" February Seliem?e/:lzgm 1975
P 1870 1949 (_‘:\Aamh Jo5s)  (“Dec 1973-Feb
1975)
Strombolian,
. Effusive, Strombolian, .
Eruption Style Vulcanian Effusive Vulcanian

Approximate
volume of ~870,000 m3 915,000 m? 6,500,000 m3 2,000,000 m3
material erupted

Eruption Block-and-ash >10 aa Iavfa Block-and-ash
Two lava flows flows, scoria
Products flow, lava flow cone flows, ash fall

Sources: Hector (1870), Cloud (1951), Gregg (1960), Nairn and Self (1978), Hobden et al. (2002).
Approximate volumes are for the eruption products listed (i.e. the 1954 and 1975 eruption volumes are
inclusive of the scoria cone and ash fall, respectively).

There has been some uncertainty as to the dates and locations of the lava flows that took
place around 1870, as is discussed by Gregg (1960). However, an account by Hector
(1870) indicates that the eruption began shortly after an earthquake in the area on the
evening of the 5th April 1870, with lava flow(s) occurring around the 7th-10th July: *“a
broad stream of red hot lava is distinctly visible flowing down the side of the mountain
in a wavy, irregular mass”. Whilst the exact location of the lava flows is not described,
Gregg (1960) suggests that the flows mapped by Battey (1949) as IX and X in the
Mangatepopo valley and labelled by Cloud (1951) as possibly being from 1869 or 1881
were likely to have been those erupted in 1870 (Figure 1.10), and they have been treated
as such since (Hobden, 1997; Hobden et al., 1999, 2002; Hora, 2003).
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The 1949 eruption was a relatively short-lived strombolian eruption that commenced on
the morning of the 9th February with the ejection of plug material from one of the
crater’s two vents resulting in block-and-ash flows (Cloud, 1951). The crater then filled
with lava which overflowed the lowest part of the rim on the north-west side of the cone
that night, and had essentially stopped moving by February 12th (Battey, 1949; Cloud,
1951; Figure 1.11).

Figure 1.11: Photographs of the 1949 lava flow shortly after its emplacement (Cloud, 1951). (A) View
looking up the flow from near its termination, showing median and lateral ridges. Part of the track of the
preceding hot avalanche is visible toward the right of the image. (B) One of the terminal lobes of the 1949
lava flow, avalanche track in foreground. (C) Side view of the lava flow. (D) Aerial photograph showing
the location of the 1949 lava flow (white arrow near right), with the 1870 lava flows also clearly visible in
the centre of the image.

The eruptions of 1954 commenced with ash explosions on 13th May 1954, although
lava had been observed in the crater 5 months previously (Gregg, 1956). During the
eruption period, at least 10, and possibly up to 17, “a‘a lava flows occurred along with
the build up of a scoria cone in the crater which together amounted to a volume of
~6,500,000 m3 of extruded material, with several block-and-ash flows occurring in
addition to this (Gregg, 1960; Hobden et al., 2002). A map by Hobden et al. (2002)

indicating the locations and dates of some of these 1954 lava flows is shown in Figure
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1.12. Lava remained in the crater until June 1955, despite the last ash explosion having

taken place on 10th March 1955 (Gregg, 1956).

In January 1974 and February 1975, sub-plinian and vulcanian eruptions resulted in a
series of pyroclastic avalanches which were funnelled by low points on the summit
down the north-western sector of the cone. Avalanches resulted from both the collapse
of piles of agglutinate that were accumulating during the eruption and collapse of the
dense central part of the eruption cloud during the vulcanian phase (Nairn and Self,
1978; Lube et al., 2007). Despite its former high eruption frequency, Ngauruhoe has not

erupted since 1975.

Figure 1.12: Map from Hobden et al. (2002) showing the locations and dates of the historical Ngauruhoe
lava and block-and-ash flows.
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1.4 Structure of this thesis

This thesis is structured in the following way:

Chapter 1: An introductory chapter describing the nature and petrogenesis of subduction
volcanism with specific reference to the Taupo Volcanic Zone. This chapter
also provides a geological background to Ngauruhoe and describes the
objectives and structure of this thesis.

Chapter 2: A chapter describing the Ngauruhoe lava flows that were sampled along with
detailed petrographic descriptions.

Chapter 3: A chapter that presents the results obtained from analyses of mineral major
and trace element chemistry for all phases within the Ngauruhoe lava flows
and from diffusion modelling of zoning within the clinopyroxene crystal
population.

Chapter 4: A chapter that interprets and expands upon the results of the previous two
chapters, placing them in the context of other literature and presenting the
major results and implications of this study.

Chapter 5: A final chapter that synthesises the main conclusions of this thesis. This
chapter also makes suggestions as to potential future work.

A series of appendices as follows:

Al Sample list

A2 Analytical methods

A3 EPMA and LA-ICP-MS data tables
A4 Geothermometry

A5 Diffusion modelling background, methods and data
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CHAPTER TWO:
FIELDWORK AND PETROLOGY
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Plate 2: The 18" August 1954 lava flow view
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2.1 Fieldwork

Fieldwork was carried out in January 2008, using aerial photographs from New Zealand
Aerial Mapping Ltd (photographs SN 8440 F/20 and G/21) along with a geological map
of the lava flows from Hobden et al. (2002) to plan sampling and to confirm locations in
the field. Samples were taken from lava flows in the Mangatepopo Valley both beneath
and above the 1.8 ka Taupo Ignimbrite, and on the north-western flanks of Mt
Ngauruhoe with the aim of collecting a sample suite encompassing a wide time-span of
Ngauruhoe’s eruptive history. There was a particular focus on the historical lava flows
in order to allow the crystal residence times, petrology and geochemistry of the flows to
be linked to known eruption dates. A map showing the lava flows and sample locations
is given in Figure 2.1, and a full sample list with GPS co-ordinates is provided in

Appendix 1.

Figure 2.1: Map of the Ngauruhoe lava flows modified from Hobden et al. (2002) to
show the locations of samples used in this study. Topographic underlay is sourced from
Topo50 Map BH34 Raurimu, Crown Copyright Reserved.
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2.2 General petrology of the historical lava flows

Whole rock data for the historical Ngauruhoe lava flows places them in the basaltic
andesite to andesite field (Hobden, 1997). All samples are predominantly plagioclase
and pyroxene phyric, with minor olivine. Plagioclase is the most abundant phenocryst
phase, and orthopyroxene is generally more abundant than clinopyroxene. Small grains
of highly altered amphibole can sometimes be found, but are rare. Feldspathic and
quartzose xenoliths and micro-xenoliths (Figure 2.2) are a common feature throughout
the flows. In-depth work on the xenoliths from the 1954 lava flows by Steiner (1958)
suggests an acid gneiss as the origin, but later work by Hobden (1997) argues for a
cognate (hypabyssal crystallisation) origin for feldspathic xenoliths and a quartz vein

origin for quartzose xenoliths.

Figure 2.2: Photomicrographs of xenoliths.
The image on the top left is of a quartzose
micro-xenolith from the 18" August 1954
lava flow with a distinct band of finer grained
crystals. The image on the top right is a
guartzose micro-xenolith from the 30" June
1954 lava flow, and the bottom right is a
feldspathic micro-xenolith from the 18"
August 1954 flow that contains some
pyroxene.

The groundmass texture of the lava flows is hyalopilitic, consisting of acicular
microlites of plagioclase and orthopyroxene + titanomagnetite set in interstitial glass.
Contrary to the suggestion of Steiner (1958) that plagioclase microlites do not always
occur in the groundmass, plagioclase microlites were present in all samples analysed in

this study and were equally abundant as pyroxene. This can be observed in Figure 2.3,
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where the darker acicular crystals are plagioclase microlites. The groundmass is very
microlite rich, and as a result areas of groundmass glass large enough to analyse by
electron microprobe were difficult to find. Comparative images of the groundmass to
show differing textures between the historical lava flows are shown in Figure 2.3.
Whilst the groundmass texture may largely relate to how quickly the lava flow cooled
and perhaps the part of the lava flow that was sampled, as these are the polished thick
sections that were worked on, the images have been included so that any way they could

influence or relate to the results of the study can be assessed.

The historical lava flows generally have a smaller average crystal size than the pre-
historical flows, although the overall size range is about the same. This is illustrated in
Figure 2.4. The 1870 lava flow also has the largest average crystal size out of the
historical flows, with more of the crystal population in the 700 um to 2 mm size range
than is the case for the later flows, for which by far the majority of crystals are <1 mm

across.
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Figure 2.3: Back-scattered electron (BSE) iages of groundmastextures of the historical
Ngauruhoe lava flows in the polished thick sections used for analyses. All images are taken on the
JEOL JXA-8230 Superprobe at 800x magnification.
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Figure 2.4: Plane light images of thin sections to show the
difference in average crystal size between the prehistorical and
historical lava flows. a: SB3, a prehistorical lava flow erupted
prior to the 1.8 ka Taupo Ignimbrite. b: SB14, a prehistorical
lava emplaced some time after the Taupo Ignimbrite. c: SBIII,
1870 lava flow. d: SB20, 1949 lava flow. e: SB55, 30th June
1954 lava flow.
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2.3 Petrological features of the mineral populations

2.3.1 Clinopyroxene

Clinopyroxene occurs both as individual crystals and as glomerocrysts (xopx). Crystals
generally range from <100 um across up to about 2 mm, with rare crystals as large as
2.7 mm across. A wide range of zoning patterns can be observed in the clinopyroxene
crystals of the historical lava flows, with great variation both within and between the
lava flows. A flow-by-flow description of the crystal zoning and textures observed is

given below.

1870: Clinopyroxenes from the 1870 lava flow (Figure 2.5) generally have distinct Mg-
rich cores (Mg# 83-85) surrounded by more Fe-rich zones (Mg# 66-79) with another
relatively Mg-rich outermost rim (Mg# 74-82). Core chemistry has frequently been
affected by dissolution or chemical re-equilibration with melt inclusions. Inner zoning
of the crystals appears to be more diffuse than is observed in the later historical flows,

perhaps indicative of longer timescales in the plumbing system prior to eruption.

1949: Like the 1870 lava flow, clinopyroxenes from the 1949 lava flow (Figure 2.6)
generally possess a distinct Mg-rich core (Mg# 85-90), which makes up a larger
proportion of the crystal than for the 1870 flow, and has a sharper compositional
contrast against surrounding Fe-rich material (Mg# 68-76). Sometimes a more Mg-rich
outermost zone is observable, but the Mg# of this zone varies greatly between crystals,

from Mg# 73-87 for those that were analysed.

4th June 1954: The clinopyroxene crystal population of the 4th June 1954 lava flow is
dominated by crystals that have a rim of Mg# 73.5-77 adjacent to an inner zone of Mg#
78-83 (Figure 2.7a-b). Further in is usually a zone, which in some cases is the core, of
Mg# 85-90. In other crystals, core composition is more Fe-rich (Figure 2.7c) or zoning
is more complex (Figure 2.7d-e). A separate crystal type has a series of diffuse zones
bound by a sharp more Mg-rich rim (Figure 2.7f). Melt inclusions are frequently
concentrated into particular zones, sometimes more Fe-rich zones and sometimes in the

mafic core (Figure 2.7g-h).
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Figure 2.5: BSE images of clinopyroxene crystals from the 1870 lava flow, showing some of the
range in zoning and textures Numbers indicate Mg# of analysed zones, with lines directing to where
the measurement was ma
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Figure 2.6: BSE images of Mg numbers
given where measured. Crystals with zoning patterns similar to those of a, b and ¢ appear to be the

most common, however, many varieties occur as demonstrated by the remaining images.
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Figure 2.7: BS

|ma of clinopyroxene crystals from the 4th June 1954 lava flow, with Mg#
given where measured. Particular features are discussed in the text.
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30th June 1954: Zoning examined in the clinopyroxenes from this lava flow (Figure 2.8)
was relatively simple. Crystals generally have a Mg-rich core or inner zone of Mg# 80-
88 followed by a zone or several zones of more Fe-rich composition (Mg# 65-73), with
a final thin rim returning to a more Mg-rich composition (Mg# 75-82). In some crystals
there is a core within the Mg-rich inner zone that is of a more Fe-rich composition, and
in other crystals an originally Mg-rich core has been altered to more Fe-rich

compositions by abundant melt inclusions.

14th July 1954: The most common zoning pattern of those 14th July 1954
clinopyroxenes examined was relatively simple (Figure 2.9a), consisting of a Mg-rich
core (Mg# 85-87) surrounded by a zone of Mg# 81-83, sometimes with a further more
Fe-rich rim of Mg# 75-78. In some crystals there is a zone adjacent to the core that has a
more magnesian composition than the core material. Another common crystal
population (Figure 2.9b) is defined by a distinct Mg-rich core (Mg# 80-82) against
considerably more Fe-rich material (Mg# 65-69), with a very thin magnesian rim of
similar composition to the previous population (Mg# 73-79). Other crystals show more
complex zoning patterns (Figure 2.9c-d). One of the particularly distinctive features of
the 14th July lava flow is that it also contains a population of clinopyroxene crystals
which have experienced a marked rapid dissolution event near the rim (Figure 2.9e-f).
This texture occurs against an inner zone of Mg# 71-72 with patches of crystal on the
outer edge of the zone that have Mg# as high as 85-87, indicating that after growing
quite an evolved zone the clinopyroxene was then immersed into a particularly mafic
melt. Crystallisation of a clean outermost rim of Mg# 82-85 has then occurred. A
separate set of 14th July 1954 crystals show a more saw-toothed texture to a distinct Fe-

rich zone (Figure 2.9g-h), which has Mg# 66-72 against a zone of Mg# 79-84.
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Figure 2.8: BSE images of cllnoroxe ystals from the 30th June 1954 Iava flow, with Mg#

calculated for zones given where measured.
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Figure 2.9: BSE images of clinopyroxene crystals from
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29th July 1954: Clinopyroxenes from the 29th July 1954 lava flow often possess a Mg-
rich core (Mg# 84-87) containing abundant melt inclusions which have altered the
chemistry of the area around them. This core is then followed by a more Fe-rich zone
(Mg# 69-73). Some crystals then have a wide zone (which in some cases is the rim) of

Mg# 83-86. A population of crystals also have cores of orthopyroxene (Figure 2.10) that

are relatively Fe-rich (Mg# 72-75).

A W
100pm JEOL
X 180 15.0kV COMPO HOR WD 11.lmm 8:21 X 170 15.0kV COMPO HOR WD 11.lmm 9:53

Figure 2.10: BSE images of clinopyroxenes from the 29th July 1954 lava flow with inclusions of
orthopyroxene in the cores. In the picture on the left there are two patches of orthopyroxene which
lie within a more Fe-rich zone of the Mg-rich core, probably due to diffusive exchange between
the Fe-rich orthopyroxene crystals and the originally Mg-rich core.

18th August 1954: The 18th August lava flow clinopyroxenes that were examined
predominantly display quite simple zoning similar to the first population described for
the 14th July lava flow, that have spent the majority of their growth in relatively mafic
melt (Figure 2.11). Cores have Mg# 84-91, sometimes followed by a zone (which, when
it occurs, is more mafic than the core) of Mg# 88-90, mantled by a wide rim or zone of
material with Mg# 82-86. Sometimes this is followed by a thinner rim of Mg# ~76. The
18th August flow also contains a population of crystals that have experienced rapid
dissolution at the edge similar to the 14th July crystals, however the texture is slightly
different and the original Fe-rich zone appears to have been even more Fe-rich, with

material of Mg# ~83 forming a rim on material of Mg# ~65.
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Figure 2.11: BSE images of clinopyroxene crystals from the 18th August 1954 lava flow, with Mgt
labelled where measured.
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16th September 1954: Clinopyroxenes examined from this lava flow generally have
cores of Mg# 81-87 followed by an Fe-rich zone of Mg# 65-69, and a further Mg-rich
zone/s of Mg# 82-85 and/or Mg# 72-77 before the rim (Figure 2.12a-d). The outermost
rims are too thin to analyse on many crystals, but where analysed were Fe-rich (Mg#
65-69) and occasionally composed of orthopyroxene rather than clinopyroxene. Some
crystals also exhibit a dissolution texture near the rim similar to that observed in the
14th July and 18th August flows, with an outer zone of Mg# 83-85 against an inner
zone of Mg# 68-70 (Figure 2.12e-f). The outermost rim of these crystals is also Fe-rich,

although too thin to analyse.

18th September 1954: The most common clinopyroxene crystal zoning pattern of those
examined from the 18th September 1954 lava flow consists of cores of Mg# 82-90
surrounded by a more Fe-rich zone or zones that drop as low as Mg# 67-69 before a thin
final rim of Mg# 73-80 (Figure 2.13a-f). In many cases, the core chemistry has been
affected in places by abundant melt inclusions. There is also a less common population
of crystals (Figure 2.13g) that are almost entirely of mafic composition (Mg# 89-92)
with a very thin rim of Fe-rich material (Mg# 67-68). A further population of crystals
(Figure 2.13h) is characterised by a core of Mg# ~87, followed by a series of very fine
zones ranging from Mg# 80-86.

1975: Clinopyroxene crystals from juvenile material erupted in 1975 generally have
cores of Mg# 84-91. This core is often mantled by more Fe-rich zoning (Mg# 67-72)
before another band of Mg# 81-87. Further Fe-rich zoning (Mg# 66-73) then occurs
prior to the rim. Rim composition appears to be highly variable, although this may
partly be due to sectioning effects, with some crystals having rims with Mg# 65 (Figure
2.14a-b), others Mg# 73-75 (Figure 2.14c-d), and yet other crystals having rims of Mg#
~80 (Figure 2.14e-f). In addition, some 1975 clinopyroxenes show a dissolution texture
toward the rim not unlike that seen in the 14th July, 18th August and 16th September

1954 lava flows, with the difference that the rim that has formed on the texture is
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considerably more Fe-rich than the material that forms the texture (Figure 2.14g). A

small subset of the clinopyroxenes also have a highly altered core (Figure 2.14h).

I 100pm JEOL 1/2s/2010
15.0kV COMPO HOR WD 11.1mm 1:11:56

_ /81_0 o d

66.0 757

— 100pm JEOL 1/2s/2010
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100pm JEOL 1/a2s/2010
15.0kV COMPO HOR WD 11.1mm 11:24:24

Figure 2.12: BSE images of clinopyroxene crystals from the 16th September 1954 lava flow, with

Mgf# given where measured.
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Mg# given where measured.
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Figure 2.14: BSE images of clinopyroxene crystals from juvenile material erupted in the 1975
block-and-ash flow, with Mg# given where measured.
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2.3.2 Orthopyroxene

Orthopyroxene occurs as individual crystals up to 2.4 mm long, glomerocrysts,
microlites, reaction rims on olivine and occasionally as rims on some clinopyroxene
crystals. It also occurs as secondary inclusions in the cores of some clinopyroxene

crystals, as shown in Figure 2.10.

Those crystals that occur as reaction rims around olivine show a gradational increase in
magnesium toward the contact with the olivine, where they are generally quite Mg-rich
(Mg# 75-85), relating to the core chemistry of the host olivine. Further from the olivine,
Mg# of the orthopyroxene can drop to as low as Mg# 66. There is then often further
zoning at the edges of the reaction rim, suggesting there have been further changes in

the magmatic conditions following the formation of the reaction rim (Figure 2.21).

Individual orthopyroxene crystals in each lava flow show a wide variety of zoning
patterns and textures, but many of these crystal-types were found to recur in similar
forms throughout the suite of historical lava flows. One of the most common zoning
patterns observed (Figure 2.15) consists of a very diffuse Mg-rich core (Mg# 76-82)
surrounded by a zone of Fe-rich material (Mg# 61-68), followed by a sharp thin rim of
an intermediary composition (Mg# 67-76). The core is frequently riddled with abundant

melt inclusions that have altered the surrounding chemistry.

Another common orthopyroxene zoning pattern observed throughout the historical lava
flows is an almost entirely Mg-rich crystal with a sharp contrast to a very thin Fe-rich
rim (Figure 2.16). Cores analysed were of Mg# 77-83, and Fe-rich rims were Mg# 61-
64 with the exception of the 1949 analysis, which had Mg# 68.

A large number of the orthopyroxenes also exhibit a dissolution texture similar to that
described for the clinopyroxenes (Figure 2.17). The Mg-rich outer part of the texture
generally has Mg# 78-81 and is against an inner Fe-rich zone of Mg# 64-67. However,
in the 1975 crystal that was analysed (Figure 2.17h), the Mg-rich rim is only Mg# 74

and is against an Fe-rich zone of only Mg# 60. In the 16th September 1954 sample, a
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rim of Mg# 70-71 has formed outside the dissolution texture of these crystals (Figure

2.179).

A further population of crystals has compositions that lie entirely within the range Mg#
68-76 for all zoning (Figure 2.18). This is the same range shown just in the rims of the
first population described. However, there is no clear size difference between this
population of crystals and the first population to suggest that they may have grown in

the short interval during which the first population acquired their rims.

Three orthopyroxenes with anomalously Fe-rich (Mg# 45-54) cores were found, one
from the 1870 lava flow and two from the 18th September 1954 lava flow (Figure 2.19).
It is probable that crystals like this occur in the other historical lava flows, but were not
identified due to their scarcity and the small number of crystals investigated from each
flow. These cores also have anomalously low Ca contents and follow different
geochemical trends to the rest of the data (see Chapter 3), indicating that they are most
likely to be xenocrysts that have then been used as a base for further crystal growth in

the magma system.
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Figure 2.15: BSE images of orthopyroxene crystals showing relatively 5|mple zoning W|tha dlffuse
Mg-rich core mantled by an Fe-rich zone, with a further sharp rim of intermediary composition. Mg#
is labelled where measured.
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Figure 2.16: Orthopyrenecrystalswith M

JEOL
£ 85

g-rich cores surrounded ve thin Fe-rich (M#
61-68) rims. a-b: 1949 lava flow, c-d: 30th June 1954, e: 16th September 1954, f: 1975. Mg# is
labelled where measured.
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Figure 2.17: BSE images of orthopyroxene crystals exhibiting a dissolution texture near the rim.
a: 1870, b: 4th June 1954, c-d: 29th July 1954, e: 18th August 1954, f-g: 16th September 1954, h:
1975. Mgt is labelled where measured.
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Figure 2.18: BSE images of orthopyroxene crystals that have all zoning within Mg# 68-76. Mg# is

labelled where measured.

Figure 2.19: BSE images of
orthopyroxene crystals with
anomalously Fe-rich cores.
The crystal in the top left is
from the 1870 lava flow, and
the two crystals on the right
are from the 18th September

1954 lava flow. '
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2.3.3 Plagioclase

Plagioclase is ubiquitous and abundant throughout both the historical and pre-historical
lava flows, occurring as antecrysts, phenocrysts, microlites, and in crystal clots and
quartzo-feldspathic xenoliths. Crystals are generally euhedral and range from ~10 pm
(microlites) up to 2.6 mm in length, although rare particularly large crystals up to 4.5
mm can be found. The crystal population is dominated by distinct calcic cores (Angp-g2)
mantled by oscillatory zoned sodic rims (Anss.74). However, crystals that are entirely
sodic, have sodic cores or possess multiple distinct (non-oscillatory) zones are not
uncommon (Figure 2.20), and some crystals with rims that are more calcic (up to Ang;)
than adjacent sodic material also occur. Sodic cores vary as widely in anorthite content

as do sodic rims, with no clear relationship to rim composition.

Sieve texturing occurs in ~40-90% of the plagioclase crystals within any one lava flow.
The 1870 lava flow appears to have a higher percentage of sieved crystals than the later
historical flows, although no clear pattern is discernible over the course of the historical
eruption period. Sieving is only seen in calcic regions of the crystals, but it is unclear
whether the region was originally calcic or has been recrystallised during the event
which caused the sieving. Anhedral titanomagnetite and Fe-sulfide inclusions in
plagioclase are common, but the titanomagnetite occurs only as a secondary feature

which has crystallised from melt inclusions in sieve textured regions of the crystals.

Figure 2.20 (over leaf): BSE images of plagioclase crystals from the historical Ngauruhoe lava
flows to illustrate the range in textures that occur. Crystals similar to a and b, with sieved calcic
cores and sodic rims, are the most common. a: Crystal from 18th August 1954 flow with a distinct
calcic core that is sieved with sodic plagioclase and melt inclusions in its centre, surrounded by a
wide oscillatory zoned sodic rim b: Almost entirely calcic and heavily sieve textured plagioclase
from 1870 lava flow with thin sodic rim. c: Crystal from 1870 lava flow that is entirely oscillatory
zoned, with transition from core to rim that is gradual rather than the abrupt change seen in most
crystals. d: Crystal from the 1949 lava flow showing small rounded calcic core in a predominantly
sodic crystal. e: Crystal from 14th July 1954 lava flow showing evidence of at least four distinct
environments, changing from a calcic core to a sodic zone, followed by another calcic zone that is
highly sieve-textured, before a final sodic rim. f: Crystal from 29th July 1954 lava flow with entirely
sodic composition excepting a relatively thin sieved calcic zone adjacent to the rim g: Crystal from
16th September 1954 lava flow that is un-sieved and of entirely sodic composition, despite being just
as large as crystals with more complex zoning. h: Crystal from 18th September 1954 lava flow
showing trails of calcic material behind melt inclusions that have transgressed into sodic inner zone.
Labels on images indicate anorthite contents.
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2.3.4 Olivine

Olivine crystals are present in minor amounts in all lava flows, but show significant
evidence of disequilibrium with the final melt (Figure 2.21). They occur both as
individual crystals and as glomerocrysts, and are nearly always highly resorbed and
encased in a symplectitic reaction rim of orthopyroxene + titanomagnetite. A number of
olivines also have plagioclase and occasionally clinopyroxene adhered to the reaction
rim, forming a small crystal clot. In addition, some crystals show evidence of diffusive
re-equilibration of Fe and Mg with both the surrounding melt and melt inclusions.
Where present, titanomagnetite occurs as a vermicular formation that is coarser further
away from the olivine and finer where directly adjacent to the crystal edge, sometimes
extending into the crystal along fractures. Reaction rims vary greatly in size both within
and between samples. In the three most Mg-rich olivines (Fo76.77) analysed from the
1975 lava flow, no reaction rim is present whatsoever, despite other olivines in the same
thin section having particularly large reaction rims. This may indicate that the crystals
have been introduced into more silicic melt at different times. Orthopyroxene reaction
rims that mantle more Fe-rich olivines (Fogo-72) are often zoned, with a distinct Mg-rich
outermost rim, or in some cases multiple zones, present. This zoning only occurs at the
outermost parts of the reaction rim where it would be able to interact with new melts,
indicating that following formation of the reaction rim the olivine has experienced one
or more further episodes of melt disequilibrium prior to its eventual eruption. Mineral
inclusions hosted within olivine include chrome spinel, titanomagnetite, Fe-sulfides,

and rare ilmenite.
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Flgure 2. 21 Images of olivine crystals from the hlstorlcal Ngauruhoe lava flows to illustrate some of
the range in textures observed. a: BSE image of an olivine with no reaction rim from the 1975 lava
flow. b: BSE image of a more Fe-rich olivine from the 1975 lava flow, showing a large reaction rim of
vermicular titanomagnetite and orthopyroxene, with the orthopyroxene possessing a distinct Mg-rich
outermost zone. c: Thin section image of glomerocryst from the 1870 lava flow. d: Olivine crystals
from the 1949 lava flow with large reaction rim of vermicular titanomagnetite, orthopyroxene and
plagioclase.
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2.3.5 Fe-Ti oxides

Inclusions of titanomagnetite and iron sulfides are found throughout all mineral phases.
However, titanomagnetite inclusions are anhedral and show evidence of having
crystallised from melt inclusions, rather than being primary mineral inclusions (Figure
2.22a). Iron sulfides occur as small round blebs (Figure 2.22b) and suggest that sulfur
saturation of the magma system occurred throughout the crystallisation of all mineral
phases. The chemical composition of the sulfides was not measured. As well as
anhedral titanomagnetite, olivine crystals have inclusions of chrome spinel (Figure
2.22c) and rare ilmenite (Figure 2.22d), and often have a vermicular titanomagnetite

growth at their edges as described in the above section.

Equant titanomagnetite crystals are present as a groundmass phase in many of the lava
flows, and also occur as a crystal phase with individual crystals ~20-100 um across. The
individual crystals are not particularly common, only a few grains were found under the
microprobe per 20 x 40 mm thick section. Rare crystals of anhedral low-Ti magnetite
(Figure 2.22e) and hercynitic spinel (Figure 2.22f) can also be found, as discussed in
Chapter 3. Where hercynitic spinel occurs it is surrounded by a plagioclase reaction rim
and shows a significant (~30 wt%) decrease in Al,O3 and corresponding increase in
FeO adjacent to the reaction rim, accompanied by a minor increase in TiO, and
decrease in MgO. The hercynite is possibly sourced from gneissic xenoliths: similar
observations of metasedimentary hercynite reacting with silicic melt to form anorthitic
plagioclase have been described (van Bergen and Barton, 1984), and earlier authors
(Steiner, 1958) have suggested a gneissic origin for the abundant xenoliths found in the

Ngauruhoe lavas.
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Figure 2.22: BSE images of opaque minerals. a: Titanomagnetite inclusion in a plagioclase crystal
from the 1975 eruption. b: Iron sulfide bleb inclusion in an orthopyroxene crystal from the 18th
August 1954 flow. c: Chrome spinel inclusion in an olivine crystal from the 1870 lava flow. d:
limenite inclusion in an olivine crystal from the 29th July 1954 flow. e: Magnetite (low-Ti) from the
18th August 1954 flow f: Hercynitic spinel with plagioclase reaction rim from the 18th August 1954
lava flow.
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CHAPTER THREE:
MINERAL CHEMISTRY AND
DIFFUSION MODELLING RESULTS

Plate 3: Mt Ngauruhoe (centre) behind the adjacent basaltic cone of Red Crater (foreground), with
Mt Ruapehu in the background at the left of the image.
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3.1 Mineral major element chemistry

3.1.1 Clinopyroxene

Clinopyroxene crystals range from diopside to augite compositions, as shown in Figure
3.1. The distinct zoning patterns described in Chapter 2 are reflected in the Mg# of the
clinopyroxenes, which range from 58-93 (where Mg# = 100xMg/(Mg+Fe®)) with
individual crystals showing variations in Mg# as high as 30 (Figure 3.2). Cores are
generally more Mg-rich than rims (Figure 3.3), with zones that occur between the core
and rim spanning the same range and sometimes extending to even lower Mg# than
exhibited by either the cores or rims, as exhibited clearly in the 14th July and 18th August
1954 flows.

Di

En . Fs

Figure 3.1: Pyroxene quadrilateral diagram showing the range in chemistry shown by the zoning of
clinopyroxene and orthopyroxene phenocrysts and antecrysts from the historical Ngauruhoe lava flows.
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Figure 3.2: Histogram showing the range in Mg# present in individual clinopyroxenes. Each analysis
contributing toward the frequency is a single clinopyroxene crystal. AMg# is obtained by subtracting
the lowest Mg# of any of the zones within the crystal from the highest Mg# found within that crystal.
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analyses of clinopyroxene crystal cores (dark blue), rims (light blue), and other parts of the

crystals (medium blue).
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3.1.2 Orthopyroxene

Orthopyroxene is abundant throughout the historical lava flows, as discussed in Chapter 2.
It shows strong zoning patterns similar to the clinopyroxene crystal population, although
without the distinct Mg-rich cores; whilst some crystals possess Mg-rich cores, much of
the crystal population has rims or other zoning with equal or greater Mg# than the core
(Figure 3.4). Overall, Mg# is lower than for clinopyroxene, ranging from Mg# ~51-85.
SiO,, Al;O3 and Cr,03; decrease with decreasing Mg# whilst TiO, and CaO are
negatively correlated with Mg#. There are small differences between the different samples,
for example the 1975 orthopyroxene analyses have lower Cr,O3 and higher CaO than the
other samples, whereas the 1949 sample has lower CaO than both the 1975 and 1870
orthopyroxenes. The three orthopyroxene analyses with particularly low Mg# (45-55) do
not follow many of the trends exhibited by the rest of the data and are a population of Fe-
rich low-Ca cores. Despite being relatively rare, these cores occur in samples erupted

almost 85 yr apart: SB32 (1870) and SB45 (18th September 1954).
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3.1.3 Plagioclase

Plagioclase crystals extend from anorthite through to labradorite compositions (Angz-s1),
although the distribution is bimodal (Figure 3.5). The crystal population consists largely
of Ca-rich cores and more sodic rims, but more complex zoning patterns and sodic cores
are also common. There appear to be small differences in the anorthite content of
plagioclase rims between lava flows (Figure 3.6), but more analyses would be required to

confirm this. Core composition does not appear to change throughout the historical lava

flows.
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Figure 3.5: Histogram of anorthite content of plagioclase analyses for all samples, showing the
anorthite content of cores, rims, and other zoning that lies between the core and rim.
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Figure 3.6: Graph showing the anorthite content of cores (filled diamonds) and rims (hollow diamonds)
of plagioclase crystals, ordered by lava flow.

3.1.4 Olivine

Olivine crystals occur in all flows but are rare, as discussed in Chapter 2. Occasionally
rims with more Fe-rich chemistry than the cores are observed, however, similar zoning is
also frequently present around melt inclusions, indicating that the more Fe-rich chemistry
is the result of diffusive re-equilibration with the surrounding melt or reaction rim rather
than a primary crystallisation feature. Because of this, only results from analyses of
olivine cores are presented here. However, the high degree of alteration of the olivine
crystals means that in some cases these apparent cores may not be the true crystal core, as
the more silicic melt may have infiltrated cracks in the crystals meaning they have not
experienced equal resorption from all sides. In addition it is possible that some crystals
which have resided in the melt for longer periods of time have experienced complete re-
equilibration with a new melt. A plot of olivine Mg# by lava flow (Fig 3.7) shows a
bimodal distribution for the majority of the lava flows, although this is possibly influenced

by the small sample size.
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Figure 3.7: Graph showing the Mg# of olivine cores ordered chronologically by the date of eruption of
the lava flows, with the oldest sample analysed (1870) at the bottom.

3.1.5 Fe-Ti oxides

The groundmass of several samples (1870, 1949, 4™ June 1954, 18" August 1954)
contains abundant Fe-Ti oxides, but their small size precludes geochemical analysis. Fe-Ti
oxides large enough to analyse occur both as separate equant crystals ~20-100 um across,
and as inclusions in the other crystal phases (olivine, clinopyroxene, orthopyroxene,
plagioclase). However, those which occur as inclusions appear to almost always have
crystallised from melt inclusions. Vermicular Fe-Ti oxides also form part of the reaction
rim surrounding many olivine crystals, and in some cases these oxides and orthopyroxene
are all that remain of a former olivine. Fe-Ti oxides which occur as separate crystals are
all titanomagnetite with the exception of rare low Ti magnetite and hercynite. Only two of
the 23 Fe-Ti oxides analysed that occur as separate crystals are low Ti magnetite, with
both occurring in the 18th August 1954 lava flow. Only two crystals of hercynite were
found as well, one in the 18th August 1954 lava flow and one in the 29th July 1954 lava
flow; in both cases the crystals were surrounded by an orthopyroxene reaction rim.

However, a number of oxides with the same appearance were observed in thin section. Fe-
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Ti oxide inclusions in crystal phases are also titanomagnetite, although titanomagnetite
crystals which occur as inclusions generally have lower TiO,, and higher MgO and Al,03
than those which occur as separate crystals (Figure 3.8). In addition, Cr-spinel and rare
ilmenite occur as inclusions in the olivine crystals, and anhedral blebs of iron sulphide
crystals occur as inclusions throughout all crystal phases. The Cr-spinel analysed is of two
types, one which has only 22-23 wt% Cr, and one which has 44-45 wt% Cr, with no

apparent relationship to the Mg# of the olivine with which they are associated.
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Figure 3.8: Graphs showing weight percent MgO and Al,O3 versus X’Usp of the Fe-Ti oxide crystal
population, where X’Usp is the apparent mole fraction of ulvdspinel relative to magnetite using the
calculation of Stormer (1983). Lower X’Usp values therefore indicate lower Ti contents. Oxide
analyses have been divided into groups depending on whether the oxide occurs as a separate crystal, an
inclusion in another crystal phase, or as part of a reaction rim around an olivine crystal (symplectite).

3.1.6 Glass

The results from major element analyses of groundmass glass and clinopyroxene melt
inclusions are presented below. The number of analyses and number of flows that
groundmass glass data are presented for is limited by the microlite-rich nature of the
groundmass and the necessity of using a defocused (10 pm) electron microprobe beam to
avoid volatile loss. Plotting the groundmass glass data on a total alkalis silica plot (Figure
3.9a) shows it to be considerably more silicic than whole rock data (Hobden, 1997), lying
in the dacitic to rhyolitic fields despite the rocks being classed as basaltic andesites.
Clinopyroxene melt inclusion data (Figure 3.9b) are in agreement with this, varying from

60-72 wt% SiO, with no apparent relationship to the Mg# of the zones in which they
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occur. Groundmass glass data show decreasing TiO,, FeO, MgO and CaO with increasing
SiO,, and increasing Na,O and Al,O3 with the exception of the 1870 and 1949 lava flows
(Figure 3.10). This may be due to the crystallisation of titanomagnetite in the groundmass
of the 1870 and 1949 lava flows, which is considerably more abundant than in the later
flows as can be seen in Figure 2.3. Melt inclusion data differs from groundmass glass data
primarily in the lack of a trend in TiO,, which for the clinopyroxene melt inclusions is
below 1.5 wt% (Figure 3.11). Groundmass glass data with TiO, below 1.5% (the 1870
and 1949 lava flows) similarly shows no variation with increasing SiO,. A particularly
notable feature of the melt inclusion data is that the 1975 clinopyroxenes appear to contain
two distinct populations of melt inclusions: one population that follows the same trends as
the other lava flows and another population that lies on quite separate trends. The separate
population of 1975 melt inclusions contains double the Fe concentrations of the other
inclusions and shows no correlation between SiO, and Al,O3, whereas the other melt

inclusions exhibit a negative correlation.
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Figure 3.9: Total alkalis silica diagrams of EPMA analyses of (a) groundmass glass and (b)
clinopyroxene melt inclusions. Whole-rock data for the historical Ngauruhoe lava flows is marked by
the grey area labelled “WR’, and uses data from Hobden (1997).
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Figure 3.10: Graphs of element oxides vs. SiO» wt% for groundmass glass, grouped

by lava flow.
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Figure 3.11: Graphs of element oxides versus SiO, for clinopyroxene melt inclusions, grouped by
lava flow.

CHAPTER 3: Mineral Chemistry

67



3.2 Mineral minor and trace element chemistry

3.2.1 Clinopyroxene

Clinopyroxene minor and trace element data are presented as ratios or individual
elements against Ce and Mg# in Figure 3.12, and as rare earth element (REE) plots in
Figure 3.13. Cr and Sr/Nd both show a curved decrease with decreasing Mg#. Eu/Eu*
(calculated using chondrite-normalised back-calculated melt values) and Ni also
decrease with decreasing Mg#. However, the trends do not appear to be curved, and for
Ni the relationship with Mg# is much more scattered. Highly incompatible elements
such as Ta and Nb were not measurable. Moderately incompatible elements, such as V,
Sc, Zr, Ti and Zn display a strong linear negative correlation with Mg#. Zr/Y increases
with increasing Ce up until about 5 ppm Ce, after which the ratio becomes flat. All
samples show an increasingly negative Eu anomaly with increasing REE, but the 1870
sample has a smaller negative Eu anomaly than later lava flows. The 1975 lava flow has
a slightly lower La/Ce than some of the other lava flows, in particular the 1949 flow.

Generally, differences between the lava flows are minor, however.

The chondrite-normalised REE plots are all light rare earth element (LREE) depleted,
with flat heavy rare earth element (HREE) profiles, as is expected for a clinopyroxene
profile. REE plots have been presented as direct clinopyroxene analyses normalised to
chondrite rather than back-calculated to melt compositions normalised to chondrite, as a
suitable set of partition coefficients could not be found. However, when back-calculated,
the general features that would be expected from a continental arc setting are present:
moderate enrichment of LREE, and a flat HREE profile indicating a shallow (spinel

Iherzolite) rather than a deep mantle source.
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Figure 3.12: CIinopyroxen,\gg?ninor and trace element data, grouped by sampiwe?#The top four graphs
use back-calculated melt compositions, calculated using partition coefficients from Zajacz and Halter
(2007). The lower four graphs use the raw clinopyroxene concentrations. Some whole rock TVZ data
have been included on the Sr/Nd vs Ce graph for comparison. Basalt data are the Kakuki, K-trig and
Red crater basalts from Gamble et al. (1993), and rhyolite data are the Kawakawa, Potaka and
Rotoehu Tephras from Allan (2008). Eu/Eu* = Eu,*/(Sm,.Gd,)**, where Eu,,Sm  and Gd are the
measured abundances back-calculated to melt compositions (Zajacz and Halter, 2007) and chondrite
normalised using Sun and McDonough (1989).
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Figure 3.13: Chondrite-normalised (Sun & McDonough, 1989) rare earth element plots of
clinopyroxene analyses, ordered by date of eruption.
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3.2.2 Plagioclase

Selected trace elements measured in plagioclase are presented in Figure 3.14. Rb/Sr, Y,
Ba, Ce and Pb all increase with decreasing An, with concentrations varying by at least a
factor of three. The range in Rb/Sr is considerably larger, varying by a factor of > 7
(from 0.00025 to 0.0019). As with the clinopyroxene trace element data, any differences
between the samples are minor: all lava flows plot within similar fields and exhibit the
same trends. A Ba versus Sr plot using back-calculated melt values obtained using
partition coefficients from Blundy and Wood (1991) appears to show two gaps in the Sr
concentration, as indicated by the black arrows. The lower Sr side of the graph consists
of rims and sodic cores. Tracing the paths of individual crystals where more than two
zones (core/rim) were measured shows no clear trend: crystals may either increase or
decrease in Sr or Ba before the final low-Sr rim. The 1949 lava flow has the lowest Sr

concentrations.
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Figure 3.14: Graphs of selected trace elements measured in plagioclase crystals. All graphs use the
concentrations of the elements measured in plagioclase with the exception of the Ba versus Sr plot,
which uses back-calculated melt concentrations obtained using the equations of Blundy and Wood
(1991).
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3.3 Diffusion Modelling Results

Probability density functions for timescales calculated on the outermost rims of the
clinopyroxene population are given in Figure 3.15. These indicate the relative
probability that the true age of the rim occurs at a given point. A broader curve suggests
the true age is less well constrained from the given data than a pronounced peak — i.e.
wider range of ages for individual rims will result in a broader overall curve. Two peaks
of the main curve would indicate there may be two separate crystal populations.
Temperature errors also affect the broadness of the curve. For these graphs, a
temperature error of +56°C has been selected: this is the standard error of the estimate
(SEE) for the thermometer given by Putirka (2008), but is larger than the 2 sd of the
temperatures calculated for any of the lava flows, as shown in Appendix 4. Longer
individual timescales always have a broader curve than shorter timescales as the
temperature error produces a greater timescale error for long timescales than it does for
short ones. All lava flows suggest that the outermost rim formed only weeks to months
prior to eruption, with the peak in relative probability occurring at about 0.1 yr for most
samples. The 30" June 1954 and the 1975 lava flows peak at slightly higher ages of
0.16-0.18 yr, but this may be due to a larger number of rims being modelled for these
two samples resulting in a larger spread of data, rather than any true timescale

difference.

A number of mafic clinopyroxene crystal cores were also modelled, and the results from
this are presented in Figure 3.16. Crystal cores were more difficult to model as many of
them have been affected by resorption or contain abundant melt inclusions, making it
difficult to find a straight diffusion boundary suitable for modelling. The boundaries are
also more diffuse and thus much wider, necessitating a larger area of the crystal to be
completely free of any scratches or inclusions that affect the greyscale of images of the
crystals. Due to the fewer number of ages obtained as a result of these issues, all
samples have been grouped together