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Abstract

Understanding the eruptive history of a volcanically active region is critical in
assessing the hazard and risk posed by future eruptions. In regions where surface
deposits are poorly preserved, and ambiguously sourced, tephrostratigraphy is a
powerful tool to assess the characteristics of past eruptions. The city of Auckland,
New Zealand’s largest urban centre and home to ca. 1.4 million people, is built on
top of the active Auckland Volcanic Field (AVF). The AVF is an intraplate
monogenetic basaltic volcanic field, with ca. 53 eruptive centres located in an area of
ca. 360 km?. Little is known however, about the evolution of the field because the
numerical and relative ages of the eruptions are only loosely constrained, and
therefore the precise order of many eruptions is unknown. Here | apply
tephrostratigraphic and geochemical techniques to investigate the chronology and
magmatic evolution of the AVF eruptions.

First, | present an improved methodology for in-situ analysis of lacustrine
maar cores from the AVF by employing magnetic susceptibility and X-ray density
scanning on intact cores. These techniques are coupled with geochemical
microanalysis of the tephra-derived glass shards to reveal details of reworking within
the cores. These details not only allow assessment of the deposit relationships within
cores (e.g. primary vs. reworked horizons), but also to correlate tephra horizons
between cores. Through the correlation of tephra units across cores from a variety of
locations across the field, an improved regional tephrostratigraphic framework for the
AVF deposits has been established.

Following on from this, | detail the methods developed in this study to
correlate tephra horizons within the maar cores back to their eruptive source. This
technique uses geochemical fingerprinting to link the glass analyses from tephra
samples to whole rock compositions. Such an approach has not been previously
attempted due to the complications caused by fractional crystallisation, which affects
concentrations of certain key elements in whole rock analyses. My method resolves
these issues by using incompatible trace elements, which are preferentially retained
in melt over crystals, and therefore retain comparable concentrations and
concentration ratios between these two types of sample. Because of the primitive

nature of the AVF magmas, their trace element signature is largely controlled by the



involvement of several distinct mantle sources. This leads to significant variability
between the volcanic centres that thus can be used for individually fingerprinting,
and correlating tephra to whole rocks. Nevertheless, in some cases geochemistry
cannot provide an unambiguous correlation, and a multifaceted approach is required
to allow the correlation of the tephra horizons to source. The other criteria used to
correlate tephra deposits to their source centre include, Ar-Ar ages of the centres,
modelled and calculated ages of the tephra deposits, the scale of eruption, and the

deposit locations and thicknesses.

The results of this research outline the methodology for assessing occurrence
and characteristics of basaltic tephra horizons within lacustrine maar cores, and the
methodology for correlating these horizons to their eruptive source. In doing this the
relative eruption order of the AVF is accurately determined for the first time.
Temporal trends suggest acceleration of eruption repose periods to 21 ka followed
by deceleration to present. Although no spatial evolution is observed, coupling of
some centres is seen when spatial and temporal evolution are combined. The
geochemical signature of the magmas appears to evolve in a cyclic manner with
time, incorporating increasing amount of a shallow source. This evolution is seen

both during a single eruption sequence and throughout the lifespan of the AVF.

Finally, pre-eruptive processes are assessed as part of the study of the
magmatic evolution of the AVF. The effects of contamination from the crust and
lithosphere through which the magma ascends are evaluated using the Re-Os
isotope system. The results show there are variable inputs from crustal sources,
which have previously not been identified by traditional isotope systems (e.g. Pb-Sr-
Nd isotopes). Two sources of contamination are identified based on their Os
systematics relating to two terranes beneath the AVF:. the metasedimentary crust
and the Dun Mountain Ophiolite Belt. The identification of this process suggests
there is interaction of ascending melt with the crust, contrary to what previous
studies have concluded. This body of research has provided a detailed
reconstruction of the chronostratigraphy and magmatic evolution of the AVF to aid
accurate and detailed risk assessment of the threat posed by a future eruption from
the Auckland Volcanic Field.
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1.1. General Introduction

Volcanism is one of many naturally occurring events that fall under the
umbrella term of ‘natural hazards’. Natural hazards are defined as naturally
occurring elements of the physical environment, which have an adverse affect on
people, infrastructure, and environment. The sub categories of which include,
geological (e.g., volcanic eruption, earthquake, tsunami), meteorological (e.g.,
storms, drought, heat wave), and biological (e.g., disease, infestation) (Bryant,
2005). Amongst these natural hazards volcanism is often considered one of the
most complex in affecting people, and causing costly damage to the urban and
rural environments (Rymer, 2000). This is in part due to the association of active
volcanism with a multitude of related hazards such as earthquakes, lahars, or ash
fall. But in addition, due to the ever-increasing urbanisation in close proximity to

active volcanic centres (Rymer, 2000).

Volcanic hazards are subdivided into two categories: primary hazards
including lava flows, pyroclastic flows, lahars, and ash fall; and secondary hazards
that occur as a result of the primary hazards, for example contamination of water
supplies, or impact on aviation and those industries that rely on it (Rymer, 2000).
Of the hazards associated with volcanic eruptions, ash fall has the potential to
affect the largest areas, and often be the most frequent, disruptive, and costly
(Miller and Casadevall, 2000). As well as the immediate effects of ash fall (from
damage to buildings and transport links, to destruction of crops and livestock),
man-made or natural remobilisation and re-suspension means that volcanic ash
may continue to be a hazard for years to decades after an eruption (Horwell and
Baxter, 2006).

The most costly impacts from volcanic ash are to the aviation industry
(Miller and Casadevall, 2000), as the effects can become a global problem once
ash is airborne, and reaches the stratosphere. The April-May 2010 eruption of
Eyjafjallajokull, Iceland, sent ash hundreds of kilometres downwind covering much
of the UK, Scandinavia, northern Europe, and western Russia. All European and
north Atlantic airspace was closed, cancelling ca. 100,000 flights in 8 days (Oxford
Economics, 2010). The resultant secondary global impacts on commerce and

trade caused economic losses totalling ca. US $5 billion (Oxford Economics,
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2010), made up of loss in the aviation sector, loss to revenue in the hospitality and
tourism sectors, and losses in economical productivity. Similarly, in the southern
hemisphere the eruption of Puyehue-Cordon Caulle volcano, Chile, in 2011
caused problems for New Zealand aviation, causing 7 days of disruption, with 60
flights cancelled and 7000 passengers stranded (New Zealand Transport Agency,
2011).

Although the impact on the economy is costly, one of the more researched
topics in relation to ash fall hazards is the impact on respiratory health, both acute
short-term effects (directly after eruptions), and more persistent long-term risks (as
a result of long-term exposure). These health impacts are heavily dependent on
particle size and ash composition. The highest toxic potential is attributed to
shards of <4 um that can travel into the alveoli in the lungs, and cause chronic
diseases such as silicosis and pneumoconiosis, or larger particles (4-10 um) that,
when trapped in the nasal cavities or airways, can cause laryngitis or bronchitis
(Beckett, 2000). In comparison to natural dusts, fresh ash is a lot more toxic due to
its unweathered surfaces that can carry condensed volatiles, trace metals and
acids that add to irritations caused in the airways (Horwell et al., 2003). The
toxicity and reactivity of the fresh surfaces of ash also has a exceptionally high
leaching potential, and as well as the primary respiratory health issues, the
secondary leaching of fresh ash into waterways can cause contamination of both

drinking and irrigation water.

The superimposition of many urban areas on volcanically active regions,
mean information is primarily required regarding future eruption potential and
characteristics. Previous volcanic ash deposits are important in these instances for
providing information about past eruption types, scale, composition, age and re-
occurrence rates of an active volcanic regions. The information gathered is often
crucial to assess the characteristics and evolution of a volcanic hazard through
time, to allow predictions about potential future eruptions to be developed, and

hazard and risk programmes to be implemented.

In 2008 the seven-year collaborative project ‘DEVORA’ (DEtermining
VOlcanic Risk in Auckland) was set up between the University of Auckland (UoA)
and GNS Science, with links to Victoria University of Wellington (VUW) and
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Massey University (Palmerston North). The project was developed with the aim of
better understanding the monogenetic Auckland Volcanic Field in terms of the
hazard and risk it poses to the people and infrastructure of Auckland city.
Auckland is New Zealand’s largest urban centre, housing over one third of the
country’s population, and is the main control point for the country’s economic
activity. Auckland’s physical geographic setting between the Manukau and
Waitemata harbours mean that major transport and infrastructure corridors are
forced into very restricted areas. When all these aspects are coupled with its
location on top of an active volcanic field, it was perceived that a better

understanding of the potential volcanism was essential.

As with many geological studies uniformitarianism plays a key role in
allowing reconstruction of the past to inform forecasts for the future. Where the
eruptive history of a region is unknown, and there is a direct threat to a large
population, tephrostratigraphic and geochemical reconstructions can provide
critical insight into the magma source and evolution of an active volcanic area.
Thereby providing accurate information that can be used to make hazard and risk

predictions of future volcanic activity.

1.2. Scientific Rationale

Monogenetic volcanic fields by their nature often have very complex eruption
histories. The deposition and preservation of the eruptive products from individual
eruptions can allow a more informed reconstruction of the previous activity. In
particular, distal pyroclastic deposits provide a time-resolvable record of activity.
Therefore the examination and correlation of these deposits to their individual
volcanoes gives the opportunity to build a precise picture of the temporal, spatial

and geochemical evolution of the field.

Due to their primitive nature, analysis of basaltic eruptive products (e.g., lava,
pyroclastic material) also permits investigation of the mantle processes that are
occurring beneath the volcanic fields. Primitive melts are the product of initial

melting of a rock with only minor amounts of differentiation or interaction with other
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rocks, and therefore the study of primitive basalts has the potential to give insights

on the mantle source characteristics (Winter, 2010).

The over-arching goal of this thesis is to provide evidence for geological
processes that are relevant to the development of hazard and risk management
schemes for the city of Auckland. The composition of the mantle source, the
eruption characteristics, and the absolute sequence of events in the field are all
critical to understanding the hazards posed by a future eruption. All these aspects
remained outstanding questions at the inception of this thesis (refer to section
1.6).

This introductory chapter provides the necessary background information for
this research. It begins with a broad view of global monogenetic basaltic
volcanism, the associated settings, the ranges of geochemistry, and the current
models for the inception, and eruption, of these small-scale magmatic systems.
The focus of this study, the monogenetic basaltic Auckland Volcanic Field (AVF),
is then introduced including the regional tectonic setting, the local setting of the
individual centres, and details of previous studies that have focused on the age
and geochemistry of the field. The chapter then introduces tephrochronology, and
focuses on previous tephra studies of the AVF. This introductory review from the
larger picture of monogenetic volcanism, to the smaller-scale picture of the AVF
characteristics, will highlight the reasoning and significance this study. Leading
into the final section of Chapter 1, which describes the aims and key questions to
be addressed, and finally outlines the structure of the research chapters in this
thesis.
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1.3. Monogenetic Basaltic Volcanism

1.3.1. Definitions and descriptions

The term ‘monogenetic’ is applied to volcanoes that only erupt once, unlike
‘polygenetic’ volcanoes where eruptions occur repeatedly from one centre
(Walker, 2000). Polygenetic and monogenetic systems are the end-member
eruptive styles of volcanic behaviour, however natural systems often display a
mixture of both style types. For the monogenetic end-member the volcanism is
characterised by individual magma batches that are small (0.0001 to 4 km?3) (e.g.,
Guilbaud et al., 2012) and erupt infrequently (global average < 0.0001 eruption/yr.)
(Connor and Conway, 2000). The pathway to the vent does not remain a favoured
route for continuing activity, and therefore does not remain active for more than
one episode of volcanism, which may last from only a few days to years (Connor
and Conway, 2000). The magma batches generally erupt in close proximity to one
another and therefore form clusters of volcanic structures creating fields of
volcanism, suggesting their plumbing systems are more complex and dispersed
compared to a polygenetic system (Francis and Oppenheimer, 2004). Compared
to other volcanic systems which erupt basaltic magma (e.g., mid ocean ridges or
larger intraplate volcanoes), monogenetic volcanic fields have the lowest output
volume of eruptive products, on the order of tens of km? in total (Connor and
Conway, 2000). The eruption products that occur tend to vary widely with the
degree to which there is water interaction with the upwelling magma. Magma
interacting with sub-surface water results in explosive phreatomagmatic eruptions
excavating maars and forming associated tuff rings. In comparison in ‘dry’ eruption
the magma does not interact with water, and forms scoria cones and lava flows.
Some centres erupt products of both ‘dry’ and ‘wet’ styles, showing that the

eruption style can sometimes change over the course of an event.
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1.3.2. Scale, rate and longevity

Table 1.1 outlines examples and summarises the characteristics of
monogenetic fields worldwide, and Figure 1.1 locates the currently active
intraplate basaltic monogenetic fields. On a global scale the AVF is classed as
relatively small with <55 centres spanning an area of <1000 km? (Connor and
Conway, 2000). Larger fields are defined as having >100 centres over >1000 km?;
for example, the Michoacdn-Guanajuato part of the Trans-Mexican volcanic belt,
which contains over 1000 centres and covers an area of >40,000 km? (Connor,
1990).

In general, no apparent correlation exists on a global scale between the
longevity of the field and the number of vents that are produced. For example, the
Springerfield volcanic field (Arizona, USA) contains >400 vents that have been
produced in the last 2 Myr (Condit and Connor, 1996) whereas the Cima volcanic
field (California, USA) has only 70 vents formed over 4.5 Myr (Dohrenwend et al.,
1986). The AVF has produced 53 vents in ca. 200 ka (Lindsay et al., 2011)
making it comparatively quite active. However, within all given examples of fields,
volcanic activity has waxed and waned over time, with periods of heightened
activity and periods of quiescence, which is considered typical for basaltic volcanic

fields (Connor and Conway, 2000).

A large majority of the volcanic fields identified in Figure 1.1 lie in close
proximity to large urban centres (e.g., Michoacan-Guanajuato, Mexico City), and
therefore most recent studies have focused on the hazard and risk implications as
a result of the field’s settings. Investigations have focused on finding patterns in
vent distributions and considering eruptive reoccurrence rates (e.g., Conway et al.,
1998), as well as understanding the processes that govern the magma supply and
ascent (e.g., Berghuijs and Mattsson, 2013). Others, in order to predict future
eruption styles, have recorded the detailed petrological evolution of the field
through time (e.g., Blondes et al., 2008). Studies on volcanic fields have focused
on both single centres (e.g., Udo, Jeju Island, Korea: Brenna et al., 2010), multiple
centres (e.g., Mt. Gambier and Mt. Schank in the Newer Volcanics Province of
eastern Australia: Demidjuk et al., 2007)) and whole fields (e.g., South Auckland
Volcanic Field, New Zealand: Cook et al., 2005).
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Table 1.1. Features of major monogenetic volcanic fields world wide, with references; *
McGee (2012); a Nicholls and Joyce (1989); b Condit and Connor (1996); ¢ Conway et al.
(1998); d Hwang et al. (2005); e Shaw (2004); f Delcamp et al. (2014); g Brenna et al.
(2012); h Connor (1990); i Gutmann (2007); j Dohrenwend et al. (1986).

Primary

Composition of Minimum

Total area  Last known

Name Location eruptive number of E Reference
volcano type products centres (km?) eruption
Auckland North Island, scoria cones, nephelinite to 53 360 Rangitoto ca. .
Volcanic Field New Zealand maars alkalic basalt 500 yrs. BP
Newer Volcanics Victoria, shields, scoria trachybasalt/ 400 15000 Mt Gambier a
Province Australia cones, maars tephrite basinite 2900 yrs. BP
Springerville Arizona, USA  scoria cones basal.t.i(.: ) 409 3000 0.3 Ma b
tholeiitic
) . scoria cones, basalt, rhyolite, Sunset Crater
San Francisco  Arizona, USA lava domes dacite 606 5000 950 yrs. BP c
Wudalianchi  NE China scoria cones , ‘rachybasalt 14 800 1776 d
tephrite basanite
Rhineland scoria cones,
Eifel ’ maars & tuff foidite 323 1000 8300 yrs. BP e
Germany .
rinas

Chaine des Central massif, lava domes basalt/ picro 100 50 4040 yrs. BP f
Puys France basalt

. . basaltic to
Jeju Island South Korea shield trachytic 300 700 1007 yrs. BP s
Michoacan- Mesxico cinder cones , __2ndesite/ 1000 40000  Paricutin 1952 h
Guanajuato basaltic andesite

cinder cones, basalt / picro
Pinacate Mexico maars & tuff basal:l't B 408 1500 unknown
rinas

) California, . basalt to ca. 10,000 yrs. )

Cima USA cinder cones basanite 70 150 BP j
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the Auckland Volcanic field, and in red are the major fields detailed in Table 1.1
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1.3.3. Tectonic Settings

The tectonic setting of monogenetic fields has traditionally been linked to
regions of crustal extension coupled with low rates of magma production (Connor
and Conway, 2000); however, increasing numbers of studies have found that
monogenetic basaltic fields occur in a variety of tectonic environments. These
environments vary, for example, from purely subduction related upwelling (e.g.,
the Michoacan-Guanajuato Field, Mexico, on the Cocos and Rivera plates;
Ortega-Gutierrez et al., 2014), through to text-book examples of extensional
intraplate settings, often associated with plume-like upwelling that results in rifting
of the region (e.g., Eifel Volcanic Field, Germany; Shaw, 2004). Although the
eruption of an individual monogenetic volcano can be short lived (days to years)
and the total eruptive products are of low volume, a monogenetic field can have a
long life span (e.g., 4.5 Ma, Cima volcanic field; Dohrenwend et al., 1986) and

create a large cumulative volume of total eruptive products (Németh, 2010).

On a smaller scale, the geomorphologic analysis of fields worldwide has
indicated that commonly a relationship is found between the structural
environment and the spatial orientation of the centres (e.g., Timm et al., 2010; Le
Corvec et al., 2013). For example, individual centres form along known fault traces
(e.g., Springerville, Arizona, USA; Condit and Connor, 1996), or migrate relative to
plate motion (e.g., San Francisco, Arizona, USA; Tanaka et al., 1986). Other
examples include the formation of monogenetic fields on top of pre-existing
polygenetic centres (e.g., Higashi-lzu, Japan; Hasebe et al., 2001), or the
existence of both monogenetic and polygenetic centres erupting coevally in a
single field (e.g., Wudalianchi, NE China; Hwang et al., 2005). These factors show
the highly individual characteristics of the volcanic fields worldwide, and it is
therefore considered that generic volcanic principles cannot always be applied to
monogenetic fields (Connor and Conway, 2000; Németh, 2010).

1.3.4. General petrology and geochemistry of monogenetic fields

Volcanic products of monogenetic fields are dominated volumetrically by
basaltic (SiO2 < 52 wt.%) and basaltic-andesitic (SiO2 52-56 wt.%) compositions
(Valentine and Gregg, 2008). Although minor siliceous andesitic to rhyolitic dome

complexes occur (e.g., San Francisco volcanic field: Tanaka et al., 1986). In some

10
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cases entire fields can display unique chemical characteristics, for example the
products of Wudalianchi volcanic field, China, all have high K compositions (Zou et
al., 2008). Enrichment in incompatible elements (such as large ion lithophile
elements (LILE) and light rare earth elements (LREE) relative to mid-ocean ridge
basalts (MORB)) is also common, attributed by most studies to the small degrees
of melting that generate the magma batches (e.g., South Auckland Volcanic Field
(SAVF); Cook et al., 2005; Newer Volcanics Province; Vogel and Keays 1997).
Other studies attribute incompatible element enrichment to alternative processes
acting on the ascending magma, for example when mantle plume-related melts
interact with the surrounding continental lithosphere and crust (e.g., Central
European Volcanic Province (CEVP), Germany; Jung et al., 2011) or interaction of
ascending melts with subduction-metasomatised lithosphere mantle (e.g., AVF;
McGee et al.,, 2013). Studies of lava major and trace element and isotopic
compositions globally (e.g., Sr-Nd-Pb) reveal that heterogeneous mantle sources
and/or crustal assimilation (e.g., Harrat Al-Madinah volcanic field, Saudi Arabia;
Moufti et al., 2012) are required to explain observed geochemistry at basaltic
monogenetic fields, indicating that the mantle sources beneath monogenetic
volcanic fields are rarely homogeneous (see Chapter 5 and 6 for more detail).
These geochemical variations, both field-wide and for a single centre, have led a
number of authors to question the term ‘monogenetic’ in favour of terms such as

‘polymagmatic’ (e.g., Brenna et al., 2010; McGee 2012).

Systematic changes in geochemical composition throughout a single
eruption have also been identified, including: (1) gradual evolution through time to
a more primitive composition, (2) a bimodal composition, where an initial evolved
composition is followed by a primitive composition, and (3) an initial primitive
composition followed by a more evolved composition (Smith et al., 2008). Three
broad models are used to explain these changes; for (1) a single uninterrupted
eruption (Smith et al., 2008), for (2) magma stalling at a rheological boundary or
density barrier (e.g., brittle-ductile boundary between upper and lower crust)
causing the more evolved magma to be pushed ahead by the upwelling of more
primitive melt (Németh et al., 2003), and for (3) initial deep source eruption
followed by stalling over months to years and a ‘second’ eruption of this more

evolved magma over time (Johnson et al., 2008).

11
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1.3.5. Melting models for inception of eruptions

Initial models to explain the formation of volcanic fields linked crustal
weaknesses (e.g., faults or fractures) to widespread, high degrees of partial
melting and upwelling of the mantle (Connor and Conway, 2000). Studies of the
petrogenesis of most volcanic fields question this model and instead suggest that
melt production can occur at different levels within the mantle, and usually
involves low degrees of partial melting undergoing limited fractional crystallisation
(Erlund et al., 2010). The combination of these factors implies that volcanic fields
do not develop large magma chambers and therefore their melts are relatively

primitive in composition (e.g., Johnson et al., 2010).

Monogenetic fields can be separated into two overarching groups: (1) low
eruptive volume flux predominately controlled by tectonism (e.g., south-western
Nevada volcanic field; 0.5 km3/Myr; Valentine and Perry, 2007), (2) a high eruptive
volume flux primarily controlled by magma volume (e.g., Eastern Snake River
Plain field; 2.8 km3/kyr: Kuntz et al., 1986). Based on these characteristics Németh
(2010) proposed that a close link exists between the output rates of the eruptive
products, the local crustal thickness, the tectonic setting, the magma composition

and melt generation rates.

Petrogenetic studies of monogenetic fields have aided the development of
melting models aiming to describe the origin of the magma batches. The current
understanding (e.g., Connor and Conway, 2000; Németh et al., 2003; Valentine
and Perry, 2007; Smith et al., 2008; Erlund et al.,, 2010; McGee et al., 2011;
McGee et al., 2013; McGee et al., 2015) links a consistent low level of partial
melting and melt production from a number of levels within the asthenosphere,
lithosphere or a mixture of the two. Most recently McGee et al. (2015) have
highlighted evidence for a relationship between physical eruption properties (e.g.,
volume and explosivity) and chemistry of erupted products in monogenetic
volcanic fields (e.g., AVF, Wudalianchi volcanic field, and selected Hawaiian
examples). These more recent findings support the model proposed by McGee et

al. (2015) outlined above. This is discussed in more detail in Chapter 4 and 5.

From this brief overview, we can see the complexities involved in

understanding monogenetic volcanism, and the range of factors that must be
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considered when working towards an improved knowledge of the systems. It is
fundamental to understand that volcanic fields are as much individual in their
global context as they are within their contained system, and that the term

‘monogenetic’ has the potential to be misleading.

1.4. The Auckland Volcanic Field

1.4.1. Regional geology

The focus of this study is the basaltic monogenetic Auckland volcanic field
(AVF), located in the north-west of North Island, New Zealand. Since late Pliocene
times, the broader north-west region of North Island has hosted a series of
basaltic volcanic fields migrating south to north: Ngatutura/Okete ca. 2.7-1.5 Ma
(Briggs et al., 1994), South Auckland ca. 1.59-0.51 Ma (Cook et al., 2005), and
Auckland ca. 200-0.5 ka (Lindsay et al., 2011). The Auckland Volcanic Field (AVF)
is located ca. 250 km west of (behind) the current active arc - The Taupo Volcanic
Zone (TVZ) - and ca. 400 km behind the active subduction margin of the Pacific
Plate, which is migrating westward beneath the North Island of New Zealand along
the Kermadec trench (Fig.1.2.A).

The regional basement is composed of two broadly coeval but contrasting
Triassic to Jurassic shallow marine sedimentary terranes, the Waipapa and
Murihiku groups, brought together as part of the Gondwana margin. The Permian
ultramafic Dun Mountain ophiolite belt forms a suture between these two terranes,
and runs continuously (apart from the 460 km offset of the Alpine Fault)
throughout New Zealand. Although there is only one small outcrop of Dun
Mountain ophiolite in the Auckland region, it appears as a series of prominent
positive gravity anomalies, interpreted to be a series of eastward dipping
serpentinised shear zones running northwest-southeast at 21.5 km beneath the
Auckland Isthmus (Eccles et al., 2005; Fig.1.2.A). During the early Miocene the
Auckland region was once again a marine basin, and deposited sands and muds
form the now uplifted surface rocks of the region, the Waitemata Group (Kermode,
1992). Finally, atop this is the Quaternary monogenetic basaltic Auckland volcanic
field.
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Figure 1.2. A) Regional setting of the AVF in the North Island, New Zealand, including the
older volcanic fields, and the location of the Dun Mountain ophiolite belt (DMOB). B) Local
setting map of the individual AVF centres, their associated volcanic products, and maars
from which the cores were retrieved (red font). Figure modified from Hayward et al.

(2011).
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1.4.2. Local setting

The term monogenetic is widely used in connection with the AVF, on the
basis that each centre represents the rise and eruption of a single batch of magma
that is confined in time. Each centre in the AVF is individual in terms of its physical
characteristics and geochemical signatures, suggesting a complex inter-
relationship between source characteristics and transport mechanisms (Smith et
al., 2008; Needham et al., 2011; McGee et al., 2011).

There are currently 53 identified centres in the AVF, including three newly
discovered centres, Boggust Park, Cemetery Hill, and Puhinui Craters (Hayward
pers. comm. 2014). Cemetery Hill and Puhinui Craters, however, have no data
(age or geochemistry) associated with their eruptions. Of the 53 centres (identified
on Fig.1.2.A), ten show purely phreatomagmatic eruption styles producing just
maar craters and tuff rings. These centres are formed as a result of wet explosive
eruptions where the ascending magma interacted with ground water (Ash Hill,
Boggust Park, Hopua, Kohuora, Onepoto, Orakei Basin (pictured Fig. 1.3.A),
Pukaki, St Heliers, Styaks Swamp, and Tank Farm). Twelve centres show
evidence of only magmatic eruptions (with both effusive and explosive activity)
with small scoria cones and some small lava flows. These centres generally have
slightly larger volumes and form as a result of dry, fire fountaining eruptions (e.g.,
Mangere Mt, Mt. Eden (pictured Fig. 1.3.B), Mt. Victoria). The remaining twenty-
nine include the largest centres and show evidence for both phreatomagmatic and
magmatic styles (both effusive and explosive) of eruption. All, except one
(Pupuke), show a general progression from phreatomagmatic to magmatic and
effusive eruption styles. These centres often have poorly exposed tuff rings,
usually buried by lava flows, and scoria cones built within the explosion craters
(e.g., Motukorea; pictured Fig. 1.3.C). Two remain (Puhinui Craters and Cemetery
Hill) yet to be fully investigated and classified (Hayward et al., 2011).
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Figure 1.3. Pictures taken from Hayward et al. (2011), accredited to Alastair Jameson to
show examples of the types of volcanic landforms associated with volcanoes of the AVF.
Included are, A) Orakei Basin crater (maar) and the surrounding tuff ring formed through
phreatomagmatic, wet, explosive eruptions. B) Mt Eden scoria cone and lava flows
created through dry fire fountaining and magmatic effusive styles of eruption. C)
Motukorea an example where all eruption types are identified within one centre —
remnants of the tuff ring can be seen in the top right of the picture, the scoria cone
is very obvious in the middle of the picture, and lava flows extend out from the
island.
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Current data, based on model simulations, suggest the AVF has a total
eruptive output of 1.7 km? dense rock equivalent (DRE) magma (Kereszturi et al.,
2013) which is about half of the previous study’s approximation of 3.4 km? (Allen
and Smith, 1994). In both these volume estimates the largest 5 centres include
Rangitoto, One Tree Hill, Mt Eden, Mt Wellington and Three Kings, which make up
ca. 69% of the field’s eruptive products. Herein we used the more recently
published values; for example Rangitoto, the largest Auckland volcanic centres,
comprise ca. 41% (or 0.7 km?3) of the total DRE. The majority of centres have
eruptive material between 0.001-0.01 km?3 (ca. 43 centres). For the cases of
eruptions that exhibit both wet and dry eruptive styles the majority of the volume is
made up from products of the dry eruption lava flows and scoria cones. The
smallest centre (Kereszturi et al., 2013) is Ash Hill with total eruptive material of

0.000076 km3. All volume estimates are outlined and discussed in Chapter 5.
1.4.3. Previous Studies

1.4.3.1. General

Research on the AVF began with mapping by Charles Heaphy in 1857,
followed shortly by a more in-depth geological survey by Ferdinand von
Hochstetter resulting in the publication in 1864 of a full colour geologic map
(shown on the title page of this chapter) (Hayward et al., 2011). This map shows
63 volcanoes with 27 explosion craters, a number of which have since been
disproven. Hochstetter's memoirs remain useful today in giving information about

sizes and locations of destroyed or hidden volcanoes of the field.

The next major phases of research on the AVF occurred nearly 100 years
later with works from Ernie Searle in the 1950s and 60s (Searle, 1959a;,1959b;
1961a; 1961b; 1964; 1965), and Les Kermode in the 1960s-90s (Kermonde, 1975;
1992; Kermode et al., 1992). Searle undertook much of the initial petrographic
work classifying the AVF rocks as basalts with phenocrysts of olivine and
clinopyroxene. Heming and Barnet (1986) later confirmed these conclusions, with

geochemical analysis identifying the rocks as predominantly alkali basalts.

Since the 1990s volcanological and geochemical research on the AVF has
been predominantly based at the University of Auckland, with ever improving

analytical techniques and methods allowing new aspects and details of the field to
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be investigated. Many studies have focused on geochemistry, and form a basis for
the collation of geochemical data for this thesis (Chapter 4). These studies include
MSc work from Bryner (1991), Miller (1996), Franklin (1999), Hookway (2000),
Spargo (2007), Eade (2009) and Needham (2009). Most recently of note is the
PhD work of McGee (2012) and associated papers (McGee et al., 2011; 2012;
2013; 2015), which significantly increased the set of geochemical data available
and improved the understanding of the complexities both within centres and
across the field. A summary of the geochemical database prior to this thesis
research is shown and critically discussed in Chapter 4. Some studies have also
primarily focused on the tephra and core deposits from the AVF, most notably
Sandiford et al. (2001), Hoverd et al. (2005), Shane and Hoverd (2002), Molloy
(2008), Molloy et al. (2009) and Zawalna-Geer (2012); this topic is discussed

further in Section 1.5.

The purely monogenetic classification of the AVF has been brought into
guestion by the work of Needham et al. (2011) and Spargo (2007) and more
recently by Shane et al. (2013). Rangitoto is the youngest and the largest eruptive
centre of the field. It is considered to reflect a change in eruption style at the AVF,
and has therefore been the focus of many studies. The MSc thesis of Needham
(2009) was the first to uncover evidence for two eruptions from Rangitoto, around
50 years apart (}*C dates of 553+7 and 50445 cal. yr. BP), with each eruption
(Rangitotol and Rangitoto2) showing a different geochemical signature. Most
recently tephrochronology on Rangitoto deposits from Shane et al. (2013)
suggested that rather than two eruptions there is evidence within cryptotephra for
multiple periodic eruptions over ca. 1000 years. However, this hypothesis is
currently not supported by any other tephra work or physical volcanology on
Rangitoto deposits, and thus remains uncertain. In either case, Rangitoto shows
the simple ‘monogenetic’ nature of the AVF may be changing, or may be an over-
simplification. For example, the older centres simply do not have the same
chronological resolution as for Rangitoto. These observed changes in the
characteristics of the field have made it necessary to conduct a more detailed and
comprehensive study in order to better understand the evolutionary history of the
field as a whole, and create better constraints to the hazards and risks posed on

the city.
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1.4.3.2. Age studies

In order to assess volcanic hazards a critical first step is to determine
eruption magnitude-frequency relationships (e.g., Lindsay et al., 2011 for a review
in the specific case of the AVF). This analysis has been hampered in the AVF due
to the lack of accurate age determinations (Magill et al., 2005).

14C dating is of limited use, due to the age of many of the eruptions (>40
ka) and the lack of carbonised material within the deposits. Early attempts at
carbon dating (Fergusson and Rafter, 1959; Searle, 1961a) are helpful to some
extent in ordering event timings but not necessarily allowing specific dates to be
applied. Currently only 5 AVF centres are assigned ages through *C techniques
(Rangitotol and 2, Mt Wellington, Purchas Hill, Three Kings, and Ash Hill). K-Ar
techniques are also of limited value as excess radiogenic Ar within the samples
commonly leads to false ages that are older than the inferred age derived by other
means (Lindsay et al., 2011). Mochizuki et al. (2004) present further results from
K-Ar technique, however, more recently the developments in “4°Ar/3%Ar dating
technology (Cassata et al., 2008) have opened a new chapter on the ‘date-ability’
of the AVF. This new “°Ar/*°Ar dating technique has increased the number of
reliable (to reasonably reliable) ages dates from 11 to 33 (Lindsay et al., 2011).
For four centres the original Ar-Ar data from Cassata et al. (2008) are maintained
(Wiri Mt., Puketutu, Crater Hill and Hampton Park). However, most recently an
extensive campaign undertaken by Leonard et al (in prep. Appendix D) has
added 24 Ar-Ar ages to the database (all AVF centre ages are outlined and

discussed in Chapter 5).

Six centres remain totally undated (Mt Robertson, Otuataua, Pigeon Mt,
Puhinui Crater, Cemetery Hill and Boggust Park), and the remaining 14 have their
ages constrained by tephrostratigraphy (n=6) or morphostratigraphy (n=8). These
constraints are discussed in detail in Chapter 5. Age estimates are therefore now
available for ca. 46 of the centres (Chapter 5, Table 5.1) although, many of these
centres are indistinguishable within uncertainty due to the errors associated with
the analytical techniques, and thus have no definitive, relative eruption order. As
a result we do not have the ability to assess the temporal and spatial evolution of

the field as a whole.
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1.4.3.3. Geochemical studies

The geochemistry of the AVF is outlined and discussed in detail in
Chapters 4 and 5, therefore this section just provides a brief overview of
previously published work and key findings. Most of the bulk rocks of the AVF are
classified as olivine-rich basalts and basinites (Fig.1.4.). They are mostly
composed of olivine, clinopyroxene, feldspar, minor apatite, and Fe-Ti accessory
oxides. The most common phenocrysts are olivine followed by clinopyroxene
(Searle, 1961a; Heming and Barnet, 1986). The groundmass exhibited in bulk
rocks shows a fine grained to glassy texture, with vesicularity observed in the
upper parts of flow units. Groundmass crystals are plagioclase, clinopyroxene,
olivine, and accessory Fe-Ti oxides (Searle, 1961a). Variations on this pattern
include; nepheline found at the Domain tuff, amphibole (cummingtonite) found in
Three Kings basalts (Searle, 1961a); biotite found in the groundmass of lavas at
Mt Wellington and Pigeon Mt (Heming and Barnet, 1986); and subalkalic-tholeiitic

products found in the second eruption of Rangitoto (Needham et al., 2011).

A number of centres have erupted xenolithic material, (reported in Jones,
2007; Sporli and Black, 2013; Sporli et al., 2015) including Glover Park and
Taylors Hill. The xenoliths are thought to represent mid to lower crustal lithologies
that have been linked to the Maitai terrain, a suture between greywacke
basements (Jones, 2007). Xenocrystic olivines have also been found in eruptives
from Lake Pupuke and Onepoto, they have a Cr-spinel composition that has

suggested subduction related origins (Spargo, 2007).

The SiO2 content of the field is <50 wt.%, and the total alkali (Na20+K20)
contents generally range between 4-7 wt.% (Fig.1.4.). The general relationship for
total alkali vs. silica (TAS) shows a negative trend for these elements (Fig.1.4.).
MgO content of the field is ca. 7.5-13.5 wt.% with the corresponding Mg numbers
(Mg#) ranging from 52-70 (McGee et al., 2013). Varying trends are observed in
the major elements between the centres, the majority showing variable negative
trends for example MgO vs. Al203 (McGee et al., 2013). Major element trends and

relationships are fully discussed and explored in Chapter 4 and 5.
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Figure 1.4. Total alkalis (K2O+NaxO) vs. SiO: for all whole rock analysis for all centres
within the AVF prior to this research, database collated by McGee (2012).

In general the AVF lavas show trace element signatures that exhibit
primitive-normalised multi-element trends similar to Ocean Island Basalts (OIB)
(Fig.1.5.B). The range in trace element composition for the AVF as whole is large;
for example La ranges from ca. 10-60 ppm, Ba from ca. 90-360 ppm, and Nb ca.
15-90 ppm, with the incompatible trace elements showing the largest range in
variability across the centres. McGee et al. (2013) noted that in general there is
enrichment in the heavy rare earth elements (HREE) in comparison to OIB values,
with pronounced anomalies noted in U and Pb (Smith et al., 2009) and K and Sr
(McGee et al., 2012; McGee et al., 2013; McGee et al., 2015) (Fig.1.5.).
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Figure 1.5. Primitive mantle-normalised multi-element plots for pre-existing whole rock
samples from the AVF (data from McGee et al., 2013). Pale grey shows the entire range
in the field, colour symbols indicate the three proposed compositional end members, (c.f.
Fig 1.6.) for Rangitoto (red), Wiri Mt. (green), and Purchas Hill (blue). Normalisation and
OIB values are from McDonough and Sun (1995).

Only a minor amount of isotopic data has been obtained for the AVF
volcanic products (e.g., Huang et al., 1997; McGee et al., 2011; McGee et al.,
2013). Studies have focused on the Sr-Nd-Pb (McGee et al., 2013) and U-Th-Ra
(McGee et al., 2011; McGee et al., 2013) systems. The &’Sr/®Sr composition
range from 0.702710 to 0.703125, and the *3Nd/***Nd from 0.512931 to 0.512971
(Fig.1.6.). These two systems display only a minimal relationship (McGee et al.,
2013), with the Rangitoto eruptions showing a broader range in 8’Sr/2Sr than the
other centres, and exhibiting a higher 8Sr/8Sr ratio at similar *3Nd/***Nd values.
The Pb isotopes show 2%6Pb/2%4Pb range from 19.039 to 19.416, 2°"Pb/?%*Pb from
15.574 to 15.617 and 2°®Pb/?%“Pb vary from 38.781 to 39.009. When looked at in
more detail the 2°°Pb/2%4Ph vs. 297Pb/?%4Pb plot in a mixing triangle (Fig.1.6.A),
with Purchas Hill, Rangitoto, and Wiri/ Puketutu defining the end-members. A plot
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of 206pPpb/294pPh vs. 2%8Ph/?%4Ph produces a linear trend with Rangitoto and Purchas
Hill again defining the limits of this diagram (Fig.1.6.B). There is no relationship
exhibited between 43Nd/***Nd and 2°6Pb/2%*Pb, and a negative trend is seen when
87Sr/88Gr is plotted against 2°6Pb/?%4Pb (Fig.1.6.C&D).

U-Th-Ra isotope analysis was undertaken on the four most recent eruptions
from the AVF; the two Rangitoto eruptions (McGee et al., 2011) followed by
Purchas Hill and Mt Wellington (McGee et al.,, 2013). These analyses covered
both the largest (Rangitoto 2) and one of the smallest (Purchas Hill) centres of the
AVF. The results show that Purchas Hill displays the highest 22°Th/?32Th ratio of
1.380 and Rangitoto 2 the lowest at 1.140. The data show two clusters, one from
Rangitoto 2 which has a high 228U/?3?Th ratio and a lower 22°Th/?32Th ratio, and the
other encompassing Rangitotol, Purchas Hill and Mt Wellington exhibiting a lower
238U/2%2Th and a more variable 23°Th/23?Th. McGee et al. (2011) concluded this
variability was created by two differing magmatic processes (discussed further in
Chapter 5) causing the eruptions, and overall show that these measurements are
some of the highest 22°Th/23?Th ratios measured for ocean island and continental
intraplate volcanic field basalts.

Some centres show compositional variation throughout their eruptive
products, with Crater Hill (Smith et al., 2008) and Motukorea (McGee et al., 2012)
studied in detail. Those which have had their deposits sampled stratigraphically all
show a similar evolution through time of low-Si, low-Mg, high-incompatible trace
elements in the early eruptive phases, through to high-Si, high-Mg and low
incompatible element contents towards the end of the eruptions (Smith et al.,
2009). In general terms, the AVF centres show the broadest geochemical variation
within the incompatible trace elements, and this variation is (most commonly)

larger on a field-wide scale, than on an individual centre scale.
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Figure 1.6. Isotope data from McGee et al., 2013, showing an overview of the field’s
characteristics. This data set includes samples from 10 centres. Highlighted in red are
Rangitoto samples, blue Purchas Hill samples and, green Wiri Mt, proposed as the end
members. Northern Hemisphere Reference Line (NHRL) is calculated after Hart (1984).
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1.5. Tephrochronology

Tephrochronology is a method of correlating and dating volcanic activity,
and other geological events, using tephra deposits. It has been widely used both
in New Zealand and around the world to study volcanic eruptions, and is a major
source of data for eruption frequency, timing and geochemistry of volcanic events
(Shane, 2000; Lowe, 2011). The term ‘tephra’ itself comes from the Greek word
tephra meaning ‘ashes’. It encompasses all unconsolidated explosively erupted
pyroclastic material irrespective of size, shape, or composition, and includes ash
(particles <2 mm in diameter), lapilli (2-64 mm) and volcanic blocks and bombs
(>64mm) (Lowe, 2011).

Where individual tephra deposits can be accurately correlated across an
area, they can be used as isochronous marker horizons, allowing detailed and
accurate stratigraphic frameworks to be constructed. The correlation and thus
construction of a stratigraphic framework of deposits relies on the similarity of their
lithologies, stratigraphic positions, and geochemistries (e.g., Shane, 2000; Alloway
et al., 2004; Lowe et al., 2008; Lowe, 2011). The difficulties with correlations are
two fold, they rely on the ability to link deposits by 1) dating the tephra using
radiometric methods and/or 2) correlate tephra beds for example using lithology,
geochemistry and/or petrology. In recent years, increasing emphasis has been
placed on the latter of these two factors because the geochemical and petrological
characteristics are likely to be more individual for a particular eruption, and thus
more easily unambiguously correlated between individual deposits. In addition
appropriate material for dating is often not present or difficult to find, for example a
high enough quantity of specific minerals required for “°Ar/3°Ar analysis, or organic

material for 1*C analysis (Shane, 2000).

In the last decade, increasing improvements in single shard analysis
techniques (e.g., Pearce et al., 2004; 2007; 2008) is allowing accurate
measurements of both major and trace element concentrations of very small
shards (<30um). This allows tephra horizons to have their geochemical
compositions individually fingerprinted to produce more reliable and robust
tephrostratigraphic frameworks. The ability to cross correlate tephra deposits to

create isochronous horizons not only allows constraints on the stratigraphic
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ordering of eruptions, but can also give details about tephra dispersal and deposit
thicknesses, both of which are essential pieces of information for hazard and risk

management planning.

1.5.1. Tephrostratigraphy in the AVF

In contrast to the extensive studies of rhyolitic (Allan et al., 2008; Lowe,
2011; Lowe et al., 2013; Vandergoes et al.,, 2013; and many previous studies
summarised therein) and andesitic (Alloway et al., 1995; Shane, 2000; Shane,
2005; Turner et al., 2009) deposits of New Zealand, the proximal AVF basaltic
deposits have received less attention (e.g., Molloy et al., 2009). This is due
primarily to the scarcity of exposed tephra beds, coupled with the urbanisation of

the region.

Shane and Smith (2000) studied a small number of proximal tephra
compositions in relation to specific centres in the AVF as a potential tool for
fingerprinting the centres. Previously this method has successfully been used to
correlate distal tephra deposits with their source volcanoes in both New Zealand
and worldwide (e.g., Westgate and Gorton, 1981; Shane, 2000; Lowe, 2011).
However, Shane and Smith (2000) suggest limitations to the usability of subaerial
AVF tephra deposits due to the rapid weathering of basaltic glass. They also note
the limited presence of distal basaltic tephra due to poor preservation and low
dispersal of small-scale eruptive events. It is for this reason that tephra from the

AVF has mostly been studied from within sediment cores.

Most recently Molloy et al. (2009) studied andesitic, rhyolitic and basaltic
tephra within the maar lake cores from Orakei, Pupuke, Onepoto and Hopua
(highlighted on Fig 1.2.). Using visual observations they identified 24 basaltic
tephra horizons that ranged from a few mm up 50 cm in thickness, and are
composed of dark grey to black ash, lapilli and accidental ejecta. The individual
horizons had sharp upper and basal contacts and exhibited normal and reverse
graded beds. Two petrographic types were identified: one predominantly
composed of glass shards (vesicular scoria-fluidal teardrops) and a small
proportion of minerals (olivine plus plagioclase and clinopyroxene), the other
consist of 30-60% accidental ejecta (quartz, glauconite, shell fragments and

sedimentary lithics), the same mineral assemblage as for the first type and
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subordinate juvenile glass shards. The former was thought to have originated from
magmatic or effusive activity whereas the latter was attributed to phreatomagmatic
activity. As many of the deposits were not thick enough to have any internal
structures related to them, the designation between fall and pyroclastic density
current deposits was not defined. The distance over which some of the deposits
occurred and the thicknesses observed for some deposits suggests the

occurrence of prolonged eruption sequences and variable wind directions.

1.5.2. Previous correlations of the AVF tephra horizons

Correlation of the AVF tephra has been attempted both across cores, and
in a few cases to the individual proximal source deposits. Most recently Green et
al. (2014) used a statistical approach based on stochastic local optimization
technique. This method input stratigraphic, mineralogical and geochemical data
(obtained from previous studies on 5 cores (Onepoto (Shane and Hoverd, 2002),
Pukaki (Sandiford et al., 2001), Orakei, Hopua, and Pupuke (Molloy et al., 2009)),
in order to correlate and date the tephra deposits. The main basis of the basaltic
tephra correlations was ‘age dated tephra’ which came from estimates on rhyolitic
and andesitic deposits constrained by depositional rates, “C dates, and
tephrochronology. The outcome assigned ages to basaltic horizons within the
cores and then, using the ages it assigned, correlated across the cores the most
closely matched ages. Potential correlations were then further constrained using
major element glass chemistry (from Sandiford et al., 2001; Shane and Hoverd,
2002; and Molloy et al., 2009). The ages applied to the tephra horizons were then
used to link the deposits to dated source centres (ages modelled by Bebbington
and Cronin, 2011). Although, the errors associated with the age estimates for the
sources mean that, especially with eruptions in the 35-24 ka range, a number of
centres could be associated with each deposit. At the time of Green et al. (2014),
the individual centres were not well dated (Bebbington and Cronin, 2011) and thus
the justifications to pick which centres fitted within the correct age range were

poorly constrained.

Attempts to correlate tephra to source have to date relied only upon poorly
constrained ages of both the centres and the tephra horizons. Bebbington and
Cronin (2011) noted the difficulty in correlation based on geochemistry due to the

low variability in magma compositions in the AVF (Smith et al., 2008), and the
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limited appropriate proximal data set (Sandiford et al., 2001). This is true when
based purely on major element chemistry, however, to date no study has looked
into the potential of using trace elements as a geochemical fingerprinting tool for
the AVF tephras. If the recent study of bulk rock trace element chemistry (McGee
et al., 2013) is taken into account, it would seem that the potential variation in
geochemistry could be broad enough across the field, but narrow enough for
individual centres, to help better distinguish and correlate horizons across cores
and to their specific centres of origin. Highlighted within past studies on the AVF
tephra horizons (Shane and Smith, 2000; Sandiford et al., 2001; Smith et al.,
2008; Smith et al., 2009; Molloy et al., 2009; Bebbington and Cronin, 2011) are
some specific problems that will need to be addressed when correlating tephra.
These are outlined in table 1.2 coupled with the ways in which this study aims to

overcome these limitations.

Table 1.2. Limitations outlined from previous tephra studies within the AVF and how this
study aims to overcome these limitations.

Potential limitations as

Qi : . How this study aims to overcome these limitations:
highlighted by previous studies:

Geochemical variability within single
eruptions

Limited geochemical variability
across the field

Microcrystalline nature of glass
shards
Limited dispersal of tephra

Deposition highly dependent on
wind direction which is variable

Preservation potential of tephra

Contamination by accidental ejecta

Limited proximal geochemical data

Limited reliable age data

Limited by using incompatible trace element ratios and interpretation of multiple
analyses

Increased by using incompatible trace element ratios

Careful analysis of shards and placement of probe/laser beam, geochemical
spikes from microcrysts are clearly visible in results and these analyses are
discarded.

Coverage of multiple cores in a range of localities across the field

Taken into account where possible based on morphostratigraphy

Coverage of multiple cores in a range of localities across the field

Analysis of distal deposits aims to limit their inclusion coupled with careful shard
selection process

Increased by this study

Increased by Leonard et al. (in prep. Appendix D)
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1.5.3. Geochemistry of the AVF tephra

Basaltic glass shards from the AVF often contain abundant microcrystalline
phases (unlike rhyolitic glass that is predominantly microcryst free) including
plagioclase, pyroxene, olivine, and a small proportion of Fe-Ti oxides. Microcrysts
in the AVF tephra result from rapid elemental diffusion in high temperature, low
viscosity, basaltic melts (Shane and Zawalna-Geer, 2011), allowing the rapid
growth of small crystals during conduit ascent (Smith et al., 2008). Similar to
fractional crystallisation in magma chambers, growth of microcrysts can affect the
residual melt composition and thus could result in a large compositional spectrum
in glasses quenched from a geochemically homogeneous magma. However,
Shane and Zawalna-Geer (2011) showed from EDS microprobe analyses that, in
the case of the Mt. Wellington centre, the major element variations were not
significant (z1% SiO2) between different tephra samples from the same centre,
and that with careful positioning of probe beam for analysis there is little
detectable difference in the resulting chemistry between microcryst rich and poor
glass shards (Shane and Smith 2000).

As previously discussed (sect. 1.4.3.4), a limited number of studies have
analysed proximal (Shane and Smith, 2000) and distal (maar deposits, e.g.,
Sandiford et al., 2001; Hoverd et al., 2005) tephra-derived glass chemistry from
the AVF. All studies measured major elements using in-situ EMPA methods (e.g.,
Molloy et al., 2009) with only Needham et al. (2011) also measuring a limited
selection of trace elements on tephra-derived glass. All these studies show
comparable results between AVF tephra deposits. Major element compositions
range for SiO2 42-53 wt.%, Al203 12-17 wt.%, FeO 8-14 wt.%, CaO 8-12 wt.% and
Na20 4-7 wt.% and K20 1.5-3 wt.%. The general relationship between elements
shows increasing Al203 and FeO with SiO2 and decreasing CaO, Na:0, K20, and
P20s5. MnO showed no consistent trend and, in some cases MgO show no trend
(Shane and Smith, 2000) but in others it showed positive (Németh et al., 2012) or
negative (Shane and Zawalna-Geer, 2011) trends with SiO2. For studies that
analysed multiple deposits, often evidence for two geochemical populations was
found (initially by Hoverd et al., 2005), for example:
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1) A low SiO2 group (<45 wt.%) with high CaO and K20, and
2) A high SiO2 group (>45 wt.%) with lower CaO and K20.

The geochemical data presented by Needham et al. (2011) for Rangitoto
show this bimodal geochemical grouping, however in all other studies this
bimodality was identified over the whole data set of multiple centres (Hoverd et al.,

2005, Shane et al., 2013), not just within a single centre’s deposit.

Initial studies by Shane and Smith (2000) on proximal deposits suggested
that tephra horizons are commonly geochemically homogeneous, demonstrated
by little geochemical variation between individual tephra-derived glass shards
(e.g., SiO2 £0.5 wt.%). However, more recent studies (Shane and Hoverd, 2002;
Shane, 2005; Hoverd et al., 2005; Molloy et al., 2009) have shown for more distal
deposits (maar cores) the inter-shard major element composition in a single
horizon can vary substantially (e.g., up to SiO2 +5 wt.%) (6 wt.% in Hoverd et al.,
2005, but this was attributed to shard reworking). This variability has been
interpreted to represent heterogeneity of magma composition and a rapid ascent
rate resulting in little time for homogenisation (e.g., Molloy et al., 2009). Németh et
al. (2012) further suggest that the variability in tephra geochemical composition
seen within certain deposits could be related to some of the larger more complex
eruptions, for example, Orakei (a small magma batch) showed minimal
geochemical variation in all deposit types (lapilli/scoria/tephra). In comparison, Mt
Eden (a volumetrically large centre) shows a very broad range in geochemical

composition.

To date, very little is known about the trace element chemistry of the AVF
tephra. Needham et al. (2011) published trace element contents from 4 Rangitoto
tephras, which are the only tephra trace element data available from AVF. Their
results showed the whole rock samples and tephra-derived glass samples had
comparable trace element contents and ratios. The indication from the whole rock
analysis, coupled with these results from Needham et al. (2011), show that there
is a much wider range in variability of the trace elements concentrations
(especially incompatible elements; McGee et al., 2013) in comparison to the major

element concentrations for the AVF volcanic deposits.
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1.6. Aims and Approach

Literature reviews have highlighted the need to gain more detailed
information about the potential hazard and risk posed to the city of Auckland by a
future eruption from the monogenetic Auckland volcanic field. Reconstructing the
chronology and magmatic evolution of the field as a whole is essential in order to
forecast the characteristics of a future eruption. Specific gaps are found relating to
the temporal eruption sequence, leading to an inability to resolve the spatial or
geochemical evolution of the field. Recent methodological and technological
advances in tephrochronology, including the accurate identification of basaltic
tephra horizons within sediment cores, and geochemical fingerprinting of individual
glass shards, have proven to be a very effective method for building reliable
tephrostratigraphic framework for a region. If the cross-correlated horizons within
this framework can be linked back to their individual source centre, we can build a
more definitively sequenced eruption history of the AVF centres.

This project therefore has four key aims expressed as the following research

questions:

1. Can a more detailed basaltic tephrostratigraphy for the Auckland Volcanic
Field be produced from the maar deposits using newly improving tephra-

derived glass shard analysis methods? (Chapter 3)

2. Can individual tephra horizons be linked to their source centre? (Chapters
3,4 and 5)

3. What was the spatial, temporal, and geochemical evolution of Auckland
Volcanic Field? (Chapter 5)

4. What can the eruptive products of the Auckland Volcanic Field tell us about

the pre-eruptive processes which act on the magma? (Chapter 6)
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1.7. Thesis Structure

Chapter 1 details background information, and a summary of previous work,

surrounding the research topic.

Chapter 2 outlines all the methods used in this study from insitu tephra-derived
glass shard analysis for major and trace element compositions using electron
microprobe analysis (EMPA) and laser ablation inductively coupled mass
spectrometry (LA-ICP-MS), to whole rock analysis using X-ray fluorescence (XRF)
for major element compositions and solution-ICP-MS for trace element
compositions. It also outlines Pb column chemistry, and Re-Os extraction and
measurement methods for isotope analysis. The final section of Chapter 2
reviews the analytical accuracy, precision, and consistency of the analyses run
throughout this PhD project.

Chapter 3 gives details about the improved analytical procedures for core analysis
and basaltic horizon detection. It also outlines the procedure for analysing tephra-
derived glass shards for major and trace elements, and the method by which the
tephra-derived glass shards are geochemically fingerprinted and correlated across
the cores. This cross correlation builds up a detailed tephrostratigraphic
framework for the Auckland Volcanic Field eruptive history, and was a pre-

requisite for the accurate correlation of tephra deposits to their source centres.

Chapter 4 outlines the collation of pre-existing geochemical whole rock data from
a number of sources including published and unpublished work, and MSc and
PhD theses. It details new whole rock data collected and analysed by this thesis
which are combined with the pre-existing data in order to produce the most holistic

database for AVF whole rock geochemistry.

Chapter 5 uses the tephra horizon correlations and the tephra-derived glass shard
geochemistry determined in Chapter 3, coupled with pre-existing and additional
complimentary geochemical data for whole rock analysis (collated in Chapter 4) to
develop and detail the method to correlate the tephra horizons to their source
centres, thereby creating a stratigraphically well-constrained chronology for the

eruptions of the AVF. The results not only allow conclusions to be made in relation
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to tephra dispersal and deposition, but also provide the temporal, spatial, and

geochemical evolution of the field.

Chapter 6 builds on conclusions made and highlighted by the previous chapters,
which suggest that pre-eruptive processes and the geochemical evolution at the
AVF remain poorly understood. This chapter aims to assess the interplay between
crustal and mantle processes which produce the geochemical variability seen in
the AVF.

Chapter 7 outlines and discusses the synthesis and conclusions as a result of the
analyses undertaken by this research. It details how these address the aims
outlined in the introduction, and the original contributions made by this work.
Finally a number of potential future research avenues are discussed, highlighted

by the findings of this research.
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2.1. Introduction

This chapter is separated into four parts (A-D). Section A details the sample

selection, and method developed to analyse basaltic glass shards from within cores.

Section B details the collection and analysis of whole rock samples for both major

and trace elements. Section C details the analysis of rhenium, osmium and lead

concentrations and isotopes from bulk rock data from a selection of centres in the

AVF, and Section D presents and reviews the quality of the data obtained for this

thesis. It also discusses specifically the ability to compare results measured by

multiple types of machine at multiple institutes.

The data presented in this thesis were generated using various instruments in

different laboratories:

For the tephra, X-ray, core sampling and magnetic susceptibility on the
Onepoto and Orakei cores was undertaken at the National Institute of Water
and Atmospheric Science (NIWA), Wellington. Sampling of the Glover Park
core was undertaken at GNS Science, Wellington. Tephra-derived glass
sample preparation, mounting, polishing, and insitu major element analysis by
electron microprobe (EMPA) were all undertaken at Victoria University (VUW).
Trace element analysis by laser ablation (LA)-ICP-MS was undertaken partly
at VUW and partly at the University of Otago (UoO), Dunedin. Cores were
available for Orakei Basin (OB), Onepoto (On) and Glover Park (GP) and
these were therefore analysed and sampled; for Hopua and Pupuke, cores
were not available, but mounts made by Molloy (2008) were available,
therefore these were analysed by EMPA and LA-ICP-MS; and for Pukaki core
neither samples, nor core was available therefore data (major element only)
was taken from Sandiford et al. (2001), and supplied by P. Shane pers. comm,
(2014).

For the whole rock analyses sample preparation, crushing and powdering was
undertaken at VUW. 17 new centres were sampled (Boggust Park, Little
Rangitoto, Mt Albert, Mt Cambria, Mt Hobson, Mt Roskill, Mt Smart, Onepoto,
Otuataua, Pigeon Mt, Pukaki, Pukeiti, Pupuke, Robertson Hill, St Heliers,

Taylors Hill and Te Pou Hawaiki) and analysed for both major and trace
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elements. For 7 centres (Green Mt, Hampton Park, Mangere Mt, McLaughlins
Mt, Mclennan Hillls, Mt Victoria and Otara) samples had already been taken
and major element concentrations reported in Miller (1996). The whole rock
samples were re-crushed and analysed for both major and trace elements.
Major elements were analysed by (XRF) at the Open University (OU),
England, and trace elements were analysed by solution-ICP-MS at VUW. This
study adds 99 individual whole rock major and trace element analyses to the
existing AVF database.

e For the isotope work, the most primitive samples from Mt Wellington, Purchas
Hill, Three Kings, Wiri Mt, Puketutu, Pupuke and Rangitoto were chosen for
analysis. These centres were specifically chosen because they have
previously published Sr-Nd-Pb isotope data available (McGee et al., 2013).
Sample preparation, crushing, powdering, and trace element analysis by
solution ICP-MS was undertaken at VUW and major element analysis was
undertaken at the OU by XRF analysis. Re and Os chemistry and analysis of
Os and Re concentrations and Os isotopes took place at the University of
Quebec in Montreal (UQAM) in their geochemical and radiogenic isotope
laboratory (GEOTOP). The Pb isotope analysis by multi-collector (MC)-ICP-
MS was undertaken at Durham University, UK (DU).
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Section A — Tephra sampling and analysis

2.2. Auckland Volcanic Field Drill Cores

The maar craters formed by wet style phreatomagmatic eruptions provide
excellent depocentres for a well-preserved sediment record. In the AVF, maar
craters have long been exploited for their tephra (rhyolitic, andesitic, and basaltic)
deposits (e.g., Molloy et al., 2009). A collaborative group from GNS Science and the
University of Auckland has created a collection of drill cores over the last 10 years.
To date, there are 10 cores, 6 of which are suitable for analysis. These 6 cores
include varying lengths from Hopua, Orakei Basin, Pupuke, Glover Park (St Heliers
volcano), Pukaki, and Onepoto centres (highlighted in Fig.1.2.). The most recent
core is from Onepoto, drilled in May 2011. The most extensive tephra record
spanning depths of 16-80 m with a predicted age range of 7-83 ka is preserved in
the Orakei Basin core (Molloy et al., 2009). Details of the cores are outlined in Table
2.1. Collectively the cores preserve an extensive tephra record; however, the degree
of preservation is patchy and prior to this research correlation of basaltic tephra

horizons across all cores remained speculative.

As outlined in Table 2.1 major element compositions of basaltic tephra-
derived glass from within the AVF were published in some previous studies: Orakei,
Pupuke, Onepoto (old core), and Hopua - Molloy et al. (2009); Pukaki Core —
Sandiford et al. (2001); Onepoto (old core) — Shane and Hoverd (2002); Panmure,
Hopua, Pukaki — Shane and Zawalna-Geer (2011). Andesitic to rhyolitic tephra from
sources outside the AVF have also been analysed, including from the Taupo
Volcanic Centre (TVC), Tongariro Volcanic Centre (TgVC), Okataina Volcanic Centre
(OVC), Mount Tarankai (Tk) and Mayor Island (MI). These data have been used to
infer a broad picture of the temporal evolution of AVF and central North Island
volcanism. Molloy et al. (2009) correlated some AVF horizons between cores
(outlined in Section 1.5.) using major element compositions and stratigraphic
positions. However, no studies have looked into the trace element geochemistry. As
a result, correlations of the tephra to their respective centres in the AVF remained

less well constrained.
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Table 2.1. Overview of maar cores used in previous studies and this study, their location, the
depth section of interest and the number of identified basaltic horizons,, the geochemical
analyses obtained on the tephra and the references for the analyses. Note that all trace
element data were analysed in this thesis, although for the Pupuke core, trace element data
could not be obtained as samples were not available for re-analysis by this study. Ages are
outlined as in previous studies where ‘ca. 45.1’ relates to the age of the Rotoehu tephra (see
Sect. 3.3.2 for discussion), and the centre name indicates that the core reached the base of
the maar, however the centre’s age is poorly defined.

Previous Studies This Study
Pr No. of No. of
Core (centre) Section of pRossRes o Geochemical " o Status of core and ~ Geochemical data
Name Grid Reference ) range (ka) prior basaltic Aot basaltic e abtaed
to this study horizons horizons
36"46°45.83"5 . .
Pupuke 174°45'57 67"E 57 to 70 0.4 to 38 7 Major Molloy et al., (2009) 7 Mounts re-analysed  Major and trace
36748°27.09"S
Onepoto - " 38to 69 25 to Onepoto [ Major Shane and Hoverd, (2002) 9 Core sampled Major and trace
174745'0.39"E
Glover Park  36°50'45.68"5, ca. 45.1to 5t
’ 41027 13 Maj H d et al., (2005 4 G 5 led Maj d
(St. Heliers)  174°52'2.60"E o Heliers ajor overd et al, {2005) oré Samp'e 8ior and trace
. 36°52°4.14"5, . .
Orakei 174°48'46.11"E 44 to &7 24to 86 14 Major Malloy et al., (2009) 16 Core sampled Major and trace
36755'46.68"5, - .
Hopua 174°47'3.82"E 38to 49 7 to Hopua 5 Major Malloy et al., (2009) 5 Mounts re-analysed  Major and trace
Pukaki if_ ;i;:f_i ;,'E 45t062 | 7to ca 45.1 12 Major ;:3:; zizg'z:radn:f?;éo{;fm}' 12 Core nor mounts available for analysis

2.2.1. Orakei Basin

The Orakei Basin (or Rakeiora) is a 0.8 km diameter maar crater in the central
north-eastern section of the AVF. Ejected ash built the tuff ring that surrounds three
sides of the crater, with the north-eastern side composed mostly of unconsolidated
ash. On filling with fresh water from rainfall the crater became a freshwater lake for
~75,000 years and more recently rising sea level following the Last Glacial Maximum
(LGM) transformed it into a tidal basin. It now contains intertidal brackish salt flats
whose nutrient intake is controlled by floodgates beneath the railway line, which
borders the north-eastern bank. The oldest lake sediment recovered with the Orakei
Basin core was calculated to be 85 ka (81 m depth) (Molloy et al., 2009) based on

tephrochronology and sedimentation rates.
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2.2.2. Onepoto Basin

Onepoto Basin (or Te Kopua o Matakerepo) is a 0.7 km diameter maar crater
surrounded by a tuff ring formed from basaltic surge and fall deposits. This maar is
located on the north-north western most part of the field. Similarly to the Orakei
basin, Onepoto existed as a freshwater lake until ~9000 years ago when the south-
eastern rim of the crater was breached as a result of sea level rise (Shane and
Hoverd, 2002). The Onepoto core is ca. 69 m long, and the base of the core is
characterised as a thick deposit of basaltic tephra and lapilli, which is considered to

represent the crater floor (Shane and Sandiford, 2003).

2.2.3. Hopua

Te Hopua a Rangi (or Hopua, or Gloucester Park) is one of the smaller
volcanic maars in the AVF at just 0.5 km in diameter. It is located in the centre of the
AVF, but no longer has any outcrop. The eruption that formed the Hopua maar
expelled a mixture of poorly sorted fine ash to lava bombs (Allen and Smith, 1994),
and shows morphostratigraphic evidence of erupting through the lava of One Tree
Hill (Searle, 1961b), showing it must be younger than One Tree Hill. The Hopua tuff
ring was high sided to the north and low sided to the south, possibly as a
consequence of the prevailing wind direction. After the LGM when sea levels rose
the crater rim was breached and a tidal basin was created. The extracted Hopua
core is 49 m long, of which the top 37.5 m were composed of estuarine sediments.
The lower 11.5 m show lacustrine varves punctuated with tephra deposits of rhyolitic,
andesitic, and basaltic composition. The core ended in a thick scoria unit proposed
to represent the crater floor of the maar (G. Leonard pers. comm. 2015)

2.2.4. Lake Pupuke

Pupuke Moana (the ‘over flowing lake’) is one of the oldest volcanoes of the
AVF, thought to have erupted around a similar time to Tank Farm and Onepoto
(Lindsay et al., 2011). New Ar-Ar dating has yielded an age for Pupuke of ca. 190 ka
(Leonard et al., in prep. Appendix D), potentially younger than that proposed for
Onepoto. The eruptions from Pupuke are thought to have occurred twice from two

different vent sources, with eruptive products of slightly differing compositions
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(Spargo, 2007). The initial eruptions did not interact with ground water and were
therefore ‘dry’, with lava flows from two different vents building up a low, thin shield.
These initial eruptions were followed by large explosive wet eruptions from two vents
forming the maar lakes that are seen today (Spargo, 2007). The tuff ring resulting
from these eruptions created a natural barrier and the lake has remained fresh water
since it was originally filled (Hayward et al., 2011). The core extracted from Lake
Pupuke was 16.5 m long extending back to roughly 38 ka, and includes tephra from
the eruptions of Rangitoto (Molloy et al., 2009).

2.2.5. Pukaki Lagoon

Pukaki lagoon is located in the south of the AVF and is considered one of the
best-preserved explosion craters in the AVF. The crater was formed by multiple
pulsating wet eruptions resulting from rising magma interacting with ground water
(Sandiford et al., 2001). The current crater is 0.5 km across and 100 m deep with a
20-40 m high tuff ring that extends out, in places, a further 0.5 km (Hayward et al.,
2011). The age of the crater is poorly defined with estimates based on sedimentation
rates suggesting a minimum age of 52 ka (Molloy et al., 2009). Multiple cores have
been extracted from this centre, and can be used to show the complexity of
deposition for this environment. For example, Figure 2.1 shows the published
observations from cores retrieved in 2001 (Sandiford et al., 2001), 2002 (Shane
2005 and Shane pers. comm. 2013) and 2008 (Zawalna-Geer, 2012), comparing the
basaltic tephra horizons that were found by these authors. In this figure the
complexity in identifying the basaltic horizons through visual observations alone is
shown by the disparity in the correlations. For this thesis | have chosen to use the
published details, (including the name (AVF#), thickness, position, and geochemical
data; Sandiford et al., 2001 and Shane 2005), rather than the most recent details
from Zawalna-Geer (2012), which are not published and do not have geochemical

data available.
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PUK08-H1 Pukaki 2001 Correlations
(Zawalna-Geer, 2012) (Sandiford et al., 2001 ) (Molloy, 2009)
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Figure 2.1. Schematic diagram to show correlation of Pukaki cores from 2001, 2002 and
2008. Sandiford et al. (2001) and Shane (2005) are used for this thesis as Zawalna-Geer
(2012) remains unpublished and inconsistencies remain with the correlations proposed by
Zawalna-Geer (back dashed lines). Also shown are the proposed AVF# from Molloy et al.
(2009) for the horizons in the 2001 and 2002 cores. Blue horizons are key rhyolitic deposits.
Rk (Rerewhakaaitu), Ok (Okareka), Kk (Kawakawa).
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2.2.6. Glover Park (St Heliers)

St Heliers volcano is located beneath the modern day Glover Park. It was a
classic phreatomagmatic eruptive centre forming a simple tuff ring structure.
However, unlike most of the AVF maars, its base is 20 m above modern sea level
and was therefore not breached by the post-LGM sea level rise. The crater was filled
with fresh water that in geologically recent times had become in filled with sediment
resulting in a swampy environment. Sixty years ago, the swamp was drained and
turned into the Glover Park playing fields. In December 2004 two cores were drilled
into the centre of Glover Park (GP1 and GP2), both of which terminated in hard
vesicular basalt and consisted of ca. 2.7 m of backfilled topsoil, ca. 2.0 m of swamp
deposits, ca. 11.4 m of fine grained massive, finely laminated freshwater sediments
with interbedded tephra and finally below ca. 16.1 m intermittent coarse-grained
horizons with distorted lacustrine sediments. This core is recorded in detail in Hoverd
et al. (2005), with major element analyses on glass reported for 31 macroscopic
tephra deposits including 8 rhyolitic horizons linked to Taupo Volcanic Zone (TVZ)
and Mayor Island (M), 10 trachytic-andesitic horizons linked to Mt. Taranaki (Tk) and
Tongariro volcanic centre (TgVC), and 13 basaltic horizons linked to the AVF. These

tephra horizons were re-sampled and re-analysed for this study.

2.3. Core Analysis and Sampling

All the cores used in this study were previously drilled, logged and analysed,
but with the focus of research being palaeoclimate or silicic tephrochronology. In this
study, Orakei was re-logged and sampled, and a new core from Onepoto was used
from the same site as the old core. Samples from Hopua and Pupuke were re-
analysed for trace elements using the same samples used by the Molloy et al.
(2009), and Glover Park was totally resampled and analysed. Major element data
from Pukaki used in this study are from published (Sandiford et al., 2001) and

unpublished work (P. Shane, pers. comms, 2013).

Cores from Orakei Basin and Onepoto were scanned using an Ultra EPX-
F2800 portable veterinary radiological device (NIWA, Wellington, NZ). For the
Onepoto core magnetic susceptibility analysis was undertaken using a Barington-

MS2 Magnetic susceptibility meter connected to a MS2F probe (data from UoA for
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the Orakei Core). Analysis was done every 2 cm down the centre of the core (1 cm
in regions of interest) and recorded in 10-° Sl units with a sensitivity of 1.0 x 10° SI.
The X-ray images were compared to composite photographs of each section, and
magnetic susceptibility data was combined to pin point the location of each tephra
layer/layer. Sampling was undertaken in the core lab at NIWA and multiple samples
were taken from tephra that were thick enough to permit sub-sampling of single
horizons. Samples were also taken from Glover Park core, previously only major
element analysis was undertaken (Hoverd et al. (2005), and the samples were no

longer available for trace element analysis.

A small amount of deposit was removed from the core surface to expose a
fresh surface from which to sample tephra. Sections of tephra from the centre of the
core shaft were removed in order to reduce contamination potentially caused by core
suck at the tubing edges. Three types of basaltic tephra deposit were identified from

their morphostratigraphy including:

i) deposits which were a homogenous thickness and shape with
distinct upper and lower boundaries,

i) deposits which tended to be larger in thickness and have an obvious
grading and sorting within them from large clasts at the base to finer
clasts towards the top (multiple samples were taken from these to
confirm all one event),

iii) and very obviously deformed deposits which had irregular, non-

horizontal boundaries, with some appearance of rafting events.

Approximately 2/3 of the bulk horizon sample was retained for archive
purposes and 1/3 was processed for analysis. Samples were individually washed
with ultrapure Milli-Q water in an ultra sonic bath to remove organic debris. If the
shards were < 30 um, excess water was allowed to evaporate (oven overnight at
50°C) and the sample was set aside. This is a bulk (B) sample, which includes both
tephra shards and accidental ejecta (e.g. quartz, glauconite, shell fragments and
sedimentary lithics). If the shards were larger than 30 um, glass shards (G) were
removed and separated into a vial and juvenile crystals (C) were also separated into
a vial. Excess water was then evaporated from these to yield glass, crystal and bulk
shard aliquots from each sample.
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2.4. In-situ Major Element Analysis by EMPA

2.4.1. Sample preparation

Deep epoxy mounts were created using a 4:1 ratio of resin to hardener. The
mounts were cut into 7 mm depths using a bandsaw, and then 6 individual holes
were drilled through the mounts at 3.5 mm diameters. The holes were then filled with
sample, then epoxy, and left to set on the hot plate at 50-55°C overnight. The
analysis face was polished using a sequence of silicon carbide papers starting with a
coarseness of 400, followed by 600, 1000 and 2500, finally being finished using a
diamond lap polisher at 3 um and 1 um. This process exposed the sample faces and
removed as much scratching from the surface as possible. Finally, a 25 nm carbon

coat was applied to the mount prior to major element analysis.

2.4.2. Measurements

The major element or oxide proportions (SiOz, TiO2, Al203, FeOt, MnO, MgO,
CaO, Naz0, Kz20, CI, SOs3, and P20s) were analysed using Wavelength Dispersive
Spectrometry (WDS) on the JEOL JXA 8320 Superprobe at VUW. Table 2.2 shows
the analytical conditions for EMPA. To produce the analyses, an accelerating voltage
of 15 kV under a static electron beam at 10 um and 8 nA was used. 10-15 analyses
were undertaken per sample on individual glass shards, with specific care taken not
to hit any microcrysts or bubbles within the shards. Na2O and K20 were analysed
first with shorter count times to reduce the loss of volatiles (Table 2.2.). Major
element concentrations were determined using the ZAF correction method, and
back-scattered electron images of each sample, and sample point, were taken to

allow individual shard characterisation for later LA-ICP-MS analysis.

2.4.3. Standards

For quality control, the following standards were run along with our samples:
1) Basaltic Glass A99 (for SiO2, TiO2, Al203, FeOt, MnO, MgO, CaO), 2) Rhyolitic
Glass VG-568 (Na20 and K20), 3) Scapolite PSU63-1805 (for Cl), 4) Celestine (for
S0Os3) and 5) Beesons Apatite (for P20s). All standards were run at the beginning and
end of each mount analysis, with A99 run 3 times between every 10-15 samples to
monitor spectrometer drift. The data for all these standards can be found in
Appendix B.
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Table 2.2. Instrumental operating conditions for electron microprobe analysis of in-situ major
elements, analyser crystals are shortened to the acronyms, PETL/PETJ — pentaerythritol,
TAP — thallium acid pthalate, and LIF — lithium fluoride, these are varied during analysis to
cover the entire X-ray spectrum.

EMPA
Electron Microprobe Analysis
Instrument JEOL JXA 8320 superprobe
Analysis mode Wavelength dispersive spectrometry (WDS)
Accelerating voltage 15 kV
Spot size 10 um
Probe current 8 nA
Standards
Calibration standards Basaltic Glass A99 (Si0,, TiO,, Al,0,, FeO, MgO, Ca0)
Rhyolitic glass VG-568 (Na,0 and K,0)
Scapolite PSU63-1805 (Cl)
Celestine (SO;)
Beesons Apatite (P,05)
Secondary standard Basaltic Glass A99
Method Parameters
Channel 1 Channel 2 Channel 3 Channel 4 Channel 5

K (20 sec) PETL Na (10sec) TAP Si(30sec) TAP Ca(30sec)PET) P (30sec)PETL
S (30sec) PETL Mg (50 sec) TAP Al (30sec) TAP Fe(30sec)LIF CI(30sec) PETL
Ti (30 sec) PETL Mn (30 sec) LIF

2.5. In-situ Trace Element Analysis by LA-ICP-MS

2.5.1. Sample preparation

The carbon coat was removed from the pre-prepared mounts using AR grade
methanol, and for VUW analyses the mounts were cut in half using a diamond edge
saw and three samples on a ¥2 mount were loaded along with the standard BHVO2G
into the sample chamber for analysis (Fig. 2.2.A). For UoO analyses, mounts were
kept whole and two mounts (12 samples) were loaded along with standard BHVO2G,
BCR2G, NIST612, and NIST610 (Fig. 2.2.B).
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VUW set up

Figure 2.2. (A) Photograph to demonstrate mount set up (VUW) for laser ablation chamber.
‘Blank’ blocks have been shown (Allan et al., 2008) to increase signal stability. Photograph
shows set up for standard (std) analysis, for sample analysis left hand half moon mount
would be replaced with sample half moon for 3 individual sample analyses. (B) Mount set up
for UoO analysis for laser ablation chamber. Samples from Glover Park core shown in situ
for 12 individual analyses, all standards remain in position with sample mounts swapped for
analysis.

2.5.2. Measurements

Trace element analysis was undertaken using an Agilent 7500cs Inductively
Coupled Mass Spectrometer (ICP-MS) coupled with (at VUW) a New Wave UP
193nm Solid State laser, or (at UoO) a Resonetics RESOLution M-50-LR, using the
methods developed by Allan et al. (2008). Analytical conditions for LA-ICP-MS
analysis are detailed in Table 2.3. Prior to analysis the ICP-MS was tuned by
rastering across BHVO-2G (or NIST612 at UoO) standard. The instrument
conditions, predominantly the carrier gas (Ar) or optional gas (He) flow rates, were
adjusted to optimise the machine sensitivity, but minimise the production of oxides.
Oxide production was monitored using measured values of ThO*/Th* (masses
248/232) and maintained to a value of <1.5 %. Pulse/Analogue (P/A) factors were

measured on relevant elements (e.g. Si, Ca, Mg, V, Zr, Ti, Cr, Ni, Sr, Ba, Ce) to

46



Chapter 2

Methodology

Hopkins, J.L.,

allow the ICP-MS to perform the right correction when switching between pulse and

analogue mode, which is required when the count rate is > 1million CPS. Multiple

isotopes of selected elements were measured (e.g. °°Zr and °'Zr) to assess the

quality of the data, usually producing concentrations of £ 0.5% variability between

the isotopes. 41 elements were analysed: Si, Li, B, Mg, Ca, Sc, Ti, V, Cr, Mn, Ni, Cu,
Zn, Ga, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu, Hf, Ta, W, Pb, Th, and U. All the data were acquired from static spot analysis

with a spot size of 25-35 um pulsed at 5Hz.

Table 2.3. Instrumental operating conditions for LA-ICP-MS analysis of in-situ trace
elements at both Victoria University of Wellington and University of Otago.

LA-ICP-MS

Laser Ablation vuw UoO

Instrument New wave 193nm (deep UV) solid state New Wave UP 213 nm (deep UV) solid state
Ablation mode static spot analysis static spot analysis

Spot size 25 or 35um (predominantly 35um) 25 or 35 um (predominantly 35um)
Repetition rate 5Hz 5Hz

Laser power 85-100% 100%

ICP-MS

Instrument Agilent 7500CS octopole Agilent 7500CS octopole

Aquisition mode
Detection mode

Peak hopping
Pulse and analogue counting (mostly pulse)

Peak hopping
Pulse and analogue counting (mostly pulse)

Standards
Calibration standard BHVO-2G MNIST 612, BHVO-2G
Secondary standard BHVO-2G, BCR-2G BHVO-2G, BCR-2G
Internal standard value g Hsj
from EMPA
Method Parameters - same for both VUW and UoO
Background acquisition 20s
Standard aquisition 60s
Sample aquisition 60s
Measured isotopes and 10 ms: 25I\.-'Ig, ¥si, ®ca, i, Zcr, **Mn
integration times 20 ms: 7Li, 455::, SLV, SC"CU, E°N|, EaCu, SEZn, ”Ga,
85Rb, SESI’, SBY, SDZr' Slzr’ 93Nb, BSMU, 133(:5’ LHEBa’ 133La
L"ICICe’ 1'11pr’ MENd, M?Sm, 151.Eu LSiEU, lS?Gd, LSSTb, 1630\{, 165HO, 1SEEI',
LEng, L?ZYb’ I?SLU, l?ng, lnga, 182W, 208pb’ 232Th’ ZBEU,
Tuning
Tuning standard BCR-2G

Ablation mode

Monitored isotopes

Oxides

Carrier Gas (Ar)

Rastering (2um/s) beneath a 35um spot
?LiJI cha’ ZSSi’ J13CaJI SSMN, ESSr’ 140Ce’ 232Th,

ThO"/Th" typically <1.5%

0.83-0.87 L/min

Ablation gas (He) 80 - 90%

RF power 1500 W

RF matching 1.77V
Sample depth 4 mm

Extract 1ion lense 32-5V
Extract 2 ion lense -172to -117 V
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2.5.3. Processing of raw LA-ICP-MS data

The raw data was reduced in the programme ‘lolite’ (Paton et al., 2011) using
the SiO2 values measured by EMPA as an internal standard for specific sample spot
sites. The SiO2 concentration for each site was converted into Si concentration and
input as an internal calibration value for each shard. The .csv files output from the
Agilent software was directly loaded in to iolite. The individual time-stamp for each
analysis allowed multiple analyses to be loaded at once to allow calibration standard
drift to be measured and corrected for over the course of a run (‘Spline’ process)
(Fig. 2.3.A). During data processing care was taken to identify and remove any data
that were compromised by accidental ablation of crystal inclusions (Fig. 2.3.B) or
ablation through the glass shard itself (Fig. 2.3.C). This process is of critical
importance to ensure the data for a given analysis are purely for the glass. Allan et
al. (2008) detail some specific elements that show contamination by certain mineral
phases, and these are detailed in Table 2.4. They were monitored during data

reduction.

Table 2.4. Elements that cause contamination in glass shards (from Allan et al. 2008) and
their related mineral phase.

Increased Decreased

Contaminant ) .
concentration concentration

Olivine Mg, Si, Ni, Co

Plagioclase Sr, Al, Ca
Orthopyroxene Mg, Mn, Zn

Magnetite Fe, Ti, Cr, Si
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Figure 2.3. Annotated screen shot of iolite data reduction programme. (A) Set up for a

standard data acquisition of calibration standards and ‘unknowns’. (B) The identification of
accidental ablation of a microcrystal shown by Mg concentrations plotted as secondary peak,
(C) identification of accidental ablation through a glass shard.
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2.5.4. Accuracy and Precision of LA-ICP-MS

An initial standard test was run to check tuning using BHVO-2G as a
bracketing standard and BCR-2G used as a secondary standard (e.g. run as an
unknown but with known values for reference). The standard BHVO-2G was then run
once every 5 samples for calibration. Values used for the reference materials were
the preferred values from the GeoReM database (http://georem.mpch-
mainz.gwdg.de; Jochum et al. (2005), Table 2.5.). Comparisons of the precision and
accuracy of the measurements for VUW vs. UoO are discussed in Section 2.11.4.

Table 2.5 shows a summary of the analyses made by LA-ICP-MS. External
precision of analysis (measured as 2sd% variability from the standard reference
value) for BHVO-2G of elements at both UoO and VUW are poor for Li, Cr, Cu, Cs,
Pb, for VUW specifically Lu is poor, and for UoO specifically Tm and Eu are poor.
For BCR-2G both VUW and UoO have consistently poor precision for Li, Cr, Ni, Cu
and Cs, however, all other elements have a precision of <3%. For BHVO-2G the
accuracy at VUW (17 elements were measured at <1% offset (from the standard
value), and 13 with 1-3% offset) is slightly better than at UoO (14 elements were
measured at <1% offset, and 15 with 1-3% offset), including previously mentioned
elements forming the outliers (>3% offset; Li, Cr, Cu, Cs, Pb, Eu, Tm, Lu). For BCR-
2G the accuracy is better at UoO (9 elements were measured at <1% offset, and 22
with 1-5% offset) in comparison to VUW (8 elements were measured at <1% offset,
and 17 with 1-5% offset), outliers (>5% offset) here include Ti, Cr, Zr, Tm, Ta for
UoO, and Li, Cr, Ni, Cu, Zn, Y, Zr, Cs, Hf, Ta for VUW. In many cases the analysis is
very accurate, with a small % offset from the reference value, but not very precise
(e.g., VUW Ba on BCR-2G, % offset = 0.5, 2sd% = 7), suggesting multiple analyses

are necessary to gain accurate concentration values.
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Table 2.5. Summary of the standard data gained throughout the analysis sessions for 2011-
2014 for standards BHVO-2G and BCR-2G analysed by LA-ICP-MS at VUW and UoO. All
values are reported in ppm, accuracy of analyses shown by offset from reference values
(GeoREM; Jochum et al., 2005) for n=264 number of analyses, for standard deviation of
results see Appendix Bii. Elements are reported with their measured isotope numbers, and
red highlights values discussed in the text as outliers.

BHVO-2G values Vuw UoO BCR-2G values Vuw UoO
Element L Average % offset Average il Element R Average i Average % offset
value from std from std value from std from std

Li7 4.8 4.43 -7.78 4.61 -3.93 Li7 9 9.49 5.48 9.01 0.08
Scd5 32 329 2.69 323 0.90 Scd5 33 338 2.52 341 3.38
Tia7 16300 16708 2.51 16709 2.51 Tiaz7 13500 14027 3.90 14291 5.86
V51 317 309 2.62 309 2.51 V51 416 416 -0.06 427 2.68
Crs3 280 294 5.14 315 12.6 Cr53 13 15.7 20.8 17.1 31.2
Mn55 1317 1317 0.04 1311 -0.44 Mn55 1550 1510 -2.55 1571 135
Nig0 119 116 2.57 120 1.15 Nie0 12 106 -12.1 123 2.87
Cub3 127 103 -15.0 137 8.07 Cu63 21 5.69 -729 20.0 -4.94
Zn66 103 102 1.13 101 2.28 Zn66 127 137 7.81 129 1.59
Ga7l 22 22.0 0.03 221 0.25 Ga7l 23 237 2.95 230 0.14
Rb85 9.08 9.33 2.78 9.19 1.26 Rb85 46.9 49.2 4.88 476 1.58
Sr88 396 39 0.11 397 0.25 Sr88 340 346 1.75 345 1.56
Y89 26 25.9 0.30 256 1.47 Y89 37 347 -6.19 36.0 -2.84
Zroo 172 169 1.53 168 2.10 Zro0 201 181 -10.2 188 -6.40
Nb93 18.1 18.3 0.88 181 0.08 Nb93 12.6 128 1.69 127 0.85
Cs133 0.1 0.11 14.5 -0.14 -245 Cs133 11 1.23 12.1 111 1.30
Bal37 131 133 1.52 131 0.13 Bal37 677 680 0.50 691 211
La139 15.2 15.2 0.02 151 0.85 La139 249 245 -1.70 253 1.74
Cel40 37.5 37.6 0.32 375 0.10 Celd0 52.9 536 141 54.1 2.28
Pri41 5.29 5.34 0.97 5.26 0.64 Prial 6.7 6.72 0.36 6.83 1.88
Nd146 24.5 24.5 0.01 24.4 0.21 Nd146 28.7 28.0 -2.33 29.6 3.24
Sm147 6.07 6.09 0.29 6.10 0.44 Sm147 6.58 6.42 -2.49 6.57 -0.09
Eul53 2.07 2.07 0.03 2.17 4.66 Euls3 1.96 1.95 -0.45 1.98 1.21
Gd157 6.24 6.16 1.29 6.03 3.39 Gd157 6.75 6.58 -2.55 6.68 -0.97
Th159 0.936 0.92 1.98 0.91 2.93 Th159 1.07 1.02 -4.62 1.04 -2.82
Dy163 5.31 5.28 0.60 521 1.97 Dy163 6.41 6.24 -2.58 6.57 251
Hol65 0.972 0.98 0.93 0.99 1.72 Hol65 1.28 1.25 -2.16 1.29 0.92
Erl66 2.54 2.56 0.82 2.46 3.17 Erl66 3.66 3.64 -0.52 3.72 1.62
Tm169 0.341 0.34 0.36 0.41 19.8 Tm169 0.54 0.52 -4.05 0.50 -7.10
Yb172 2 2.02 0.77 2.01 0.55 Yb172 3.38 3.38 -0.09 3.41 1.01
Lul7s 0.274 0.29 5.20 0.27 0.72 Lul7s 0.503 051 0.89 051 1.00
Hf178 4.36 431 1.25 4.23 2.98 Hf178 4.9 4.62 -5.62 493 057
Tals1 1.14 1.15 0.57 1.16 1.41 Tals1 0.74 0.78 5.59 0.81 8.86
Pb208 1.6 1.80 12.6 181 131 Pb208 11 10.80 -1.79 1081 -1.72
Th232 1.22 1.23 1.22 1.20 1.79 Th232 6.03 5.99 -0.65 6.09 1.00
U238 0.403 0.41 1.88 0.40 0.14 U238 1.69 171 1.40 171 1.07

51



Chapter 2 Methodology Hopkins, J.L.

Section B — Whole Rock Analysis

2.6. Sample Selection and Preparation

2.6.1. Sample selection

In order to make the most informed correlations between tephra deposits and
whole rock, it was necessary to obtain whole rock data from as many centres as
possible. In this thesis (Chapter 4) we present a minimum of 5 analyses for all
centres of the Auckland Volcanic Field (AVF), excluding those with no surface
exposure, to test correlation potential. These data are obtained from literature
values, and from new data presented in this thesis where gaps were found in the

literature values.

Additional rock samples for centres with less than 5 analyses were collected
from the field or pre-existing rock collections. For samples collected in a field
campaign, sites were chosen to sample a range of deposits including lava flows,
scoria deposits, and tuff ring deposits. For lava flows, samples were selected from a
number of different sites; they were broken with a sledgehammer to obtain fresh
surfaces with limited weathering or oxidation. Scoria samples were taken by hand or
with a sledgehammer, with the large scoriaceous bombs being preferable. Welded
and imbedded bombs were also the preferred material for sampling from the tuff
rings. The samples were taken, where possible, from a variety of sites around an
individual centre and samples were chosen for their unweathered and juvenile

appearance.

2.6.2. Sample preparation

Fresh samples were then crushed using a Rocklabs Boyd crusher to chips
<15 mm in size. The crusher was cleaned with ethanol and dried using compressed
air repeatedly between samples. The crushed material was then powdered using a
TEMA tungsten-carbide swing mill at VUW.
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2.7. Whole Rock Major Element Analysis by XRF

2.7.1. Sample preparation

Samples were made into fused lithium metaborate glass discs and analysed
for major oxide concentrations following methods of Ramsey et al. (1995).
Approximately 0.7g (1 part by weight) of powdered sample was dried at 110°C
before being mixed with ca. 3.5g (5 parts by weight) of dried lithium metaborate flux.
This mix was then placed in 95% Pt - 5% Au crucibles and fused in a muffle furnace
at 1100°C for 15 minutes. Loss-on-ignition (LOI) measurements were calculated by
heating dried powdered samples in pre-ignited crucibles to 1000°C for 1 hr and

recording the weight loss.

2.7.2. Measurements

Glass discs were then measured for major elements (SiO2, TiO2, Al20s3,
Fe203, MnO, MgO, CaO, Na20, K20, P20s) on an ARL® 8420+ dual goniometer
wavelength dispersive X-ray fluorescence (XRF) spectrometer at the Open

University. Analytical conditions are detailed in Table 2.6.

Table 2.6. Analytical conditions for XRF analysis of major elements at the Open University,
UK; fpc flow portional counter, and x-ray tube operated at 40kV/60mA, from Ramsey et al.,
1995.

Element Data Analytical Conditions
Element X-ray line Wavelength (A) Count time (s)  Crystal Detector Collimator
Na K, 11.910 40 AX06 fpc coarse
Mg Kq 9.890 25 AX06 fpc coarse
Al Ky 8.340 20 PET fpc coarse
Si Ky 7.126 30 PET fpc coarse
Ky 6.158 30 Gelll fpc fine
Kq 5.373 20 Gelll fpc fine
K Kq 3.742 15 LiF200 fpc fine
Ca Kq 3.359 15 LiF200 fpc fine
Ti Kq 2.750 20 LiF200 fpc fine
Mn K, 2130 15 LiF200 fpc fine
Fe Ka 1.937 15 LiF200 fpc fine
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2.7.3. Accuracy and precision of XRF

A bivariate regression line of multiple reference materials was used as
calibration standard (c.f. Ramsey et al., 1995) for XRF analysis. Secondary
standards Whin Sill Dolerite (WS-E) and Nanhoron Microgranite (OU-3) were run at
the beginning and end of each batch of samples to monitor accuracy and precision
of results. Table 2.7 reports the average standard values over 4 batches, and
Appendix B reports all the values measured for the standard analyses. For WS-E all
elements agree closely with the reference value (<1% offset), except for Na20 (-
2.37%) and P20s (-1.59%), and exhibit precision of <1.5% for all except P20s (2.7%).
For OU-3 all elements show <2% offset from the reference value, except CaO
(3.08%) and all exhibit a precision value of <2%, indicating that the XRF technique
shows a high level of both precision and accuracy. Blind duplicate analyses were run
for selected samples and for BHVO (reported in Appendix B) and show excellent
reproducibility. With blind BHVO analyses all within <2% offset of the reference
value, and all with precision of <3%.

Table 2.7. Summary of the standard data gained through XRF analysis techniques for major
element concentrations of whole rock. Reference values for WS-E from Govindaraju, 1994
with the exception of SiO2, TiO2, and Fe-Osfrom Thompson et al., 2000 and for OU-3
reference values are accepted from long-term running averages from the Open University
XRF lab.

Whin Sill Dolerite (WS-E) Nanhoron Microgranite (OU-3)
Reference  average % offset 25d% Reference average % offset 25d%
value  (wt%)(n=8) from std value (wt%) (n=8)  from std

Sio, 51.10 51.03 0.15 0.12 74.09 74.13 0.05 0.21
Tio, 2.43 243 0.33 0.35 0.22 0.22 0.11 2.50
Al,0, 13.78 13.89 0.80 0.24 11.11 11.08 0.28 0.47
Fe,0,™ 13.15 13.16 0.05 0.28 3.83 3.87 0.92 0.51
MnO 0.17 0.17 0.50 1.14 0.09 0.09 1.78 1.35
MgO 5.55 5.55 0.07 0.60 - 0.03 - -
Ca0 8.95 8.94 0.14 0.32 0.20 0.21 3.08 1.82
Na,0 2.47 2.41 2.37 0.72 3.68 371 0.68 0.99
K,0 1.00 1.00 0.25 1.17 4.55 4.56 0.20 1.08
P,0¢ 0.30 0.30 1.59 2.70 - 0.02 - -
LOI 0.85 0.85 0.00 0.00 1.82 1.82 0.00 0.00
Total 99.75 99.72 0.03 0.07 99.59 99.72 0.13 0.25
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2.8. Trace Element Analysis by Solution-ICP-MS

2.8.1. Laboratory Protocol at VUW

Sample preparation was undertaken in an ultraclean laboratory facility using
Class 10 laminar flow workstations. The air within the laboratory is positively
pressured and filtered to Class 100, in order to minimise the risk of sample

contamination.

2.8.2. Reagents

All the water used for any lab work in this study was filtered Millipore H20
(MQ) with measured resistivity of ~18.2 MQ. For sample preparation Seastar (SS)
grade ultra-pure acids were used. For sample dissolution SS grade HNOs and HF
were used. For trace element analysis, analytical reagent (AR) grade HNOs was
distilled twice to produce a 2xsub-boiled (SB) acid. The acid dilutions were made
with MQ water and their molarities checked using a density meter.

2.8.3. Beaker preparation

Prior to chemical procedures, 23 mL Savillex screw top beakers were cleaned
to remove any potential contaminants. Dirty beakers were thoroughly rinsed with MQ
and wiped down with methanol. The beakers were then soaked in AR grade 6M HCI
for a minimum of 24 hours on a hotplate at 120°C. They were then removed and
rinsed three times with MQ water. This process was then repeated but with 7M
HNOs. Finally, the beakers were filled with 4-5 mL of 6-7M SB HNO3s sealed and
refluxed for 24 hours. This acid was then removed and the beakers were rinsed
three times with MQ water. This process was then repeated with 4-5 mL of 6-7M SS
HNOs. Once rinsed with MQ beakers were then dried down and ready for use. For
Pb isotopes this step is repeated with 6M SS HCI, then rinsed and stored in SB

HNOgs until ready for use.
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2.8.4. Trace element chemistry

For trace element analyses a split of the same sample powders previously
used for XRF and isotope analysis from this and studies by McGee et al (2012 and
2013) was used. 50 mg of rock powder was weighed on a high precision balance to
+0.0001g in a pre-cleaned (outlined above) 23 mL Savillex screw top beaker.
Samples and international reference standards BHVO-2G and BCR-2 were digested
using conventional methods (Fig. 2.4.); ca. 1 mL concentrated (conc.) hydrofluoric
acid (29M SS HF) was combined with ca. 0.5 mL conc. nitric acid (16M SS HNO3),
the beaker was sealed and this was refluxed at 120°C for 3-4 days to ensure
complete digestion. Once digested, the solution was dried to incipient dryness (to
reduce sample loss by the production of insoluble fluoride), and taken up with ca. 2
mL conc. HNOs and again dried to incipient dryness. This step is repeated to allow
the removal of any fluorides that may have formed. Following this the samples were
refluxed with 5 mL 6M HCI (2xSB) overnight. After complete dissolution of sample
the HCI was evaporated and then taken up with ca. 2 mL conc. HNOs. To allow the
chlorides formed to turn back into nitrides the sample was then evaporated to
incipient dryness, taken up again with 9 mL 1M HNOs (SS) and finally left to reflux
for 2-3 days to form the analytical solution. Prior to analysis the samples were
centrifuged at 2000 rpm for 5 minutes. The final solutions were then transferred to
pre-cleaned 10 mL centrifuge tubes (c-tubes), ensuring all drops were removed from
the beakers, and weighed on a high precision balance (£0.0001 g). To analyse the
sample solutions dilutions of the stock solution are made by removing a 60 uL aliquot
into another c-tube, the aliquot was again precisely weighed and it then topped up
with 5.94 mL of 1% HNOs and weighed again, this procedure ensures the final
dilution of the sample could be accurately calculated. The process is outlined in
Figure 2.4 using equations 2.8.6.1 and 2.8.6.2 for dilution calculations, where

sample weight is recorded in grams (g).
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2.8.5. Analysis of elements on ICP-MS

The sample dilutions prepared as described above were analysed on an
Agilent 7500CS ICP-MS (the same instrument as used for the in situ tephra-derived
glass analysis) at the VUW. Analysis conditions are shown in Table 2.8. Prior to
analysis the ICP-MS was tuned using an Agilent 10 ppb multi-element standard
tuning solution diluted to 1 ppb. Instrumental conditions, torch conditions and gas
flow rates, were optimised to maximise the machine sensitivity but minimise the
production of oxides. This process was monitored using measured values of
CeO*/Ce* (masses 156/140) and maintained to a value of <1.5 %. Pulse/Analogue
(P/A) factors were measured on relevant elements (e.g., Ca, V, Cr, Ni, Sr, Ba, Ce,
Mo, and Zr), and multiple isotopes of selected elements were measured, as detailed
in Section 2.5.2. Samples were introduced into the ICP-MS using a wet spray
chamber and peripump. The individual analysis of a sample is 120 seconds (S) in
duration, preceded by a 30 s water wash, 180 s 1% HNOs3 wash out, 60 s 1% HNO3
background analysis. Each analysis session included 3 bracketing standards, 7
samples, and one internal standard (BCR-2).
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Digestion technique for trace element analysis by solution

1. 50mg of sample 2. leach with 0.5mL conc HNO, 3. dry down to incipient 4. add c.2mL conc HNO,
l + 1mL conc HF dryness dry down immediately x2
23mL teflon|
beaker
3-4 days at 120°C 120°C 120°C
5. dry down to incipient 6. add 5mL 6M HCI 7. dry down fully to 8. add 2mL conc HNO,
dryness remove all HCI
120°C 24hours at 120°C 120°C 2days at 120°C
9. dry down immediately to 10. add 9mL 1M HNO,

incipient dryness

L ¢

Centrifuge samples
2000 rev min™' 5 minutes

120°C 2-3 days at 120°C

Centrifuge tube (c-tube) preparation

1. rinse c-tube with 2. fill with MQ 3. remove all liquid 4. add sample and
MQ water x3 + 10 drops conc HNO, then rinse x3 with MQ diluted as required

50mL centrifuge
tube (c-tube)

Seal and store Sample now ready
ready for use for analysis

Figure 2.4. Schematic diagram of the procedure for trace element digestion prior to analysis
by solution-ICP-MS and centrifuge tube preparation (after McGee et al., 2013).
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Table 2.8. Analysis conditions for solution ICP-MS analysis

Instrument Agilent 7500CS octopole
Aquisition mode Peak hopping
Detection mode Pulse and analogue counting (mostly pulse)

Calibration standard BHVO2

Secondary standard BHVO2, BCR2

Blank standard Procedural blank (1% HNO;)
Internal standard “ca

Background acquisition 60s

Standard aquisition 60s

Sample aquisition 120s

Washout time 125 s (5 secs water, 120 secs 1% HNO3)

Measured isotopes and 10 ms: ?Li, 25Mg, 43Ca, 4551:, 53Cr, 51\1‘, soNi, sgCu, EﬁZn, E'QGa,
integration times “Ga, %Sr, ng, QOZr, QIZr, “Nb 13?Ba, 13c"l.a, 14°Cte, YeNd

20 ms: %Rb, “'Pr, *'sm, **’Gd, **Dy
50 ms: SSMO 133CS lS]Eu 153Eu 159Tb IESHD 166Er 169Tm l?ZYb
l?SLu l?st lﬂlTa ZUSTI ZUBPb ZSZTh 238U

Tuning standard Agilent 1ppb solution (Li, Co, Y, Ce, Tl)
Monitored isotopes during tuning “Li, ®*Co Y, “OCe, **TI, (RSD for each isotope <2%)
Calibration standard BHVO2

Monitored isotopes during tuning ?Li, > Co, aBSr, as'Y, 13c"La, 1"‘]Ce, 15?Gd, 172Yb, ZOSTI,
Oxides CeO"/Ce” 1ppb solution <1.5%

Isotope P/A factors calculated on ’Li, **Mg, YAl, *°Co, ®sr, #y, 10Ce, 20°7|, By
BHVQO-2

Carrier Gas (Ar) 0.89-0.97 L/min

Makeup gas (Ar) 0.23-0.26 L/min

RF power 1500 W

RF matching 1.77V

Sample depth 7 mm

Extract 1 ion lense
Extract 2 ion lense

59-6.0V
-153.5to -143.5V
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2.8.6. Data reduction and concentration calculations

Trace element abundances were calculated relative to a matrix-matched
bracketing standard (BHVO-2), which was run every 4 samples, three times within
an analysis session, under identical conditions. “3Ca was used as the internal
standard for secondary data normalisation and this value was taken from the XRF

results from the same samples.

The background count rates were measured for 60s prior to analysis and the
mean value was subtracted from the samples using the reduction programme lolite.
Once this is removed the trace element concentrations were calculated using the

following equations;

Ca0,ICP—MS cao CPSsCfmpze
C = Cif X | —=— (Eq.2.8.6.1)

C
sample cpsSy

Where;

CCaO,ICP—MS CaO,XRF
sample » “sample

= concentration of CaO measured by ICP-MS or XRF

c&%°= GeoREM CaO concentration for BHVO-2 standard

CPSggmpies CPSsy = counts per second obtained on “*Ca during analysis of whole
rock dilution (sample) or BHVO-2 (std)

ICP-MS cEa0XRE cpsX
X, - _ X sample sample
¢ = Csta X <CCaO,ICP—MS> X( ) (Eq.2.8.6.2)

sample X
sample CPSsta

Where;

C;‘dfﬁg;m = concentration of element x determined by ICP-MS analysis
CaO0,XRF _ ;

Csample = concentration of CaO measured by ICP-MS or XRF

%a = GEoREM concentration of element x in std BHVO-2

CPS3ampie- CPS3tq = counts per second obtained for element x during analysis of
whole rock dilution (sample) or BHVO-2 (std)

60



Chapter 2 Methodology Hopkins, J.L.

2.8.7. Accuracy and precision of solution-ICP-MS

Two secondary standards were run throughout an analysis session to monitor
the accuracy and precision of the solution ICP-MS analysis. International rock
standards BCR-2 and BHVO-2 were chosen based on their well-documented
compositions recorded from a number of laboratories using modern analytical
conditions, and their similarity to the composition of the samples used for this study.
All the trace element data obtained by solution-ICP-MS for these standards is
recorded in Appendix B. Table 2.9 records the average values of all the analyses
and shows the accuracy (by % offset) and precision (by 2sd%) of the measurements
made. Analytical precision based on 15 replicate analyses of BCR-2 is <6.5% for
most trace elements. The exceptions to this include Cr + 8.2%, Nb + 16.5%, Cs
1+6.8%, Ba + 8%, Ta £ 19% and Pb + 21%. For the majority of BCR-2 trace elements
are accurate to <6% apart from Li, Cr, Cu, Nb, Cs, Eu and Ta. For 11 replicates of
BHVO-2 precision is <5% for all trace elements except Nb (8.7%), Cs (6%) and Ta
(8%), and all values are within <1.5% of the reference value, except for Ta with an
offset of £ 6.4%.
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Table 2.9. Summary table of standard data gained whilst analysing whole rock for trace
element concentrations using solution-ICP-MS. Reference values are taken from GeoREM
preferred values; Jochum and Nerling, 2006. All values are reported in ppm, with meausred
isotopes of elements detailed. Red highlights show those figures discussed in the text as

outliers.
BHVO values BCR2 (internal standard) values
Reference | Average % offset Reference Average % offset

Element i — ( M%? ——— 2sd% Element value ( wt%g] from std 25d%
Cad3 1.4 11.4 0.00 0.00 Ca43 7.1 7.12 0.00 0.03
Li7 4.8 4.77 -0.71 2.69 Li7 9.0 10.2 13.01 5.59
Sc45 32.0 31.9 -0.38 3.29 Sc45 33.0 34.6 4.84 6.45
Tia7 16300 16248 -0.32 3.40 Tia7 13500 13847 2.57 4.87
Ti49 16300 16267 -0.20 1.99 Tid9 13500 13858 2.65 5.93
V51 317 318 017 3.15 V51 416 429 3.10 4.98
Cr53 280 279 -0.28 2.15 Cr53 13.0 14.1 8.19 8.22
Mn55 0.2 0.17 -0.62 3.16 Mn55 0.2 0.20 2.30 4.99
Co59 45.0 44.7 -0.65 2.01 Co59 37.0 38.8 4.99 5.52
Ni60 119 118 -0.43 317 Ni60 12.0 12.6 5.12 6.93
Cu63 127 127 -0.15 2.99 Cub3 21.0 3.50 -83.33 1983.15
Zn66 103 103 -0.23 2.41 Zn66 127 134 5.67 5.97
Ga71 22.0 22,0 -0.22 2.68 Ga7l 23.0 23.6 2.71 6.00
Rb85 9.1 9.03 -0.53 3.16 Rb85 46.9 48.5 3.49 6.02
Sr88 396 304 -0.43 1.76 Sr88 340.0 352 3.58 6.05
Y89 26.0 259 -0.30 2.98 Y89 37.0 37.2 0.62 6.08
Zr30 172 171 -0.60 2.52 Zr90 201 194 -3.46 5.43
Zr91 172 171 -0.62 2.79 Zr91 201 194 -3.38 6.01
Nb93 18.1 18.3 1.22 8.68 Nb93 12.6 13.2 4.73 16.50
Cs133 0.1 0.10 -0.95 6.00 Cs133 1.1 1.24 12.49 6.79
Ba137 131 130 -0.72 2.21 Bal37 677 689 1.82 7.96
La139 15.2 15.1 -0.48 2.53 La139 24.9 25.9 4.16 6.19
Ce140 37.5 37.3 -0.51 2.81 Celd0 52.9 55.0 4.06 5.57
Pr141 5.3 5.25 -0.84 2.38 Pria1 6.7 7.03 4.92 5.64
Nd146 24.5 24.3 -0.69 2.38 Nd146 28.7 29.9 4.16 6.37
Sm147 6.1 6.01 -0.95 3.41 Sm147 6.6 6.80 3.35 6.35
Eu151 241 2.06 -0.47 3.17 Euls1 2.0 2.10 7.22 5.87
Eu153 2.1 2.06 -0.46 2.26 Euls3 2.0 2.15 9.59 6.18
Gd157 6.2 6.21 -0.51 2.96 Gd157 6.8 7.15 5.94 5.97
Th159 0.9 0.93 -1.04 2,67 Th159 1.1 1.10 2.45 5.84
Dy163 5.3 5.28 -0.51 3.46 Dy163 6.4 6.68 4.15 6.30
Ho165 1.0 0.97 -0.16 2.80 Hol65 1.3 1.33 4.17 5.71
Er166 2.5 2.53 -0.53 3.72 Erl66 3.7 3.79 3.60 5.81
Tm169 0.3 0.34 -1.06 3.20 Tm169 0.5 0.56 3.04 6.54
Yb172 2.0 1.98 -1.19 1.89 Yb172 3.4 351 3.96 6.00
Lu175 0.3 0.27 -0.30 4.01 Lul75 0.5 051 1.56 6.73
Hf178 4.4 4.34 -0.35 2.26 Hf178 4.9 5.03 2.55 6.10
Ta181 11 1.21 6.39 7.97 Tal8l 0.7 0.97 31.14 18.63
Pb208 1.6 1.60 0.04 4.56 Pb208 11.0 10.9 -0.96 20.52
Th232 1.2 1.21 -1.18 1.89 Th232 6.0 6.18 2.52 5.19
U238 0.4 0.40 -1.01 3.52 u23s 1.7 1.70 0.73 5.85
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Section C — Re, Os and Pb Analysis

2.8. Sample Selection and Preparation
Bulk rock samples were chosen to follow on from the work undertaken by
McGee et al. (2013). Selected samples were chosen from the pre-existing sample

set to satisfy two criteria

(1) be a primitive chemical composition (e.g., Mg# >60)
[caluculation Mg#=([Mg]/([Mg]+[Fe]))*100)]

(2) be representative for the range of AVF rock Pb isotopic composition.

By analysing this sample set it is possible to make a direct comparison with
previous work and provide more robust conclusions as to the source characteristics
below the AVF. 15 samples of both lava and scoria from Rangitoto, Mt. Wellington,
Puketutu, Three Kings, Pupuke, Purchas Hill and Wiri were chosen. These samples
were crushed using a Rocklabs Boyd crusher and powdered using an agate ring mill
(to avoid contamination in Re) at VUW. Re-Os chemistry and analysis was
undertaken in the GEOTOP facilities at UQAM.

2.9. Os isotopes, Os and Re Analysis

2.9.1. HPA-S digestion

1 g of sample powder was spiked with a known enriched tracer solution of
1900s/*®Re. This was then digested in Teflon sealed quartz tubes with 3 mL 6M HCI
and 3 mL HNOs at 300°C and 100 bars in a high-pressure asher unit (HPA-S, Anton-
Parr-Perkin Elmer Instruments) for 12 hours (Meisel et al., 2003). This equilibrates
the powdered sample and liquid spike by oxidation to OsO4 and acts to digest the

sample.

2.9.2. Paris Brz Extraction

After digestion Os was extracted using the Paris Br2 technique (after Birck et
al., 1997). 2 mL chilled Br2 was added to sample and left on a hot plate at 90°C for 2
hours. This acts to scavenge the already oxidised Os from the agueous solution into
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the liquid Brz, leaving Re and PGEs within the agueous solution. Isolated liquid Br2
(inc Os) was then removed to a large Teflon beaker (120 ml) and 20 drops of HBr
was added to reduce the Os from volatile Os®* (OsOa4) to non-volatile Os** (OsBres>).
This was then left at <90°C for 12 hrs to allow the Brz to evaporate leaving the Os
within the HBr. At this stage the Os is reasonably pure but requires a further micro-

distillation step to achieve sufficient sample purity for analysis.

2.9.3. Micro-distillation of Os

The Os and HBr was then transferred into the lid of the teflon beaker and left
on the hot plate for 12 hrs at 110°C to evaporate the HBr. The Re and PGE’s were
left to one side in the large Teflon beaker. One drop of Cr20s in H2SO4 was then
added to the remaining residue. % drop of HBr was added to the tip of a conical tub,
which was carefully inverted over the residue and secured tightly. This was then
wrapped in Al-foil and left on a hot plate at <90°C for no longer than 3 hrs. This
process acts as a micro-distillation to remove any remaining Re from the sample
(Fig. 2.5.). The Cr203 works to oxidise the osmium complex OsBre> and thereby
causes it to re-volatilise as OsOa. This then evaporates in its gas phase to the tip on
the conical tub where it is reduced and stabilised by the HBr back to OsBre® (Birck et
al., 1997). The Al-foil was carefully removed, the tub is opened discarding the lid and
the conical tub reverted to the correct way up. This was then left to dry down further
to 0.5-1.5 pL on a hot plate at 110°C for 20 minutes. The osmium is then ready for
analysis by N-TIMS.

FOI' CrSO4
Hot 4[/ 3hrs at <90C
Plate

Figure 2.5. Schematic diagram to show micro-distillation technique after Birck et al. (1997)
used to remove remaining Re from sample.

HBr
Reducing Agent

18  Osoxidised and
T3  volatilised - evaporates

CI’SO4
OX|d|smg Agent
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2.9.4. Analysis of Os by N-TIMS

Osmium isotopic measurements were carried out on a Triton TIMS in negative
ion mode (Creaser et al.,, 1991). High purity Pt filaments were de-gassed in air to
white hot temperatures for 2 minutes (Birck et al., 1997). Samples were then loaded
onto the filaments in HBr, as OsBre?, and coated with a saturated solution of
Ba(OH)2 and NaOH, to act as an electron emitter (Birck et al., 1997). The filaments
were then quickly flash heated, to reduce the organic interference from masses 233-
235. Samples were loaded into the mass spec and O2 saturated with water vapour
was leaked into the chamber (Walczyk et al., 1991). Filaments were then heated

slowly to a temperature of 705°C.

2.9.5. Re column chemistry

3 mL conc. HF was added to the large Teflon beaker containing the Re and
PGEs in aqueous solution, and left, sealed on a hot plate for 1hr at 110°C. This was
then uncapped and the HF evaporated off for 12 hrs at 110°C, to allow the removal
of any remaining silicates. Pipette columns were prepared by the addition of ca. 0.6
mL AG1X8 200-400 resin. Whilst this was settling, 2 mL 0.8 M HNO3s was added to
the dried down samples, the beakers were then sealed and placed in a sonic bath to
allow the Re to be fully dissolved. The columns were then cleaned by three washes
through of 5 mL 8M HNOgs, conditioned with 2 mL 0.8M HNO3s, and the sample is then
introduced. Two lots of 5 mL 0.8M HNO3s were added to wash out the unwanted
elements, followed by collection of Re in 1 mL 8M HNOs and 4 mL 8M HNOs. The
solution was then dried down for 24 hrs at 120°C and was then ready for analysis on
Sector Field (SF) ICP-MS (Fig. 2.6.).

2.9.6. Analysis of Re by SF-ICP-MS

After evaporation, samples were taken back up in 1 mL of 2% HNOs and this
solution was then transferred into 5 mL c-tubes, and centrifuged. Solutions were then
transferred into miniature shot glasses (3 mL) ready for analysis. Analysis was
undertaken on a NU instruments ATTO-M Sector Field (SF)-ICP-MS. Wash out with
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MQ H20, 4% HNOs and 2% HNOs, was run between each sample and every two
samples a blank (2% HNO3) and the standard NIST SRM 3141 was run.

2.9.7. Determination of Os and Re concentrations

Os and Re concentrations were determined by isotope dilution techniques
using '#°Re and °°0Os spiked samples. Blanks for the total procedure were 0.3 pg for
Os, and 7 pg for Re. These values were subtracted from the sample totals in data
processing, along with an oxygen interference and sample-spike unmixing correction

(c.f. Luguent et al., 2000). Calculations for isotope dilution are after Albarede (1995).

2.9.8. Accuracy and precision of N-TIMS and SF-ICP-MS

Os isotope measurements were corrected for instrumental drift using the
internal standard DROsS. Internal precisions (2 SE) for 8’0s/*¥0s < + 0.00012. All
values are recorded in Appendix B. For Re, instrumental drift for SF-ICP-MS
analysis was corrected for using the standard NIST SRM 3143 (values from
Gramlich et al., 1973). Internal precision (2SE) for ¥’'Re/'®°Re were < + 0.05, and alll
valuesare recorded in Appendix B. Unfortunately, no natural rock standards wih low
enough concentrations are currently available to act as appropriate secondary
standards for basaltic Os or Re analysis. Currently existing standards contain high
levels (ppb) of Os and Re, and their use would risk causing significant cross
contamination. In addition, they also represent a poor matrix match to basaltic rocks

and would not behave comparably to the samples during analysis.
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Re column chemistry techniques

1. Re and PGE remaining 2. add 3mL conc. HF 3. evaporate off HF 4. add 2mL HNO, and
in aqueous solution sonic bath for 20 minutes
100mL teflon
beaker
12 hours at T10°C 1 hour at 110°C
5. prepare column 6. clean columns 7. condition columns 8. introduce sample
add 0.6mL AG1-X8 3x 5mL 8M HNO, 2mL 0.8M HNO,

200-400 resin

N

pipette
column
9.wash out unwanted elements 10. collect sample 1. dry down immediately,
2 x 5mL 0.8M HNO, 1mL 8M HNO, take back up with 1mL 2%

4mL 8M HNO, HNO, when ready for analysis

24hours at 120°C

Figure 2.6. Schematic diagram of the procedure for sample digestion and extraction of Re
and column chemistry.
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2.10. Pb Isotope Analysis by MC-ICP-MS

Pb isotope analysis was required for all samples that were run for Os-Re
isotope work. Selected samples included those that were not analysed by McGee et
al. (2013), and some duplicates of previously analysed samples. In total 9, whole
rock samples were prepared and purified at VUW for analysis at Durham University,
UK.

2.10.1. Pb separation

Figure 2.7 shows a schematic diagram of the digestion and separation
procedure following after Baker et al. (2004). All beakers were pre-cleaned 23 mL
Savillex beakers as outlined in 2.5.3.3, and Seastar (SS) grade acids (HNOs, HF,
HCI and HBr) were used throughout the procedure. The rock powder is the same
used in all stages of chemistry and in some cases the same as that prepared for the
McGee study. 200 mg of rock powder (same as used for trace elements and in
McGee et al., 2013) was weighed on a high precision balance to £0.0001g and
added to a pre-cleaned beaker. 4 mL of 6M HCL was added, the beaker was sealed
and allowed to boil for 1 hour at 120°C. The supernatant formed was removed and
the sample was rinsed 3 times with MQ water. The sample was then digested using
conventional methods; 30 drops of conc. HF and 15 drops of conc. HNOs was
allowed to reflux for 24 hours, followed by the sample being dried down to incipient
dryness. 20 drops of conc. HNOs was added and allowed to dry down fully. This
process was repeated twice. Following this 1.5 mL 0.8M HBr was added then
evaporated immediately. 1.5 mL 0.8M HBr was added again and left to reflux at
120°C with the beaker sealed for 3 hours. The solution was centrifuged for 8 minutes
at 2000 rpm and was ready to pass through the separation columns.

The columns for Pb separation were made from 1 mL disposable pipette tips,
their ends were cut off and frits, made out of polypropylene soaked for a minimum of
5 minutes in 6M HCL (SS), were firmly inserted into the base of the column.
Approximately 5 mm depth of Biorad anion exchange resin (AG1-X8) was inserted
into the column within a small amount of MQ water. It was critical to ensure no
bubbles were formed during emplacement that would affect the rate of flow through
the column. The column and resin were then washed three times using 1 vol. of 6M
HCI followed by 1 vol. of MQ.
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Digestion technique for Pb chemistry
1. 200mg of sample 2. leach with 4mL 6M HCI 3. pipette off supernatant, rinse 4. add 30 drops conc HF
OR 50mg of tephra OR 2mL 2M Hcl for tephra with MQ and pipette off x3 + 15 drops HNO,
23mL teflon
beaker
our at 24 hours at 120°C
20 minutes for tephra
5. dry down to incipient 6. add 20drops conc HNO, 7. add 1.5mL 0.8M HBr 8. add 1.5mL 0.8M HBr
dryness evaporate immediately x 2 evaporate immediately
120°C 120°C 120°C 3 hours at 120°C
Centrifuge samples
2000 rev min' 8 minutes
Pb column chemistry technique
1. prepare column 2. wash column 3. equilibrate column 4. introduce sample
add 100uL AG1-X8 resin 6M HCI then MQ x 3 0.8M HBr MQ x 2 \
1mL pipette tip|
column
5. wash out column 6. collect sample 7. add3 drops conc HNO, 8. add 1.5mL 0.5wt% HNO,
1vol, 1/2 vol, 1/2vol 0.8M HBr 6M HCI x2 dry down immediately
120°C
Sample now ready
for analysis

Figure 2.7. Schematic diagram of the procedure for sample digestion and extraction of Pb
and column chemistry.
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The resin was then equilibrated using 2 vol. 0.8M HBr. The sample was
introduced and unwanted elements were washed out using 1, 0.5, 0.5 vol. of 0.8M
HBr. The Pb isotope cut was collected by passing 2vol. 6M HCI through the column.
This was immediately dried down and the column separation repeated. The process
was repeated to ensure as pure as possible sample of Pb. The final solution was
dried down and three drops of conc. HNOs was added and then dried down
immediately. Samples were left in this dried down state until immediately before
analysis where they were then taken up with 1.5 mL 0.5% HNOs3 (SS) and left on a
hot plate at 120°C for at least 1 hour to ensure the full Pb cut goes into solution. The

samples were then ready for analysis.

2.10.2. Pb isotope analysis

Samples were analysed for Pb isotope compositions using a Neptune MC-
ICP-MS at Durham University, UK. Samples were introduced with the machine in wet
plasma mode using a small volume cinnabar™ spray chamber. The machine was
tuned using ca. 30 ppb of Pb standard solution NBS-981. Adjustments were made to
instrument conditions including torch position, nebuliser gas flow and voltage across
each lens to optimise analytical sensitivity to ca. 8V for 28Pb. Samples were diluted
to 8 + 2V for 2%8Pb using 3 wt.% HNOz in pre-prepared acid-cleaned c-tubes. Isotope
measurements were recorded for the samples in 5s intervals over 50 integrations (2
blocks of 25). Background was recorded by deflecting the ion beam for 2 minutes
and this value was automatically deducted from the sample measurements.

Procedural blanks for this study were typically <15 pg and therefore insignificant.

2.10.3. Accuracy and precision of MC-ICP-MS

Pb isotope measurements were corrected for instrumental mass bias and drift
by standard bracketing using NBS-981, internal precisions (2 SE) for this were for
206pp/204ph < + 0.0012, 297Pb/?%4Pb < + 0.0013, 2°8Pb/2%*Pb < + 0.0044 all values are
recorded in Appendix B. Secondary standard JB-2 was analysed repeatedly from
multiple digestions, the average measured values are 2°°Pb/?%*Pb 18.3707 *11, for
207pp/204ph 15.5586 + 16 and for 208Pb/?94Pb 38.2784 + 34 which are all within
analytical error of the reference values from Baker et al. (2004), all values are
reported in Table 2.10.
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Table 2.10. Internal standard values for JB-2 showing accuracy and precision for Pb isotope
chemistry and analysis by MC-ICP-MS. Reference values for JB-2 from Baker et al. (2004).

Secondary Standard JB2

Run# 205Pbl204pb ZSE 2{)7Pb’204Pb ZSE ZDstJerPb 2SE
B1 18.3422 0.00099 16.5628 0.00089 38.2754 0.00345
B2 18.3451 0.00112 15.5629 0.00105 38.2771 0.00285
Ref values 18.3435 0.00170 16.5619 0.00160 38.2784 0.00500
average (n=2) 18.3437 0.00106 156.5628 0.00097 38.2762 0.00315

Section D — Review of Data Accuracy and Precision

2.11. Review of in-situ analysis of tephra-derived glass shards

For samples from Orakei Basin, Onepoto and Glover Park, new samples were
taken from the cores, picked, mounted and analysed. Some of these horizons have
already been previously sampled and analysed for major element concentrations
and therefore values obtained can be compared to check for comparability of
analyses. For shards from Hopua and Pupuke a more direct comparison can be

made as the exact same shards and original mounts were re-analysed for this study.

2.11.1. Major Element analysis comparison

Previous analysis for all shards was run using EDS techniques on a Jeol JXA-
840 EMPA at the University of Auckland (UoA), however for our analysis we used
WDS techniques at Victoria University of Wellington. The WDS technique is shown
to produce a much smaller error for the major elements concentrations with typical
errors associated with both methods shown in Table 2.11. The data for major
element shard concentrations published by the UoA is normalised to 100% with the
discrepancy attributed to loss of water on ignition of the sample (Shane 2005). To
allow the comparison to previously published work we also apply this normalisation

technique, however original and normalised values are both shown in Appendix C.

The previously published data and the new data on the whole were shown to
be comparable. Figure 2.8 shows two examples of comparisons. Example A shows
re-analysis of the same samples within a pre-made mount, initially by Molloy (2008)

and then repeated by this study. Example B shows two separate samples and
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analyses (Molloy (2008) and this study) for the same horizon (AVF 5 from the Orakei
Basin core). Although the errors are much larger for the EDS analysis (Table 2.11.)
these comparisons show that the data obtained by both methods are comparable
and therefore confirms the ability to use a combination of both current and previously
published data to correlate the tephra horizons. Tephra-derived glass shards from
the AVF used for this study have not previously been analysed for trace element
concentrations, and therefore the same principle of comparison cannot be applied to

the trace element analyses made by this study.

Table 2.11. Comparison of average offset values for EDS vs. WDS analysis techniques.

EDS analysis error - WDS analysis error —

Element average % offset average % offset
(Molloy 2008) (This study)

Sio, <+0.13 <+0.01
Al,O4 <x0.75 <+0.43
TiO, <+10 <+0.24
FeO <+25 <+0.16
MnO <+25 <+11

MgO <+10 <+1.25
CaO <+25 <x15
Na,O <+15 <+55
K20 <+2 <+0.64
P,05 <%10 <+1.8

72



Chapter 2 Methodology Hopkins, J.L.

18
& o
(@) OC
8:8 "'I.
<16 o®
2
o,
< s ]
far
14 +
| | |
6 8 10 12 14
CaO (wt%)

@® Hopkins analysed Hopua AVF 18 sample H-32 example A

© Molloy analysed Hopua AVF 18 sample H1-32 example A

B Hopkins sampled and analysed Orakei Basin AVF 5 OB1.#39-3-57.44 example B
O Molloy sampled Orakei Basin AVF5 OB1-18 example B

Figure 2.8. Comparison of duplicate data for mounted samples from Hopua and Orakei
Basin core, between Molloy (2008) and this study. Error bars are plotted as typical % offset
outlined in Table 2.10, the green line indicates errors for Molloy (2008) and the black line for
this study.

2.11.3. Comparability of EMPA analysis with LA-ICP-MS analysis

To monitor the comparability of the results from the two methods MgO, CaO
and TiO2, concentrations were obtained by both analysis techniques. Figure 2.9
shows the results obtained from a representative horizon with EMPA concentration
(in wt.%) on the x-axis and LA-ICP-MS concentration (calculated in wt.%) on the y-
axis. A 1:1 ratio line is also drawn to show where a perfect agreement between the
two analyses would sit. For CaO and TiOz2 the results are very similar with points
plotting very close to the 1:1 line, in comparison MgO values are slightly more
variable with the LA-ICP-MS generally plotting at higher concentrations than the
EMPA analysis. This range in variation in the laser data in comparison to the probe
data is attributed to the slightly larger spot size that is analysed by the laser. It is
therefore concluded that the CaO and TiO2 analyses on the laser are more accurate
and comparable to the probe data in comparison to MgO. CaO is therefore chosen to

act as an internal standard for data manipulation.

73



Chapter 2 Methodology Hopkins, J.L.

el
=)

P~
(1]
T

-9
=
T
%

LA-ICP-MS (MgO wt%)

25 | | | |
2.5 3.0 3.5 4.0 45 5.0
EMPA (MgO wt%)

-
F-Y

-
w
T

-
N
T
o

—

=y
T
o

° o (]
o
0 g0,

LA-ICP-MS (CaO wt%)

-
o
T

9 10 1 12 13 14
EMPA (CaO wt%)

4.0

LA-ICP-MS (TiO, wt%)
w w
o [3,]
T T

Lt
2
T

20 1 I 1
2.0 25 3.0 3.5 4.0
EMPA (TiO, wt%)

Figure 2.9. Bivariate plots of MgO, CaO and TiO for comparison of data obtained on
duplicate analyses from EMPA and LA-ICP-MS techniques.
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2.11.4. LA-ICP-MS analysis at VUW vs. UoO

The majority of samples were analysed at VUW, however, some samples
where analysed at the University of Otago, Dunedin, NZ (UoO). The location of
sample analysis is outlined in Appendix C, and methodologies and machines used
are outlined in Section 2.5. The same standards used at VUW for BHVO-2G and
BCR-2G were used at UoO, with BHVO-2G used as a bracketing standard and BCR-
2G as an internal standard. All analyses can be found in Appendix B with average
values, accuracy and precision outlined in Appendix B. Based on the average
values for all the analyses done at both VUW and UoO on the internal standard
BCR-2G (run as an unknown), both methods are equally as accurate with % offset
for the standard values variable with maximum errors on the same elements as
outlined above. However, the UoO analyses are much more precise than the VUW
values, with 2sd% values for UoO between 3.14% (V) to 32.06% (Cr) and for VUW
between 5.69% (Ti) to 72.66% (Ni).
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Preface to Chapter 3

The study region for this thesis, the Auckland Volcanic Field (AVF), was introduced
in Chapter 1, and the limits of the current understanding outlined. One of the key
outstanding issues for the AVF is the lack of knowledge relating to the relative
eruptive history of the field. Outlined in Chapter 1 are the benefits of
tephrostratigraphy to build an eruptive history of a volcanically active region, and,
due to the lack of sub-aerial tephra exposure in the AVF, tephrostratigraphy is
considered the most appropriate way to reveal more details about the previous

eruptions.

Extensive sediment cores have been retrieved out of the maar craters containing
multiple basaltic tephra horizons sourced from the AVF centres, which can be used
to over come the lack of surface exposures. In Chapter 3 | outline the improved tools
and techniques used in assessing and sampling the maar lake cores, and the

methods used to allow cross core correlation of the tephra horizons.

This chapter is in the form of a multi-author published paper; Hopkins, J.L., Millet,
M.-A., Timm, C., Wilson, C.J.N., Leonard, G.S., Palin, J.M., Neil, H., 2015. Tools and
techniques for developing tephra stratigraphies in lake cores: a case study from the
basaltic Auckland Volcanic Field, New Zealand. Quaternary Science Reviews 123,
58-75. Authorship contributions include; Millet — facilitated research and manuscript
development; Timm, Wilson, and Leonard — manuscript edits; Palin — training of
Hopkins on LA-ICP-MS; Neil — training of Hopkins on x-ray and magnetic

susceptibility scanners.

The study shows that the combination of X-ray and magnetic susceptibility analysis
provides much more information about the maar cores (both sediments and basaltic
tephra) in comparison to simple visual observations. Coupling these two new
techniques allows accurate identification of the basaltic tephra in the cores including
some new horizons previously not observed and more detail as to the characteristics
of the previously identified deposits (i.e. primary vs. reworked). These identification
methods are coupled with major and trace element analysis of individual basaltic
tephra-derived glass shards. In combining these techniques the cross core
correlation of the tephra deposits is improved, and results in the construction of a

more accurate and precise eruptive history of the AVF to be constructed.
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Abstract

Probabilistic hazard forecasting for a volcanic region relies on understanding
and reconstructing the eruptive record (derived potentially from proximal as
well as distal volcanoes). Tephrostratigraphy is commonly used as a
reconstructive tool by cross-correlating tephra deposits to create a
stratigraphic framework that can be used to assess magnitude-frequency
relationships for eruptive histories. When applied to widespread rhyolitic
deposits, tephra identifications and correlations have been successful;
however, the identification and correlation of basaltic tephras are more
problematic. Here, using tephras in drill cores from six maars in the Auckland
Volcanic Field (AVF), New Zealand, we show how X-ray density scanning
coupled with magnetic susceptibility analysis can be used to accurately and
reliably identify basaltic glass shard-bearing horizons in lacustrine sediments
and which, when combined with the major and trace element signatures of the
tephras, can be used to distinguish primary from reworked layers. After
reliably identifying primary vs. reworked basaltic horizons within the cores, we
detail an improved method for cross-core correlation based on stratigraphy
and geochemical fingerprinting. We present major and trace element data for
individual glass shards from 57 separate basaltic horizons identified within the
cores. Our results suggest that in cases where major element compositions
(SiO2, CaO, Al0s, FeO, MgO) do not provide unambiguous correlations,
trace elements (e.g. La, Gd, Yb, Zr, Nb, Nd) and trace element ratios (e.g.
[La/YDb]n, [GA/YD]n, [Zr/YD]n) are successful in improving the compositional
distinction between the AVF basaltic tephra horizons, thereby allowing an

improved eruptive history of the AVF to be reconstructed.
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3.1. Introduction

Tephrostratigraphy is an important tool in many research disciplines
because it has the ability to create chronostratigraphic horizons, by which
other geological, palaeoenvironmental or archaeological events can be
constrained (Lowe, 2011). When such chronostratigraphies are coupled with
geochemical analysis of the tephra horizons, a detailed record of the evolution
of a volcanic region can be established (e.g. Shane, 2005; Oladéttir et al.,
2012; Kraus et al., 2013). A key aspect of tephrostratigraphy is the correlation
of tephra deposits across localities (e.g. Shane, 2000; Alloway et al., 2004;
Lowe et al., 2008; Lowe, 2011). Multiple problems can arise in cross
correlation of tephra, most commonly where deposits are one or more of: (1)
sparse or poorly preserved -for example where subsequent eruptions or
urbanisation have occurred (e.g. Alloway et al.,, 1994; Dirksen et al., 2011;
Engwell et al., 2014); (2) reworked (e.g. Payne and Gehrels, 2010; Bertrand
et al., 2014; Sorrentino et al., 2014); or (3) where geochemical signatures are
ambiguous, preventing unique characterisation of a deposit (e.g. Pearce et
al., 2004; Brendryen et al., 2010; Bourne et al., 2013; Davies et al., 2014).

Preservation issues are often resolved by collecting samples in medial
to distal environments rather than proximal locations (Lowe 2011). Tephra
deposits in sediment cores are preferable, for example from lacustrine (e.qg.
Shane and Hoverd, 2002), peat lands (Payne and Gehrels, 2010) or marine
environments (e.g. Allan et al., 2008), because they represent stratigraphically
constrained deposits (Lowe et al., 2008; Lowe 2011). However, post-
depositional reworking is sometimes observed in these environments (e.qg.
Payne and Gehrels, 2010), but a number of indicators can help identify areas
where reworking has occurred. These include the geochemical signature of
the shards (e.g. Allan et al., 2008), mineral assemblages within the deposits
(e.g. de Klerk et al., 2008), palynostratigraphy (e.g. Newnham and Lowe,
1999), or the collection of multiple cores from a single area (e.g. Green and
Lowe, 1985; Lowe, 1988a; Boygle, 1999). Where overlapping major element
compositions preclude distinguishing between different eruptions (e.g.
Icelandic tephra; Brendryen et al., 2010), trace element concentrations can be

used to provide further fingerprinting because of their increased sensitivity to

79



Chapter 3 Tephra Correlation Technigues Hopkins, J.L.

fractionation processes and mantle source heterogeneity (e.g. Westgate et
al., 1994; Shane et al., 1998; Pearce et al., 2004; Alloway et al., 2004; Allan et
al., 2008). Such techniques have permitted the distinction between tephra
horizons that may otherwise be interpreted to be the same (e.g. Allan et al.,
2008; Oladottir et al., 2011).

In this study we introduce a protocol to identify more accurately, and
effectively correlate the basaltic tephra record in cores extracted from maar
crater lakes in the Auckland Volcanic Field (AVF), New Zealand. We first use
a combination of X-ray density and magnetic susceptibility scanning to reveal
the detailed structure of tephra deposits and host sediments in order to
provide new insights about reworking within the sediment cores. We then
couple these results with in-situ major and trace element analysis of glass
shards handpicked from tephra horizons to test the ability of major and trace
elements as well as trace element ratios to distinguish and fingerprint
horizons and thus aid cross-core correlations. Based on these correlations,
the dispersal and frequency of the AVF eruptions can be developed to enable
a more robust reconstruction of the eruptive history of the field.

3.2. The Auckland Volcanic Field

3.2.1. Geological Setting

New Zealand’s largest city, Auckland, has a population of ca. 1.4
million and is superimposed on a collection of 53 Quaternary monogenetic
basaltic centres, the Auckland Volcanic Field (AVF; Fig. 3.1.A). Individual
centres typically show a range of eruption styles from explosive
phreatomagmatic activity, caused by contact between upwelling magma and
ground water, to magmatic activity coupled with synchronous or subsequent
effusive activity after exhaustion or disconnection from local water sources
(Allen and Smith, 1994; Németh et al., 2012). The initial phreatomagmatic
activity results in the formation of maars and associated tuff rings, whereas
the magmatic stages build scoria cones. Pyroclastic material (tephra) is

associated with all eruption styles but is more important in terms of its
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dispersal in the initial phreatomagmatic phases that produce both tephra fall
and surge deposits (Agustin-Flores et al., 2014). The close proximity of the
maar craters to other eruptive centres (e.g. Lake Pukaki and Orakei Basin;
Fig. 3.1.A) creates an environment that is favourable to preserve pyroclastic

deposits from the other AVF eruptions.
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Figure 3.1. A) Extent of the Auckland Volcanic Field (AVF), with volcanic centres
marked by triangles and core sites marked with a star and named, derived from
Hayward et al., 2011. B) Location of the AVF within the North Island, New Zealand,
and location of other volcanic centres, from which tephras have been recorded in the
Auckland maar cores.

81



Chapter 3 Tephra Correlation Technigues Hopkins, J.L.

Recent investigations of lacustrine tephra preservation elsewhere have
discussed depositional complexities where deposits are affected by fluvial
input from streams, run off, or lake currents, which lead to ambiguities in
primary horizon identification (e.g. Bertrand et al., 2014; Shapley and Finney,
2015). The AVF maar craters are mostly closed systems; the surrounding tuff
rings are outward dipping and composed of indurated, poorly sorted tuff, the
surrounding topographic relief is very low, and the stream catchments that
they intersect tend to be very small, resulting in minimal currents within the
lakes (Striewski et al., 2013). During the Holocene sea-level maximum some
of the maar craters were breached, but currently only Orakei Basin remains
open to the marine environment. As a result the top ca. 25 m of the Orakei
Basin core records marine muds rather than lacustrine sediments. The
apparent pre-breach quiescence and consistency of the deposition in the
maars is reflected in the finely laminated lacustrine sediments within core
sequences (Hayward et al., 2008; Striewski et al., 2013). The maar lakes are
therefore considered to provide a more accurate and complete tephra
deposition history in comparison to open lacustrine systems, because they do
not produce as many re-worked or over-thickened deposits (Molloy et al.,
2009).

The superimposition of Auckland city, with its large population and
complex infrastructure, over the area of the AVF, with the likelihood of future
eruptive activity poses a significant volcanic hazard. Tephrochronology
facilitates the reconstruction of the eruptive history of the area, in order to aid

accurate hazard and risk forecasting (e.g. Shane and Zawalna-Geer 2011).

3.2.2. Previous Tephrostratigraphic Studies

To date, the highest resolution tephrostratigraphic study of the AVF
maar lake cores have analysed shards from andesitic, rhyolitic (from distant
sources) and basaltic (from the AVF) tephra horizons within multiple cores
(Newnham et al., 1999; Molloy et al., 2009). The horizons were visually
identified, which, although adequate for fine-grained, light-coloured silicic
deposits, proved difficult for dark-coloured basaltic tephra deposits. This
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raises the possibility of errors in the identification of thin, very fine-grained
basaltic tephra horizons or layers of a similar colour to the host lacustrine
sediments. All glass shards in Molloy et al. (2009) were analysed for major
element concentrations by electron microprobe analysis (EMPA), using
energy dispersive X-ray spectroscopy (EDS) techniques, and sedimentation
rates were estimated for each core based on reported ages of the rhyolitic
tephras. These sedimentation rates were then used to estimate the age of the
basaltic deposits, and thus constrain cross-core correlations.

In many cases where basaltic tephras were sparse and
stratigraphically well constrained (by rhyolitic or andesitic marker horizons,
and sedimentation rates), major element chemistries could uniquely
fingerprint individual tephra horizons to allow correlations between cores
(Molloy et al., 2009). However, when horizons were poorly constrained by
stratigraphy, major element compositions for the basaltic tephras were not
distinctive enough to distinguish and fingerprint individual horizons and cross-
core correlations were ambiguous and unreliable. Some studies have
identified the use of trace elements as a way to more uniquely fingerprint
tephra horizons. For example, Alloway et al. (2004) measured Th, Nd and Y
to distinguish tephras deposited in the Auckland region from rhyolitic and
andesitic centres in the North Island, but these techniques have only been
applied to local AVF basaltic tephras for Rangitoto by Needham et al. (2011).
In addition, trace element ratios have the ability to outline smaller
geochemical heterogeneities that provide additional fingerprinting criteria in
correlations, however few studies have investigated the full use of these as a
tool for correlation (Allan et al., 2008). Trace element ratios have the added
advantage of being independent of the actual elemental concentrations and
thus are also less affected by analytical issues (Pearce et al., 2007; Allan et
al., 2008). They are therefore preferred where major and trace element
compositions are largely indistinguishable or ambiguous for individual

horizons.

83



Chapter 3 Tephra Correlation Technigues Hopkins, J.L.

3.3. Techniques and Samples

3.3.1. Techniques

3.3.1.1. Identification of tephra horizons

Visual observations were coupled with non-destructive X-ray density
scanning and magnetic susceptibility analysis to initially identify which
sections of the core hosted basaltic glass shards. The density of basaltic
tephra and its abundance of heavy X-ray absorbing elements (e.g. FeO
content in basalts ca. 5-14 wt % vs. rhyolites ca. 0-4 wt %) makes the basaltic
horizons appear bright on X-ray imagery, and the abundance of Fe-rich

magnetic minerals is responsible for the peaks in magnetic susceptibility.

X-ray density scanning was undertaken at the National Institute of
Water and Atmospheric Research (NIWA), Wellington, using an Ultra EPX-
F2800 portable veterinary radiological device. The voltage was optimized
between 70-100 kV with analysis duration of 25-5 mAs. This analysis was
coupled with magnetic susceptibility scanning using a Bartington-MS2
magnetic susceptibility meter connected to a MS2F probe (also at NIWA).
Magnetic susceptibilities are dimensionless and are reported according to the
10> Sl system with a sensitivity of 1.0 x 10° SI. These values represent the
ratio between the magnetization of the sample material (amps/metre [Am-1])
and the applied magnetic field strength (Am). Data were obtained every 2
cm along the centre of the core and at 1 cm spacing across any regions of
special interest. Together these analyses highlight the horizons of basaltic
tephra within the lacustrine sediments (Fig. 3.2.): the horizons identified are

then sampled for geochemical analysis.
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Figure 3.2. An example of a typical basaltic horizon identified from within the Orakei
Basin core, showing sharp peak in magnetic susceptibility (S.I. units) and the bright
contrast of the horizons on the X-ray density scan, in comparison to the ‘background’
lacustrine sediments.

3.3.1.2. Distinction of primary and reworked tephra horizons

To distinguish primary horizons we coupled results from the X-ray
analysis and magnetic susceptibility scanning with the protocol outlined by
Oladottir et al. (2011), identifying (1) sharp contacts (including those in the X-
ray imagery) indicating an undisturbed deposit, (2) overall heterogeneous
grain sizes and shapes, indicating a lack of erosion-related abrasion, and (3)
shard grading as horizons deposited through water most commonly show
normal grading if undisturbed. Most of the horizons were of sufficient
thickness (>10 mm) to take multiple sub-samples to constrain geochemical
variations across each horizon. All samples were taken from the centre of the
sediment core in order to minimize shard contamination through ‘core suck’
(where removal of the core drags sediments up, or penetration of coring
device drags sediments down at the edges of the casing). Exposed surfaces
of the deposit were removed prior to sampling to avoid any sample

contamination caused during core splitting.
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3.3.2. Samples

Amongst all the volcanic centres within the AVF, nine maar and tuff-
ring formations have not been buried by subsequent eruptive phases. Six of
these have core material available for analysis (see Fig. 3.1). The six maars
are spread across the width of the AVF and provide an extensive record of the
last ca. 200 ka (Lindsay et al., 2011). For this study the Orakei Basin and
Onepoto cores were available for full analysis and were used to test and
develop the techniques discussed above. The other cores were used for
correlation purposes: for the Glover Park core (St Heliers volcano) tephra
horizons were re-sampled and analysed; for Pupuke and Hopua cores original
mounts from Molloy et al. (2009) were analysed for major and trace elements;
and data from Pukaki core were taken from the literature (Sandiford et al.,
2001) or from unpublished work (Phil Shane, pers. comms, 2015). The AVF
tephra deposits are labelled with the prefix ‘AVF’ then a number from 1 at the
base to 24 at the top. This nomenclature was based on the Orakei Basin core
(Molloy et al., 2009) and extended throughout the cores, aiding clarity in
cross-core correlation. Where possible this study maintains the nomenclature
assigned by previous studies for the AVF basalts. Previous studies (e.g. Lowe
1988b) have outlined the complexity associated with post-depositional
compaction of tephra horizons. Here we report deposit thicknesses as actually
observed, and take them to be minimum thicknesses. Detailed core

information can be found in Table 3.1.

Sections of the cores, where applicable, have been split into five age
groups, based on the well-established ages of rhyolitic and andesitic tephras
originating from the Taupo Volcanic Zone (TVZ) and Mt Taranaki (Eg). These
serve as key stratigraphic marker horizons and for this study include,
Rerewhakaaitu (Rk) 17,496 + 462 calendar (cal.) yr. BP; Okareka (Ok) 21,858
+ 290 cal. yr. BP; Kawakawa/Oruanui (Kk) 25,358 + 162 cal. yr. BP (all ages
from Lowe et al.,, 2013) and Rotoehu (Re), which currently has a less well
defined age with estimates of between ca. 44.3 cal. ka (Shane and Sandiford,
2003) to ca. 61 £ 1.4 ka (Wilson et al., 2007). For the purpose of this study we
use the most recently published age estimate (45,100 + 3,300 cal. yr BP;

Danisik et al., 2014) to provide a minimum age constraint to basaltic tephras

86



Chapter 3 Tephra Correlation Technigues Hopkins, J.L.

found below this horizon. The cores, where applicable, have been split into
five age groups, based on the minimum and maximum errors (2 s.d.)
associated with the published values to give the maximum age ranges for the
groupings These groups are: older than Re (> 41,800 ka cal. yr. BP); Kk to Re
(25,196 — 61,000 cal. yr. BP); Ok to Kk (21,568 — 25,520 cal. yr. BP); Rk to Ok
(17,034 — 22,148 cal. yr BP) and younger than Rk (< 17,958 cal. yr. BP).

Table 3.1. Overview of drill cores, their locations, the section of the core that has
been used for this study (in metres below the drill hole top), and the proposed age
that the core section covers, based on the ages proposed for bracketing rhyolitic
tephra. Also included are the number of basaltic horizons found within the cores by
this study, and previous studies, and the geochemical data that are available for the
glass shards.

Previous studies This study
No. of No. of
Core (centre; Sectionof  Proposed a Geochemical
{ ! Grid reference i) ErsiE] ::I basaltic . References basaltic Status Geochemical data
s horizons horizons
36°46'49.83"S
Pupuke P " 57to 70 0.4to38 7 Majar Maolloy et al., 2009 7 Mounts re-analbysed  Major and trace
174°45'57 67"E
36°48'27.09"s
Onepoto . W 38to 6 25 to =150 [ Majar Shane and Hoverd 2002 g Core sampled Majar and trace
174°45'0.35"E
Gl Park 36°50'49.68"S, Rotoehu to St
{S:v:erli:rs] ”_1':52,2.50,1 41027 o :e;lil;r: 13 Majar Hoverd et al, 2005 4 Core Sampled Majar and trace
Orakei 3E'52'4.14"S, 44 to &7 24 to 86 14 Majar Molloy et al, 2009 16 Core sampled Major and trace
174°48'46.11"E ! ekl " !
36°55'96.68"5, = ol 3 . alar 5
Hopua PE——— 38to 43 7o 31 5 Majar Maolloy et al, 2009 5 Mounts re-analbysed  Major and trace
Pukaki 36°58'57.63"S, St 210 Rotoeh 9 i to 52 m Sandiford et al., 2001, 1 ¢ ts available for analysis
ukaki 1744837 74°E Sto 0 Rotoehu ajor 52 m ta base Shane, 2005 ore nor mounts available for analysis

3.3.3. Tephra Geochemical Analysis

The bulk tephra samples were washed and cleaned using an ultrasonic
bath to remove organic debris. The glass shards were then mounted as bulk
samples if shards were <30 pum across, and larger shards were hand-picked
and mounted individually. Epoxy mounts 10 mm deep were created using a
4:1 ratio of resin to hardener. Once solidified, six holes were drilled through
the mounts, the mounts were placed on adhesive tape and individual samples
were then positioned into each hole, back-filled with epoxy, and left to harden.
To expose the samples, mounts were polished using a sequence of SiC
papers starting at 400 grade, followed by 600, 1000 and 2500, and finally

finished using a diamond lap polisher at 3 um and 1 pum.
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3.3.3.1. Major-Element Analysis

In-situ major element analyses as oxides (SiOz, TiO2, Al20s, FeO;,
MnO, MgO, CaO, Na20, K20 and P20s) were undertaken on carbon coated
sample mounts at Victoria University of Wellington (VUW) using WDS on a
JEOL JXA 8230 Superprobe (EMPA) with a static beam at 10 um and 8 nA.
For each horizon, back-scattered electron images of the shards were taken to
locate the sampling spots for subsequent LA-ICP-MS analysis. Matrix-
matched standard A99 basaltic glass was used as a bracketing standard and
run three times every 10 samples to monitor instrument drift. Accuracy of the
analyses was within 2 % of the recommended values for the internal
standards and analytical precision (2 s.d.) is 1 % relative or better for all
elements. Major element concentrations were determined using the ZAF
correction method, and analytical totals for unknown glass were 97-100 %
with deviations from 100 % attributed to variable degrees of post-eruption
hydration (Shane, 2000). To account for this secondary process, all major
element data were normalised to 100 %.

3.3.3.2. Trace element analysis

After the carbon coat was removed, trace element concentrations were
analysed by in-situ LA-ICP-MS using an Agilent 7500cs ICP-MS coupled with
either a New Wave UP 193 nm solid state laser ablation system at VUW or a
Resonetics RESOlution M-50-LR 193nm excimer laser ablation system at the
University of Otago (UoO). Backscatter electron images obtained from probe
analysis were used to allow re-location of individual analysis sites. All the data
were acquired using static spot analysis with spot sizes of either 25 or 35 pm
with an ablation time of 60 seconds, with fluence varied between 2-4 J/cm?2,
Ablated material was carried by He gas (0.75- 0.77 L/min [VUW], 0.65-0.75
L/min [UoQ]), and mixed with Ar (0.83-0.87 L/min [VUW], 0.65-0.750 L/min
[UoQO]). Gas flows were adjusted after each sample exchange to achieve
maximum sensitivity and stability, and during analysis care was taken to avoid
any visible microcrysts or thin bubble walls on the shards. BHVO-2G and
NIST612 standards were run every 5 analyses and at the beginning and end

of each session, with BCR-2G run as an internal standard at the beginning of
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each session. All data were reduced off-line using the lolite software (Paton
et al., 2011), using 2°Si analysis as the internal standard and BHVO-2G as the
calibration standard. Analytical precision based on 15 replicate analyses of
BCR-2 for both VUW and UoO is <6.5%. Exceptions to this include Cr + 10%,
Nb + 22%, Cs + 12%, Ba + 11.8%, Ta £ 21% and Pb £31%, and the accuracy
for all elements is <6% apart from Li, Cr, Nb, Cs, Eu and Ta, with duplicate

sample analyses yielding results within error between VUW and UoO.

When analysing the glass shards, every care was taken to analyse
pure glass only, rather than any microcrystals (e.g. olivine, plagioclase or Fe-
Ti oxides; Fig. 3.3.B). On occasion, accidental ablation of microcrysts did
occur and was identified by extreme spikes in major element concentration
(e.g. Mg for olivine; Fig. 3.3.A). Such analyses were rejected from the data
set.

Obvious spike in M
concentration indicating

analysis of olivine
microcrystal ather than || | “

. glass l i }

. |

3 \‘ll"w ‘\‘h‘]

. Total beam (grey) (] H'lM i

‘ RLLL LA

Mg25 (red)

BHVO-2G glass sample glass sample olivine micro-cryst
standard - analysis rejected

= G, Ay Trne

Figure 3.3. A) Example of identification of accidental microcryst analysis detected in
lolite data reduction software (Paton et al., 2011) with obvious concentration spike in
Mg in comparison to pure glass analyses. B) Back Scatter Electron image from
EMPA analysis, identifying clearly microcrystal types and locations, and examples of
a 30um spot size, where pure glass analyses could be taken.
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3.4. Results

3.4.1. Tephra horizon identification and classification

Visual observations show the basaltic tephra horizons are light grey to
black in colour with shard size ranging from very fine ash (<20 um) to lapilli (2
mm to 2 cm). Tephra horizons in the Orakei and Onepoto cores range from 1-
2 mm to ca. 750 mm in thickness. Horizons <20 mm thick show relatively
small but well-defined magnetic peaks of 250 (10> SI) combined with bright
appearance on X-ray scan. In comparison, >20 mm thick horizons exhibit
more complex X-ray and magnetic susceptibility results. All horizons have
sharp lower contacts, however, often only the thinner horizons (<20 mm) have
well defined sharp upper contacts as well. The primary deposits are mostly
(ca. 80%) non-graded, or have normal grading. Some deposits contain visible
minerals (commonly olivine or pyroxene) and/or a high proportion (30-60%) of
accidental ejecta (quartz crystals, shell fragments and sedimentary lithic
fragments derived from the underlying Tertiary Waitemata beds). Thirty-eight
tephra horizons are identified in the Orakei Basin, Onepoto and Glover Park
cores collectively. These are combined with nineteen other horizons
previously identified and sampled from within the Hopua, Pukaki and Pupuke

cores.

The lacustrine sediments comprising most of the thickness in the maar
cores show little to no increase in magnetic susceptibility from baseline values
of 0 to a maximum of 10 S.I. This lack of susceptibility change is coupled with
homogeneous grey tones in the X-ray scans, punctuated with black lines.
These black lines represent cavities within the cores that are most likely
caused by the coring process, or drying out and contraction during storage
(Fig. 3.2.). Rare small peaks (<10 S.l.) were detected in magnetic
susceptibility within the lacustrine sediments but no coincident glass shards
were identified during subsequent X-ray scanning or sampling. These
magnetic peaks are likely to represent variations of the magnetic properties in
the lacustrine sediments. Conversely the deposits formed during marine
incursions are more homogeneous than lacustrine deposits, showing no

bedding, consistently low magnetic-susceptibility, and less frequent cavities in
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the core on the X-ray scan. Within the marine muds, the X-ray scans pick up
small discontinuous spots of high-density reflecting the presence of small
shells (Fig. 3.7.A).

3.4.2. Tephra-derived glass shard Geochemistry

We analysed 10-20 shards for major and trace elements from each of
57 basaltic tephra horizons from the six cores. In addition, where possible,
subsamples of some of the thicker deposits were taken to monitor re-working
or primary geochemical variation through an eruption sequence. For within-
core tephra horizons, MgO content variations are minimal, and consistent,
with all varying from 2.1 to 7.5 wt.% (Fig. 3.4.). Compositional ranges in CaO,
FeO, K20, and TiO2 are consistent throughout all cores, but the ranges for
Al203 and SiO2 are less consistent between the cores. Onepoto and Orakei
Basin core shards in general have consistently lower Al2O3 values for a given
MgO value making the concentrations different to those of tephra in Pukaki,
Glover Park, Hopua, or Pupuke cores. Onepoto core contains tephra with
glass that has consistently higher SiO2 values at a given MgO value in
comparison to the glass in the Hopua and Pukaki cores, but similar to values
for glass shards from Pupuke, Orakei and Glover Park cores.

Most of the tephra horizons (50 out 57) show a unimodal signature with
limited variability in major element concentrations with MgO, SiO2, FeO, and
TiO2 all with a variation of <1 wt.% and CaO, Al203, Na2O and K20 with a
variation of <3 wt.%. Bivariate plots of a combination of SiO2, MgO, Al20s3,
CaO and FeO show the most distinction between the horizons (e.g. Fig.
3.5.A). Three of the 57 horizons show a bimodal distribution in major
element/oxide concentrations. Differences between the two modes for SiOz,
Al203 and FeO concentrations can be up to 5 wt.%, but are <2 wt.% for MgO,
CaO, TiO2. For another small proportion of horizons (n=4), a systematic range
is observed - for example, SiO2 ranges from 44-49 wt.%, FeO from 12-14
wt.% and CaO from 8-10 wt.%.
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Figure 3.4. Selected major elements as oxides vs. MgO for all shards from all tephra
horizons found within all six cores studied for this paper.
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Figure 3.5. Data from selected successive horizons from Orakei Basin (AVF 12, 10,
8, and 7) to show major and trace element variability from shards in tephras within a
single core. (A) CaO vs. FeO (wt.%). (B) Primitive mantle-normalized trace element
patterns, with OIB values and normalisation values from Sun and McDonough
(1989).

Forty-nine tephra horizons from five of the cores (Pukaki had no trace
element data available) had shards large enough (>30 um) to be analysed for
trace elements. Overall, all shards show a wide range in concentrations. For
example La ranges from ca. 5 to 100 ppm, Nb from ca. 20 to 175 ppm, and
Rb from ca. 5 to 75 ppm (Fig. 3.6.). All glass samples show trace element
distributions similar to those of ocean island basalts (OIB-type) on a primitive
mantle-normalised multi-element plot (after Sun and McDonough, 1989).
Pupuke and Onepoto samples have a much more limited range in variability in
some trace elements in comparison to the ranges of glasses from the other
cores. For example, in Pupuke and Glover Park cores, glass La values range
between ca. 50-75 ppm. Glover Park glasses show a very high variation in
trace elements that are coupled with high (>4 wt.%) MgO. This is not seen

within the glasses in the tephras from the other cores.
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Figure 3.6. Concentrations of selected trace elements vs. MgO for shards from all
tephra horizons from within five of the six cores (no trace element data available for
Pukaki). Symbols are the same as Figure 3.4.

For Orakei Basin, Hopua, and to a lesser extent Glover Park, the trace
element variations in the glass shards in the core are much greater, with La
varying from ca. 5-100 ppm, 40-100 ppm and 35-95 ppm, respectively. For
the individual horizons, the glass trace element variations are a lot less than
those within all the tephra in the cores as whole. In general, the glass La
values vary by ca. <30 ppm, with Nb values a little more variable at ca. <50

ppm and Rb values a little less at <10 ppm.
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Figure 3.5.B shows trace element values for glass of the Orakei Basin
horizons AVF12, 10, 8, and 7 that indicate the average concentration for each
horizon has a relatively distinct geochemical signature, and that this
distinction is similar for all horizons. Although distinct, all analyses share the
same general OIB-type pattern when normalised, with enrichment in LREE
compared to HREE (e.g. (La/Yb)n = 21 to 41). Given that major and trace
element concentration variations within glass pertaining to a single horizon
are often small, and in most cases within error, the observed range in
geochemistry of glass shards within, and between cores, is attributed to

differences between individual horizons.
3.5. Discussion

3.5.1. Identification of primary tephra horizons

Observations (visual, magnetic susceptibility and X-ray) and
geochemical composition are important for the identification and definition of
primary tephra horizons. For the thin (<20 mm) deposits there is little
ambiguity: the horizons are always constrained by sharp upper and lower
contacts, seen by contrasting bright sections on the X-ray images and by a
clear peak in magnetic susceptibility (Fig. 3.7.B). In some cases the thin
deposits can be visually obscured because of their minimal thickness or
similarity in colour to the lacustrine sediments. However, the X-ray imaging
and magnetic susceptibility analyses overcome this difficulty. In comparison,
thicker deposits (>20 mm) often appear more complex in both the X-ray
images and magnetic susceptibility scans. Figure 3.7.C shows two
contrasting thicker deposits. At the top of the core an apparently
homogeneous deposit shows consistently high magnetic susceptibility and
consistently bright X-ray imagery. In comparison the lower deposit shows an
apparently heterogeneous horizon with changes in grain size displayed by
variations in grey-scale of the X-ray images as well as multiple peaks in
magnetic susceptibility. Both of these horizons are horizontally bedded,
consistent with constant deposition, suggesting that they are both primary
horizons. In addition, the similar geochemical composition of glasses from

multiple tephra subsamples from each horizon supports the interpretation that
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both horizons are primary deposits. However, the slight variation in
geochemical composition of glass from the lower horizon, coupled with the
variation in shard size but lack of depositional hiatus, suggests this horizon
has formed from multiple deposition events from one eruption episode.

A less clear example (Fig. 3.7.D) is evident where a section showing
lower contrasting X-ray imagery and a gradual incline to an inconsistent peak
in magnetic susceptibility follows the initial primary horizon. This subsequent
section has blurred basal and upper contacts, with an X-ray transmissivity that
is gradational, rather than sharply contrasting, from that shown by the
lacustrine sediments. There are no obvious horizontal beds and some
deformation can be picked out in the X-radiograph within the section. There is
also a clear hiatus between the two sections shown by the magnetic
susceptibility trough. If these features are combined with indistinguishable
glass geochemistries from each section, then the deposits can be interpreted

as being reworked.

We considered that re-mobilisation of a tephra horizon could also
cause a sharp basal contact, here ascribed as a primary feature. However, it
is likely that this feature would be coupled with 1) within-horizon deformation
(e.g. overturning or convolute bedding), and 2) a mixture of sediment and
glass shards, both of which would distinguish the deposit as reworked.
Alternatively a diffuse contact, here taken as an indication of reworking, has
the potential to form through density settling of a primary deposit (Manville
and Wilson, 2004). However, if this were the case Stokes Law would dictate a
fining upwards of the shards, which is not observed for those horizons classed
as reworked. In addition, nearly all the AVF eruptions are volumetrically very
small, and considered to only last for a number of weeks to months (Hayward
et al.,, 2011). If the diffuse contacts observed within these cores were to be
formed through gradual influx of material, sedimentation rates would suggest
time periods of tens of years of constant eruption in most cases, which is
wholly improbable for the AVF eruptions. Further clarification of these
distinctions could be gained through the use of multiple cores to compare the
individual deposit characteristics (e.g. Green and Lowe, 1985; Lowe, 1988a);

however, multiple cores were not available for this study.
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Figure 3.7. Examples of features seen within the Orakei Basin core. A) Intermittent
bright signals on the X-ray image picking up shells within marine muds. B) A thin
basaltic deposit showing sharp upper and basal contacts in X-ray and magnetic
susceptibility but ambiguity in visual observation. C) Two contrasting primary
deposits. The upper deposit appears mostly homogeneous, as indicated by uniform
X-ray contrast and corresponding magnetic susceptibility peak. In comparison, the
lower deposit is more heterogeneous in shard size, as indicated by peaks and
troughs in magnetic susceptibility and variable grey-tones in the X-ray imagery. D)
Primary and re-worked deposit. The lower labelled band is a primary deposit with a
sharp basal contact with a marked sharp contrast in grey scale on X-ray image and a
sharp peak in magnetic susceptibility. The upper-labelled band has a blurred upper
and basal contact, a lower contrast in grey scale on X-ray imagery, and more
variable magnetic susceptibility levels.
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In summary, homogeneous glass-based trace element geochemistry, a
sharp basal and upper contact between the tephra deposit and the lacustrine
sediments, coupled with a sharp peak in magnetic susceptibility, and a highly
contrasting section on the X-ray imagery are interpreted by us to indicate a
primary deposit. A re-worked deposit is characterised typically by
heterogeneous glass trace element geochemistry, blurred upper and lower
contact boundaries, lower grey scale contrast in the X-ray imagery and
sometimes upward grading of grey scale intensity (darker, lower density
towards the top). A lack of horizontal bedding is usually observed, and
deformation or a hiatus within the deposits can also be seen. The magnetic
susceptibility is usually more variable in reworked deposits and often shows a
more gradual peak in comparison to the sharp peak that is seen for a primary

deposit.

It is important to note that the X-ray density scanning and magnetic
susceptibility analysis rely on the contrasting characteristics of basaltic
material versus and lacustrine sediments. As outlined in the methods, in
comparison with lacustrine sediments, basaltic tephra has a higher proportion
x-ray absorbing elements (e.g. FeO) coupled with a higher abundance of
magnetic minerals. It is this contrast that allows the basaltic tephra to be
identified by these methods. However, rhyolitic and to a lesser extent
andesitic tephra have lower proportions of these elements and minerals
implying that tephras of such composition may not be easily detected by these
methods. Nevertheless, rhyolitic and andesitic tephra are usually light in
colour, and (if sufficiently concentrated or thick enough) are thus more easily

detected by careful visual observation.

Methods used in previous studies often may have led to inaccurate
identification of primary vs. re-worked sections of deposits (Hoverd et al.,
2005; Molloy et al., 2009) and left fine-grained and thin horizons unidentified,
which led to misinterpretation of the thicknesses of some of the deposits. This
misassociation has important implications for the establishment of
sedimentation rates and past eruptive frequency (discussed in sect. 3.5.6.).

Using our combined methodology, all basaltic tephra horizons from Orakei
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Figure 3.8. Schematic stratigraphic columns for the cores that were available for re-
assessment: Orakei Basin (Molloy et al., 2009), Glover Park (Hoverd et al., 2005),
and Onepoto (Shane and Hoverd, 2002). Basaltic horizons are marked within the
cores in black, sections identified as re-worked by this study are outlined in red
dotted lines and green lines show the newly defined horizons. Grey text defines
previous horizon name and green text shows previous and new names for all
horizons given by this study. Key rhyolitic marker horizons are shown by grey lines
(Ok — Okareka; Kk - Kawakawa/Oruanui; Re — Rotoehu).
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Basin, Onepoto and Glover Park were re-assessed as being primary or

reworked deposits.

Figure 3.8 shows all individual horizons found within these cores. We
have identified eight new horizons and redefined seven as reworked, these
previously being considered as primary. Thin horizons (<20 mm) previously
identified (Orakei Basin by Molloy et al., 2009; Onepoto by Shane and
Hoverd, 2002; and Glover Park by Hoverd et al., 2005) were confirmed and,
as previously discussed, their nomenclature maintained. Two of the horizons,
AVF 4 in Onepoto, and GP1/10 in Glover Park, were not found by this study,
potentially because of poor or discontinuous preservation. All relatively thick
horizons (>100 mm) previously identified have been split using the techniques
adopted in this study into ‘primary’ and ‘reworked’ categories, reducing the
thickness of the primary deposit when compared to previous interpretations
(Molloy et al., 2009). Examples of these (for the Orakei Basin core) include
AVF14 with a combined thickness of 31 mm of intermittent primary deposits
(previously 340 mm), AVF13 with a primary deposit thickness of 160 mm
(previously 740 mm), and AVF3 with a primary thickness of 41 mm (previously
120 mm). In summary, we identified two new tephra horizons within the
Orakei Basin core (giving sixteen primary tephras in total) and one fewer than
previously identified in the Onepoto core (giving nine in total). Finally, eight of
the tephra horizons in the Glover Park core, previously interpreted as primary
deposits, are now classified as re-worked, and one was not found, thereby
reducing the number of primary horizons within the Glover Park core from

thirteen to four.

3.5.2. Tephra deposit re-working

The geochemical signatures of tephras from each horizon are also
essential to identify reworking relationships highlighted by the X-ray and
magnetic susceptibility analyses. We classify the different types of reworked
horizons observed into three groups (A-C) as discussed in the following

sections.
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3.5.2.1. Evidence for immediate re-working of deposits (‘type-A’)

Type-A deposits show evidence of immediate re-working, with no
evidence of a time break. This type encompasses horizons that have
previously been interpreted as single thick primary deposits because of their
apparent homogeneity in visual observations. Through coupling the X-ray
imagery and magnetic susceptibility data, a more detailed stratigraphy is
revealed (Fig. 3.9.A). Each basaltic horizon has a sharp basal contact with
the laminated lacustrine deposits. These sharp contacts are clearly seen as
magnetic susceptibility peaks and as bright sections within the X-ray images,
contrasting with the grey background. The contacts are considered to be the
base of a primary deposit from which the thickness of the deposit is

measured.

Within some of the thick tephra deposits disturbances are identified in
the form of cavities in the core, or angled or convolute bedding within the
deposit. If these features coincide with dark patches on the X-ray image and
low magnetic susceptibility (indicative of cavities within the core), or with grey
scale-graded X-ray portions and declining magnetic susceptibility (indicative
of a decreasing proportion of tephra in the lacustrine host sediment), the
section is interpreted as reworked. Often in the case of immediate re-working,
the top of the re-worked section is clearly seen by a very steep decline in
magnetic susceptibility and a change to darker grey background colour in the
X-ray images. In addition, a deposit is classified ‘type-A’ if the shards in a
reworked material show the same geochemical composition (within error) as
those of the primary tephra below, implying that the tephra is derived from a
single geochemically homogeneous source. ‘Type-A’ reworking is considered
to occur as a result of density flows from sub-lacustrine bank destabilisation
due to loading from very thick tephra deposits (Bertrand et al., 2014). In these
cases the primary deposit thickness is reduced in comparison to those
reported in previous studies and is measured up to the point where reworking

is first identified.

Figure 3.9.A shows a section from the Orakei Basin core that
exemplifies a type-A reworked deposit. Here, our new results suggest that the

primary deposit (AVF13) is only ca. 160 mm thick, compared to previous
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visual observations which classified the entire 710 mm thick deposit, from
50.19 to 49.48 m depth, as a single primary tephra horizon (Molloy et al.,
2009).

3.5.2.2. Evidence for periodic re-working (‘type-B’)

Type-B deposits were found only within the Orakei Basin core, and are
found in parts of the core that have multiple, closely spaced, visually similar
horizons, interbedded with sections of laminated lacustrine deposits (<10 cm
thick) (Fig. 3.9.A). The tephra horizons have sharp basal contacts and are
normally graded, similar to a primary horizon, and are therefore assumed to
be representing individual depositional events. However, their upper contacts
are blurred and show grey-tone grading on the X-ray imagery and a
gradational decline in their magnetic susceptibility. These observations are
interpreted to reflect upwards-decreasing shard concentrations, which we
have earlier linked to re-working. We therefore propose that these repeated
deposits are formed either as a result of episodic eruptions from a single
centre, or periodic re-working of a single proximal deposit from a single

eruption event.

Evidence for episodic eruptions exists for a number of AVF eruptive
centres, including Rangitoto, and Motukorea. Needham et al. (2011) proposed
two Rangitoto eruptions with a ca. 40-year period of quiescence based on “C
dating of two individual tephra deposits (at 533 + 7 and 504 + 5 cal. yr. BP).
The tephra horizons were separated by ca. 10-50 cm of peat, and have been
shown to geochemically match the contrasting composition of lavas from two
different eruption phases of Rangitoto. Studies of other AVF eruptions have
also highlighted multiple explosive episodes from single centres (e.g. Crater
Hill, Houghton et al., 1996; Motukorea, McGee et al., 2012). However, these
other eruptive episodes, unlike Rangitoto, are defined from proximal
pyroclastic successions, and are interpreted to reflect on-going eruptive
activity as no hiatuses are reported. The changing styles of explosive
volcanism are attributed to intermittent water-magma interaction, changes in
magma supply rate and degassing, and shifting vent positions (Houghton et
al., 1999). The aforementioned studies all monitored the geochemistry of the

eruptive products and indicated that there were minor changes in
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geochemical composition throughout the eruption indicative of a gradational
change between two source melts. Therefore if the ‘type-B’ deposits identified
were related to episodic eruptions we would expect to see chemical evolution

reflected in the tephra composition (e.g. Needham et al., 2011).

An example of the type-B reworked horizon is given here from the
Orakei Basin core (Fig. 3.9.A). The section of interest includes three tephra
units with their basal contacts at 49.14 m, 49.33 m and 49.46 m. Based on
calculated sedimentation rates (e.g. 1.96 mm/yr; Molloy, 2008, as discussed
in the introduction), this section was proposed to span ca. 100 years, with ca.
50 years quiescence between each deposit. The glass geochemical signature
of these horizons is different from that of the previous primary horizon, hence
ruling out re-working of a previous deposit. However, the geochemical
signatures of the three units are indistinguishable from one another (Fig.
3.9.B), and the lack of geochemical variation is taken to indicate that the three
layers do not reflect episodic eruptions from one centre, but instead two
periods of reworking, possible derived from influx from south eastern stream
catchments, following deposition of the earliest, single primary deposit (Pickrill
et al., 1991, Bertrand et al., 2014).
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Figure 3.9. Case study from the Orakei Basin core from 50.39-48.39 m depth to
show examples of re-working within the tephra sequence. (A) Magnetic susceptibility,
X-ray image, and photograph of core section. From base to top immediate reworking
of deposits (‘type-A’); periodic re-working of deposits (‘type-B’); delayed reworking of
deposits (‘type-C’). See text for descriptions. In addition a bivariate plot (B) of CaO
vs. FeO measured in shards from each of the three units is given to show the
geochemical variability of the horizons: ‘Type-A’is shown by the dashed outline in
red, ‘type-B’ by the dashed outline in blue, and ‘type-C’ by the green circles. (C)
Shows the proposed slumping seen in a ‘type-C’ horizon, adapted from Hoverd et al.

(2005) from the Glover Park core for the Rotoehu tephra deposit.
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3.5.2.3. Evidence for slumped re-working of deposits (‘type-C’)

Type-C deposits occur infrequently (one deposit in the Orakei Basin
core, one in the Onepoto core, four in the Glover Park core), but their
identification is essential to avoid the misinterpretation of such deposits as
representing multiple primary deposits. The termed ‘slumped’ (cf. Pickrill et
al., 1991) is used here because the horizons are typically highly deformed
with convolute bedding, and poorly sorted shard sizes. These characteristics
show up as ‘mottled’ bright and dark colours in the X-ray scans and as an
oscillatory result on the magnetic susceptibility analyses (Fig. 3.9.A). These
results, together with a tephra geochemistry that is indistinguishable from the
compositions of materials in the preceding (underlying) tephra(s) within the
core, are here attributed to remobilisation of previously deposited tephra

horizon(s).

Figure 3.9.A shows a typical ‘type-C’ deposit, where horizon
disturbance is obvious, and magnetic susceptibility values are variable. The
geochemistry for this horizon shows a mixture of shard compositions that
match those of the two preceding deposits’ signatures (Fig. 3.9.B), proposed
to reflect sub-lacustrine mass flow re-working of both tephra layers together at
some stage (centuries) after the eruptions (Pickrill et al., 1991). In contrast,
Figure 3.9.C shows another example (Rotoehu rhyolitic tephra) of slumping,
identified previously by Hoverd et al. (2005) within the Glover Park core that
has formed a type C deposit. This deposit (Re) was inferred to reflect post

depositional deformation of a single tephra unit (Hoverd et al., 2005).

3.5.3. Geochemical variations within an individual tephra horizon

For individual primary tephra horizons, major element concentrations
may show three patterns: 1) unimodal, 2) bimodal, and 3) gradational
variations. Because of the improved identification of primary tephra horizons
(outlined in sect. 3.5.1), any variability in tephra geochemical composition
represents a natural variation in the sample itself, and is not considered to be
a result of reworking. Samples of glass from 50 primary horizons show a

unimodal distribution of major element contents (e.g., Fig. 3.10.B), with
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variations of <1 wt. % attributed to natural variation within the glass shards or
the EMPA process. Three horizons show a bimodal distribution of major
element concentrations (e.g., Fig. 3.10.A), which had previously been
attributed (Smith et al., 2008) to the rapid ascent of magma from two sources.
Rapid magma ascent is likely to prevent homogenization resulting in the
eruption of geochemically heterogeneous melt batches. Molloy et al. (2009)
and Needham et al. (2011) also noted this bimodality within some tephra
horizons, and McGee et al. (2012) further confirmed evidence of multiple
magma sources based on whole rock analysis. Gradational variations, seen
within four of the tephra horizons, are defined here from analyses of multiple
shards in a single primary tephra horizon that lie on an increasing or
decreasing trend for certain major element combination plots (e.g., Fig.
3.10.C). These variations are more indicative of the effects of microscopic-
scale fractional crystallisation of the tephra rather than the glass geochemical

signature of the primary magma.

The major element (as oxide) concentrations of glass from some
primary tephra horizons show considerable overlap and thus can yield
ambiguities in fingerprinting and correlation. This limitation is overcome by
the use of trace elements whose concentrations are much more strongly
affected by processes pertaining to the genesis and evolution of magmas
(partial melting, fractional crystallisation and magma mixing/mingling).
Selected trace element combinations are therefore used to: 1) distinguish
between two tephra horizons with similar major element geochemistry within a
single core (Fig. 3.10.B), and 2) constrain better the geochemical composition
of a tephra horizon (Fig. 3.10.A and C). Incompatible trace elements and
trace element ratios (e.g. La, Gd, Nb, and La/Yb, Gd/Yb, Zr/Gd) are used here
for two key reasons: 1) they are the least susceptible to the effects of
fractional crystallisation; and 2) they are most sensitive to mantle source
processes. Some elements, especially most major elements (e.g. Mg, Si, Al,
Ca) are affected by fractional crystallisation, and therefore their
concentrations are controlled by the growth of microcrysts, rather than the
magma batch’s residual melt. These elements are therefore not useful in
fingerprinting individual tephra deposits and are avoided.

106



Chapter 3 Tephra Correlation Technigues Hopkins, J.L.

20 20
AVF2
18
-1 15
- A £
T 16 f £
H o a
o 13
<_tN 14 + y _# g
15
12
10 | | | 1 | 1 0
40 45 50 55 100 200 300 400 500
Si0, (wt%) Zr (ppm)
20 AVF 18 20
AVF 17
18 -
C - 15
ft o —
T 6t g
H 1105
- . (G}
gt
< +
45
12
10 | | | 1 | 1 0
40 45 50 55 100 200 300 400 500
Si0, (wt%) Zr (ppm)
20 AVF 4 20
18 -
- 15
= 40 L T
2 16 " &
= - 10 8
Co1a i
< i
15
12
10 1 1 1 I 1 1 0
40 45 50 55 100 200 300 400 500
Si0, (wt%) Zr (ppm)

Figure 3.10. Examples of the resolution of some major element (as oxides)
ambiguities using trace element concentrations in glass shards extracted from the
AVF tephra horizons. The shaded region indicates the total ranges for SiO; vs. Al,O3
(wt. %) and Zr vs. Gd (ppm) for shards from selected primary tephra horizons from
the Orakei Basin core sequence. (A) A bimodal distribution in major element
signature for a single horizon (AVF 2) narrows to a more homogeneous signature in
trace element concentrations. B) Two contiguous primary tephra horizons (AVF 17
and 18) are indistinguishable on the basis of selected major elements (as oxides),
but are distinguished by trace element concentrations. C) Gradational variation in
major element signature for a single primary tephra horizon, attributed to effects of
crystal removal, narrowed to a more homogeneous signature by trace elements.
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The trace elements chosen (e.g. La, Gd, Nb, Zr, Nd, Yb) are
incompatible, and therefore will have similar concentrations in both pure glass
and glass that includes microcrysts. In turn, ratios of these elements will be
identical because any enrichment in the glass will be the same for both
elements. These elements and ratios are also the most sensitive to mantle
source processes and are therefore the most likely to be unique for individual
magma batches and hence eruption centres. Figure 3.10 demonstrate that,
for example, Zr vs. Gd better constrains the horizon’s chemical fingerprint
than do major element concentrations. This improved trace element
fingerprinting is essential when attempting to correlate the horizons between
cores to help ensure an accurate match. For example, Fig. 3.10.B, shows
horizons AVF18 and AVF17, which are indistinguishable with major elements

but can be distinguished by their trace element composition.

3.5.4. Cross-core correlation of individual tephra horizons

The basaltic tephra horizons found within the cores from across the
AVF display a wide range of compositional diversity (sect. 3.4.2.), some of
which show indistinguishable major element compositions. Here, trace
elements are invaluable for providing a geochemically more distinct fingerprint
for the individual horizons as noted above. Trace element compositions are
not only useful to resolve both the relationship of complex deposits within the
cores (e.g. primary vs. reworked deposits), but also provide the ability to more

uniquely fingerprint individual horizons.

Cross-core correlations of AVF basaltic tephras for six cores are shown
in Figure 3.11 and details are outlined in Table 3.2. For the first time,
horizons from Pukaki, Onepoto, and Glover Park cores are inter-correlated
with pre-existing ‘AVF# classification originally proposed by Molloy et al.
(2009) resulting in 14 well constrained cross correlated chronostratigraphic
marker tephras, and another 15 tephras that were only found within one core.
Previous correlations are enhanced and the ambiguity is reduced through
trace element fingerprinting. For example, the newly assigned AVF10 in the
Orakei Basin core was previously assigned to AVF9. The geochemistry (and
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location of the tephra) suggests it is more appropriately correlated to AVF10
within Onepoto and Pupuke cores. The addition of the Glover Park and
Onepoto cores into the correlation suite extends the stratigraphy back from
AVF1 (Molloy et al., 2009), with the new horizons here named AVFa, AVFb,
and AVFc down core. Although much of the Glover Park core is affected by
soft sediment deformation and reworking, our glass-based geochemical
analyses have allowed recognition of these stratigraphic interrelationships,
and helped to resolve of the complex relationships of the tephra deposits.
Through our geochemical analysis AVF1 is now correlated from the Orakei
Basin core into Onepoto and Glover Park cores as well: AVFa is only found in
Glover Park, AVFb is correlated between Onepoto and Glover Park, and

AVFc is only found in Onepoto.
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Figure 3.11. Stratigraphic columns depicting the new correlations of tephra horizons
for the six maar cores. Basaltic tephras are in black and rhyolitic marker horizons
shown in grey (Rk-Rerewhakaaitu, Ok-Okareka, Kk-Kawakawa/Oranui, Re-Rotoehu)

Table 3.2 (below). Summary of the tephra horizons identified and analysed, with
newly defined primary tephra horizon thickness and new tephra horizon names. Also
included are previous horizon names and references where applicable. Samples
from Orakei Basin, Glover Park, and Onepoto were collected for this study. For
Pupuke and Hopua, the original samples mounted and picked by Molloy et al. (2009)
were re-analysed with sample depth, thickness and sample name maintained, and
for Pukaki, post-Rotoehu data were obtained from Sandiford et al. (2001), and pre-
Rotoehu data were obtained from P. Shane (pers. comms, 2014). Horizon depths
stated in the table are reported to the nearest centimetre and define the base of the

primary horizon.
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Core Sample name New horizon# Depth (m) Thick (mm)  Previous hori Ref for previous horizon #

Pupuke T21-1-48/58929 24 57.895 2 24 Molloy et al.,, 2009
Hopua T4-2-H1-2/58839 23 38.045 3 23 Molloy et al.,, 2009
Pukaki T14 47.72m 22 47.72 1.0 T4 sandiford et al., 2001

Pukaki AT209 49.15m 21 49.15 3.0 AT209 Sandiford et al,, 2001
Hopua T5-2-H1-18/58855(-58856) 21 45.17 290 20 Molloy et al., 2009
Pukaki AT21049.17m 20 49.17 2.0 AT210 Sandiford et al,, 2001
Hopua T6-5-H1-20/58857(-58858) 20 45,505 235 21 Molloy et al., 2009
Pukaki T43 51.05 19 51.05 1.0 T43 Sandiford et al,, 2001
Orakei Basin  OB1.#30-4-44.22 18 44,22 8 18 Molloy et al., 2009
Hopua T5-6-H1-32-58869 18 47.81 40 18 Molloy et al., 2009
Pukaki T4551.19 18 51.19 0.5 T45 Sandiford et al,, 2001
Orakei Basin  OB1.#30-6-44.652(-44.654) 17 44.654 5 17 Molloy et al., 2009
Pukaki T42/4551.52 16 51.52 50.0 T42 Sandiford et al,, 2001
Orakei Basin  OB1.#30-6-47.715 15 47.715 12 15 Molloy et al., 2009
Orakei Basin  OB1.#33-2-48.12(-48.128) 14 48.128 12 14 Molloy et al., 2009
Orakei Basin  OB1.#33-2-48.19(-48.276) newB 48.276 10 -

Orakei Basin ~ OB1.#33-4-49.14(-49.46) newh 49.45 45 -

Orakei Basin ~ OB1.#34-3-50.089(-49.554) 13 50,089 160 13 Molloy et al., 2009
Orakei Basin  OB1.#36-2-52.817(-53.029) 12 53.029 410 12 Molloy et al., 2009
Onepoto On2.4#4-39.06 12 36.1 12 121 Shane and Hoverd 2002
Pukaki 54.355m 12 54.355 - 12 Shane Unpublished
Pupuke P23/58947 12 67.59 7 12 Molloy et al., 2009
Hopua Te-3-H1-39/58876 12 48.8 460 12 Molloy et al., 2009
Pukaki €. 55.355m 11 55.335 - 11 Shane Unpublished
Orakei Basin  OB1.#37-2-54.119(-54.213) 10 54.213 407 9 Molloy et al., 2009
Onepoto On2.4#4-39.47 10 395 15 116/115 Shane and Hoverd 2002
Pupuke T18-7-P26/58951 10 68.09 3 10 Molloy et al., 2009
Pupuke P27/58952 9 68.15 6 9 Molloy et al., 2009
Orakei Basin  OB1.#37-2-54.27 8 54.27 45 8 Molloy et al., 2009
Pupuke P28/58953 8 68.24 20 8 Molloy et al., 2009
Pukaki ca. 56.87 B 56.4 ca. 720 B Shane Unpublished
Orakei Basin ~ OB1.#37-2-54.324 (AVF7) 7 54.34 20 7 Molloy et al., 2009
Onepoto On2.#4-39.905(-39.914) 7 399 20 114 Shane and Hoverd 2002
Pukaki c. 56.8 7 56.9 - 7 Shane Unpublished
Pupuke T19-3-P29/58954 7 68.485 2 7 Molloy et al., 2009
Pukaki c.57.0 6 57.1 c.a. 500 6 Shane Unpublished
Orakei Basin  OB1.#39-3-57.342(-57.44) 5 57.342 110 5 Molloy et al., 2009
Orakei Basin ~ OB1.#39-5-58.11(-58.07) 4 58.11 41 4 Molloy et al., 2009
Pupuke P33/58960 4 59.315 15 4 Molloy et al., 2009
Orakei Basin  OB1.#45-5-67.039(-61.17) 3 67.039 41 3 Molloy et al., 2009
Orakei Basin ~ OB1.#50-2-73.555 2 73.555 510 2 Molloy et al., 2009
Glover Park GPB-8-10.38(-10.6) 2 10.6 &0 GP1/6-8 Howverd et al,, 2005
Onepoto On2.#6-2-43.66 2 43.7 4 a0 Shane and Hoverd 2002
Orakei Basin ~ OB1.#54-3-80.047 1 B80.047 100 1 Molloy et al., 2009
Onepoto AB1-OnZ-#11-51.30 1 51.3 15 - Shane and Hoverd 2002
Glover Park GP16-17.52(&18.15) 1 18.15 12 GP1/20-18 Hoverd et al., 2005
Glover Park GP1/24 - 20.78-21.0 a 210 40 GP1/24 Howverd et al., 2005
Onepoto On2.#18-62.36 b 62.0 45 7 Shane and Hoverd 2002
Glover Park GP1/40 - 23.67 b 2367 10 GP1/40 Hoverd et al., 2005
Onepoto On2.#21-66.68 C 66.7 270 1 Shane and Hoverd 2002
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3.5.5. Tephra dispersal and thickness

As a result of correlations of the AVF tephra horizons between the
maar cores, revised thicknesses and radii of tephra dispersions patterns can
be inferred. Lacustrine tephra deposits will have a higher compaction rate
than their on-land counterparts (e.g. on-land the tephra are a factor of about
1.75 thicker; Lowe, 1988a). Therefore the newly identified primary tephra
horizon thicknesses represent minimum values (e.g. Oladottir et al., 2012),

which may be significant for on-land isopach mapping, or hazard assessment.

For correlated horizons, relative tephra thicknesses are variable. For
example, tephra horizons found in the maar cores at the outer limits of the
field (e.g. Onepoto, Pukaki and Pupuke) were consistently thinner than those
found in the central cores (e.g. Orakei and Hopua). The thicker deposits (>100
mm) are more common within the central cores, which likely reflects the
higher density of eruptive centres in close proximity. However, thick deposits
are not found exclusively in the central maars; for example, Pukaki core has
multiple thick deposits (e.g. AVF6 ca. 500 mm thick) that are linked to

eruptions from nearby sources (Sandiford et al., 2001).

The preservation potential of tephra horizons, and thus the
completeness of the tephra record, can be assessed based on a number of
factors, including the total number of individual tephra horizons found in
relation to the number of eruptions within the time period covered by the
maars, and the number of deposits found along a dispersal pathway. Although
currently the age ranges of the maar cores are quite poorly chronologically
constrained, they have been estimated to range from >150 ka (Onepoto;
Lindsay et al., 2011) to present (Pupuke). Based on the modelled values from
Bebbington and Cronin (2011) there is estimated to have been ca. 42
eruptions within this time period, with a “flare up” noted at 40-20 ka (Molloy et
al., 2009; Bebbington and Cronin, 2011). The tephra deposits within the cores
do reflect this period of increased activity, although the total number of
individual horizons found within the cores only total 28. One or more of the
following factors can explain the absence of individual tephra horizons in
some cores: (1) the eruption was not dispersed widely enough; (2) poor

preservation at the specific maar site linked with smaller quantities of tephra;
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(3) dispersal direction of tephra did not coincide with a maar. Fifteen of the
primary tephra deposits identified are only found in one core and very few
(n=5) of the correlated deposits appear in all of the cores studied, indicating
that, for a single eruptive event, the pyroclastic material does not necessarily
cover the entire field area. A number of correlations link tephra horizons to
restricted areas of the field, and a number of field observations show tephra
dispersal away from the directions of the maar sites (e.g. Green Mt; Hayward
et al.,, 2011), suggesting field scale limits to the tephra dispersal. These
limitations are attributed to the small eruptive volumes and eruption ash
column heights, and the impact of wind direction of the AVF centres (e.g.
Lowe, 1988a, b; Shane, 2005).

In some cases deposits are not necessarily found in all maars along a
dispersal pathway. For example, two tephra horizons are linked to Orakei and
Pupuke but are not found in Onepoto, which is located geographically
between the two. These dispersal patterns are most likely indicative of either
discontinuous preservation and/or complex diffuse distal fall out (Molloy et al.,
2009). For more distal sites, where tephra thicknesses are minimal (1-2 mm),
preservation potential through water columns is highly reduced, resulting in
differential settling of tephra and thus in many cases discontinuous deposition
(Beierle and Bond, 2002).

3.5.6. Sedimentation rates

As tephras are considered to represent instantaneous events (Shane,
2000), to calculate sedimentation rates their thicknesses are subtracted from
the core thickness constrained by marker horizons with accurately
documented ages. The thicknesses of the remaining lacustrine sediments,
assumed to have accumulated at constant sedimentation rates between data
points, are then divided by the number of years between the rhyolitic marker
horizons to yield the sedimentation rate for the maar (e.g. in Orakei Basin, the
sediment between Okareka and Kawakawa has a mean sedimentation rate of
1.96 mml/yr; Molloy et al., 2009). The reduction of thickness of primary
deposits — now identified as being reworked - not only has implications for
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primary deposits, but also may affect calculated sedimentation rates and thus
modelling for estimated eruption ages, frequency rates and source centre
correlations. Bebbington and Cronin (2011) and Green et al. (2014) use
previously published (Molloy et al., 2009) horizon thicknesses and correlations
as inputs into horizon age, source centre modelling and thus source centre
age estimates. Our study will allow more accurate data input into the models,
with improved horizon correlation and horizon thickness estimates, thus
supporting and improving future statistical modelling for the AVF eruption
frequencies and centre ages. Future statistical analysis will also help to

corroborate the tephra correlation and identification made in our study.

3.6. Conclusions

The use of multiple analytical techniques is critical to produce a high-
resolution correlation of basaltic tephras within sediment cores. X-ray density
scanning not only reveals the areas of high-density material (e.g. basaltic
shards) within a core, but also is sensitive enough to indicate inherent intra-
stratigraphic details that can be interpreted to reflect primary vs. re-worked
deposits, grain shapes, grain sizes, and bedding features. Gradational grey
scaling of the X-ray imagery is indicative of the proportions of shards within
background sediment and in many cases shows the upward of basaltic shards
that is also reflected in a decline in magnetic susceptibility. Provided that the
background sediment is low in magnetic minerals, the magnetic susceptibility
analysis is highly responsive to sub-millimetre scale basaltic tephra horizons,
providing support to the inferences made from the X-ray imagery.

Reworking of tephra can occur through various means such as
repetition of sedimentary processes or slumping of tephra-rich material.
Evidence for this, shown by the X-ray and magnetic susceptibility analysis, is
supported and enhanced by the complementary (for reworking) or contrasting
(for primary deposition) glass-based geochemical signatures of the units. The
combination of these methods allows a more detailed tephrostratigraphy to be
constructed and resolution of ambiguities that arise from simple visual

observations regarding the reworking and duplication of deposits.
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Complexities observed with re-working have important implications for
sedimentation rate calculations and therefore the evaluation of eruption

spacing.

For the AVF tephras, the major element (as oxides) relationships of
Al203 vs. SiO2, MgO vs. CaO, and CaO vs. FeO are useful for correlation
purposes, because they are the least variable for individual horizons but most
variable for the field as a whole. In the cases where major element signatures
are inadequate, incompatible trace elements (mainly REE) and trace element
ratios (e.g. REE/Yb) from glass analyses are valuable for providing more
distinctive signatures that can allow individual tephras to be distinguished. It is
important to note that for the ca. 53 centres in the AVF, geochemistry is not
diverse enough to be used alone as a definitive correlation tool, and the use
of stratigraphy and well dated marker horizons provides important additional
constraints in cross core correlations. When using these methodological
improvements, 52 individual basaltic tephra deposits were identified from six
cores from the AVF maars. Of these, fourteen horizons have been cross-
correlated and another thirteen individual horizons identified, to provide a
more robust tephrostratigraphic framework for the eruption evolution of the

Auckland volcanic field.

Acknowledgements from published paper

JH is funded by the DEVORA (Determining VOlcanic Risk in Auckland) project, led
by Jan Lindsay and Graham Leonard. We thank David Lowe and an anonymous
reviewer for their constructive comments that helped to improve this manuscript. We
also thank Richard Wysoczanski (NIWA) for helpful discussion on X-ray and probe
analysis, Phil Shane for supplying unpublished tephra data from Pukaki core and
helpful discussion, and University of Auckland Collections for supplying tephra
mounts from Catherine Molloy’s MSc thesis study. JH would also like to thank Elaine
Smid and Shaun Eaves for aiding and assisting in transporting cores, Alan Orpin
(NIWA) for discussion and assistance with core analysis and Malcolm Reid (UoO) for
assistance with LA-ICP-MS analysis.

115



Chapter 3 Tephra Correlation Technigues Hopkins, J.L.

Preface to Chapter 4

In Chapter 3 an eruptive history was constructed for the Auckland
Volcanic Field by cross correlating tephra deposits between 6 lacustrine maar
cores. Detailed geochemical analysis was undertaken on individual glass
shards in order to fingerprint the chemical signature of individual horizons for
correlation purposes. In building this tephrostratigraphic framework, the tephra
dispersal and eruption frequency of the AVF was assessed. However, due to
the high density of volcanic centres in the AVF, the source vent of each
horizon remains unaddressed. Establishing a link between specific tephra
horizons and their centre of origin is important as it allows consideration of the
combined geochemical, spatial and temporal relationship within the AVF. It is
therefore essential to develop a method that allows tracing tephra deposits

back to their centre of origin.

Standard tephrostratigraphic protocols link distal tephra deposits to
source using well-characterised proximal tephras (Lowe, 2011). However, due
to the maritime climate and high urbanisation in the Auckland region, there
are very few sub-aerial tephra deposits available that are exposed, and in
fresh enough condition, for characterisation (c.f. Chapter 1; sect. 1.5.2.). In
addition, the high spatial density of the centres in some cases prevents even
proximal tephra deposits from being unambiguously matched to a given

source centre.

It is potentially possible to use the geochemical signature of distal
tephras to fingerprint their source centre. However, a prerequisite for this is to
establish a comprehensive major- and trace-element tephra and whole rock
database for all AVF centres. In order to allow comparisons and correlations
to be made, in this chapter,| evaluate previous geochemical data for the
Auckland centres, and present new major and trace element data for those

centres that were un- or under-sampled prior to this research.
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Inspired by Maori legend, the formation of the Auckland volcanoes through the wrath of
Mataaho (image by Hopkins, J.L.).
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4.1. Introduction

The Auckland Volcanic Field (AVF) is a world-renowned example of a small-
scale basaltic monogenetic field, and as such the geochemistry has been extensively
studied over the past thirty years. Previous studies have often focused on exploring
the geochemical composition of a single centre, (e.g. Crater Hill; Smith et al., 2008,
Motukorea; McGee et al., 2011, Rangitoto; Needham et al., 2011) (Table 4.1.) or a
selection of centres (e.g., n = 12; McGee et al., 2013). To provide the most complete
basis for tephra-source correlations (Chapter 5), a critical requirement is the
existence of an extensive major and trace element database for all volcanic centres
in the field, to which tephra-derived glass geochemical data can be compared. This
chapter therefore present a major- and trace-element geochemical database
including all existing whole-rock data from the AVF, complemented by new whole
rock data from 24 centres which were previously un- (no analyses) or under-
sampled (<3 trace element analyses).

Early studies by Heming and Barnet (1986) provided the first whole rock
major element geochemical data. More recent studies have, however, provided more
reliable and reproducible data, and therefore where possible the best quality data
has been collated for this research. The most recent work of McGee (2012)
significantly increased the amount of data in the geochemical database, through
generating new major and trace element data for some previously under- or un-
sampled centres, including Albert Park, Motukorea, Mt Eden, Mt Richmond, Mt
Roskill, Mt Smart, Mt Wellington, Otara, Puketutu, Purchas Hill, Taylor's Hill,
Waitomokia, and Wiri Mt. In addition, | couple this existing data set with multiple
unpublished data sets (see Bryner (1991), Miller (1996), Franklin (1999), Hookway
(2000), Spargo (2007), and Eade (2009)), and unpublished data from lan Smith and
co-workers (UoA and DEVORA). Table 4.1 outlines the existing geochemical
database, and the additional 99 samples for 24 centres added in this study. Prior to
this study, 28 centres had three or more pre-existing major and trace element
analyses, 15 centres had less than three, and ten had no data at all. Now, 46 of the
53 centres have three or more major and trace element whole rock analyses

available.
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4.2. Methods

4.2.1. Sample selection for geochemical analysis

Volcanic centres with less than three existing whole rock analyses were
targeted for field sampling (field locations are listed in Appendix A). The seventeen
new centres sampled for this study are Boggust Park, Little Rangitoto, Mt Albert, Mt
Cambria, Mt Hobson, Mt Roskill, Mt Smart, Onepoto, Otuataua, Pigeon Mt, Pukaki,
Pukeiti, Pupuke, Mt Robertson, St Heliers, Taylors Hill and Te Pou Hawaiki
(highlighted orange on Fig. 4.1.). For an additional seven centres major element
data exist (Miller, 1996), but no trace element data are reported. Thus, for these
seven centres (highlighted yellow Fig. 4.1; Green Mt, Hampton Park, Mangere Mt,
McLaughlins Mt, Mclennan Hills, Mt Victoria, and Otara) the samples collected by
Miller (1996) were re-analysed for both major and trace elements. For six centres
(Ash Hill, Kohuora, Mangere Lagoon, Styaks Swamp, Cemetery Hill, and Tank Farm;
red on Fig. 4.1.) there are no longer exposures available (due to urbanisation and
erosion) for sampling and therefore these centres have no available geochemical
data.

4.2.2. Major element analysis

Whole rock samples were crushed to <15 mm in a Rocklabs Boyd crusher,
then powdered using a Rocklabs tungsten-carbide TEMA swing mill at Victoria
University of Wellington, Wellington, NZ (VUW). Powders were made into fused
lithium metaborate glass discs and analysed for major element oxide concentrations
at the Open University, Milton Keynes, UK using X-ray Fluorescence (XRF) analysis
following the methods of Ramsey et al. (1995). Internal standards WS-E (Whin Sill
Dolerite) and OU-3 (Nanhoron microgranite) were analysed to monitor precision and
accuracy. Major element oxides were accurate to within 2.0% of the recommended
values for the internal standards and analytical precision (2c) was 1.5% or better for

all elements (Appendix B).

119



Chapter 4 AVF Whole Rock Database Hopkins, J.L.

Table 4.1. Summary of geochemical data (pre-existing and additions from this study)
ordered by the number of analyses, including those centres without any current data; of 50
centres 3 or more data points were achieved for 44 volcanoes.

Pre-existing data (< 2013) This thesis

Centre Major Trace Isotope References Major  Trace Isotope
CRATER HILL 61 61 0 Smith et al., 2008
RANGITOTO 55 55 7 Hookway, 2000; Needham et al., 2011 2 2 3 (Os, Pb)
MOTUKCOREA 53 53 16 Bryner, 1991; McGee, 2012, McGee et al., 2012
PUPUKE 51 51 4 Spargo, 2007 1 1 2 (Os, Pb)
ORAKEI 41 21 0 Franklin, 1999; Smith unpub data
THREE KINGS 36 35 2 Eade, 2009; Smith unpub data
MT WELLINGTON 34 34 8 McGee, 2012, McGee et al., 2013 2 2 (0s, Pb)
MT EDEN 29 17 1 Eade, 2009; McGee, 2012
PURCHAS HILL 27 27 6 McGee 2012; McGee et al., 2013 2 (Os, Pb)
MAUNGATAKETAKE 23 23 0 Smith unpub data
PUKETUTU 23 13 3 Miller, 1996; McGee, 2012 2
LITTLE RANGITOTO 17 1 0 Franklin, 1999; Smith unpub data 6 6
MT ST JOHN 22 13 0 Franklin, 1999; Eade, 2009
PANMURE BASIN 22 21 0 Smith unpub data
DOMAIN 19 7 0 Smith unpub data
TE POU HAWAIKI 13 0 0 Franklin, 1999 5 5
MT HOBSON 10 2 0 Smith unpub data 5 5
OTARA 12 0 2 Miller, 1996; McGee, 2012 5
WIRI 12 12 2 McGee, 2012; McGee et al., 2013 2 (Os, Pb)
GRAFTON PARK 10 10 0 DEVORA group unpub data
WAITOMOKIA 9 9 0 McGee, 2012
MT ROSKILL 3 2 0 McGee, 2012 6 6
TAYLOR'S HILL 3 3 2 McGee, 2012; Smith unpub data 6 6
ONE TREE HILL 8 4 0 Eade, 2009; Smith unpub data
MT SMART 2 2 0 McGee, 2012; Smith unpub data [+ 6
MANGERE MT 7 2 0 Miller, 1996 3
MCLENNAN HILLS 6 3 0 Miller, 1996 3
MT RICHMOND 6 3 2 Eade, 2009; McGee, 2012; Smith unpub data
NORTH HEAD 6 5 0 Smith unpub data
PUKAKI 2 2 0 Zawalna-Geer, 2012 4 4
MCLAUGHLINS HILL 1 0 0 Heming unpub data 5 5
MT CAMBRIA 1 1 0 Smith unpub data 5 5
OTUATAUA 1 1 0 Heming unpub data 5 5
PIGEON MT 1 1 0 Smith unpub data 5 5
PUKEITI 1 1 0 Smith unpub data 4 4
ALBERT PARK 4 4 0 McGee, 2012; Smith unpub data
HAMPTON PARK 4 0 0 Miller, 1996 4
MT VICTORIA 4 2 0 Smith unpub data 1
PUKEKIWIRIKI 4 3 0 Smith unpub data
ROBERTSON HILL 0 0 0 4 4
GREEN HILL 3 1 0 Miller, 1996 2
MT ALBERT 2 4 0 Smith unpub data 1 1
ST HELIERS 1 1 0 Smith unpub data 2 2
BOGGUST PARK 0 0 0 3 3
ONEPOTO 0 0 0 2 2
HOPUA 1 1 0 Smith unpub data Surface exposure no longer in existence
ASH HILL 0 0 0 Surface exposure no longer in existence
CEMETERY HILL 0 0 0 newly identified centre
KOHUORA 0 0 0 Surface exposure no longer in existence
MANGERE LAGOON 0 0 0
PUHINUI CRATERS 0 0 0 newly identified centre
STYAKS SWAMP 0 0 0 Surface exposure no longer in existence
TANK. FARM 0 0 0 Surface exposure no longer in existence
TOTALS 650 511 55 72 99 1
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Figure 4.1. Location map for the centres of the AVF outlining the amount of geochemical
data available for each centre. Prior to this study those in green (n=23) had an adequate
number (>3) analyses. Those in orange did not have an adequate number of analyses and
so were analysed for major and trace element by this study; the dark orange show centres
sampled in the field by this study (n=17, field sites detailed in Appendix A), the light orange
show centres with existing whole rocks with only major element analysis (n=7, Miller, 1996)
that were re-analysed for major and trace elements for this study. Those in red (n=6), have
no available data and currently no exposure available to sample, Puhinui Craters has a
dashed outline because the extent of this centre is currently undefined (B. Hayward pers.

comm. 2014).
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4.2.3. Trace element analysis

For trace element analysis, 50mg of whole rock powder was treated using
conventional methods (details in Chapter 2) of HF-HNO3 digestion and analysed on
an Agilent 7500CS ICP-MS (VUW) in solution mode. Trace element abundances
were calculated using the reduction program lolite (Paton et al., 2011), using BHVO-
2 as a bracketing standard, and BCR-2 as a normalisation standard. “Ca was used
as an internal standard using CaO contents measured by XRF. Trace element
analyses were accurate to within <6% of the recommended values for the secondary
standard (BCR-2) and precision (2 o) was <6.5 % with the exceptions of Cr £10.4 %,
Nb +22 %, Cs £12.2 %, Ba £11.8 %, Ta £20.9 % and Pb +31 % (Appendix B).

4.3. Results

This study adds 99 individual whole rock major and trace element analyses
for 24 centres (previously under or un-sample) to the AVF database, increasing the
number of centres with major and trace element data available from 28 to 46 out of
53. Representative values for each of the new centres are shown in Table 4.2, with

all new data given in Appendix C.

4.3.1. Major Elements

All analysed samples range from basanitic/nephelenitic to basaltic in
composition (based on the rock classification of LeMaitre, 2002) with SiO2 values
ranging from 39 - 49 wt.% and MgO contents ranging from 6 - 16 wt.% (Mg# = 50-
72) (Fig. 4.2.).

Overall, the new data show a positive relationship between MgO vs. CaO, and
a negative relationship between MgO vs. Al2Os. There are less distinct, but generally
negative trends, for MgO vs. SiOz2, TiO2, Fe203", and P20s, and for these elements,
a higher range in compositional variation is recorded within a single centre’s data,
than observed for MgO vs. CaO and Al20s. For example for MgO vs. TiOz2, the
Taylors Hill data show a flat trend where MgO variations but no TiO2 variation, but in
comparison the Pukaki samples show minimal variation in MgO content but have a
larger variation in TiO2. In general, data plotted from individual centres (Fig. 4.3.)

show clustered signatures that mimic the general trend but often show their own
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specific, separate trend lines, consistent with the findings of McGee et al. (2013).
Representative values from this study for the newley sampled centres, and extreme
values representing the AVF endmember compositions from McGee et al. (2013)
(Rangitoto, Purchas Hill, and Motukorea) are outlined in Table 4.2, for comparison

all pre-existing values are also plotted on all figures.

Table 4.2. Selected representative results for new whole rock data suite. Major elements are
reported as oxides in wt.%, trace elements in ppm. Additional representative data for the
AVF geochemical endmembers, Rangitoto, Purchas Hill and Motukorea are taken from
McGee et al. (2013) for comparison.

Boggust Little McLaughlins

Centre name Park Rangitoto Hill Mt Cambria Mt Hobson Mt Roskill Mt Smart Onepoto Otuataua
Field Number BgPk003 LilRa002 McLaH003 MtCam004 MtHob001 MtRos006 MtSm001 0On002 Otua002
Sio, 47.63 44.03 42.26 41.48 41.14 43.23 43.65 44.10 45.98
TiO, 3.06 2.78 2.86 2.78 2.80 2.72 2.69 2.44 2.34
Al,O, 13.57 13.42 12.98 12.07 12.10 12.46 12.65 11.51 13.74
Fe,03 ota) 13.83 14.39 14.56 14.75 14.71 13.92 14.08 13.60 13.22
MnO 0.15 0.19 0.19 0.21 0.20 0.19 0.19 0.19 0.18
Mgo 6.36 9.43 11.64 11.28 12.20 11.99 11.62 15.82 10.15
Cao 7.95 8.73 9.56 10.25 10.64 10.18 10.39 8.55 10.60
Na,O 2.52 3.60 2.42 3.81 2.38 2.50 3.30 3.06 2.88
K,0 1.13 1.67 0.99 1.32 0.67 1.25 1.34 112 0.89
P,0; 0.79 0.69 0.61 0.88 0.71 0.56 0.63 0.52 0.37
LOI 2.97 0.72 1.55 0.95 2.08 0.67 -0.17 -0.39 -0.10
Total 99.95 99.67 99.63 99.79 99.62 99.66 100.38 100.50 100.25
Sc 13.9 17.2 20.9 19.1 215 215 21.0 23.3 25.2
\'/ 195 190 237 223 218 256 231 198 243
Cr 151 236 307 273 338 398 336 466 356
Ni 100 186 263 237 267 272 239 545 191
Rb 18.5 233 28.9 275 18.2 17.0 20.8 16.8 12.2
Sr 766 740 609 831 663 611 638 510 433
Y 215 21.7 20.4 25.1 22.7 20.0 21.3 20.8 20.2
Zr 322 274 214 269 236 212 206 184 145
Nb 69.7 60.9 44.9 65.5 56.9 445 53.3 35.3 334
Cs 0.38 0.22 1.03 0.48 0.69 0.24 0.33 0.23 0.25
Ba 422 273 267 378 357 233 274 216 170
La 45.5 38.8 351 59.7 49.3 33.7 37.2 29.1 21.0
Ce 99.0 81.9 69.4 114 93.9 68.1 73.6 57.0 43.4
Pr 11.2 9.29 8.38 12.6 10.64 8.10 8.59 6.73 5.29
Nd 44.2 371 33.8 49.5 41.9 324 34.4 27.2 22.7
Sm 8.59 7.34 6.83 9.47 8.15 6.61 6.99 5.55 5.09
Eu 2.76 242 2.27 3.04 2.63 2.16 2.26 1.86 1.74
Gd 7.97 7.02 6.62 8.89 7.72 6.46 6.82 5.61 5.13
Tb 0.98 0.92 0.87 1.13 0.99 0.85 0.89 0.77 0.75
Dy 4.92 4.68 4.47 5.56 5.03 4.47 4.68 4.15 4.19
Ho 0.81 0.79 0.76 0.93 0.83 0.77 0.81 0.77 0.75
Er 1.99 1.99 1.89 2.29 2.09 1.87 2.02 2.00 1.96
Tm 0.26 0.26 0.24 0.27 0.25 0.24 0.25 0.27 0.26
Yb 1.37 1.50 1.34 1.55 1.48 1.32 141 157 1.54
Lu 0.18 0.20 0.17 0.20 0.19 0.18 0.19 0.23 0.21
Hf 6.97 5.81 4.60 5.69 5.18 4.74 4.66 4.07 3.45
Ta 4.50 3.50 2.34 351 3.14 2.62 3.01 1.96 2.03
Pb 3.58 3.32 144 1.26 2.00 2.33 3.24 1.97 1.37
Th 5.42 4.14 3.98 6.97 5.46 3.77 4.41 3.39 2.52
1] 1.23 1.37 1.20 1.94 1.45 1.10 1.28 1.00 0.69
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Table 4.2 continued.

Centrename  Pigeon Mt  Pukeiti R°b:i'ﬁs°" StHeliers  Taylors Hill J:v;‘::l Rangitoto  Purchas Hill Motukorea
FieldNumber  PgMt004  Pkit004  RoHIO03  StHel003  TaHi001  TePou005 Ra-AN-79  AVF-917  AVF-560
sio, 42.30 44.56 42.98 43.81 44.76 47.38 48.97 40.06 43.41
TiO, 275 2.44 3.08 258 2.69 191 186 3.00 271
AL,O, 12.25 1355 13.08 12.78 14.05 13.68 14.06 11.46 12.48
Fe,04 o 14.01 1352 15.40 14.10 14.14 12,54 12.22 16.38 14.01
MnO 0.19 0.19 0.20 0.20 0.18 0.17 017 0.24 0.22
MgO 12.08 10.63 9.25 11.09 9.11 10.54 9.68 9.60 11.63
cao 10.37 10.77 9.85 10.74 9.39 9.48 9.31 11.38 11.33
Na,0 3.27 2.60 3.61 3.41 275 2.96 3.10 4.87 3.15
K,0 141 0.79 163 132 1.04 0.73 0.62 1.88 150
P,O. 0.60 0.49 0.89 0.75 0.76 031 0.24 134 0.75
Lol -0.18 0.56 051 -0.04 123 0.5 -0.42 0.10 0.97
Total 99.04 100.09 100.47 100.74 100.11 99.84 99.91 99.88 102.16
sc 215 253 17.9 229 206 24.3 27.6 20.0 25.7
v 253 252 223 247 211 202 208 217 271
cr 345 398 211 299 260 378 319 202 469
Ni 275 204 165 233 170 243 225 195 248
Rb 220 13 27.0 2.2 13.9 10.7 10.2 326 24.3
Sr 630 468 870 721 555 371 322 1213 784
Y 21.0 21.0 245 245 201 18.7 198 34.8 24.7
zr 201 152 304 218 208 130 123 371 246
Nb 55.7 333 735 60.5 44.1 21.9 132 114 77.2
Cs 0.28 0.17 0.41 0.32 0.20 0.26 0.34 0.43 0.37
Ba 277 190 340 300 235 125 101 431 356
La 36.0 23.7 515 44.3 27.9 146 125 90 54.5
Ce 71.9 486 107 87.4 56.5 319 26.5 166 101
Pr 8.46 5.87 120 10.3 6.85 407 352 19.4 17
Nd 341 24.7 47.3 410 27.9 17.7 16.9 76.2 465
sm 6.81 5.60 9.30 8.10 6.06 4.18 4.18 14.0 8.90
Eu 2.22 1.87 2.99 2.64 2.03 148 145 414 2.66
Gd 6.51 5.48 8.61 7.74 5.84 450 4.49 11.76 755
o 0.88 0.79 111 101 0.82 0.67 0.66 148 1.07
Dy 458 431 5.58 5.29 435 3.77 4.26 7.88 554
Ho 0.79 0.78 0.1 0.1 0.76 0.69 0.78 1.27 0.97
Er 191 1.99 217 222 1.90 183 2.09 2.87 2.45
™ 0.24 0.26 0.28 0.29 0.25 0.25 031 035 0.30
Yb 136 155 145 163 142 150 187 191 182
Lu 0.18 0.21 0.19 0.22 0.18 021 0.26 0.23 0.24
HE 457 361 6.42 4.83 4.62 311 3.18 85 5.13
Ta 3.08 1.96 3.98 3.17 2.49 130 0.94 7.63 5.40
Pb 2.02 156 3.69 3.16 2.07 1.78 2.40 5.95 6.23
Th 4.18 2.85 5.94 5.01 3.26 1.63 1.62 10.6 6.84
U 122 0.81 1.84 143 0.95 0.48 0.42 2.84 1.76
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Figure 4.2.Total-alkali vs. silica (TAS) diagram (after LeMaitre, 2002) to show the
comparison between the existing database and the samples added by this study. Previous
data plotted as grey outline (see references in text sect. 4.1.); new values plotted by colour
for each centre (full data in Appendix C).

For most major element concentrations the new data plot within the limits
previously documented by McGee et al. (2013). However, a number of samples,
from Boggust Park, Onepoto, and Pupuke, plot outside of the main field of AVF
major element data (Fig. 4.3.). Samples from Onepoto and Pupuke have higher
MgO (>14 wt.%), and lower CaO (<8 wt.%) and Al203 (<10 wt.%) contents compared
to samples from other AVF centres. For the Boggust park samples, the element
signatures are different to Onepoto and Pupuke, with low CaO concentrations (<8%),
but coupled with very low MgO content (<8%) (Fig. 4.3.).
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Figure 4.3. Multi-element variation diagrams (wt.%) for AVF volcanic rocks. New data plotted
as coloured symbols and existing data plotted as grey symbols, see Figure 4.2 for key.
Trajectory values from Needham et al., 2010 from individual mineral analysis on Rangitoto
samples.
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4.3.2. Trace Elements

The new analytical data in general exhibit large ranges for trace element
concentrations, for example, La 10-90 ppm, Nb 10-80 ppm and Sr 300-1000 ppm.
Similar to the major element relationships, the trace elements again show general
trends for the field overall, as well as trends specific to each centre. There is a strong
positive trend for MgO vs. Cr, and Sc, and for MgO vs. Th, Nb, Sr, and La there is a
general negative trend of variable slope. Again no new extremes are observed, with

all the new data sitting within the pre-existing data fields (Fig. 4.4.).

Primitive mantle-normalized trace element patterns are plotted for each
centre (Fig. 4.5.), with all showing broadly similar patterns characterized by a peak
at Nb and a negative slope to less incompatible elements, similar to Ocean Island
Basalt (OIB). Some centres are less enriched in trace elements, and are
characterised by a shallower REE pattern gradient. In contrast, other samples from
more trace element-enriched centres have a relatively steep REE pattern gradient,
and show a small trough at Zr-Hf. A positive Sr anomaly (>1; calculated as
(StnN(Prv*Ndn)), where elements are normalised (n) to primitive mantle values after
McDonough and Sun, 1995) is present in centres that are less enriched in trace
elements, but absent in those that are more enriched (0.94-1.27). There is no
significant Eu anomaly (calculated in the same manner as the Sr anomaly, in this
case using Sm and Gd) for any centres (1.0-1.05), and for those centres without an
Sr anomaly typically there is a negative K anomaly (0.93-0.19; calculated as
previously outlined for Sr and Eu anomaly, but using Ta and La). There is a strong
negative correlation exhibited between Sr anomaly vs. (La/Sm)n and Th/Yb, with
values for (La/Sm)n ranging from 1.86 to 4.16 and Th/Yb values ranging from 0.87 to
5.61 (Fig. 4.7.).
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4.4. Discussion

4.4.1. Evaluation and comparison to previously obtained analyses

The database constructed for whole rock analysis contains data from multiple
sources (McGee, 2012; Bryner, 1991; Miller, 1996; Franklin, 1999; Hookway, 2000;
Spargo, 2007; Eade, 2009; Needham, 2009) and unpublished data from lan Smith
and co-workers (UoA and DEVORA)). All the previous major element analyses were
run at University of Auckland using XRF analysis, and most trace elements were
analysed by LA-ICP-MS at the Australian National University (ANU) using the
mounts prepared for XRF analysis. Analyses of some trace elements from McGee et
al. (2013) were run at Victoria University of Wellington using the same digestion
methods and instruments that were used by this study (section 4.2.3). The only
samples that have been discounted are those analysed by Heming and Barnet in the
1980s because they show a systematic offset in all elements suggesting an
incompatibility of the data sets. In addition, the vast majority of these samples now
have superseding analyses with much higher precision and accuracy (based on
analyses of appropriate standards). A number of individual analyses (in Hookway,
2000; Spargo, 2007; and I.E.M. Smith unpub.) are obvious outliers affected by
fractional crystallisation or olivine accumulation. This modification is also observed in
the new samples: the signature of the Boggust Park samples (CaO and MgO <8
wt.%) is indicative of fractional crystallisation of olivine. However, this cannot explain
the low CaO content seen in the Pupuke and Onepoto samples, which is here
ascribed to olivine accumulation causing a dilution effect on the CaO content. The
concentrations of these samples, and therefore the signatures that they give the
centres, are not reflecting mantle source, but ascent processes, therefore these

samples will not be used in the correlation process.

To maintain consistency with the previous data GEOReM values were used
as reference values (Appendix B), and primitive mantle values from (McDonough
and Sun 1995) were used for normalisation. To identify potential differences between
the existing and our new datasets, ten samples from different centres previously
analysed by McGee et al. (2013) and Eade (2009) were compared to new analyses
of the same samples. Figure 4.6 shows a representative selection of trace element

comparisons for these data where previous analyses are plotted against the
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corresponding samples analysed by this study. For most elements there is very little
discrepancy between the two data sets. Concentration variations between the two
data sets are observed in Cr, Ni, and Cs, and also for some of the HREE with very
low concentrations Er, Tm, Yb and Lu. These differences are not significant (they
overlap at 2sd% error) and confirm that the new data are comparable with the

previously obtained analyses.
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Figure 4.6. Selected trace element duplicate analyses to compare whole rock sample
analyses from this study to those presented in previous studies. The 1:1 relationship line is
shown with most samples overlapping this line within 2sd% error.
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4.4.2. Geochemical variability intra-centre and field-wide

For the new data gathered, the intra-centre variability in geochemical
signatures is much smaller than the field-wide variability. For example intra-centre
variation for SiO2z is <3 wt.%, for MgO <2 wt.%, and for all other major elements
(TiO2, Al203, Fe203, P20s, and CaO) <1.5 wt.%. In comparison the range for the
field for SiO2 is <10 wt.%, for MgO <8 wt.%, for Al2O3, Fe203" <5 wt.%, for CaO <4
wt.% and for TiO2 and P20s <2 wt.% (e.g. Fig. 4.3.). A number of intra-centre
geochemical trends are noted: 1) minimal variation (e.g. <0.5 wt.%) across multiple
samples, 2) < 2 data points and therefore no trends can be identified and, 3) minor
systematic variations in composition, which can be explained by fractional

crystallisation.

Figure 4.3 shows the trajectories for fractional crystallisation of olivine (ol),
clinopyroxene (cpx), and high-pressure clinopyroxene (cpx"P) (c.f. Deer et al., 1992).
Influences from Ti-augite and amphibole were discounted as their crystallisation
trajectories fail to recreate any of the trends observed in the data. Although
plagioclase is known to occur in very small proportions in the groundmass phases of
the AVF lavas (e.g., Needham et al., 2011), the general lack of an Eu anomaly or
any large plagioclase phenocrysts, and the inability of plagioclase trajectories to
recreate any of the trends observed, suggest that plagioclase does not play a major
role (McGee et al., 2013). Previous authors (Smith et al., 2008; McGee et al., 2013)
have also suggested that high-pressure clinopyroxene can be used to explain a
decreasing Al203 with decreasing MgO trend seen in other centres (e.g., Crater Hill,
Mt Eden, Mt Wellington). This trend however, is not observed in the new data

presented here (Fig. 4.3.).

The trends in geochemical data (Fig. 4.3.) exhibited for Little Rangitoto,
Otuataua, Pigeon Mt, Mt Cambria, and Te Pou Hawaiki, can be explained by varying
fractional crystallisation of olivine, with decreasing MgO and Fe203"! coupled with
increasing SiO2, Al203, and TiO2. For McLaughlins Hill, these trends are also seen,
but require minor amounts of clinopyroxene crystallisation also to form the
decreasing SiO2 and increasing Fe203' with MgO. The trends in erupted material
from Mt Hobson can be explained by clinopyroxene crystallisation, showing
increasing Al203 and Fe203"t at consistent MgO content. This is also seen at Pukaki,

coupled with a minor decrease in MgO suggesting that a minor amount of olivine
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crystallisation is also present. Fractional crystallisation is not needed to explain the
variations in centres that have tightly clustered data. These results are consistent
with the conclusions in Smith et al. (2008) and McGee et al. (2013).

The within-field geochemical variability is much greater than the within-centre
variability, and is responsible for the individual geochemical signatures associated
with each centre. The within-field variation cannot be explained simply by
modification of the magma from a single source by fractional crystallisation or crystal

accumulation, and therefore multiple sources are inferred to be present.

The primitive mantle-normalised multi-element plots for the new data show
that the new AVF samples have a range of trends between two end-members. At
one end-member (e.g., Mt Cambria; Fig. 4.5.B.) there is a steep HREE trend
showing a trough at Zr-Hf, and large negative K anomaly which becomes
increasingly less pronounced to the other end-member, which exhibits a positive Sr
anomaly, no K anomaly, a shallower HREE trend and no trough at Zr-Hf (e.g.,
Rangitoto; Fig.4.5.A).

Most centres show a relatively flat relationship between Sr anomaly and
Zr/Nb, with a larger range in Sr anomaly values (0.47 to 1.15) in comparison to Zr/Nb
(5 to 8) (Fig. 4.7.).Interestingly, Rangitoto and Te Pou Hawaiki show highly variable
Zr/Nb values (5 to 8) for more restricted Sr anomaly values (1.22-1.28) in
comparison to all other centres. Zr/Nb and (La/Sm)n ratios can be used to show
depleted or enriched mantle sources (e.g., Haase and Devey, 1996; Kamber and
Collerson, 2000), the signatures of these ratios are here attributed to mixing of melts
generated from mantle sources that have seen variable amounts of melt extraction.
Depleted sources show higher Zr/Nb, and higher positive Sr anomaly, and lower
(La/Sm)n than fertile sources (Haase and Devey, 1996; Kamber and Collerson,
2000), indicating that samples that show a positive Sr anomaly originate from a
mantle source with a history of previous melt depletion. In addition, the relationship
between the Sr anomaly and 2°’Pb/?°“Pb and 87Sr/8Sr in the AVF rocks (c.f. McGee
et al., 2013) is consistent with a relationship between Sr anomaly and mantle source,
rather than it being due to crystal fractionation or crustal contamination (McGee et
al., 2013).
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The negative K anomaly observed in most samples is typical of OIB-type
basalts (e.g., Sun and McDonough, 1989). The negative K anomaly and positive Sr
anomaly have a positive correlation (Fig. 4.7.). A negative K anomaly (<1) is seen in
a higher proportion of the samples than a positive Sr anomaly (>1). These anomalies
are only mutually exclusive in the end-member samples, with most samples
exhibiting evidence of both signatures (Fig. 4.5.). This is indicative of variable mixing
between multiple mantle sources, with the dominant input from the source of the
negative K anomaly. As previously outlined, the samples with a negative K anomaly
also exhibit steeper HREE trend and lower Zr-Hf contents. The HREE and Zr-Hf are
more compatible in garnet in comparison to the LREE and therefore they are
preferentially retained in a garnet-bearing source, creating a relative depletion in
these elements in melts that have garnet in their source.

The samples with a high positive Sr anomaly (and a small or no negative K
anomaly) show a trough at Zr-Hf and have a shallower HREE trend, indicating their
signature is not depleted in HREE or Zr-Hf, and therefore come from a source that
does not contain garnet. Due to the stability of garnet in peridotite at depths of =80
km (e.g., McKenzie and O’Nions, 1991), it is possible to conclude that the
geochemical variations exhibited by the AVF melts are linked to the source depth of
the melt and the presence or absence of garnet. Based on the stability field of
garnet, a garnet-bearing mantle must be found at depths of 280 km, and spinel
bearing mantle found <80 km depth (McKenzie and O’Nions, 1991). McGee et al.
(2013) split these zones into deeper garnet bearing ‘asthenosphere’ and overlying

spinel-bearing ‘lithosphere’.

These data are further and more extensively discussed in Chapter 5 section
5.5.5, with regards to the geochemical evolution of the field and source, and the

relationship between chemistry and eruptive centre characteristics.
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KnV(Tan*Lan), where y indicates normalisation to primitive mantle values after McDonough
and Sun (1995).
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4.5. Conclusions

This study provides 99 new whole rock major and trace element analyses to
the AVF database for previously un- or under-sampled centres (Appendix C). In
doing this, the study gains more detailed insight into the whole rock signatures of the
AVF as a whole. The results of this study support conclusions made by previous
studies (McGee et al., 2011; McGee et al., 2012; McGee et al., 2013; McGee et al.,
2015); minor intra-centre geochemical variability is related to the fractional
crystallisation of olivine, coupled with minor amounts of clinopyroxene and potentially
some high pressure clinopyroxene; the major intra-field geochemical variability
relates to the mixing of three mantle sources, in varying proportions for each magma
batch, to produce unique geochemical signatures for each centre. The individuality of
each magma batch, coupled with the minor fractional crystallisation, facilitates the
ability to geochemically fingerprint each centre. Thus further highlighting the potential
to fingerprint each centre’s products, and therefore correlate distal deposits back to

source.
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Preface to Chapter 5

Chapter 5 presents new methods developed to correlate distal tephra
deposits to their source volcano. In order to achieve these correlations, the tephra-
derived glass geochemistry and cross-core horizon correlations from Chapter 3 are
compared with previous and newly obtained whole rock geochemistry for the entire
field (Chapter 4). These data are analysed to ascertain which geochemical

signatures can be used to correlate between tephra and whole rock.

The results suggest that incompatible trace element ratios are the most
variable in volcanic rocks from the Auckland Volcanic Field. These ratios are also the
least affected by fractional crystallisation, and crystal removal, and are therefore
considered to be the most appropriate tools for correlation. However, the volcanic
rocks from all individual centres do not have a unique geochemistry in the field as a
whole, to be successfully correlated purely based on these signatures. | therefore
combine a number of criteria to further constrain the source centres for the horizons,

resulting in proposed sourced centres for most of the tephra horizons identified.

Once the tephra horizons are correlated to their proposed source, and
therefore stratigraphically constrained, | combine this tephrostratigraphic framework
with Ar-Ar dated centres, and calculated sedimentation rate ages for the tephra
horizons, to resolve the chronostratigraphy for 45 of the 53 centres in the field. | then
use this newly constructed age order to comment on the spatial, temporal, and

geochemical evolution of the AVF.
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The correlation of basaltic tephras to source volcanoes:

Method development and implications for spatial, temporal

and geochemical eruptive sequencing in the Auckland

Volcanic Field, New Zealand
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‘Auckland - A city on volcanoes’

View from Mangere Mt to the north across the city, with volcanic scoria cones from left; Mt.
Roskill, Three Kings, Mt. Eden, (Sky Tower), One Tree Hill, Rangitoto, Mt. Wellington,
Hopua maar is located at the northern end of the bridge, and Mangere lava flows can be
identified in the foreground to the left (image by Hopkins, J.L.).
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5.1. Introduction

5.1.1. Tephrochronology and provenance

Tephrochronology is the process of linking, dating, and synchronizing a
sequence of geological, palaeoenvironmental or archaeological events using tephra
deposits (Lowe, 2011). Tephra correlation is used on a number of levels from simply
correlating tephra deposit across cores or outcrops, defining stratigraphic marker
horizons (e.g. Molloy et al., 2009), or matching horizons to volcanic source or
provenance to yield information about the eruptive history of a region (e.g. Alloway et
al., 2004; Allan et al., 2008). Linking tephra horizons (or deposits) back to their
source volcanic centre can be a relatively simple exercise when potential sources
are limited, the eruptive episodes (and horizons) are precisely dated, stratigraphic
succession is established in proximal tephra layering, and/or the volcanic products
have highly distinctive geochemical signatures (Lowe, 2011). However, where these
criteria are not met, difficulties arise in accurately linking the tephra deposit to their
source. In cases of multiple potential sources, with multiple poorly characterised
proximal eruption products, there currently is no established method to resolve the

origin of distal tephra horizons.

5.1.2. Reconstructing eruptive history using tephra deposits

The eruptive history of a region can often be reconstructed by dating of lava
and scoria deposits. In monogenetic fields however, often the errors associated with
the age dating are greater than the eruption spacing, and thus do not allow a
definitive stratigraphic age order of the centres to be created (e.g., Leonard et al., in
prep. Appendix D). Similarly, due to the restricted distribution of scoria and lavas
from small monogenetic centres, stratigraphic relationships and laws of
superposition often cannot be relied on alone to resolve the ambiguities that arise
from the dating techniques. In these circumstances distal fall deposits can often be
more successful at resolving the chronological uncertainties due to their higher

preservation potential, and often stratigraphically restricted relationships.
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Fortunately maar craters that form in monogenetic fields from
phreatomagmatic eruption styles can provide ideal, within-field, depocentres for any
subsequent eruptions. Meteoric water retained by the tuff ring often creates a
lacustrine environment for capturing and preserving the palaeoenvironmental history
of the surrounding region. Tephra deposits within cores retrieved from these maar
lakes, therefore have the potential to accurately preserve the stratigraphic sequence
of eruptions from the field that is otherwise lost through surface erosion and
weathering (Chapter 3). If these distal deposits can be linked to their source centre

the chronology of a region can be resolved.

5.1.3. Auckland Volcanic Field

The AVF is one such case where climate and urbanization has resulted in a
loss, or obscuration, of proximal tephra deposit outcrops. The spatial density of
centres (53 centres distributed over 360 km?) adds further complexity; if a proximal
tephra deposit is found, often it has the potential to have come from one of a number
of possible centres. In addition, because of the rapid thinning of basaltic tephra away
from each source, evidence of stratigraphic succession is often limited in subaerial
outcrops. Proximal lava and scoria deposits in the AVF have a higher preservation
potential, and their sources are more easily defined. Therefore it is necessary to
develop a methodology to reliably correlate distal tephra to their source centre,
allowing us establish the provenance of the tephra. With its several maars (Fig.5.1.)
the AVF is an ideal location to develop and test this methodology. Although previous
studies have undertaken a significant effort to date a number of the centres using a
range of techniques (e.g. Lindsay et al., 2011; Leonard et al., in prep. Appendix D),
the complete eruption sequence of the AVF remains unknown. Consequently the
spatial and geochemical evolution of the field also remains uncertain. Here we
combine new developments in tephrochronology (Chapter 3), with geochemical
analysis of whole rock samples (Chapter 4), to develop a new tephra correlation
method.
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Figure 5.1. (A) Map of the Auckland Volcanic Field and its eruptive centres (from Hayward
et al., 2011). The locations of maar craters from which cores documented in this chapter
were collected are highlighted by red symbols and red font: Pupuke, Onepoto, Glover Park,
Orakei, Hopua and Pukaki. Although the Glover Park core is from St Heliers Volcano, to
avoid confusion within this chapter the core location will continue to be called Glover Park.
(B) General location of the AVF within the North Island, New Zealand. Highlighted are other
key volcanic centres including the South Auckland Volcanic Field, and the key rhyolitic
(Taupo Volcanic Centre (TVC), Okataina Volcanic Centre (OVC)) and andesitic (Tongariro
Volcanic Centre (TgVC), Mt. Taranaki (Tk)) sources of tephra found in Auckland maar cores.
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Table 5.1. Details of all 53 centres in the AVF, their eruption type; relative age relationships where known including, current age estimates and
the methods by which they are calculated and the morphological features which give age constraints (*Hayward et al., 2011; & Allen and Smith
1992; Q Affleck et al., 2001); the estimated eruptive size of the centres (Kereszturi et al., 2013); the geochemical data available for each centre
including data added by this study (Chapter 4). For the eruption types, A) phreatomagmatic wet explosive eruption which produces maar
craters and tuff rings, B) dry magmatic eruptions including fire fountaining creating scoria cones, and C) effusive eruptions resulting in lava
flows, and shield building (* details from Hayward et al., 2011).

. Age estimate (ka) 2sd . . . Minimum total DRE km? Geochemical analyses (2013)
Eruption Relative ages and relationships )

Centre name . Method and reference Kereszturi et al., Allen and Smith, ) . Geochemical reference

types* min2sd  mean max 2sd based on morphology major trace isotope

2013 1992
ALBERT PARK AB,C 1388 1444 1500 ArAr Leonard etal, Appendix D 0.028 0.002 4 4 0 ts:"t,h unpub data; McGee, 2012, PhD
esls

ASH HILL A 316 31.8 32.0 14C; Lindsay et al., 2001 older than Wiri Mt # 0.000076 0.00008 0 0 0
BOGGUST PARK A? (new) 0.00032 3 3 0 This thesis
CEMETERY HILL (new) 0.00024 0 0 0

CRATER HILL AB,C 26.7 32.1 375 ArAr Cassata et al, 2008 paleomag excursion (32.420.3ka), 0.024 001 61 61 0 Smithetal, 2008

younger than Kohuora*

DOMAIN AB 45.0 Rotoehu Tephra in drill core younger than Grafton Park® 0.011 0.01 19 7 0 Smith unpub data

GRAFTON PARK AB 45.0 morphostratigrpahy -> older than Domain* 0.011 10 10 0 DEVORA

GREEN MT AB,C 12.7 12.1 25.5 Ar-Ar; Leonard et al., Appendix D older than Styaks Swamp* 0.012 0.02 3 3 0 Miller, 1996; This thesis
HAMPTON PARK AB,C 19.0 27.0 35.0 Ar-Ar; Cassata et al., 2008 just older than Otara* 0.0024 0.002 4 4 0 Miller, 1996; This thesis

HOPUA A 44.4 50.4 56.4 Ar-Ar; Leonard et al., Appendix D younger than One Tree Hill* 0.00086 0.004 1 1 0 Smith unpub data

KOHUORA A 30.0 31.0 32.0 Ar-Ar; Leonard et al., Appendix D older than Crater Hill* 0.0072 0.001 0 0 0

UTTLE RANGITOTO  B,C 159 203 247  ArArleonardetal, AppendixD  younger than Orakei* 0.0017 0.0003 23 7 o reniin 1993 Smith unpub cata:
MANGERE LAGOON A,B morphostratigrpahy -> older than Mangere Mt* 0.0020 0.002 0 0 0

MANGERE MT B,C 64.7 71.7 78.7 Ar-Ar; Leonard et al., Appendix D 0.046 0.2 7 5 0 Miller, 1996; This thesis
MAUNGATAKETAKE A,B,C 826 87.4 92.2 Ar-Ar; Leonard et al., Appendix D 0.034 0.008 23 23 0 Smith unpub data
MCLAUGHLINS HILL A,B,C 41.7 48.3 549 Ar-Ar; Leonard et al., Appendix D 0.0076 0.007 6 5 0 Heming and Barnet, 1986; This thesis

MCLENNAN HILLS ~ A,B,C 203 341 389  ArAr Leonard etal, Appendixp P2 cOMag excursion (40.4+1 1ka), 0.022 001 6 6 0 Miller, 1996; This thesis
older than Mt Richmond*

MOTUKOREA AB,C 33 14.3 253 Ar-Ar; Leonard et al., Appendix D 0.0046 0.02 53 53 16 Bryner, 1991; McGee, 2012,
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Table 5.1. continued.

Age estimate (ka) 2sd

Minimum total DRE km®

Geochemical analyses (2013)

Eruption Relative ages and relationships )
Centre name ) Method and reference Kereszturietal.,  Allen and Smith, . . Geochemical reference
types*  min 2sd mean max 2sd based on morphology major trace isotope
2013 1992
MT ALBERT AB,C 112.4 1176 1228  Ar-Ar; Leonard et al., Appendix D older than Mt Eden and Mt Roskill* 0.023 0.03 4 5 0 Smith unpub data; This thesis
MT CAMBRIA B,C 239 44.5 65.1 Ar-Ar; Leonard et al., Appendix D 0.00029 0.0002 6 6 0 Smith unpub data; This thesis
h than Mt St John,
MT EDEN B,C 133 19.3 253 ArArLeonard etal, Appendix D Yo nee A SR GA0 0.090 02 29 17 1 eade, 2009; DEVORA; McGee, 2012
younger than Three Kings*®
MT HOBSON B,C 449 55.9 66.9 Ar-Ar; Leonard et al., Appendix D older than Three Kings* 0.0067 0.005 15 7 0 Smith unpub data; This thesis
. N e .
MTRICHMOND  AB 184 238 292  ArArleonardetal, AppendixD Do ormo8 xcursion (32.4:0.3ka), 0.0057 0.004 6 3 p  Fade 2009 Smith unpub data;
younger than McLennan Hills* DEVORA; McGee, 2012
MT ROBERTSON AB 0.0027 0.002 4 4 0 This thesis
MT ROSKILL AB,C 98.6 104.8 111.0  Ar-Ar; Leonard et al., Appendix D younger than Mt Albert* 0.014 0.007 9 8 0 McGee, 2012; This thesis
MT SMART ABC 119 16.1 203 ArAr Leonard et al, Appendix D younger than One Tree Hill* 0.013 0.09 8 8 0 ts;”",“ unpub data; McGee, 2012; This
esis
M ST JOHN BC L1 783 775 AvAuleonardetal, AppendixD oo o M EGERAaNGTINES g 05 0.003 2 13 O Frankiin, 1999; Eade, 2009
ings
MT VICTORIA B,C 46.1 54.5 62.9 Ar-Ar; Leonard et al., Appendix D 0.0048 0.002 4 3 0 Smith unpub data; This thesis
MT WELLINGTON B,C 10.0 10.5 11.0 14C; Lindsay et al., 2001 just younger than Purchas Hill* 0.082 0.2 34 36 10 DEVORA; McGee, 2012; This thesis
NORTH HEAD AB 70.8 86.0 101.2  Ar-Ar; Leonard et al., Appendix D 0.0026 0.003 6 5 0 Smith unpub data
ONETREEHILL  BC 483 519 595  ArA;leonardetal, AppendixD Ol o HOPu2 Mt Hobson, Mt 0.26 03 8 a 0 Eade, 2009; Smith unpub data
Eden, Mt Smart, Three Kings*®
ONEPOTO A 45.0 Rotoehu Tephra in drill core younger than Pupuke® 0.0026 0.004 2 2 0 This thesis
ORAKE| A 85.0 1300 o rateagesoftephrahorizons; - not breached in last interglacial, 0.0067 0.010 a1 21 0 Smith unpub data; Franklin, 1999
Molloy et al., 2009 older than Little Rangitoto®
OTARA AB,C 0.0 35.0 morphostratigrpahy -> just younger than Hampton Park®* 0.0023 0.008 12 5 2 xllle.r' 1996; McGee, 2012; This
esis
OTUATAUA AB,C 0.0063 0.004 6 6 0 Heming unpub data; This thesis
PANMURE BASIN AB 17.5 Rerewhakaaitu tephra in drill core 0.0074 0.009 22 21 0 Smith unpub data
PIGEON MT AB,C 0.0033 0.003 6 6 0 Smith unpub data; This thesis
PUHINUI CRATERS  (new) 0 0 0
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Table 5.1. continued.

Age estimate (ka) 2sd

Minimum total DRE km?

Geochemical analyses (2013)

Eruption Relative ages and relationships )
Centre name ) Method and reference Kereszturietal.,  Allen and Smith, . . Geochemical reference
types* min2sd  mean max 2sd based on morphology major trace isotope
2013 1992
PUKAKI A 52.0 Core extent 0.0092 0.006 6 6 0 Zawalna-Greer, 2012; This thesis
PUKEITI B,C 3.2 10.6 18.0 Ar-Ar; Leonard et al., Appendix D 0.0037 0.004 5 5 0 Smith unpub data; This thesis
PUKEWAIRIKI AC 130.0 morphostratigrpahy -> fe:’ ‘“|‘ ",'alt:””" from last 0.011 0.005 4 3 0  Smithunpub data
interglacia
PUKETUTU B,C 208 336 374 ArAr Cassata etal, 2008 paleomag excursion (32.4+0.3ka) 0.018 0.03 23 15 3 ::”'e_r' 1996; McGee, 2012; This
esis

PUPUKE C,BA 184.7 190.3 1959  Ar-Ar; Leonard et al., Appendix D Older than Tank Farm and Onepoto® 0.047 0.05 52 52 6 Spargo, 2007; This thesis
PURCHAS HILL AB 11.0 11.0 11.0 14C; Lindsay et al., 2001 just older than Mt Wellington* 0.0017 0.000 27 27 6 McGee, 2012

Hook: 2000; Needh t al.
RANGITOTO AB,C 05 0.6 0.6 14 Lindsay etal, 2001 youngest in the field* 0.70 20 57 57 10 oowwaw S Teecham &2,

2011; McGee 2012; This thesis
ST HELIERS A, 45.0 Rotoehu Tephra in drill core 0.0022 0.002 3 3 0 Smith unpub data; This thesis
STYAKS SWAMP A, 0.0 255 morphostratigrpahy -> younger than Green Mt* 0.00037 0.0004 0 0 0
TANK FARM A 45.0 morphostratigrpahy -» younger than Onepoto® 0.0059 0.003 0 0 0
TAYLORS HILL AB,C 23.8 26.8 29.8 Ar-Ar; Leonard et al., Appendix D palaeomag excursion [32.4£0.3ka) 0.0051 0.003 9 9 2 tS':nlth unpub data; McGee, 2012; This

esis
TE POU HAWAIKI B 133 morphostratigrpahy -> older than Mt Eden © 0.028 0.0003 18 5 0 Franklin, 1999; This thesis
than OTH, Mt St lohn, Mt
THREE KINGS AB,C 284 28.6 28.8  14C; Lindsay etal, 2001 younger fan o 0.069 01 36 35 2 Eade, 2008; Smith unpub data
Hobson, older than Mt Eden*

WAITOMOKIA AB 18.0 morphostratigrpahy -> older than Pukeiti* 0.0098 0.003 9 9 0 McGee, 2012
WIRI AB,C 25.7 30.1 34.5 Ar-Ar; Cassata et al., 2008 paleomag excursion (32.4:0.3ka), 0.016 0.03 12 12 4 DEVORA; McGee, 2012; This thesis

younger than Ash Hill*
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5.2. Source correlation method and sequencing data

The key aspects of this method are to accurately link the cross-core
correlated tephra horizons to their source centre. In order to test a method by which
tephra can be correlated to the whole rock composition of a candidate source,
detailed information about each individual centre, and distal tephra deposit has been
collated. An assessment of all the current data, including tephrochronology and
tephra horizon ages (Chapter 3), source volcano geochemistries and ages (Chapter
4), and a number of other additional criteria, is discussed below. This selection
process was used to determine the input data for the development of the tephra-to-

source correlation method.

5.2.1. Tephrochronology

Tephrochronology has been applied to, and utilized extensively, for the
deposits from the AVF maar cores. Relevant studies used the correlation of multiple
distally derived rhyolitic and andesitic tephras for different reasons, from volcanology
(Shane, 2000) to archaeology (Lowe and Newham 2004). Multiple well-dated
rhyolitic marker horizons found across the Auckland region, in multiple lacustrine
maar cores, have helped to establish the construction of a well-constrained
chronostratigraphic history. The basaltic horizons within the cores have been cross-
correlated by a number of different technigques, most recently through geochemistry
and stratigraphy (see Chapter 3), and through statistical modelling (Green et al.,
2014). Green et al. (2014) used basaltic horizon details (geochemistry, stratigraphy,
mineralogy) from Molloy et al. (2009), together with age data from statistical models
(Bebbington and Cronin 2011), to produce the cross core correlations. All the input
data used by Green et al. (2014) have now been superseded, and therefore here |
used the geochemistry, AVF nomenclature, correlations, and tephra horizon
thicknesses from Chapter 3 (Figure 3.11 and Table 3.2).
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5.2.2. Basaltic tephra horizon ages

The most recently published ages of key rhyolitic marker horizons (RMHSs) are
used as a comparative framework to constrain the basaltic horizons with age ranges
across the cores. The cores are constrained by four chosen key horizons, which

denote five age brackets (see Chapter 3):

(1) Younger than the Rerewhakaaitu (<17.5 ka) including tephra numbers AVF
24 10 22;

(2) Rerewhakaaitu to the Okareka (17.5 to 21.5 ka) including AVF 21 and 22;
(3) Okareka to Kawakawa/Oruanui (21.5 to 25.4 ka) including AVF 19 to 13;
(4) Kawakawa/Oruanui to Rotoehu (25.4 to <45.1 ka) including AVF 12 to 4;
(5) Older than the Rotoehu (>45.1ka) including AVF 3 to 1 (and AVF a-c)

The ages for Rerewhakaaitu (Rk), Okareka (Ok), and Kawakawa/Oruanui (KKk)
RMHs are reviewed in Lowe et al. (2013). The age of the Rotoehu RMH is, however,
relatively controversial. Regardless, this tephra is found in four of the six cores
studied, and is thus a useful horizon to correlate older core sections. Therefore here
the Rotoehu RMH is used for correlation purposes, in contrast to some previous AVF
tephra studies (e.g., Shane and Hoverd, 2002; Molloy et al., 2009). For the purpose
of this study we use the most recently published age estimate of 45.1 ka (DaniSik et
al., 2014) to provide a minimum age constraint to basaltic tephras found beneath this
horizon.

The numerical ages of the basaltic tephra horizons within all the cores have
previously been estimated using two methods: 1) through sedimentation rates
relative to the rhyolitic marker horizons (Molloy, 2008) and 2) through statistical
modelling (Green et al., 2014). However, both these studies used sources that have
been recently superseded for both rhyolitic horizon ages, and basaltic tephra deposit
thicknesses. For the purpose of this study, the sedimentation rates, and ages have
therefore been recalculated using the more recent data for basaltic horizon
thicknesses in Orakei and Glover Park cores (Chapter 3) and RMH ages (Lowe et
al., 2013; Danisik et al., 2014).
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The new basaltic tephra horizon thicknesses for the Onepoto core were not used
here, as these data comes from a new core in which the rhyolite and andesite
marker horizons have not been assessed yet. For the Onepoto core all tephra
thicknesses and depths were adapted from Shane and Hoverd (2002). Marker
rhyolite and andesite tephra thicknesses in Orakei Basin, Hopua, Pupuke and lower
Pukaki cores (below the Kk) are from Molloy (2008) and from Sandiford et al. (2001)
in upper Pukaki core (above Kk). Tephra deposits preserve effectively instantaneous
events (Shane, 2005), and therefore are removed from the total sediment thickness
for a section bound by key rhyolitic marker horizons. The total sediment thickness is
then divided by the age range for the given section, calculated from the mean ages
for the rhyolitic horizons (Table 5.2).

The sedimentation rate recorded in the Onepoto core was consistent from the
top to the Rotoehu tephra horizon (Fig. 5.2.). Therefore the overall sedimentation
rate value was taken from the best-fit line (r?=0.99) as 0.136 mm/yr (Fig. 5.2.). For
the sedimentation rate between the Rotoehu and the base of the core, the basaltic
deposit AVFd (c.f Chapter 3), was used as a lower constraint. AVFd, although not a
tephra fall deposit (nor a rhyolitic marker horizon), was labelled thus in Chapter 3 to
allow for unambiguous identification. This deposit comprises of lava and scoriaceous
blocks interpreted to represent the Onepoto maar crater floor (Shane and Hoverd,
2002). Although no age dates exists from the Onepoto eruption, morphostratigraphy
shows that it is younger than Pupuke, and we therefore use the mean age measured
for Pupuke (190.3 + 5.6 ka; Ar-Ar dating Leonard et al., in prep. Appendix D) as a
maximum age for Onepoto. The respective calculated sedimentation rate of 0.19
mm/yr is comparable to those recorded previously (0.18 mm/yr; Shane and Hoverd,
2002). In addition, the calculated ages are comparable to those calculated for the
correlated horizons AVF2 and AVF1 in the Orakei Basin core (Table 5.3.),

suggesting that these assumptions are realistic.

The thickness estimates for the basaltic and rhyolitic horizons below the
Kawakawa/Oruanui marker horizon in the Pukaki core are ambiguous (andesite
horizon details are outlined in Shane, 2005). Therefore the sedimentation rates for
these sections (Kawakawa/Oruanui (Kk) to Okaia (O), and Okaia to Maketu (Mk)),
are also calculated from best-fit lines (Fig. 5.2.).
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Table 5.2. Calculated sedimentation rates for all cores assessed from the Auckland Volcanic
Field maars. The rhyolitic marker horizons used to constrain sections include Rotoma (Ro),
Opepe (Op), Waiohau (Wh), Rotorua (Rr), Rerewhakaaitu (Rk), Okareka (Ok), Te Rere (Tr),
Kawakawa/Oruanui (Kk), Okaia (O), Maketu (MKk), and Rotoehu (Re). * Indicates
sedimentation rates calculated from best-fit line equations as discussed in the text. ** See
discussion in the text for calculation of this rate. * Indicates where sedimentation rates are
assumed constant below the Rotoehu, and ? indicates where Glover Park sedimentation rate
is calculated from the ages of the correlated basaltic horizons found in Onepoto core.

Total rhyolite  Total basalt Total andesite Total tephra Sediment Age range of Sedimentation
thickness thickness thickness thickness thickness section rate
(mm) (mm) (mm) (mm) (mm) (ka) (mmlyr)

ORAKEI BASIN
Ok to KK 10 197 17 224 9876 35 2.81
KK to Mk 45 626 10 681 7859 11.0 0.72
Mk to Re? 75 0 35 78.5 5432 8.8 0.62
ONEPOTO
Ro to Re! 0.14*
Re to base** - 217 - 217 27580 145.2 0.19
GLOVER PARK
AVF1 to AVFb? - 50 - 50 5520 829 0.07
HOPUA
Ro to Op 2 3 0 5 120 0.6 0.21
Rk to Ok 23 525 9 557 2793 4.4 0.64
Ok to Kk 61 40 5 106 1679 35 0.48
PUKAKI
Wh to Ro 20 1 0 21 229 1.6 0.14
Rk to Ok 4 2 9 15 1755 4.4 0.40
Okto Tr 0.5 2 4 6.5 1363.5 33 0.41
Tr to Kk 22 50 1 73 137 0.2 0.72
Kk to O 0.93*
O to Mk 0.55*
PUPUKE
Kk to O 7.5 7 4 18.5 486.5 3.3 0.15
O to Mk 73 46 6.5 1255 2190 7.7 0.28

In the Glover Park core, only the Rotoehu RMH has been identified but no other
well-dated deposits are found below precluding the calculation of a sedimentation
rate. Therefore, for the horizons correlated to other cores (AVF2 and AVF1) the
ages are assigned from an average of the values calculated from these cores. For
horizon AVFa, which is only found within Glover Park, an age estimate was obtained
through calculating the sedimentation rate between the bounding basaltic horizons,
AVF1 and AVFb. The ages for these horizons were assigned based on the ages
calculated for these deposits in Orakei Basin (AVF1) and Onepoto cores (AVF1 and
AVFb).
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Figure 5.2. Sedimentation rate plots for all cores with multiple rhyolitic marker horizons.
Abbreviations are defined in Table 5.2. Lines in red define sections where basaltic horizons
have had their ages estimated with the corresponding sedimentation rates shown (in
mm/yr.). Where sedimentation rates have been taken from best-fit lines (discussed in the
text), the equation of the line is also shown.
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These results produce an up-to-date estimation for the ages of all the tephra
horizons used in this study. Overall the ages produced show a good agreement
where multiple deposits are correlated across core (for all horizons post Re, a
maximum error of £ 1.7 ka from the calculated mean value for deposits in horizon
AVF7, and a maximum error of £ 15.2 ka for deposits in AVF1 horizon pre Rotoehu).
There are however two discrepancies (highlighted in Table 5.3.): 1) The calculated
age for AVF 17 (Orakei Basin core) is too young for the horizon order, and 2) the

calculated age of AVF16 is older than the nomenclature order dictates.

The age for AVF 17 (23.4 ka) within only the Orakei Basin core is not out of
place (AVF18 is 23.2 ka and AVF15 is 24.5 ka). However, the average age for
AVF18 is calculated from a range of ages (Hopua 25.2 ka, Pukaki 24.6 ka and
Orakei) that are slightly older than the Orakei Basin core estimates. Therefore the
average age for this horizon is calculated to be higher than that of the preceding

horizon, which is only found in Orakei Basin.

AVF 16 (Pukaki core only) has also been repositioned within the overall core
sequence. Not only does the age estimate imply it is older than suggested by the
original position in the AVF nomenclature sequence, but also there are limited
constraints on this horizon’s relationship with the other deposits from other cores.
The Te Rere and the Kawakawa/Oruanui rhyolitic horizons stratigraphically
constrain horizon AVF16, but there are no other basaltic tephra restricted to this (Te
Rere tephra is not found in the Orakei Basin core). Therefore based on the age
estimates and the flexibility of the positioning, AVF16 is repositioned between
AVF14 and AVF13 (Table 5.3.).

For this study, the numerical ages of the rhyolitic marker horizons are taken
as boundaries and the calculated sedimentation rate ages taken as guide to
estimate the basaltic tephra ages. A caveat is that there are still errors (£5-5000
yrs.) associated with the ages of these rhyolitic markers, and although smaller than
those associated with the Ar-Ar age dates for the AVF centres, they still need to be

taken into account (see discussion in Sect. 5.3.4.).

150



Chapter 5 Source centre correlations and implications Hopkins, J.L.

Table 5.3. The ages calculated for each basaltic horizon (in ka) using the sedimentation
rates from Table 5.2. References: a. Needham et al. (2011), b. Lowe et al. (2013), c. Molloy
(2008), d. Danisik et al. (2014), and e. Leonard et al. (in prep.). AVF24 is split into
Rangitotol and 2 identified and dated (**C in cal. yr. BP) by Needham et al. (2011), the
upper and basal units nomenclature from *Molloy et al. (2009), see text for details. The ages
for the rhyolitic marker horizons (grey text) are outlined in cal. yr. BP. The age of AVF17 is
highlighted as an outlier as discussed in the text, and the position of AVF16 is highlighted as
out of sequence, also discussed in the text. The age of deposit AVFd in the base of the
Onepoto core is taken from the minimum Ar-Ar age estimation for Pupuke centre, see text
for details. All errors are reported as 1 sd.

Calculated age of horizon (ka)

Source abv. Orakei Onepoto Glover Park Hopua Pukaki Pupuke ref. Average (ka)
AVF24 [P48] 504+5 a 0.5
AVF24 [P49]* 553+7 a 0.5
Taupo Tp 1,718 £ 30 b 1.7
Tuhua Tu 6,577 + 547 b 6.6
Mamaku Ma 7,940 + 257 b 79
Rotoma Ro 9,423 + 120 b 9.4
AVF23 10.0 10.0
Opepe Op 9,991 + 160 b 10.C
Waiohau Wh 4,009 + 155 b 14
AVEF22 15.4 15.4
Rotorua Rr 635 412 b 15.6
Rerewhakaaitu Rk 7,496 + 462 b 17.5
AVF21 20.3 19.6 19.9
AVF20 21.6 19.6 20.6
Okareka Ok 21,858 + 290 b 21.9
AVF19 242 24.2
AVF18 23.2 25.2 246 24.3
AVE17 234 23.4
AVF15 24.5 24.5
AVF14 24.6 24.6
Te Rere Tr 25171 + 964 b 25.2
AVF16 253 25.3
AVF13 25.3 25.3
Kawakawa/Oruanui Kk 25,358 + 162 b 254
AVF12 26.3 26.4 27.0 28.3 279 27.2
Okaia 0 28,621 + 1428 b 28.6
AVFE11 29.3 29.3
AVF10 30.6 29.1 30.0 29.9
AVF9 30.2 30.2
AVF8 30.7 31.7 30.5 31.3
AVFY 30.8 34.2 32.6 314 32.5
AVFB6 33.7 33.7
AVF5 35.0 35.0
AVF4 36.0 34.3 35.2
Maketu Mk 36,320 + 575 C 36.3
Tahuna Ta 39,268 + 1193 C 39.3
Rotoehu Re 45,100 + 3300 d 45,
AVF3 49.3 49.3
AVF2 59.9 60.7 60.3
AVF1 704 100.8 85.6
AVFa 129.2 129.2
AVFb 140.6 140.6
AVFc 173.1 173.1
AVFd <190,300 + 5600 e 190.3
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5.2.3. Volcanic centre geochemistry

In order to develop a method to geochemically correlate tephra horizons to
source centres it was imperative to create a comprehensive source centre
geochemical database to maintained a thorough and holistic approach. The whole
rock database as collated in Chapter 4 (Appendix C) is the most complete
compilation of geochemical data from the AVF centres. | report that 46 of 53 centres
now have >3 major and trace element analyses available (Appendix C). For the
newly discovered centres Puhinui Craters and Cemetery Hill (Hayward pers. comms,
2012), no geochemical or age data exist and therefore these centres are not
included in this study. Furthermore, due to evidence of extreme fractional
crystallisation or olivine accumulation (common in Pupuke samples) as Chapter 4
details, measurements made by Heming and Barnet (1986) are all excluded, as are
a number of single data points from previous authors (Hookway, 2000; Spargo,
2007; and Smith unpublished).

5.2.4. Volcanic centre ages

To maximise the data available for the ages of the individual eruptive centres,
data from three methods have been collated. These methods include
morphostratigraphic evidence (e.g. Hayward et al., 2011), “°Ar/®°Ar dating of
groundmass (Leonard et al., in prep, Appendix D; Cassata et al., 2008) , and *C
dating of organic debris (compiled in Lindsay et al., 2011). The centre ages, and their

sources are outlined in Table 5.1.

Modelled ages for the AVF centres given by Bebbington and Cronin (2011)
are excluded from this study, as they are considered to form a circular argument with

our proposed method:

(1) Tephra horizons details (from Molloy et al., 2009) were input into the model
to get the age outputs.

(2) The tephra horizons details are now superseded by work presented in
Chapter 3.
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Morphostratigraphy is here defined as the interrelationships exhibited by the
surface landforms (see examples below). Due to the proximity of the centres to one
another within the field, 35 of 53 centres have morphostratigraphic constraints
associated with them. Based on the laws of superposition a humber of examples

can be identified:

(1) Tephra or lava deposits that are found on top of other deposits must be
from a younger eruption: e.g., Mt. Eden tephra on top of Three Kings lava
flows.

(2) Lava that has flowed around or into another centre must be from a
younger source: e.g., Little Rangitoto lava flowing around Orakei Basin tuff
ring.

(3) A volcano that has erupted through an older lava flow must be younger
than the lava’s source: e.g., Hopua through One Tree Hill lava.

(4)  Erosional features from sea level changes provide additional constraints:
e.g., Pukewiriki has a wave cut platform, arguably from the last
interglacial, and is therefore > ca. 130 ka yrs old.

(5)  For three of the centres (Domain, St Heliers and Onepoto) the
morphostratigraphic constraint is based on tephrochronology, with the
presence of the Rotoehu tephra within crater drill cores showing a
minimum age for the centre of 45.1 ka.

These morphostratigraphic constraints give optimum relative ages, which need to be
combined with the numerical ages derived from Ar-Ar dating. In all cases the Ar-Ar
age ranges are consistent with the morphostratigraphic constraints.

The Ar-Ar ages presented in Leonard et al. (in prep. Appendix D) are stated
through the following text as age ranges with a 2sd error (the mean ages are
reported in Table 5.1.), although any age within the range is considered appropriate
with no extra emphasis given to the mean ages. The Ar-Ar data suite produced by
Leonard et al. (in prep. Appendix D) triples the number of centres with measured
age dates from 11 to 33 (Lindsay et al., 2011). From the remaining twenty centres
with no Ar-Ar or *C ages, relative ages of fourteen centres were derived by
morphostratigraphy (or tephrochronology; see Table 5.1.). With the age of six
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(Otuataua, Pigeon Mt., Robertson Hill, Boggust Park, Cemetery Hill, and the Puhinui
Craters) from the 53 AVF centres remaining unknown. As previously mentioned
Cemetery Hill and Puhinui Craters are not considered for this study, and therefore
the centres Otuataua, Pigeon Mt., Robertson Hill, and Boggust Park will be included

as possible correlatives for any dated horizon during the correlation process.

5.2.5. Additional criteria

To complement the geochemical and age data, a number of other
assumptions are made to constrain the correlations further. These include the scale
and style of eruptions, the location of the relevant centre(s), and locality(ies) of the
relevant core(s). These criteria are discussed below.

The volcanoes of the AVF erupt with a range of styles and scales that need to
be considered when approaching the problem of tephra correlation. Strombolian and
Hawaiian styles produce only minor ash plumes that deposit tephra to only a few
kilometres from source and are thus less likely to deposit large quantities of distal
tephra (Valentine and Gregg, 2008). To form cm-thick tephra deposits a few
kilometers from the vent, eruptions must either be ‘violent-Strombolian’ or
phreatomagmatic in style (Houghton et al., 1999). However, for the AVF the
designation between Hawaiian, Strombolian, and violent-Strombolian styles are not
defined (Kerezturi et al., 2014; Allen and Smith, 1994) and therefore for correlation
purposes the differences between phreatomagmatic vs. magmatic styles are
considered. It is assumed that during a phreatomagmatic eruption the potential of a
centre to disperse more tephra to greater distances is higher, in comparison to a

similar sized centre with only magmatic (explosive or effusive) eruption phases.

For this study, the total erupted volume (total dense rock equivalent, DRE!";
Kereszturi et al., 2013, Table 5.1.) is assumed to be equivalent to the scale of an
eruption, which correlates to dispersal distance. Here we take the most recently
published DRE™ values from Kereszturi et al. (2013) rather than the original
estimates from Allen and Smith (1994) (both of which are reported in Table 5.1.).
The values from Kereszturi et al. (2013) are preferred as they take into account

multiple additional factors (e.g., diatreme volume, crater infil volume) that were not
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considered by Allen and Smith (1994), and also include all the currently identified

volcanoes.

In addition tephra deposits are assumed to thin away from source (Pyle,
1989; Lowe, 2011). Therefore an eruption that produces a large DRE™" volume will
be assumed to produce a volumetrically large tephra output and hence, a thick
proximal deposit, and a thin, but greater dispersed distal deposit. For thick tephra
deposits (>100 mm) in a core, the source centre is therefore constrained to either 1)
being close to the deposition site (< few kilometres, Brand et al., 2014), and/or 2)

having a predominantly phreatomagmatic eruption style.

Due to the relatively volumetrically small size of the AVF volcanoes, the
tephra dispersal area from single eruptions usually does not cover the entire field
(Kermonde, 1992). Therefore the distribution and thickness of the tephra deposits in
cores can be indicative of the source centre. For example, tephra deposits that are
only found in the northern maar sites (Onepoto, Pupuke, Orakei and Glover Park)
are assumed to indicate sources in the north or central AVF (based on the dominant
wind direction, discussed below). Conversely a deposit only found in the southern
maar site (Pukaki) is suggestive of sources in the south of the field. Tephra deposits
found in both northern and southern maar sites are likely derived from the central
part of the field, and/or reflect a large enough eruption widely dispersing tephra over
the AVF area.

Wind direction is also a factor taken into consideration when making source
correlations due to its controlling influence on volcanic plume direction and tephra
dispersal. For the Auckland region evidence of prevailing past wind directions can be

inferred from the morphology of the volcanic centres. Two examples include:

(1) The build up of a higher tuff ring on Motukorea’s north-eastern side
(McGee et al., 2012) and One Tree Hill's asymmetrical scoria cone
built up on the north-eastern side of the vent (Hayward et al., 2011).

(2) Some of the eastern centres, e.g. Green Mt., Otara Hill, Styaks
Swamp and Hampton Park, show evidence for a dominant westerly
wind, creating high tuff rings to the east of the vents (Hayward et al.,
2011).
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These historic wind patterns in the Auckland region are still the dominant
patterns for today (Houghton et al., 2006), resulting in more common tephra
deposition to the northeast and east of the field (confirmed by the high number of
deposits found within the Orakei Basin core, situated north-east of most centres; Fig.
5.1.). Tephra deposits are therefore more readily traced back to sources to the west
and southwest. Accordingly centres found to the east or north east of the maar sites
(e.g. Pigeon Mt., Hampton Park, Otara, Green Mt., and Styaks Swamp; Fig. 5.1.) are

less likely to be represented in the maar tephra record.

When the correlation technique is applied, each horizon is taken as an
individual case, and all potential sources are accounted for and discussed. In some
cases potential sources will have been correlated to an alternative horizon, however,
because each correlation is not definitive, correlated sources are not discounted for
other tephra horizons. In these instances, those centres correlated to a horizon are
identified in italic font, with their correlated horizon detailed. They do however,
become a less likely potential source for another horizon if they are already a best fit
for an alternative deposit.

The factors discussed here are all taken into account when making
correlations, and a ‘confidence value’ is assigned for each correlation based on the
number of criteria that are satisfied. In general, if all four criteria (geochemistry, age,
scale, location) are satisfied a confidence level of 1 is given, when three are satisfied
a confidence level of 2 is give, and if only two are satisfied a confidence level of 3 is
given. Each of these criteria is variably weighted in importance with age =
geochemistry >> locality = scale and style, and therefore in some cases the
confidence values are skewed to show this. For example if geochemistry, locality
and scale are all appropriate, but age is not, the confidence value will be 3 rather

than 2 because age is a more important and restricting factor.

By collating the maximum amount of information about the tephrostratigraphic
framework, and the known eruptive scales, styles, ages and geochemistries, this
study presents the method developed to correlate of AVF tephra horizons to their
source centre. | initially discuss the method developed to correlate tephra to whole
rock samples, followed by detailing the correlations made, and the resultant

implications of the outcomes.
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5.3. Discussion

5.3.1. Geochemical compositions of whole rock and tephra-derived glass

5.3.1.1. Discriminating elements

The (generally) monogenetic nature of the AVF results in the potential for
each centre to have a discrete geochemical signature. Previous studies on the
petrogenesis of the AVF eruptives (Huang et al., 1997; McGee et al., 2013) have
shown that each batch of magma is generated by differing degrees of partial melting
of multiple mantle sources located at different depths within the mantle. This includes
a deep source (=80km, more cpx + more garnet) and a shallower source (<80km,
less cpx + less garnet) (McGee et al., 2012). The involvement of multiple mantle
sources is the cause of the large trace element variability observed in the AVF lavas

(discussed in Chapter 4).

The geochemical results show that although there is overlap for many
elements for the field, some specific element concentrations and their trends can be
more discriminatory for individual centres (Fig. 5.3.). Combinations of major (SiOz,
MgO, CaO, FeO, P20s) and trace (Zr, Gd, La, Sm, Nd, Nb, Ce) elements, and trace
element ratios (e.g., La/Yb or La/Y) are particularly useful for this purpose. The
selected elements not only show the widest range in concentrations in eruptive
products from the AVF, but are most representative in eruptive products from

individual centres.

The rare earth elements (REESs) are especially useful as they can be used to
discriminate between melts from a deep or shallow source. (e.g., McKenzie and
O’Nions, 1991; Robinson and Wood, 1998; Table 5.4.). The light REE (LREE) are
incompatible in garnet (e.g. Kp [La] = 0.001; Winter, 2010) compared to the heavy
REE (HREE) which are compatible in garnet (e.g. Ko [Yb] = 3.1; Winter 2010). As a
result melts from a deep garnet-bearing mantle source have lower LREE/HREE
ratios. Y and Yb are used here as the HREE denominators. If a sample has a high
LREE/Y or LREE/YD ratio it is indicative of a deeper, more garnet rich source, in
comparison to a low LREE/Y or LREE/Yb ratio, which will be indicative of more of an
input from a shallower source. In addition, during low pressure differentiation, for

example fractional crystallisation of magmas on ascent, the effects on these ratios is
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minor in comparison to the effects of partial melting in the source in the presence of
garnet or spinel stability fields. Therefore there is very minor alteration of these

source signatures on ascent.

Crater Hill
Little Rangitoto
Motukorea
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Puketutu
Rangitoto
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Figure 5.3. Collection of whole rock element/oxide plots (data in Appendix C) to show an
example of a selection of those elements that are discriminatory for the AVF. | include
examples of elements that have the widest range in the field and the least overlap for each
centre, and are therefore the most individual for each centre. (N = normalised to primitive
mantle values after McDonough and Sun, 1995).
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Table 5.4. Distribution co-efficient values for selected trace elements into selected minerals.
Of note are the compatibility (Kp >1) of Yb and Y in garnet, and the incompatibility (Kp <<1)
of all REE into olivine. From Winter (2010, p 165, and references therein.)

Distribution Co-efficients (Kp)

Element Olivine Opx Cpx Plag Garnet
Ni 14 5 7 0.01 0.955
Cr 0.7 10 34 0.01 1.345
La 0.007 0.030 0.056 0.148 0.001
Ce 0.006 0.020 0.092 0.082 0.007
Nd 0.006 0.030 0.230 0.055 0.026
Nb 0.004 0.004 0.006 0.024 0.010
Zr 0.003 0.030 0.130 0.090 0.900
Gd 0.004 0.034 0.400 0.040 0.500
Yb 0.049 0.340 0.542 0.023 5.500
Y 0.007 0.300 0.410 0.010 3.100

5.3.1.2. Comparison of whole rock to tephra-derived glass geochemistry

In general, when the entire whole rock and tephra-derived glass data suites
are compared MgO, Cr, and Ni whole rocks all show distinctly higher concentrations
than in the glasses (e.g. MgO in glass ca. 2-6 wt.%; in whole rock ca. 6-16 wt.%)
(Fig. 5.4.A). Compared to whole rock analyses, all glasses have higher (but slightly
overlapping) SiO2, Al203, Na20, and K20 contents (e.g. SiO2z in tephra ca. 42-52
wt.%; whole rock ca. 38-50 wt.%). CaO, Fe203", TiO2, and P20s are comparable
range between whole rock and glass, as are the trace elements, including REEs.
The REEs in general do show a slightly wider range in the glass than the whole rock,
although, this discrepancy is removed by the use of trace element ratios. For
example Mg, Cr and Ni are highly compatible with olivine, pyroxene (cpx) and
oxides, and are strongly partitioned and enriched in these minerals. Consequently,
these elements are not useful for trying to correlate tephra to whole rock. The REE
are generally incompatible with the major silicate mineral phases, and are therefore
not preferentially enriched in crystals. They therefore have comparable REE
contents and ratios in tephra-derived glass and whole rock (e.g. Fig. 5.4.B). The
discrepancies seen between the tephra and whole rock compositions are therefore
inferred to reflect the difference between whole rock, which includes both melt and

crystals components, in comparison to tephra, which just reflects the melt.
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Figure 5.4. Comparison plot for concentrations of major and trace elements for whole rock
and glass for full sample suite (all data in Appendix C). (A) MgO vs. SiO: indicating an
example of elements that do not correlate, and (B) (Zr/Yb)n vs. (Gd/Yb)n indicating an
example of trace element ratios that do correlate.

160



Chapter 5 Source centre correlations and implications Hopkins, J.L.

5.3.2. Correlation of tephra with interstitial glass in whole rock samples

Due to the discrepancies in the element concentrations between glass in tephra
and crystal-bearing whole rock, it is hypothesised that interstitial glass contained in
the whole rock samples will provide a more comparable signature to the tephra
(Fig.5.5. A and B). To test this hypothesis, a sample from Mt. Wellington (AU62394)
was chosen as a ‘test sample’ for two reasons, 1) it was a glassy whole rock sample
(glass ground mass with phenocrysts) and, 2) because distal tephra from Mt.
Wellington has been unambiguously identified within the Hopua core based on age,
scale and stratigraphy (Molloy et al., 2009; Fig. 5.5.). The whole rock sample
(AU62394) was processed in two ways, first as a whole rock sample (as outlined in
Chapter 4) and second as a ‘simulated (tephra) glass’ sample. This process
involved roughly crushing the whole rock, and then picking shards of interstitial glass
that were of comparable size (30-100 um) to the glass shards in the cores. These
simulated whole rock-derived-glass shards were then treated as tephra derived-
glass shards and analysed by the methods outlined in Chapter 3 (Fig.5.5. C and D).

Figure 5.6 shows the results of multi-element comparison of the simulated
glass with the known glass samples (from Hopua core). A wide range of both major
and trace element compositions (including, MgO vs. full major element suite plus
trace elements Rb, Zr, Cs, Ni, Cr, Y, and Er; SiO2 vs. Al203, Naz20, K20, and CaO vs.
Al203, Na20) are comparable in these two sample types. Limited variability exists
between trace elements (e.g., Rb, Zr, Ni, Cr and Y, and the REE) when plotted
against each other, or against Al2Os or MgO. Regardless, these elements show a

good overall agreement between the two glass types.

Some elements (Figure 5.6.) in the tephra derived-glass show a larger spread
compared to the simulated glass, which we attribute to two potential reasons: 1)
simulated glass was made from a single whole rock sample therefore there would be
limited variability in element content, and 2) a natural tephra-derived glass sample
will show some minor variability due to the effects of crystal removal and source
heterogeneity in different tephra-derived shards. Because both the simulated whole
rock-derived glass and known tephra-derived glass exclude the phenocrystic
material, they can best be correlated using elements which are highly compatible

and which are preferentially incorporated in key crystallising minerals within the
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whole rock (e.g. olivine). These elements are therefore strongly partitioned into the
crystal phases, and result in comparable glass chemistries. We therefore propose
that interstitial glass of whole rock samples can be used, with caveats, for correlation
purposes. This method, however, relies on the ability to sample and extract
interstitial glass from whole rock samples, which is often not possible. For this
reason we aimed to further develop the tephra-whole rock correlation method to
correlate tephra deposits to their corresponding whole rock (if devitrified), and thus

their centre of origin.

- 100pm JEOL
15.0KV COMPO  NOI

Figure 5.5. Pictures to show simulated tephra created by crushing a glassy whole rock
sample and separation of the interstitial glass component. (A) Shows a microscope image of
a thin section of the whole rock sample AU62394 in plain polarised light (ppl) on the left and
cross polarised light (xpl) on the right. Glassy groundmass (x) can be identified with a few
large phenocrysts of predominantly olivine (y). (B) Crushed whole rock sample AU62394
including glass shards (a) that were hand picked and mounted for analysis and comparison,
and phenocrysts (b) specifically large olivine crystals that were not analysed. (C) SEM
backscattered electron image of handpicked, mounted, polished, ‘simulated whole rock
derived-glass’ shards created from interstitial glass and, (D) a distal deposit of Mt. Wellington
tephra from within Hopua maar core. Scales for images in panels C and D are the same.
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Figure 5.6. Multi-element plot for comparison of a known Mt. Wellington tephra deposit from
the Hopua maar core with simulated tephra (interstitial glass) made from Mt. Wellington
whole rock sample AU62394. Grey areas show the range of values (for glass analysis) for

the entire field.
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5.3.3. Correlation of tephra with bulk whole rock samples

5.3.3.1. Geochemical constraints

Correlating major element concentrations from whole rock to tephra (glass)
samples has proved difficult due to the effect fractional crystallization has on the
concentrations of some elements. Plotting element concentrations (for a whole rock
from a single centre or tephra shard analyses from one horizon) against other
elements that are compatible with certain crystals, (e.g. MgO for olivine, CaO and
Al203 for pyroxene or plagioclase), can monitor the effect of crystal removal on these
elements. If an element shows a positive or negative correlation with these key
compatible major elements (r? = 0.6, where no single point is responsible for the
trend), then it is significantly affected by crystal removal and therefore will not be
useful for correlation purposes. Most major elements are affected, as are certain
more compatible trace elements (e.g. Ni, Cr, Sc) with high partition coefficients for
olivine and pyroxene (Table 5.4.). Figure 5.7 shows that for MgO vs. Ni, whole rock
(r> = 0.75) and tephra-derived glass (1> = 0.61) and, vs. La (r> = 0.02 for tephra, r? =
0.11 for whole rock). This exercise was repeated for all tephra horizons and all
centres using MgO, CaO, Al203, Ni, Mn and Sr on the x-axis, and results suggested

that the incompatible REE (and Nb, Zr) were the least affected by crystal removal.

The incompatible trace elements (such as La, Gd, Zr) are therefore well suited
for geochemical fingerprinting because they have similar concentrations in whole
rock and tephra, and are not affected by crystal removal. Incompatible trace element
ratios of both Y and Yb were also tested. The results showed in a number of cases
ratios with Y had minor correlations with MgO and Ni, suggesting a preferential
enrichment in olivine. Conversely, the ratios with Yb showed no correlation with any
of the x-axis elements. Therefore, in the AVF samples La/Yb, Gd/Yb, Zr/Yb, Cel/YDb,
Nb/Yb and Nd/Yb are distinguished as the best ratios for correlation. Showing a
broad range in the field as a whole, but relatively restricted ranges in samples from

the same centre, and no relationship with fractional crystallisation.
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Figure 5.7. Selected whole rock and tephra sample concentrations from Rangitoto, to show
the effects of crystal removal. (A) MgO vs. Ni for tephra-derived glass and, (B) whole rock.
Both show a high r? value suggesting a statistically significant relationship between the two
elements. In comparison (C) MgO vs. La for glass and, (D) for whole rock. Both show r?
values near zero, indicating no statistically significant relationships between the elements.

5.3.3.2. Method testing using Mt. Wellington samples

The previous sections have highlighted some specific combinations of major,
trace, and trace element ratios that are suitable for correlation between whole rock
and tephra, and can therefore be tested. To test for this, we used Mt. Wellington
simulated tephra from whole rock sample AU62394, and Mt Wellington derived

tephra from the Hopua core.
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Figure 5.8. Selected major and trace element combinations for Mt. Wellington that were
shown to correlate tephra (‘known glass’) to interstitial glass (‘simulated glass’), but do not
correlate tephra (both types) to whole rock. See text for discussion.
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Figure 5.8 shows selected element combinations of MgO vs. Al203, K20, Ni,
Cr, and the REE that work for glass-glass correlations but do not work for glass-
whole rock correlations. Contrary to this, some major element combinations do
appear to correlate the bulk whole rock with the tephra-derived glass (including SiO2
vs. TiO2 and FeO, and CaO vs. TiO2, FeO and Al203; Fig. 5.9.). However, this is
mainly due to the small variability observed in these Mt Wellington samples, and may
not be applicable for the field as a whole. Figure 5.10 shows some of the selected
trace element and trace element ratio combinations that are sufficiently distinctive to
allow independent correlation to be made between the field wide suite of whole rock
and tephra-derived glass data. It is therefore concluded that from incompatible ratios
LREE/HREE (La/Yb, Gd/Yb, Zr/Yb, Ce/Yb, Nd/Yb and Nb/Yb), correlation between

tephra and whole rock is possible.
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Figure 5.9. Selected major element combinations for Mt. Wellington that were shown to be
comparable for tephra-derived glass and interstitial glass, and are also comparable for whole
rock vs. glass. Symbols as in Figure 5.8.
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Figure 5.10. Selected trace element combinations for Mt. Wellington that are comparable for
tephra-derived glass and interstitial glass, and are also comparable for whole rock vs. glass.
Symbols as in Figure 5.9.

168



Chapter 5 Source centre correlations and implications Hopkins, J.L.

5.3.3.3. Geochemical variations in single eruptions

Previous studies have shown a variation in the geochemistry throughout an
eruption in samples from some of the AVF centres (e.g. Crater Hill; Smith et al.,
2008, and Motukorea; McGee et al., 2012), primarily evolving in eruption style from
phreatomagmatic to magmatic (Table 5.1.). These centres consistently show, for
example, initially low SiO2 and Mg/Fe ratios (Smith et al.,, 2008) and higher
incompatible elements that evolve to final products with higher SiO2, Mg/Fe ratios
and lower incompatible elements (Fig. 5.11. and Fig. 5.12.). It was therefore
considered important to test whether the geochemical signature of the widely
dispersed tephra reflects only one specific part of the eruption sequence.

Figure 5.12 shows the geochemical progression throughout the eruption of
Motukorea (data from McGee et al., 2012), compared with the correlated Motukorea
tephra horizon found within the Orakei Basin Core for SiO2 vs. Zr, and normalised (to
primitive mantle values: McDonough and Sun, 1995) trace element ratios for
(Zr/Yb)n vs. (Gd/Yb)n  (similar relationships are also seen for (La/Yb)n, (Ce/YDb)n,
(Nb/Yb)n, and (Nd/Yb)n). The tephra-derived glass shards appear to show slightly
higher SiO2 concentrations for the same Zr concentrations (as previously discussed
due to fractional crystallisation) but show the signatures of the full evolutionary trend
for the entire eruption. For the trace element ratios the glass shards appear to be
geochemically comparable and again have signatures that are the same as all

phases of the eruption including tuff, lava and scoria.

However, it is considered that for some of the eruptions where there are both
explosive and effusive phases, distal tephra deposits may only preserve evidence for
the explosive phases of the eruption. This is because the explosive phases are
generally more violent, and produce more pyroclastic material, which is distributed
further (discussed sect. 5.2.5.). For the AVF centres, most of the primary eruptive
phases are explosive (Table 5.1.), and therefore, if all centres show a geochemical
evolution throughout an eruption (e.g. Motukorea and Crater Hill), there is the
potential for tephra deposits (from early phreatomagmatic phases) to have higher
trace element ratios than their subsequent lava or scoria deposits (from later
magmatic phases). This deposition bias may hinder the potential for some tephras to

be matched to their source centre.

169



Chapter 5 Source centre correlations and implications Hopkins, J.L.

30 rz Lower Tuff

A Upper Tuff
A Scoria
A Lava

N
o
T

Stratigraphic Height (m)
) &

10 12 40 42 150 300 450 40 60 80 3 7 1 15 25 35
MgO (Wt%) Si02 (Wt%) Zr (ppm) La (ppm) (ZrIYb)N (La/Yb)N

Figure 5.11. Variations seen in selected elements for the Motukorea eruption products. Data
and figure adapted from McGee et al. (2012).
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Figure 5.12. Graphs showing the geochemical variations and comparability of the
geochemical signatures observed through the eruptive products of Motukorea volcano (from
McGee et al., 2012), and the distal tephra erupted from this volcano found within the Orakei
Basin core (data from Appendix C).
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5.3.3.4. Limiting factors with geochemical correlation

Although the ability to correlate tephra to whole rock has been confirmed, there
are a number of limiting factors. In addition to the previously outlined complexity of
geochemical variability in some centres (sect. 5.3.3.3.), the geochemical
composition of most lava from individual AVF volcanic centres overlap. Thus there
are not 53 individual signatures that can be used to directly correlate the
geochemical composition of the distal tephra deposits and whole rock samples. In
the instances where the geochemical composition alone cannot unambiguously
fingerprint the centre, this is due to either the large number of centres with relatively
similar geochemical compositions, and/or due to a general lack of geochemical data
(either whole rock or tephra). It is therefore necessary to introduce other criteria to
allow the most confident correlations to be made. These criteria were discussed in
Section 5.2.5, and are outlined where appropriate in relation to each of the
correlations discussed below.

5.3.4. Tephra source correlations

Chapter 3 outlines the methodology of cross core tephra correlations. It details
twenty-nine tephra horizons, twelve of which are cross-correlated linking two or more
deposits, and seventeen of which are single deposits found within one core. Below |
discuss each horizon in turn, and detail the process by which the source centre has
been assigned. For twenty-nine horizons the proposed source centres are given in
Table 5.5 along with the alternatives that were considered. Each tephra to source
correlation is given a confidence rating as discussed in Section 5.2.5, based on the
criteria which are satisfied (cf. Figure 5.13). Of the twenty-nine horizons, eight have
been given a correlation with confidence rating of 1, twelve have been given a
confidence rating of 2, and seven have been given a confidence rating of 3, with two
horizons remaining uncorrelated. An example of the geochemical signatures for a
level 1 confidence rated correlation is given in Figure 5.14, all other geochemical
correlation plots can be found in Appendix E.
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Figure 5.13. (A) Flow chart outlining the step-by-step process in determining the correlation
of tephra horizons across cores (used for Chapter 3). It is important to note that major
elements alone are not enough to accurately determine a horizon match or not, and in all
cases a multi-parameter approach is used to obtain the result with highest confidence value,
‘m/t/tr’ — major/trace/trace ratio. (B) Steps in determining the source centre for the previously
linked horizons and the confidence scale as a result of satisfying the outlined parameters.
Highlighted is a hierarchy of importance for the parameters.
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Figure 5.14. Example of a confidence level 1 correlation for the Three Kings centre with
tephra layer AVF7, showing selected major element and normalised trace element ratios (all
data is outlined in Appendix C). Tephra shown in coloured symbols indicating each core,
whole rock shown by black triangles, while the grey field shows the spread for the entire
AVF. Age constraints are also well matched, as are centre location, tephra dispersal area

and eruption scale
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Previously assigned AVF numbers by Molloy et al. (2009) have been
maintained to ensure a consistent tephra horizon nomenclature in the literature.
However, if the geochemical composition of tephras in some deposits were
inconsistent with previously proposed correlations (e.g., AVF9 and AVF10, Chapter
3) new correlations across cores were established. For more detail the reader is
referred to Chapter 3, where the respective horizons were re-assigned AVF
numbers based on the new data from this study (Table 3.2). In Chapter 3 horizon
thickness is also discussed and re-evaluated in relation to primary vs. reworked
horizons. For many of the thicker horizons new primary thicknesses are outlined
(Table 3.2.), and these new values are used within this thesis chapter. The ages of
tephra horizons were recalculated in this study and can be found in Table 5.3.
Groundmass feldspar Ar-Ar ages from the AVF centres (quoted as ranges with a 2sd
error) are adapted from Leonard et al. (in prep; Appendix D; for mean ages refer to
Table 5.1). Eruptive scales used in this study are taken from Kereszturi et al. (2013)
(discussion in Sect. 5.2.5. Table 5.1.), and relevant tephra-whole rock geochemical

plots can be found in Appendix E.

Within each paragraph the AVF number of the horizon in discussion is in bold,
and once the corresponding centre is assigned, its name is also bold. Each tephra
horizon is assessed as an individual, and therefore all potential centres are
discussed, even if they have been correlated to an alternative horizon (discussion in
Sect. 5.2.5.). Correlations of tephra horizon to source centre are discussed below in

order from youngest to oldest horizon:

AVF24 from the Pupuke core (samples P48 and P49, “separated by 15mm of
slumpy unlaminated sediments”; Molloy, 2008) and AVF23 (Hopua core) have
previously been assigned centres with a high level of confidence due to their
stratigraphy and major element geochemistry (Molloy et al., 2009; Needham et al.,
2011; Shane and Zawalna-Geer, 2011). The addition of the trace element
geochemistry from this study supports these correlations, with AVF24 (upper [P48]
and basal [P49]; Molloy, 2008) assigned to Rangitoto 2 and 1 respectively and
AVF23 to Mt. Wellington, all with confidence level 1.
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AVF22 is a fine (Imm thick) deposit at a depth of 47.72 m within the Pukaki
core. The calculated age for this horizon is 15.4 cal. ka BP (Table 5.3.). Data from
Sandiford et al. (2001) consists of one major element analysis and therefore
correlation of this horizon based on geochemical composition is problematic. There
is only one centre, however, which is appropriate in age, scale and location and that
is Pukeiti, (DRE™ 0.0037 km?3) in the south of the field (ca. 5 km from Pukaki) with
Ar-Ar age range of 3.2-18.0 ka. It is therefore given a confidence level 2 correlation,

taking into account the sparse geochemical information.

AVF21 and 20 are both similar deposits. They display similar geochemical
signatures, are both thick within the Hopua core (290 mm and 235 mm, respectively)
and much thinner within the Pukaki core (3 mm and 2 mm, respectively). The
estimated ages for the horizons are 19.9 ka and 20.6 ka, respectively (Table 5.3.).
The deposit thicknesses and distributions point to source centres within close
proximity of Hopua core in the central-south of the field. Tephras from both horizons
have similar geochemical compositions, leading to difficulty in assigning specific
source centres. Potential source options for these tephra horizons, that fit the age
and location criteria, therefore include Pukeiti, Mt. Richmond, Mt. Smart, Panmure
Basin, Mt. Robertson, and Waitomokia. Mt. Robertson can be excluded as the
geochemistry does not match and the age is not constrained. Pukeiti could also be
included as the geochemistry is relatively well correlated; however, its small eruptive
volume and the distance (ca. 6.5 km) from Hopua and Pukaki make Pukeiti an
unlikely candidate. Waitomokia can also potentially be ruled out, because the centre
is larger than Pukeiti, was predominantly a phreatomagmatic eruption, and therefore,
the expected tephra deposit should be much thicker within the Pukaki core. This,
together with a poorly constrained age, and lack of geochemical data makes it less
likely than the alternatives. Panmure Basin, Mt. Richmond and Mt. Smart all have
similar whole rock geochemical signatures (Appendix E) which match that of tephra
horizons AVF20 and AVF21. Panmure Basin is, however, less likely due to its
greater distance to the Hopua core than Mt. Smart and Mt. Richmond. In addition the
Panmure Basin centre is located closer to the Orakei Basin core which shows no
evidence of a ~20 ka old tephra deposit. Mt. Smart and Mt. Richmond are therefore
the most likely source centres for AVF21 and AVF20. The Ar-Ar ages of 11.9-20.3
ka (Mt Smart) and 21.1-30.7 ka (Mt Richmond) suggest that Mt. Smart is slightly
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younger than Mt. Richmond and thus AVF21 is assigned to Mt. Smart and AVF20 to
Mt. Richmond. However due to the ambiguity in age and inconclusive geochemistry,

these correlations are given a confidence rating of 3.

AVF 19 is only found as a very thin deposit (1 mm) within the Pukaki core with
only one published major element point (Sandiford et al., 2001), precluding any
conclusive correlation based on geochemistry. Potential source centres however
need to satisfy the following criteria, a small-medium size eruption in the south of the
field (as no deposits of this age span are present in any other cores), most likely less
than 10 km away from Pukaki, with an age of 24.2 cal. ka BP (Table 5.3.). Centres
with these characteristics include Green Mt. (12.7-25.5 ka), Hampton Park (11.0-
65.0 ka), Otara (5.5-70.5 ka), Otuataua (no Ar-Ar age) and Wiri Mt. (22.0-38.0 ka).
Of these, Green Mt., Hampton Park and Otara are the furthest away, all >8 km from
Pukaki and are therefore considered as less likely eruption source. Wiri Mt. and
Otuataua are both just over 5 km for Pukaki, and have DRE"™" volumes of 0.016 km?
and 0.006 km? respectively. Therefore, due to the thinness of the deposit in the
Pukaki core and its limited dispersal, a small eruption from Otuataua is considered
as a more likely source than Wiri Mt. Due to the lack of geochemical data and age

constraints on Otuataua centre the correlation is given a confidence rating of 3.

AVF 19 is separated from AVF 18 within the Pukaki core by an andesitic
deposit (Eg36) from the Taranaki Volcanic Centre (Molloy et al., 2009), which
therefore acts as a secondary constraint on the cross core correlation for the AVF18
deposit. AVF 18 occurs as an 8 mm deposit in the Orakei Basin core, a 40 mm
deposit in the Hopua core, and a 0.5 mm deposit in the Pukaki core. This dispersal is
indicative of a medium sized eruption from the central-southern part of the field,
which must have occurred between 23.2 and 25.3 cal. ka BP (cf. Table 5.3.).
Centres that satisfy these criteria include Mt. Richmond (AVF20), Otuataua (AVF19),
Panmure Basin, Puketutu (slightly too old), and Waitomokia (undated). Panmure
Basin and Otuataua are ruled out, as the geochemistry does not correlate
(Appendix E). In comparison, Waitomokia, Puketutu, and Mt. Richmond all show
good geochemical correlation (although there are minimal data for Mt. Richmond;
Appendix E). The localities and scales of eruption for Puketutu (5 km to Hopua, and
large DRE™=0.018 km?) and Mt. Richmond (5 km to Hopua and DRE™"'=0.0057 km?)
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reduce their likelihood to be the source centre for AVF 18. Waitomokia is undated by
Ar-Ar techniques, however, morphostratigraphy makes it older than Pukeiti and the
other factors all correlate well. Therefore Waitomokia is given a correlation

confidence level of 2 for horizon AVF18.

AVF17 is only found in Orakei Basin core with a thickness of 5 mm at a depth
of 44.65 m. Based on sedimentation rates an age of 23.4 cal. ka BP was calculated
for this horizon (see discussion in section. 5.2, and Table 5.3.). Potential sources
therefore are most likely to be a small-medium sized eruption from within <10 km of
Orakei Basin. As AVF17 was not identified in the Pupuke and Onepoto cores, the
source eruption is more likely to be in the north or north-east of the field. Possible
eruption sources therefore include Little Rangitoto, Motukorea, Mt. Cambria, Mt.
Richmond (AVF20), Panmure Basin, Pigeon Mt.,, and Taylors Hill. Because
geochemical composition of samples from Mt. Cambria, Mt. Richmond, Panmure
Basin, and Taylors Hill are different to the AVF17 tephra these centres are initially
discounted (Appendix E). Due to its very close proximity to Orakei Basin, an
eruption from Little Rangitoto would have formed a thicker deposit with much larger
shard sizes. Pigeon Mt. and Motukorea are both ca. 8 km from Orakei, and
Motukorea is slightly larger (DRE™! 0.0046 km?) than Pigeon Mt. (DRE™! 0.0033 km3).
Both have similar geochemical compositions (although Pigeon Mt. has less data)
and Motukorea is dated (although with large error) to 3.3-25.3 ka (Ar-Ar, Leonard et
al., in prep, Appendix D). Although difficult to split with similar geochemistry, based
on the scale of the eruption coupled with the deposit thickness, AVF17 is assigned to

Pigeon Mt. with a confidence level 3.

AVF 16 is a relatively thick deposit (50 mm) only identified within the Pukaki
core at a depth of 51.52 m, suggesting a source in the south of the field. It is located
just slightly above the Kawakawa/Oruanui (KK) rhyolitic marker horizon, and
therefore has an age estimate of 25.3 cal. ka BP (Table 5.3.). There is limited
geochemical data for this deposit (2 major element analyses) and therefore
geochemical constraints are limited, and correlations are therefore based primarily
on alternative criteria. Potential source centres that satisfy the age and locality
criteria include Puketutu (29.8-37.4 ka), Otuataua (AVF19, undated), Crater Hill
(26.7-37.5 ka), Kohuora (30.0-32.0 ka), Wiri Mt. (25.7-34.5 ka), Ash Hill (31.6-32.0
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ka), Mt. Robertson (undated), or Mt. Richmond (AVF20, 18.4-29.2 ka). Crater Hill is
immediately eliminated as the Kawakawa/Oruanui RMH has been identified
overlying the centre in the field (Hayward et al., 2011). Because Kohuora represents
a relatively large eruption (DRE™ 0.0076 km3) and is located nearby (<3 km), this
centre is likely to have produced a much thicker tephra deposit (also true for Crater
Hill) and is therefore also discounted as the source. Ash Hill (no geochemical data) is
also discounted, as the eruption was very small (DRE™ 0.000076 km3) and the
centre is located ca. 6 km away, to the south-east of Pukaki, making it very unlikely
to be the source. This leaves Puketutu, Otuataua, Wiri Mt., and Mt. Richmond: all of
these are appropriately located, and only Puketutu is slightly too old. The larger
volumes of Wiri Mt. (DRE™ 0.016 km3), Otuataua (DRE™ 0.006 km3), and Mt.
Richmond (DRE"™ 0.0057 km?), all of which are located 5-6 km away, make them an
unlikely source to produce a 50 mm deposit in Pukaki. However the geochemistry for
Wiri Mt. matches well with geochemistry of the tephra deposit (unlike for Otuataua
and Mt. Richmond) (Appendix E). The geochemical composition of Puketutu
samples is similar to the geochemical composition of the deposit and the centre is
slightly larger (DRE™ 0.017 km?) than Wiri Mt. In addition Puketutu is located ~ 6 km
to the west of Pukaki, which is a more favourable position based on the predominant
south-westerly winds. Although the Ar-Ar age for Puketutu is slightly older than the
stratigraphic position of the deposit, AVF 16 is correlated to Puketutu with a

confidence level 2.

AVF15 is only found within Orakei Basin with a thickness of 12 mm at a depth
of 47.715 m. This deposit has an age estimate of 24.5 cal. ka BP (Table 5.3.). Many
centres are an appropriate source within this age range, but the occurrence of this
thin deposit only in the Orakei Basin core is indicative of an origin in the north or
central-north of the field from a relatively small eruption. This narrows the potential
source centres down to Motukorea (3.3-25.3 ka), Mt. Cambria (23.9-65.1 ka), or
Pigeon Mt. (undated). The geochemistry of this deposit is similar to both Motukorea
and Pigeon Mt., but not to Mt. Cambria, and therefore could be assigned to either
Motokurea or Pigeon Mt. Motukorea was a slightly larger eruption (DRE™ 0.0046
km?3) located ca. 8.5 km away, in comparison to Pigeon Mt. which was a slightly
smaller eruption (DRE™ 0.0033 km3) but located a similar distance away. Therefore
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based on the deposit thickness, AVF15 is assigned to Motukorea. A confidence
level of 2 is given although the age remains poorly constrained.

At depth of ca. 50-48 m the Orakei Basin core becomes extremely complex
containing multiple deposits and a number of reworked sections. Details of this
complex core sequence are given in Chapter 3 (and Appendix A). In Chapter 3 |
confirmed AVF13 (50.089-49.554 m, including ca. 70 cm of reworking, Chapter 3)

and below | correlate this deposit to its source centre. | also:

(1) define a new horizon ‘newA’ which is represented by three layers at 49.14
m, 49.33 m and 49.46 m;

(2) discredit original AVF14 (cf. Molloy, 2008) as representing the reworking
of the two underlying units (AVF13 and newA), and redefine to a continuous

deposit with samples taken at 48.128 m and 48.120 m;

(3) define a new horizon ‘newB’ which is represented by two layers at 48.19 m
and 48.27 m.

Due to the limited age range for these new deposits (ca. 24.6-25.3 ka;
sedimentation rates from this study, Table 5.3.), they all have a similar range of
possibilities for centre correlations. These include (with Ar-Ar age ranges reported),
Little Rangitoto (15.9-24.7 ka), Motukorea (AVF15, 3.3-25.3 ka), Mt. Cambria (23.9-
65.1 ka), Panmure Basin (15.6-33.6 ka), Taylors Hill (23.8-29.8 ka), and McLennan
Hills (23.9-65.1 ka). For horizons newA and newB the geochemistry does not
correlate specifically well to any of these centres in particular and is therefore not a
discerning feature. As a result these horizons cannot be confidently correlated and

therefore are left as unknowns.
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AVF14, although only a thin deposit only found in the Orakei Basin core, has
very large shard sizes (>150 uym), suggesting the source is in close proximity to
Orakei, but a small-scale eruption. The calculated age of this deposit is 24.6 cal. ka
BP (Table 5.3.). The geochemical composition of this deposit matches the
geochemical composition of Little Rangitoto (Appendix E), and therefore this
correlation is given a confidence rating of 1, because all parameters (geochemistry,

age, scale, location) are satisfied.

AVF13 is only found within the Orakei Core at a depth of 50.089 m (although
reworked up to 49.554 m) with a primary deposit thickness of ca. 160 mm (Chapter
3), and an estimated age of 25.3 cal. ka BP (Table 5.3.). Due to the thickness of the
deposits in Orakei, the source centre is proposed to be a relatively large eruption
from nearto Orakei. Potential options which satisfy age, locality and scale for this
include; Mt. Eden, Little Rangitoto (AVF14), Panmure Basin, Mt. Richmond (AVF20),
and Taylors Hill. Of these centres only Panmure Basin has a matching geochemical
composition (Appendix E) and because the correlation satisfies all the criteria, this
is given a confidence rating of 1.

AVF12 is found in all analysed AVF cores of appropriate age (Pupuke,
Onepoto, Orakei, Hopua, and Pukaki), the scale, distribution, and thickness of the
tephra deposits suggest a very large eruption in the centre of the field just prior to the
Kawakawa/Oruanui. The horizon has an estimated average age of 27.2 cal. ka BP,
but a range throughout the cores of 26.3-28.3 ca. ka BP (Table 5.3.). The only
centre that satisfies these criteria is Mt Eden, however the geochemical signature of
horizon AVF12 is complex, and highly variable (Appendix E). The top two
subsections of tephra within the Hopua core show very different geochemical
composition to the basal section. This could be indicative of a separate eruption
occurring at the same time with a different geochemical signature. There is,
however, no mixing of shard signatures within the deposit (which would be expected
from coeval deposition from two separate eruptions), or break in the deposition of the
horizon. The horizon could therefore be interpreted in two ways, 1) to represent one
continuous eruption, with the tephra showing a geochemical evolution from more- to
less REE-rich, or 2) to represent two immediately successive eruptions, with

products from the first eruption having higher REE contents and the second having
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lower REE contents. Of note is that the centre Te Pou Hawaiki, is
morphostratigraphically constrained to just older than Mt Eden, it is therefore
conceivable that these two eruptions were successive, and would have produced
tephra deposits without a hiatus. However, the geochemical signatures of Mt Eden
and Te Pou Hawaiiki are indistinguishable, both of which correlate to the upper
horizon in the Hopua core. As this geochemical complexity is unresolvable, AVF12 is
assigned here to Mt Eden with a confidence level 1, with Te Pou Hawaiki remaining
slightly older in age. AVF12 also marks the base of the Hopua core, thus providing a

minimum age constraint on the eruption of this centre.

AVF11 is a relatively thin unit (ca. <10 mm; P. Shane pers. comms, 2014), only
found within the Pukaki core at a depth of ca. 55.35 m and with an estimated age of
29.3 cal. ka BP (Table 5.3.). The thickness and restricted dispersal of this layer
indicates a relatively small eruption source in the south of the field, most likely within
5-10 km of Pukaki. Centres that satisfy these criteria include, Kohuora, Otuataua
(AVF19), Mt. Robertson, Puketutu (AVF16,) and Wiri Mt. Although Otuataua and Mt.
Robertson are appropriate in locality and scale, samples from these centres have
somewhat different geochemical compositions to the AVF11 tephras and their ages
are unknown. Kohuora has no geochemical data but is of similar age, although its
scale and locality should have formed a much thicker deposit (>100 mm) in the
Pukaki core. Puketutu has similar (major element) geochemistry to the horizon and is
of similar age and well located as source centre. However, Puketutu has been
assigned as source centre for AVF16. Wiri Mt. also satisfies all the criteria, including
matching major element composition, but is given a confidence level of 2 as a source
centre because only major element data are available and the difficulty in resolving

the correlation between Wiri Mt. and Puketutu.

Within the Pupuke core Molloy (2008) recorded deposits labelled as AVF10,
AVF9 and AVFS8, with each one classified as an individual eruption. Shard sizes
within AVF9 and AVF8 were too small (<25 um) for trace element analysis for this
study. However, AVF10 included large shards (>100 um) which have a similar size
and chemistry to shards found in a horizon at 39.47 m within the Onepoto core.
Although previously unclassified in the Onepoto core, this horizon is geochemically,
stratigraphically and locationally appropriate to be correlated with AVF10 within the
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Pupuke core. Thicknesses within the cores for Onepoto and Pupuke are 15 mm and
3 mm respectively, with both deposits containing large (>100 um) shards. Horizon
AVF 9 was previously correlated with deposits in Orakei Basin (407 mm thick,
Chapter 3) and Pupuke (6 mm thick). The major elements AVF9 and AVF10 are
indistinguishable and because no trace element chemistry has been analysed for
AVF 9, the cross core correlation remains ambiguous. However, based on the scale
of the deposits and the shard sizes the deposit within the Orakei core it is more
appropriately correlated to AVF10 (Onepoto and Pupuke). Therefore, | here consider
the AVF10 horizon to consist of deposits in Orakei Basin (depth of 54.213 m),
Onepoto (39.47 m) and the original AVF10 deposit from Pupuke at 68.09 m depth,
and AVF9 remains as a single horizon found within in Pupuke core.

The thickness of AVF10 in the Orakei core, and the presence of large shards of
this deposit in the Onepoto and Pupuke cores require a source centre near Orakei
with an age of ca. 29.9 cal. ka BP (Table 5.3.). Based on its proximity to Orakei and
scale of eruption (DRE™ 0.0067 km?) Mt. Hobson was initially considered. However,
the Ar-Ar age is 44.9-66.9 ka (Leonard et al., in prep, Appendix D), and
morphostratigraphically it has to be older than Three Kings eruption (due to Three
Kings tephra found mantling Mt Hobson; Hayward et al., 2011). In addition the
geochemical composition of this horizon does not match with those from Mt Hobson
ruling out this possibility. Little Rangitoto (AVF14) is too young (Ar-Ar age range of
15.9 - 24.7 ka) and the geochemistry is poorly correlated. The remaining possible
source centres that are relatively close and in the correct age range are Taylors Hill
(23.8-29.8 ka) and Panmure Basin (AVF13, >17.5 ka). Panmure Basin was a slightly
larger eruption (DRE™ 0.0074 km?) than Taylors Hill (DRE™ 0.0051 km?3; Kereszturi
et al., 2013), with Panmure Basin ca. 14-16 km away from Pupuke and Onepoto, in
comparison to Taylors Hill, which is ca. 12-13 km away. The geochemistry correlates
better for Taylors Hill than Panmure Basin (Appendix E), and therefore all criteria

considered, AVF 10 is correlated to Taylors Hill with a confidence level of 2.

AVF9 consists of a 6 mm deposit in the Pupuke core at 68.15 m, with a
sedimentation rate age estimate of 30.2 cal. ka BP (Table 5.3.). Due to the thickness
of the deposit and its absence in other cores and thus limited dispersal the source is

likely in the north of the field (close to Pupuke). The only eruption that fits these
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criteria and age is Mt. Cambria (Ar-Ar age range of 23.9-65.1 ka, Leonard et al., in
prep, Appendix D), however, the geochemistry (majors only) does not correlate
(Appendix E). If the potential source area is widened (to the middle of the field),
McLennan Hills (Ar-Ar age range 29.3-38.9 ka) is the only other centre with a similar
age, however the geochemistry also does not correlate. With a DRE™ = 0.022 km?3
and the location of the McLennan Hills 18 km to the south-east this centre is a less
likely match than Mt. Cambria. Another potential alternative source centre is the ~10
ka older centre Hopua (44.4-56.4 ka; Leonard et al., in prep, Appendix D). The
Hopua maar core, contains the Kawakawa/Oruanui rhyolitic tephra (at ca. 48 m),
followed by AVF12 (Molloy et al.,, 2009), followed by thick scoria, assumed to
represent the maar floor of Hopua (Leonard pers. comms, 2015). If
Kawakawa/Oruanui has an age of 25.4 ka, and AVF 12 has an estimated age of 27.2
ka, the deposit relating to the Hopua eruption has a similar age to AVF9 and does
not seem impossible as the source centre. However Hopua is one of the smallest
AVF centres (0.00086 km?) located 17 km away from Pupuke. In addition the
geochemical composition of AVF9 tephra is similar to the geochemical composition
of Hopua samples although only based on a single set of major element whole rock
data from Hopua. Although it is surprising that no deposit is found in Orakei Basin
linked with this eruption, this deposit tentatively assigned to Hopua, but with a
confidence level of 3 due to the insufficient geochemical evidence and the poor age

constraint.

AVF 8 is correlated across the Pukaki, Orakei Basin and Pupuke cores
(Chapter 3), with thicknesses of 720, 45 and 20 mm, respectively, and an average
age of 31.3 cal. ka BP (Table 5.3.). The thick deposit in the Pukaki core, its
widespread dispersal and thinning to the north suggests a large eruption in the
(central) south of the field, taking into account potential impacts from wind. The
shard sizes within the Pupuke deposit are not large enough to analyse for trace
elements and therefore both cross-core correlation and centre correlation are of
lower confidence levels. To produce such a thick deposit in Pukaki the source centre
is considered to be very close in proximity, such as Kohuora and Crater Hill. Both
centres have similar Ar-Ar ages to the AVF8 tephra horizon (22.0-42.0 ka for Crater
Hill and 28.0-36.0 ka for Kohuora). There are no whole rock data available for

Kohuora, and only limited major element data from the Pukaki core, therefore only
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limited conclusions can be drawn based on geochemistry. In addition, Kohuora
represents a small volume eruption (DRE™ 0.0076 km?3), whereas Crater Hill, with
DRE™ 0.024 km?3 is one of the larger eruptions in the field (Kereszturi et al., 2013). In
addition morphostratigraphy shows Kohuora to be older than Crater Hill. Therefore,
based primarily on the thickness of the deposit in the maar and the morphological
constraints, AVF8 is correlated to Crater Hill with a confidence of only 2 due to the

minimal geochemical data from the Pukaki core tephra deposit.

AVF7 is a field-wide dispersed tephra found in Orakei Basin (20 mm), Pupuke
(2 mm), Onepoto (12 mm), and Pukaki (< 10 mm; P. Shane pers. comms, 2014).
Rather than concentrated in one core (like AVF8) the thickness of AVF7 is more
homogeneous across the field, suggesting a potentially large eruption within the
central field (e.g. not specifically close to any of the depocentres). One option is the
centre Three Kings, which is located in the central part of the field, and represents
one of the largest eruptions in the AVF (DRE™ = 0.069 km3). There is a slight
discrepancy with the ages; AVF7 has a modelled age of 32.5 cal. ka BP (Table 5.3.),
however, the *C age measured for Three Kings centre is 28.6 + 0.4 ka cal. yrs. BP
(Lindsay et al., 2011). In addition the geochemical signatures of the Three Kings
whole rock and the tephra horizons are very similar (Fig. 5.14) and so, this horizon is

correlated with a level 1 confidence to Three Kings volcano.

AVF6 is found only in the Pukaki core at a depth of ca. 57 m. There is only
major element data available for this horizon, thereby precluding any conclusive
correlation based on geochemistry. The deposit is 500 mm thick and is given a
modelled age of 33.7 cal. ka BP (Table 5.3.). The source centre is therefore most
likely to be in the south of the field very close to Pukaki. Crater Hill (AVF8), Kohuora,
Puketutu (AVF16), Mt. Robertson, and Wiri Mt. (AVF11) all satisfy these criteria. For
Wiri Mt. and Mt. Robertson, although only major elements are compared, the
geochemistry does not show a convincing correlation (Appendix E). Crater Hill and
Puketutu both show well-correlated geochemistry (Appendix E) and are within the
correct age range, but both these centres have quite large eruptive scales (DRE!™
0.024 km?® and 0.018 km? respectively, Kereszturi et al., 2013) and would therefore
be assumed to produce distal tephra units. Kohuora eruption however is proposed to
only have total DRE 0.0076 km? and is within <3 km of Pukaki centre. Ar-Ar dating
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for Kohuora yields an age estimate of 28.0-36.0 ka (Leonard et al., in prep,
Appendix D), which is supported by morphostratigraphy (Kohuora is older than
Crater Hill), and previous *C dating for a Kohuora core putting it at ca. 33 ka (c.f.
Newnham et al., 2007). Therefore, although there is no whole rock geochemical data
for Kohuora to allow full confirmation the other criteria are all satisfied and the

correlation is given a confidence rating level 2.

AVF5 is a thick (110 mm) homogeneous deposit found only in the Orakei Basin
core at a depth of ca. 57.44 m, with coarse shard sizes and abundant detritus
included in the bulk sample. The source must therefore be relatively close to Orakei
Basin in the north of the field. Sedimentation rates imply an age of 35.0 cal. ka BP
for the horizon (Table 5.3.). Only Mt. Cambria (AVF9) has the appropriate age,
however due to the thickness of the deposit and shard size, Mt Cambria is unlikely to
be the source. It is one of the smallest centres in the field (DRE™ 0.00029 km?) and
is located ca. 5 km away therefore it is highly improbable that this would have
produced a 110 mm thick tephra deposit within Orakei Basin. Many other centres
have appropriate locations but are older than 35 ka (Ar-Ar ages from Leonard et al.,
in prep, Appendix D): Mt. Hobson (44.9-66.9 ka), Mt. St John (71.1-77.5 ka), Mt.
Victoria (46.1-62.9 ka), and North Head (70.8-101.2 ka), and conversely Little
Rangitoto (AVF14) (15.9-24.7 ka), Taylors Hill (AVF10) (23.8-29.8 ka), and Panmure
Basin (AVF13) (15.6-33.6 ka) are younger than required. Of these centres only Mt.
Victoria and Mt. Hobson have a similar (but indiscriminate) geochemical signature to
the tephras within the AVF5 horizon (Appendix E). Mt. Victoria has a DRE™ = 0.0048
km? and is located ca. 4.7 km to the northwest of Orakei. In comparison Mt. Hobson
has a DRE™ = 0.0067 km? and is ca. 2.5 km down wind to the south west of Orakei
basin. Based on this, Mt. Hobson is more likely than Mt. Victoria to have produced a
thick deposit with large shard sizes. The Ar-Ar age for Mt. Hobson (44.9-66.9 ka) is
older than the modelled horizon age (35.0 cal. ka BP), however, the only
morphostratigraphic constraint is that Mt. Hobson is older than Three Kings (which
this correlation does satisfy). As this correlation is predominantly based on the
locality and scale of eruption, coupled with locality and scale of the deposit, with

inconclusive geochemistry and age, it is given a confidence rating of 3.
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AVF4 is found cross-correlated (Chapter 3) within Orakei Basin and Pupuke
cores with thicknesses of 41 mm and 15 mm, respectively, and has an average
estimated age of 35.2 cal. ka BP (Table 5.3.). The deposit in the Orakei Basin core is
relatively coarse with small-medium lapilli coupled with medium-fine ash, and
medium to fine ash within the Pupuke core. Due to the dispersal of the tephra and
the coarseness of the deposit at Orakei Basin, this deposit must have been sourced
proximal to Orakei, from an eruption large enough in scale to deposit tephra within
the Pupuke core as well. As previously discussed for AVF5 only Mt. Cambria (AVF9)
(23.9-65.1 ka) is appropriate in location and age (however, with a large error).
However, the scale of the eruption, in relation to the dispersal and grain size of the
deposit makes this correlation unlikely. The tephra horizons have a large scatter in
major element data and only the Orakei Basin tephra deposit has associated trace
element data. Some centres have appropriate locations but not necessarily the
correct age, including, Mt. Victoria, North Head, Mt. Hobson (AVF5), Mt. St John,
Little Rangitoto (AVF14) and Taylors Hill (AVF10). Mt. Victoria, Taylors Hill, Mt.
Hobson and Little Rangitoto all have matching geochemical signatures, although
only proposed by the spread in major element data coupled with the minimal trace
element data for some centres. Scale and location of eruptions, and deposits,
therefore become the qualifying criteria for correlation. The correlated horizon in
Pupuke is important here as it suggests a location that has to be relatively close to
Pupuke and Orakei, thus ruling out Little Rangitoto (when coupled with scale of
eruption) and Taylors Hill. Mt. Victoria and Mt. Hobson are therefore both potential
candidates for this deposit (and AVF5) however, based primarily on the presence of
AVF4 in Pupuke, it is considered more likely to have come from Mt. Victoria rather
than Mt. Hobson (based on location). In addition, due to the proximity of Mt. Hobson
to Orakei, a slightly thicker deposit would potentially be expected in Orakei Basin
core. Therefore AVF4 is correlated to Mt. Victoria, with a confidence level 3 due to

the inconclusive geochemistry and age.

AVF3 is the first deposit found below the Rotoehu rhyolitic marker horizon. It is
only found within the Orakei Basin core, it has a thickness of 41 mm with coarse
tephra shards (>100 um), and an estimated age of 49.3 cal. ka BP (Table 5.3.).
Based on the thickness of the deposit and its occurrence only in Orakei core,

volcanoes from the centre and north of the field are considered. Potential centres
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that have appropriate ages and locations therefore include Hopua (AVF9) (44.4-56.4
ka), Mt. Cambria (23.9-65.1 ka), Mt. Hobson (AVF5) (44.9-66.9 ka), and Mt. Victoria
(AVF4) (46.1-62.9 ka), all of which have matching trace element compositions.
Based on the scale of the eruption (inferred by deposit thickness) Mt. Victoria is
considered less likely as it would be more likely have deposited material in Pupuke
or Onepoto maars. Mt. Hobson is the closest to and largest centre near Orakei,
which would potentially result in thicker tephra deposit as outlined for AVF5. Hopua
is one of the smallest eruptions in the field with a DRE™ = 0.00086 km?, is located
ca. 7.5 km away from Orakei, and would most likely for a thin deposit in the Orakei
Basin. Although Mt. Cambria is even smaller than Hopua (DRE™! = 0.00029 km?) the
centre is located closer (5 km) from Orakei Basin. Therefore, (although geochemistry
is inconclusive) based on locality, age, and scale of eruption, AVF3 is assigned to

Mt. Cambria, with a confidence rating of 3.

AVF2 is found in the Orakei Basin, Glover Park, and Onepoto cores with
thicknesses of 510, 60, and 4 mm respectively. The estimated average age for this
horizon is 60.3 cal. ka BP (Table 5.3.). The widespread dispersal of AVF2, and the
thick deposit in the Orakei Basin core, suggests a large eruption near Orakei Basin.
The geochemical composition of AVF2 tephras correlate well to One Tree Hill and
the scale and location of the eruption is appropriate for the tephra dispersal and
thickness. The proposed horizon age is only slightly higher than the Ar-Ar age range
for One Tree Hill at 44.3-59.5 ka (Leonard et al., in prep, Appendix D). This deposit

is therefore correlated with a level 1 confidence to the One Tree Hill eruption.

AVF1 is the oldest tephra horizon recorded in the Orakei core at a depth of
80.047 m, with a thickness of 100 mm. It has also been correlated to a 15 mm
horizon within the Onepoto core at a depth of 51.3 m (however, shards within this
deposit were too small to analyse for trace elements), and as a section of highly
disturbed and reworked units within the Glover Park core between 16.5 m and 19.8
m. The three horizons are geochemically indistinguishable (with major elements) and
were therefore cross-correlated in Chapter 3. The average age of these deposits is
estimated at 85.6 cal. ka BP (Table 5.3.), although as previously discussed these
pre-Rotoehu age estimates might be slightly too high (c.f. sect. 5.2.2), therefore

respective source centres that are younger than the horizon age are also
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considered. The source is thus either a medium eruption in the north of the field, or a
large eruption in the central field. Potential source centres that satisfy these age and
location criteria therefore include Domain and/or Grafton (Ar-Ar age range of 77.5-
122.5 ka), Mt. St John (Ar-Ar age range of 71.5-77.6 ka), and North Head (Ar-Ar age
range of 70.8-101.2 ka; Leonard et al., in prep, Appendix D). Although the major
element compositions in samples from all these centres are indistinguishable, the
trace element compositions from the Domain/Grafton and Mt. St John are more
closely correlated in comparison to North Head (Appendix E). Domain and/or
Grafton and North Head were smaller eruptions with DRE™=0.011 and 0.0026 km?3
respectively, compared to DRE™ = 0.028 km? of Mt. St John. Although Mt. St John is
located furthest away (<3.5 km) from Glover park and Onepoto, it is the largest of the
three potential source centres and thus the most likely have produced a 100 mm
thick deposit in Orakei Basin and thinner deposits at Onepoto and Glover Park.
Therefore, AVFL1 is correlated to Mt. St John, however, because of the inclusive

geochemical composition, this correlation is given a confidence rating of 3.

AVF1 marks the oldest tephra horizon in the Orakei Basin core. Assuming the
previous correlations are accurate, the Glover Park and Onepoto cores extend back
further and contain two and three more horizons respectively. These are: in the
Glover Park core at 20.78 m (GP1/24, now AVFa) with a thickness of 40 mm, and at
23.67 m (GP1/40, now AVFDb) with a thickness of <10 mm; and in Onepoto core at
62.36 m (now AVFb) with a thickness of 8 mm, at 66.94 m with a thickness of 190
mm (now AVFc), finally, the Onepoto core ends in large clasts of scoria and lava
(not a distal tephra deposit; Shane and Hoverd, 2002) at ca. 69 m (AVFd).

AVFa in the Glover Park core contains numerous small (25 um-100 pum) shards
that have a large spread in trace element geochemistry. This heterogeneity makes it
difficult to define a source centre based on the geochemistry and correlations are
therefore primarily based on locality, scale, and age, with a commensurately low
confidence level. Based on extrapolation of the sedimentation rates between AVF 1
and AVFb in the Onepoto cores (discussed in Sect. 5.2.) a rough age of 129.2 cal.
ka BP is assigned (Table 5.3.). The scale of the deposit is indicative of a small-
medium sized eruption in the northern part of the field, or alternatively a large

eruption in the centre of the field. Based on these factors the possible candidates for
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tephra source include, Domain/Grafton (morphostratigraphic age >45.1 ka), Mt.
Albert (Ar-Ar age range of 112.4-122.8 ka), Mt. Roskill (Ar-Ar age range of 96.6-
111.0 ka), North Head (Ar-Ar age range of 70.8-101.2 ka), and Orakei
(morphostratigraphic age range 85.0-130.0 ka). Mt. Albert and Mt. Roskill have quite
large DRE™ volume estimates (0.023 km?® and 0.014 km?3, respectively) but are
considered less likely due to their distal location (ca. 13-14 km). North Head (5.4 km
distance) and Orakei Basin (5.4 km distance) are potential candidates, with smaller
DRE™ volumes calculated 0.0026 km® and 0.0067 km? respectively, however the
geochemistry for both these centres is poorly correlated to the tephra horizon
(Appendix E). Although the age for Domain/Grafton is poorly constrained, the scale
(DRE™! = 0.011 km?3) and location (8 km distance from Glover Park core site) seems
appropriate with the shard size and horizon thickness. These criteria coupled with
closely correlating major and trace element geochemistry means that AVFa is
correlated to Domain/Grafton with a confidence level 2, due to the poorly

constrained age of both deposit and centre(s).

AVFb is found within both the Glover Park core at 23.67 m with a thickness of
<10 mm, and the Onepoto core at 62.3 m with a thickness of 8 mm. This horizon has
a calculated average sedimentation rate age (by this study) of 140.4 ka. The deposit
thicknesses suggest a relatively large/medium eruption mid way between Onepoto
and Glover Park in the north or central field. Centres that satisfy these criteria
include Albert Park, and Domain/Grafton. The morphostratigraphic constraint for the
Domain/Grafton (>45.0 ka) is minimal, however, the locality and geochemistry are
well correlated for this centre. Albert Park however, is a better candidate satisfying
all the criteria required for this deposit; the Ar-Ar age range for Albert Park is 138.8-
150 ka (Leonard et al., in prep, Appendix D); it was quite a volumetrically large
eruption with a total DRE™! 0.028 km3, and is centred ca. 5 km from Onepoto and ca.
9 km from Glover Park; the geochemistry is well correlated to the tephra deposits in
both cores. For these reasons AVFb is assigned to Albert Park with a confidence
level of 2 (not 1, due to the inability to confidently determine the age of the core

deposits).

AVFc is the final distal basaltic tephra horizon within the Onepoto core,

however it did not yield any appropriate shards for geochemical analysis. The
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deposit comprises of poorly sorted large clasts (cm scale) of microcrystalline lava
and scoria, with no obvious bedding structures. Due to the thickness of the deposit
and the clast sizes it must have originated very close to Onepoto, with the only
potential candidates being Pupuke and Tank Farm. Morphostratigraphy shows that
Pupuke is older than both Tank Farm and Onepoto, and Tank Farm is only just
younger than Onepoto (Hayward et al., 2011). Therefore this deposit must correlate
to the eruption of Tank Farm, with confidence level of 1, and an age estimate of
173.1 ka.

The final deposit within the Onepoto core is found at its base where the core
terminates in thick scoria and lava 2 m below the AVFc horizon. This deposit is
thought to represent the base of the maar crater and therefore record the Onepoto
eruption itself (Shane and Hoverd, 2002).
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Table 5.5. Outline of correlations for individual tephra horizons to their source centre. Average ages are calculated by this study by
sedimentation rates (Table 5.3.). Proposed centre is given in bold with certainty value, outlined in the text and in Figure 5.14. Ticks indicate
where correlation satisfies the criteria of age (within error of Ar-Ar), chemistry, scale, and location. Alternative possible centres are outlined with
their certainty value and criteria. Final identifications are outlined in the text, see text also for ambiguities in the table in relation to rating given.

Core Sample name New Horizon# Depth (m) Thickness (mm) SSTEEDERD P sy Confidence rafing Alternative(s) EALlby Cenfidence rating
(ka) Centre(s) Value Age Chem Scale Location Value Age Chem Scale Location
Post Rerewhakaitu (<17.5ka)
Pupuke T21-1-48/58929 24 57.90 22 0.6 Rangitoto 1 v v v v - -
Hopua T4-2-H1-2/58839 23 38.95 3 10 Mt Wellington 1 v v v v
Pukaki T14 47.72m 22 47.72 1.0 15.4 Pukeiti 2 - v v - -
Rerewhakaitu to Okareka (17.5 - 21.5ka)
Pukaki AT209 49.15m 21 49.15 3.0 Panmure Basin 3 v v
19.9 Mt Smart 3 - v v
Hopua T5-2-H1-18/58855(-58856) 21 4517 290 Pukeiti 3 Y M
Mt Robertson 3 v -
Pukaki AT210 49.17m 20 4917 20 Waitemokia 3 v v
208 Mt Richmond 3 v v v
Hopua T6-5-H1-20/58857(-58858) 20 45.51 235 Green Mt 3 v
Okareka to Oruanui (21.5- 25.4ka)
Pukaki T43 51.05 19 51.05 1.0 24.2 Otutaua 3 v v Green Mt 3 v v
Hampton Park 3 v v
Otara 3 v
Wiri Mt 3 v M
Orakei Basin OB1.#30-4-44.22 18 44.22 8 243 Waitemokia 2 v v v Mt Richmond 3 v M
Hepua T5-6-H1-32-58869 18 47.81 40 Puketutu 2 v -
Pukaki T4551.19 18 51.19 0.5 Panmure Basin 3 v -
Otuataua 2 v v M
Orakei Basin OB1.#30-6-44.652(-44.654) 17 44.65 5 234 Pigeon Mt 3 v v v Litle Rangitoto 3 v -
Motukorea 2 v v v M
Mt Cambria 3 v -
Mt Richmond 3 v v
Panmure Basin 3 v
Taylors Hill 3 v M
Pukaki T42/45 51.52 16 51.52 50.0 253 Puketutu 2 v v v Otuataua 2 v M
Mt Robertson 2 v v M
Wirl Mt 2 v - -
Orakei Basin OB1.#30-6-47.715 15 47.72 12 24.5 Motukorea 2 v v v v Pigeon Mt 3 v v -
Mt Cambria 3 v M

192



Chapter 5 Source centre correlations and implications Hopkins, J.L.

Table 5.5. continued.

Confidence ratin Confidence ratini
Core Sample name New Horizon# Depth (m) Thickness (mm) DD e E g Alternative(s) (e g
(ka) Centre(s) Value Age Chem Scale Location Value Age Chem Scale Location
Orakei Basin OB1.#33-2-48.12(-48.128) 14 48.13 12 248 Little Rangitoto 1 v v v v - -
Orakei Basin OB1.#33-2-48.19(-48.276) newB 48.28 10
Orakei Basin OB1.#33-4-49.14(-49.46) newA 49.46 45
Orakei Basin OB1.#34-3-50.089(-49.554) 13 50.09 160 25.3 Panmure Basin 1 v v v v Mt Eden 2 v v
Little Rangitoto 2 - v
Mt Richmand 2 Y v
Taylors Hill 2 v
Oruanui to Rotoehu (25.4 - 45.1 ka)
Orakei Basin OB1.#36-2-52.817(-53.029) 12 53.03 410
Onepoto On2.#4-39.06 12 36.09 12
Pukaki 54.355m 12 54.36 27.2 Mt Eden 1 v v v - - -
Pupuke P23/58947 12 67.59 7
Hopua T6-3-H1-39/58876 12 48.80 460
Pukaki c. 55.355m 1" 55.34 293 Wiri Mt 2 v v v Kohuroa 3 Y v
Otuataua 3 v v
Mt Robertson 3 v v
Puketutu 2 - ’ ’
Orakei Basin OB1.#37-2-54.119(-54.213) 10 54.21 407 Panmure Basin 3 v v
Onepoto On2 #4-39.47 10 39.47 15 29.9 Taylor's Hill 2 v v v Mt Hobson 3 v v
Pupuke T18-7-P26/58951 10 68.09 3 Litlle Rangitoto 3 v v
Pupuke P27/58952 9 68.15 6 30.2 Hopua 3 v v v Mt Cambria 3 - v v
McLennan Hills 3 v v
Orakei Basin OB1.#37-2-54.27 8 54.27 45 Kohuora 2 v v v
Pupuke P28/58953 8 68.24 20 313 Crater Hill 2 v v -
Pukaki c. 56.4m 8 56.40 ca. 720
Orakei Basin OB1.#37-2-54 324 (AVFT) 7 54.34 20
Onepoto On2.#4-39.905(-39.914) 7 39.90 20 125 Three Kings 1 . p . . . R
Pukaki c. 56.8 7 56.90
Pupuke T19-3-P29/58854 7 68.49 2
Pukaki c.57.0 ] 57.10 ca. 500 337 Kohuroa 2 v v v Crater Hill 2 v v
Puketutu 2 v v
Wiri Mt 3 v
Mt Robertson 3 v v
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Core Sample name

Thickness (mm)

Orakei Basin OB1.#39-3-57.342(-57 .44)

Orakei Basin OB1.#38-5-58.11(-58.07)
Pupuke P33/58960

Average age Proposed Certainty Confidence rating
(ka) Centre(s) Value Age Chem Scale
35 Mt Hobson 3
35.2 Mt Victoria 3 v

Orakei Basin OB1.#45-5-67.032(-61.17)

Orakei Basin OB1.#50-2-73.555
Glover Park GP6-8-10.38(-10.6)
Onepoto On2 #6-2-43.66

Orakei Basin OB1.#54-3-80.047
Onepoto AB1-On2-#11-51.30

Glover Park GP16-17.52(&18.15)

Glover Park GP1/24 - 20.78-21.0

Onepoto On2#18-62.36
Glover Park GP1/40 - 23 .67

Onepoto On2 #21-66.68

ha

49.3 Mt Cambria 3 v

60.3 One Tree Hill 1 - -
B5.6 Mt St John 3

129.2 Domain/Grafton 2 v v
140.6 Albert Park 2 v v
1731 Tank Farm 1 v

Hopkins, J.L.
Confidence ratil
Alternative(s) e el e
Value Age  Chem  Scale Location

Little Rangitoto 3 v v
Mt Cambria 3 v v
Mt St John 3 v -
Mt Victoria 3 v v
North Head 3 v v
Taylors Hill 3 - /
Litle Rangitoto 3 v v v
Mt Cambria 3 v v
Mt Hobson 3 v v
Mt St John 3 ’
North Head 3 v -
Taylors Hill 3 v v
Mt Hobson 3 - v
Mt Victoria 3 v v
Domain/Grafton 3 v -
Naorth Head 3 s v
Orakei Basin 3 v v v

Mt Albert 3 v v

Mt Roskill 3 v v
North Head 2 v v v
Domain/Grafton 2 v v v
Pupuke 3 v v
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5.5. Implications

5.5.1. Tephra dispersal

As a result of tephra horizons being correlated to their source centres, and
between core locations, inferences can be made about the tephra dispersal
distances (defined as the minimum distance from source which the tephra has
travelled, in km) and thickness of the deposits from the AVF eruptions. Table 5.6
outlines the distance, thickness and (where applicable) the estimated shard sizes for

all of the centres that have been assigned a correlation with confidence level lor 2.

The recorded thicknesses are here considered to be minima values due to
potential post-depositional compaction and erosion (Oladottir et al., 2012). The
amount of compaction in the lacustrine deposits is unquantifiable, due to the lack of
subaerial deposits in Auckland (discussed in Chapter 3). For the confidence level 1
correlations, the maximum dispersal distance is 13.5 km for Three Kings eruption
recorded in Pupuke maar, with a thickness of 2 mm and a shard size of ca. 50-100
um. The thickest deposits (=100 mm) are all found within <6 km from the source, with
a sharp decrease in deposit thickness (all <80 mm) at distances >6 km (Fig. 5.15.A).
This observation correlates well to previously published estimates (Brand et al.,
2014) for pyroclastic density current deposits, which are modelled for the AVF to
reach a maximum dispersal of 6 km. The maximum thickness recorded in the cores
is 510 mm from One Tree Hill eruption in Orakei Basin, suggesting that for a
volumetrically large eruption, tephra deposits can be >500 mm thick at distances ca.
6 km, however, this is in a more unusual and extreme case. Shard size also
decreases with distance from source (Fig. 5.15.B), with 70% of deposits’ <5 km from
source found to have shards sizes >200 um, which reduces to 40% of deposit 5-10
km away and 0% >10 km away from source. These findings are particularly
applicable as inputs for tephra dispersal simulations, evacuation, and ‘clean up’
forecasting, planning, and management, all of which are current projects that are
running within the DEVORA group (e.g., Tomsen et al., 2014; Wilson et al., 2014).
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Table 5.6. For those deposits with a correlation certainty of 1 or 2, the distance to the deposition site (core) (km), thickness of the deposit within
the core (mm) and the average shard size of the tephra (um) are shown. ?’ shows where deposit thickness is unknown, P. Shane pers. comm.

Orakei Basin Glover Park Onepoto Pukaki Hopua Pupuke
Centre AVF# Confidence DRE km?® Distance tl:'::lrtl:::s shard Distance tl:'::lrtl:::s shard Distance tl:'::lr(l:::s shard Distance tl:'::lr(ms Distance t;:'r‘l:::s shard Distance “:II:'r‘I:::s shard
(eruption) level to (km) {mm) size (um) | to (km) {mm) size (um) | to (km) {mm) size {(um) | to (km) {mm) to (km) {mm) size (um) | to (km) {mm) size (um)
Rangitoto AVF24 1 0.6989 core too old core too old core too old - - 8.38 22 =200
Mt Wellington AVF23 1 0.0823 core too old core too old core too old 10.44 1 6.96 3 =200 -
Little Rangitoto AVF14 1 0.0017 0.9 12 =200 core too old - - - -
Panmure Basin AVF13 1 0.0074 5.2 160 100-200 core too old - - - -

Mt Eden AVF12 1 0.0898 4.4 410 >200 core too old 7.9 12 100-200 12.3 3 6 460 >200 10.7 7 50-100
Three Kings AVFT 1 0.0693 6.5 20 100-200 core too old 106 12 50-100 101 2 core too young 13.5 2 50-100
One Tree Hill AVF2 1 0.2604 4.6 510 =200 9.6 60 =200 10.8 4 100-200 core too young core too young core too young

Tank Farm AVFc 1 0.0059 core too young core too young 0.6 270 =200 core too young core too young core too young
Pukeiti AVF22 2 0.0037 core too old core too old core too old 47 1 - -

Mt Smart AVF21 2 0.013 core too old core too old core too old 7.0 3 27 290 =200 -

Mt Richmond  AVF20 2 0.0057 core too old core too old core too old 6.1 2 5 235 100-200 -
Waitemokia  AVF18 2 0.0098 12.8 8 50-100 core too old core too old 37 0.5 5.6 40 =200 -
Puketutu AVF16 2 0.018 - core too old core too old 6 50 - -
Motukorea AVF15 2 0.0046 8.4 12 50-100 core too old core too old - - -

Wiri Mt AVF11 2 0.016 - core too old - 5.1 ? core too young -

Taylors Hill  AVF10 2 0.0051 5.1 407 =200 core too old 124 15 100-200 - core too young 13.2 3 100-200
Crater Hill AVF8 2 0.024 13.2 45 100-200 core too old - 1.5 720 core too young 235 20 <50
Kohuora AVF& 2 0.0072 - core too old - 2.9 500 core too young -
Hopua AVF3 2 0.00088 7.3 4“ 50-100 core too old - core too young core too young core too young
Albert Park AVFb 2 0.028 core too young 8.8 10 50-100 5 45 100-200 core too young core too young core too young
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Figure 5.15. For all correlations with a confidence rating of 1or 2, data detailed in Table 5.6.;
(A) Horizon thickness vs. distance from source, showing the thinning of deposits increases
away from source. Grey shaded area marks <6 km, within which all the deposits >100 mm
thick are found. (B) % shard size for all deposits vs. distance from source, indicating the
fining of shard size away from source.
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Tephra horizon AVF12, correlated to Mt. Eden (highlighted on Fig. 5.1.), is one
of the most widely dispersed tephra horizons: >10 mm thick in both Pupuke and
Pukaki cores, which are 11 km and 12 km from source, respectively. The Mount
Eden event is also linked to some of the thickest tephra deposits in the cores with
410 mm in Orakei (4.5 km), and 460 mm in Hopua (6 km from source). Figure
5.16.A shows the decrease in tephra thickness away from source, coupled with the
reduction in tephra shard size. Mt. Eden is also used here as example to show how
the core-to-core and core-to-centre correlations can build isopach maps Figure
5.16.B for the dispersal pattern of the eruption. The impact of the prevailing westerly
wind (Hayward et al., 2011) is taken into account and produces an elliptical tephra
dispersal pattern, and with a calculated total DRE of 0.0898 km? the eruption of Mt.
Eden was one of the largest in the Auckland Volcanic Field. This example is
therefore a more extreme tephra dispersal event from a larger scale eruption, which
is not typical of the field.

Accordingly for smaller eruptions the tephra dispersal is restricted to smaller
areas, but can form near-source tephra horizons with substantial thicknesses. For
example AVF 10, now correlated to the eruption of Taylors Hill (DRE 0.0051 km?3), is
restricted to the north of the field with deposits found cross-correlated within Orakei
Basin (407 mm at ca. 5 km away), Onepoto (15 mm at ca. 12 km away) and Pupuke
(3 mm at ca. 13 km away). Additionally, 13 horizons are found only within a single

core, suggesting that for some eruptions tephra would not be dispersed field wide.

Some deposits are not necessarily found in all maars along a dispersal
pathway. For example AVF 4 is found in Orakei Basin (41 mm) and Pupuke (15 mm)
but is absent in Onepoto, which lies directly between these two. These dispersal
patterns are most likely indicative of either discontinuous preservation potential
and/or complex distal fall out (Molloy et al., 2009). For more distal sites, the
preservation potential of small tephra (<1-2 mm) is much lower, especially when
settling through a water column. This can result in differential settling of tephra and

thus in discontinuous deposition (Beierle and Bond, 2002).
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Figure 5.16. Example of the correlation of Mt. Eden eruption to tephra deposit AVF12. (A) Graph to show change in deposit thickness away
from source, note the extreme decline in thickness after ca. 6 km distance. Also shown on (A) are backscatter electron images of the shards
from each core site taken on EMP. All pictures are at the same scale with the bar at the base of the images representing 200 um. (B) inferred
isopach map of the tephra dispersal from Mt. Eden based on the deposit thicknesses found in the cores. Dispersal is skewed to the east to

reflect the westerly winds likely to have been present at the time of eruption (Hayward et al., 2011).
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Table 5.7 lists tephra dispersal characteristics from basaltic volcanic field
worldwide together with those outlined for the AVF centres. Outlined are
monogenetic basaltic eruptions that show comparable total eruptive volumes to the
AVF centres. The larger (e.g. DRE™ >0.1 km?) and medium size (e.g. DRE™! >0.01
km3) eruptions show similar dispersal distances and thicknesses to the AVF eruption
deposits. For example Mt. Gambier in the Newer Volcanics province with an
estimated DRE™ = 0.198 km?3 (van Otterloo and Cas, 2013) has a measured tephra
dispersal of <5 cm thick at 10-12 km distance (Lowe and Palmer, 2005). In
comparison, One Tree Hill from the AVF has a DRE™ = 0.26 km® and a measured
tephra thickness and dispersal of 6 cm at 10 km away (Table 5.7.). Marcath Volcano
in the Luna Crater volcanic field is a similar scale to the mid-range AVF volcanoes,
with a DRE™ = 0.06 km?3 (Johnson et al., 2014). It shows a 2 cm thickness at 7 km
distance from vent, which is comparable to many similar scale eruptions in the AVF,
e.g. Mt. Wellington and Three Kings (Table 5.7.). It is difficult to find comparisons for
the smaller AVF eruptions. Some show equivalent values to the larger eruptions, for
example, Mt. Richmond, with a DRE™ = 0.0057 km? depositing tephra a thickness of
0.2 cm at 7 km from vent. However, a number of AVF centres show larger tephra
dispersal distances and thicknesses in comparison to the larger eruptions. For
example, based on the results of this study, Crater Hill, with a DRE™' = 0.0024 km?3
has dispersed tephra 2 cm thick up to 23 km away, and Hopua, with a DRE™" =
0.00086 km?, is correlated (this study) to a 4 cm thick, 7 km away.

A number of factors could contribute to the apparent wider dispersal of AVF

tephras including,

(1) The occurrence of more explosive phreatomagmatic eruptions leading
to wider tephra dispersal e.g., Taylors Hill is calculated at c. 78%
volume related to phreatomagmatic phases (Kereszturi et al., 2013),

(2) More favourable wind direction leading to more efficient ash dispersal
to the north and north-west of the field e.g., Crater Hill in Orakei or,

3) Better preservation within the maar deposit sites in comparison to

aerial deposits e.g., Orakei Basin maar.

200



Chapter 5 Source centre correlations and implications Hopkins, J.L.

Table 5.7. Comparative global values for tephra dispersal and thickness for monogenetic
basaltic volcanoes. * Cerro Negro is a polygenetic scoria cone, but it has a comparable total
volume estimate for the 1995 basaltic eruption, and is therefore deemed applicable for
comparison. In bold are examples from this study to allow a direct comparison, note that
Three Kings is the 5" largest eruptive centre in the AVF, and Mt. Richmond is the 29"
largest.

Tephra Dispersal

Centre Name Region To:::nIZ;)R = thickness distance Reference

(cm) (km)
Paricutin wﬁ;g%?g?ig]de,ulagiigsmo 25 25 7 Ort et al., 2008
Sunset Crater fgg?ﬁ;ﬁfgo volcanic 0.58 10 20  Ortetal, 2008
One Tree Hill ﬁ:“”vkg;far:’:'ca"ic field, 0.26 6 10 This study
Woamber  MwSVOCTESFONCE g1 s o1z Lovemirameros
Lanthrop Wells s&lé:]r:’ivce;te%n Nevada 0.12 1 10 Valentine et al., 2008
Cerro Negro* Nicaragua 0.16 0.5 16 Hill et al., 1998
Three Kings ﬁ:“”vk;"e';fam'ca“ic field, 0.069 2 65  This study
Marcath Volcano Ic_:uez?rra?’r\laésgzj/glcanic field, 0.06 2 7 Johnson et al., 2014
Mt Richmond  4Auckland volcanic vield, 0.0057 0.2 7 This study

New Zealand

5.5.2. Chronostratigraphic age order

As previously outlined, although the recent Ar-Ar dating (Leonard et al., in
prep, Appendix D) has provided a significant improvement on the absolute age
constraints for the AVF centres, the associated errors from this method mean that an
exact age order for the AVF centres could not be constrained from these data alone.
For example, in Figure 5.17 the centres are presented in order based on their mean
Ar-Ar ages, but there then is a large number of centres with overlapping ages that
could easily be rearranged in a different order. The correlation of deposits, coupled
with Ar-Ar ages and morphostratigraphy enabled us to construction a relative age
order for 45 of the 53 centres, thus allowing us to re-assess the numerical ages for

all centres. For example, of six previously un-dated centres, the tephra correlation
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method can be used to assign ages to the centres Otuataua and Pigeon Mt. But for
Boggust Park and Mt. Robertson (Cemetery Hill and Puhinui Craters) no further
constraint could be put on their ages. For Mangere Lagoon, Pukaki, and Pukewairiki
numerical and relative ages are also not defined by this study, however these have
morphostratigraphic constraints. Presented below is a discussion on the relative and

numerical age orders proposed, from the youngest to oldest centre.
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Figure 5.17. Age range chart for all centres (data from Table 5.1). Those in red are Ar-Ar (2
sd error) or **C ages (from Cassata et al., 2008; Leonard et al., in prep., (Ar-Ar); and Lindsay
et al., 2011 (**C)). Markers show the mean ages measured by these techniques. Those in
orange have their ages based only on morphostratigraphy, and those in grey have no ages
associated with them. Of note is the number of centres which, based on errors, could have
erupted at a given time. For example at 50 ka there are 18 potential centres (Mt. Cambria,
McLaughlins Hill, Hopua, One Tree Hill, Mt. Victoria, Mt. Hobson, Waitomokia, Onepoto, St
Heliers, Tank Farm, Domain, Grafton, Otuataua, Puhinui Craters, Mt. Robertson, Cemetery
Hill, Boggust Park, and Pigeon Mt.) whose age ranges include 50 ka.
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Age Order Morphostratigraphy  Ar-Ar age Centre name AVF number Orakei Glover  onepoto Pﬁjkak' Plfkak' Hopua Pupuke
. Rangitoto AVF24 Park 97 02
Rangitoto
Mt Wellington 45.0
Purchas Hill 570
12 _ , 3 ;
;ll(m(e‘{l'l/.ﬁ ka) Purchas Hill Mt Wellington AVES3 AVF24
T R P
Green Mt Stysks Swamp — Green Mt— Mt Smart I e —————S AVF22 e AVF23
Mt Smart (R7-200k) Mt Richmond AFN————— G ——— e
MERICAMONG ||| s oo s s e 011 e e Depnm
Ok (21.5 ka) Otuataua AVF19
Otuataua
Waitomokia Waitomokia AVE18 s
Pigeon Mt Pigeon Mt AVF17
Motukorea
Little Rangitoto Littl;feloFteuakr?grﬁgto NFH
Puketuty Puketutu T —— (S ey S .
e Y W S Panmure Basin———————— V13— — i R
Otara Otara T 94—
Hampton Park — Hampton Park 520 % 5 AVF12 _avE10
MtEd