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Abstract 

Geochemical analyses of melts erupted in small basaltic volcanic fields have the power to reveal 

particulars of their magmatic system from the inception of melting, to the processes that affect 

magmas on their ascent. The Auckland Volcanic Field (AVF) of northern New Zealand is a 

Quaternary intraplate basaltic volcanic field of c. 50 eruptive centres located over an area c. 

360km2. The field has been extremely well-sampled over the past few decades thus providing an 

excellent basis from which to study the inner workings of a small volume monogenetic system. 

New analyses of rocks have been added to the existing geochemical dataset of the AVF, 

including Sr-Nd-Pb isotopes and a subset of U-Th-Ra isotopes. In addition to a whole-field study, 

two case studies of well-exposed volcanic centres in the AVF are presented: Rangitoto and 

Motukorea. Major and trace element and isotopic whole rock data are used to construct a melting 

model for the AVF. Furthermore, intricacies of the magmatic system beneath monogenetic 

volcanoes are revealed; these relate to the nature and behaviour of the source, the reasons for 

large compositional variability in such volcanic fields, the ways in which monogenetic eruptions 

may progress volcanologically and chemically, and the mode by which melts move in such 

systems.  

The AVF operates by the presence of discrete melt batches which are each governed by their 

own sets of melting parameters; this is exemplified by the case of two chemically different 

eruptions at Rangitoto. In all cases, melting began in the garnet-bearing asthenosphere 

(containing discontinuous regions of recycled material in the form of eclogite veins), and the 

extent of asthenospheric melting is hypothesised to control the size of volcanic eruption. In each 

melting event, magmas are variably mixed with a cryptically subduction-metasomatised 

lithospheric source. The three source components involved are observed in Pb-isotopic space. 

The geochemistry of eruptive products is also used to deduce the development of channelized 

flow in the mantle, and the progressive depletion of the source and wallrock. The geochemical 

complexities modelled suggest that ‘monogenetic’ is a term that does not adequately describe 

small basaltic systems such as the AVF. 
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Chapter 1 – Introduction: Monogenetic basaltic volcanism and the 
Auckland Volcanic Field 

1.1 Introduction 

This chapter details the rationale behind this thesis. To provide the reader with the necessary 

background, an introduction to the term ‘monogenetic basaltic volcanism’ is given and examples 

from around the world are described. Geochemical melting models from some well-studied fields 

are examined to demonstrate the current theories of how small-scale basaltic systems operate, 

and what can be learned about the mantle sources and the ways in which these melt under such 

fields. The Auckland Volcanic Field (AVF) is introduced and described in terms of its regional and 

local setting, size, age and form. Previous work is described to clarify what had been studied prior 

to this thesis. The chapter ends with a description of the significance of this thesis, the aims and 

key questions which will be answered, and how this will be done. 

 

1.2 Scientific rationale 

Monogenetic volcanism is the subject of current international scientific research for several 

reasons:  

1) The often near-primitive nature of the products of monogenetic volcanoes allows the 

investigation of the nature of the mantle source beneath volcanic fields, as the melts reaching the 

surface experience little modification on their ascent, unlike systems where magmas are more 

evolved (through, for example, residence in magma chambers), 

2) the examination of basalts ranging from these near-primitive compositions to more evolved 

compositions also produced in monogenetic systems allows us to investigate the parameters 

involved in the melting process, as well as how the melts are extracted from their mantle sources 

and modified on their way to the surface, and 

3) many such fields lie close to or beneath growing urban centres (such as Auckland itself), 

making it extremely important to fully understand the behaviour of the volcanic field for hazard 

and risk assessment. 

Because the Auckland Volcanic Field represents a hazard to the city’s inhabitants, infrastructure 

and economy, a greater understanding of the magmatic system feeding the volcanoes is 

imperative. In addition to this, detailed investigations of such a well-exposed and well-sampled 

volcanic field add to our understanding of mantle sources and the processes involved in 

monogenetic volcanism. 
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1.3 Monogenetic basaltic volcanism 

1.3.1 Description of the term ‘monogenetic’ 

‘Monogenetic’ is a term used to describe volcanoes of generally small volume resulting from 

single episodes of activity (Connor and Conway, 2000). Such volcanoes involve the production of 

discrete batches of magma erupted at low rates, and generally form in clusters creating fields, 

suggesting that their plumbing systems are dispersed rather than centralised (Francis and 

Oppenheimer, 2004). Eruptive episodes can last several hours to several years but are thought to 

be continuous. The term ‘monogenetic’ contrasts with ‘polygenetic’, the latter indicating that a 

volcanic centre has experienced more than one eruptive episode in its lifetime. 

Monogenetic volcanoes typically take one of three forms (e.g. Allen and Smith, 1994; Connor and 

Conway, 2000) (e.g. Figure 1.1): 

1) Scoria cones: minor basaltic eruptions taking place in dry conditions forming low profile, 

simple mounds. Several cones can be built if more than one vent is active. 

2) Maars: minor basaltic eruptions in the presence of water (such as groundwater), creating 

circular depressions, commonly in-filled with water and surrounded by a low rim of debris. 

These eruptions are known as phreatomagmatic. 

 

Figure 1.1 Examples from the Auckland volcanic Field of the typical forms monogenetic volcanoes can take: 
A: Scoria cones, such as Mt Wellington (photo: Bruce Hayward); B: Maars, such as Pukaki lagoon (photo: 
Bruce Hayward); and C: Tuff rings or cones, such as the remnant tuff ring preserved at Motukorea (Brown’s 
Island) at Crater Bay 
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3) Tuff rings or cones: also due to phreatomagmatic eruption but built up above the 

substrate, where magma comes near to the surface and is explosively fragmented. 

All of these are supposedly the result of a single magma batch creating a single eruption (Francis 

and Oppenheimer, 2004), however some volcanoes can show more than one characteristic form, 

such as a scoria cone, tuff ring and lava flows throughout their short life. Eruptions in 

monogenetic fields can range from very explosive phreatomagmatic events to strombolian scoria 

cone-building eruptions, sometimes with the effusive production of lava flows, and can change 

style over the course of an eruption. 

Note that in this thesis, the label ‘basaltic volcanic field’ is used in addition to ‘monogenetic 

volcanic field’. Although the majority of monogenetic volcanic fields are basaltic in composition, 

some display more evolved compositions (basaltic-andesite through to rare dacites, such as 

some Mexican volcanic fields e.g. the Sierra del Chichinautzin volcanic field (Siebe et al., 2004)), 

hence the occasional clarification by using the term ‘basaltic’. As most fields examined in this 

thesis are basaltic in composition, the two labels are taken as being near-synonymous.  

 

1.3.2 Previous geochemical and volcanological studies of monogenetic volcanic fields 

The last decade has seen a renewed interest in all aspects of monogenetic volcanism: 

volcanology, geochemistry, structural and tectonic controls, and hazard and risk studies. Many of 

these studies have been motivated by a desire for a better understanding of hazard, with some 

fields or areas of the world receiving more attention than others. An example is the Trans-

Mexican Volcanic Belt, containing the Chichinautzen and Michoacan-Guanajuato volcanic fields 

(e.g. Cebriá et al., 2011; Erlund et al., 2010; Hasenaka and Carmichael, 1987; Johnson et al., 

2008; Siebe et al., 2004), the latter containing the ‘celebrity status’ volcanoes Parícutin and 

Jorullo formed in historical times, well-known to scientists and tourists alike. This area has seen 

much research in part due to the opportunity afforded by these historical eruptions, but also 

because it is an extensive field which poses risks to large population centres including Mexico 

City. Another area of extensive study is the western USA, where much research has been 

undertaken in the Cima volcanic field of California (e.g. Farmer et al., 1995; Wilshire et al., 1991), 

several small scoria cones and fields in Nevada (e.g. Bradshaw and Smith, 1994; Valentine and 

Hirano, 2010; Valentine and Keating, 2007) and the Springerville (e.g. Condit and Connor, 1996; 

Condit et al., 1989), San Francisco (e.g. Tanaka et al., 1986), Zuni-Bandera (e.g. Menzies et al., 

1991; Peters et al., 2008) and Geronimo (e.g. Menzies et al., 1985) fields of Arizona. The Nevada 

monogenetic volcanoes have received scientific attention due to their proximity to the proposed 

nuclear waste facility at Yucca Mountain (e.g. Ho, 1991). Monogenetic fields in Australasia and 

Asia appear to have received less interest generally, although the fields in north east China have 

been the subject of several papers, possibly due to the highly potassic nature of their rather 

unusual lavas (Hsu and Chen, 1998; Zou et al., 2003, 2008).  
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Studies have ranged from covering single centres (e.g. Udo volcano, Jeju, (Brenna et al., 2010) 

and Paricutin, Mexico (Cebriá et al., 2011; Erlund et al., 2010)) or several centres in one field (e.g. 

the two most recent eruptions at the Wudalianchi field in north east China (Zou et al., 2003), and 

two centres from the Newer Volcanic Province of Australia (Demidjuk et al., 2007)), to the scale of 

a whole field (e.g. the west Anatolian volcanic field of Turkey (Ersoy et al., 2011), the Westerwald 

volcanic field in Germany, part of the Central European Volcanic Province (CEVP) (Haase et al., 

2004), and the South Auckland volcanic field of New Zealand (Cook et al., 2005)) or a whole 

country or region (e.g. the whole of South Korea (Choi et al., 2006), the whole of New Zealand 

(Timm et al., 2010), and the whole of north east China (Zhang et al., 1995)). Although theoretical 

and/or experimental studies based on monogenetic volcanism exist (e.g. Hirschmann et al., 2003; 

Reiners, 1998), they are in the minority. 

With the advancement of geochemical techniques there has been a shift from studies combining 

classical volcanology, petrology and chemistry (e.g. major element analyses and norm 

calculations of the Springerville volcanics, USA (Condit et al., 1989), and the volcanological and 

petrographic study of the Laacher See tephra by Woerner and Schminke (1984)) to more 

sophisticated studies involving cutting edge techniques such as the measurement of uranium 

series isotopes (e.g. U-Th-Ra isotopic analyses in the Newer Volcanic Province, Australia 

(Demidjuk et al., 2007)) and studies using in-situ techniques such as the measurement of melt 

inclusions (e.g. the Chaîne des Puys volcanic field, France (Jannot et al., 2005)). These reveal 

further complexities of the magmatic system which help to better constrain the parameters related 

to the source region and the melting processes in monogenetic volcanic fields.  

 

1.3.3 Tectonic settings and general form of monogenetic volcanic fields 

It has been suggested that low rates of magma production and high rates of extension lead to the 

development of volcanic fields rather than single, large cones (Hasenaka and Carmichael, 1985), 

however the tectonic setting of monogenetic basaltic volcanic fields can be quite complex. 

Although some fields are found in purely subduction-related, extensional or intraplate settings 

worldwide (Connor and Conway, 2000; Petrone et al., 2003) others are found in extensional 

settings near to active arcs such as in the Cascades of the western USA (e.g. Leeman et al., 

2005), or in intraplate settings which are gently rifting due to the occurrence of plume-like 

upwellings, such as in the CEVP (e.g. Haase and Renno, 2008).  

Table 1.1 summarises the main characteristics of examples of monogenetic volcanic fields which 

are referred to at various points in this introduction and that are from a variety of settings and 

areas of the world. Large variation is seen in the features listed in Table 1.1, such as size of area 

covered by the field and number of cones. Many fields have a characteristic unique to them, such 

as the pre-existence of polygenetic centres preceding monogenetic centres at Higashi-Izu  
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Volcanic field No. cones Size of 
area (km2) 

Age Setting Most recent 
activity 

Lava chemistry Notes 

Auckland Volcanic 
Field 

51 360 0.26Ma-present Intraplate, minimal 
extension 

Rangitoto: c. 
500 yrs BP 

Nephelinite to 
alkalic basalt, rare 
subalkalic basalt 

This thesis 

South Auckland 
Volcanic Field, New 
Zealand1 

c. 100 300 1.59-0.51Ma Intraplate, minimal 
extension 

0.51Ma Transitional to 
tholeiitic (low 
alkalis), and  
basanites to 
nepheline-hawaiite 
(high alkalis)  

Two groups thought to have 
different sources. Presence of 
mafic and ultramafic xenoliths 

Northland fields, 
New Zealand 
(Whangarei, 
Kaikohe-Bay of 
Islands and 
Puhipuhi fields) 

Unknown 2500 
(Smith et 
al., 1993) 

~10Ma (Huang 
et al., 2000) 

Intraplate, minimal 
extension (region of 
previous subduction) 

Unknown Alkalic basalt, some 
subduction 
chemical traits 
(Huang et al., 2000) 

Xenoliths (gabbroic and 
inclusions). Also, rare 
intermediate and some rhyolitic 
compositions as well as basalts 
(Smith et al., 1993) 

Jeju Island, Korea2 360 700 Late Pliocene Intraplate 1002 and 
1005AD 
(Brenna et 
al., 2010) 

Alkalic basalt Plateau and shield-forming 
lavas,  monogenetic cones 
superimposed on top 

Newer Volcanic 
Province, Australia3 

400 15000 Earliest 4.5Ma-
5000yrs 

Intraplate 5000yrs BP, 
near Mt 
Gambier 

Basanite-hawaiite, 
plus major 
subalkalic 
component 
(Johnson, 1989) 

Largest features c. 250m high 
(Johnson 1989). Enrichment in 
LILE, LREE and HFSE relative 
to MORB (Vogel and Keays, 
1997) 

Wudalianchi, NE 
China4 

14 800 Quaternary Extension possibly 
due to subduction of 
Pacific plate (Zou et 
al., 2003) 

1720AD 
Laoheishan & 
Huoshaosha
n  

Potassic basanites Polygenetic (Laoheishan) and 
monogenetic (Huohaoshan) in 
same field  

Sana’a, Yemen5 60 c. 800 Quaternary Continental rifting 
and mantle plume 

500AD Alkali basalts, 
basanites and  
basalts 

Part of a series of intraplate 
fields on top of Eocene-Miocene 
flood volcanics 
 
 

Chaine des Puys, 
Massif Central6 

100 c. 50 Upper 
Oligocene to 
early Miocene, 
and Upper 
Miocene to 
Pliocene 
 
 

Extension 7ka Alkali basalts Part of the West-European Rift 
system. Mantle xenoliths 
present 
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Volcanic field No. cones Size of 
area (km2) 

Age Setting Most recent 
activity 

Lava chemistry Notes 

Cima, California7 70 150 3 principal 
periods of 
activity 7.55-
6.47Ma, 5.12-
3.27Ma and 
1.14-0.015Ma 
(Connor and 
Hill, 1995) 

Extension c. 10000yrs 
BP 

Alkali Ol basalt to 
basanite 
(Dohrenwend et al., 
1986) 

Formed mostly during last 
0.7Ma, shift in locus of volcanic 
activity. Polygenetic character of 
individual cinder cones, 
quiescent periods of as much as 
several 100,000yrs (Wood and 
Kienle 1993) 

Eifel volcanic field, 
Germany8 

300 1000 Quaternary Extension above a 
mantle plume (Haase 
and Renno, 2008) 

 Unknown Alkali basalt and 
basanite  

Part of the Central European 
Volcanic Province 

Michoacan-
Guanajuato, 
Mexico9 

1000 40000 Pleistocene to 
Holocene 

Subduction of the 
Cocos plate at the 
Middle America 
trench 

1943-1952 
Paricutin 
(Erlund et al., 
2010) 

Mainly calc-alkaline, 
some alkali and 
transitional 
(Hasenaka and 
Carmichael 1987) 

Long lived shallow magma 
reservoirs, but volcanoes short 
lived and rarely reactivated; 
becoming more silica rich over 
time (Hasenaka and Carmichael 
1987) Shift from poly- to 
monogenetic from north to south 
(Connor, 1987) 

Higashi-Izu volcanic 
field, Japan10 

79 350 Monogenetic 
from 0.15Ma 

Subduction of the 
Pacific plate beneath 
the Philippine plate 

1989, Teishi 
Kaikyu 
(submarine) 
(Koyama et 
al., 1995)  

Basaltic (calc-
alkaline) 

Monogenetic volcanic field 
overlies quaternary polygenetic 
volcanoes as basement 
(Hasebe et al., 2001) 

Table 1.1 Features of monogenetic fields. Unless otherwise stated, references are shown by superscript numbers as follows: 1Cook et al., 2005 2Sohn et al., 2003, 3Nicholls 
and Joyce, 1989, 4Hwang et al., 2005, 5Baker et al., 1997, 6Jannot et al., 2005, 7Global Volcanism Program, 8Shaw, 2004, 9Sigurdsson, 2000, 10Umino et al., 1991 
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(Hasebe et al., 2001), or the presence of flood basalts beneath the monogenetic centres in 

Yemen (Baker et al., 1997). 

The local or regional stress field and tectonic setting appear to be important factors in the genesis 

and form of some volcanic fields. For example, the evolution of some volcanic fields has been 

linked to tectonic plate movement, such as in the San Francisco volcanic field (Arizona) where 

volcanism is thought to migrate with the westward movement of the North American plate 

(Tanaka et al., 1986). The position of the volcanic arc in Mexico is thought to cause the shift from 

polygenetic to monogenetic volcanism from north to south (Connor, 1987). Tectonic setting and 

structure has also been implicated as the cause of small volume magmatism in some volcanic 

fields, such as the edge-driven convection model of Demidjuk et al (2007) for the Newer Volcanic 

Province where a lithospheric step is thought to cause the upwelling required to stimulate melting. 

A similar idea to this is invoked for the Zuni-Bandera volcanic field of New Mexico, where changes 

in lithospheric thickness beneath the field are linked to changes in melting processes (Peters et 

al., 2008). Therefore it seems that the tectonic setting of any given volcanic field has to be taken 

into account when investigating the factors involved in its genesis and evolution. For this reason, 

volcanic fields in arc settings – such as those in Mexico – are unlikely to be useful analogues for 

the AVF, given its intraplate setting (Table 1.1). 

Another observation that comes out of the comparison of various monogenetic volcanic fields is 

that Auckland is small in contrast to most other fields (with the exception of the Wudalianchi 

volcanic field (e.g. Feng and Whitford-Stark, 1986), which may be the smallest documented such 

field) (Table 1.1), in that it contains a small number of cones over a small area. The Higashi-Izu 

volcanic field is of a similar size and has a similar number of cones to Auckland. Larger (often 

older) fields show more modification of magmas, explained by evolution e.g. Jorullo, Mexico 

(Johnson et al., 2008), more substantial fractional crystallisation and/or abundant crustal 

assimilation (such as in Cenozoic volcanic centres from the Eger rift of the Central European 

Province (Haase and Renno, 2008)). As the AVF is young, small and many of its rocks can be 

considered near-primitive (see Chapters 3-5) it provides an excellent opportunity to investigate 

melting parameters that occur before magma modification processes take place. 

 

1.3.4 General geochemistry of monogenetic volcanic fields 

A comparison of selected monogenetic volcanic fields (Table 1.1) shows that although some 

fields display unique chemical features (such as the unusually potassic compositions at 

Wudalianchi e.g. Zou et al., 2008) some generalisations can be made regarding chemistry. The 

rocks erupted in such fields are commonly alkalic, with basalts and basanites being the dominant 

rock types. Silica under-saturation is a common feature, thus nephelinites are common. Tholeiitic 

or subalkalic rocks occur in some fields, although these are less common and tend to be in the 

minority. Enrichment in incompatible elements is commonly observed in rocks produced in 
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volcanic fields (e.g. the Newer Volcanic Province (Vogel and Keays, 1997), and rocks from the 

Eger rift (CEVP) (Haase and Renno, 2008)). Although most studies invoke small degrees of 

melting to account for some of this enrichment, other processes are also hypothesised as playing 

a role. For example, Ersoy et al. (2011) invoke the enrichment in large ion lithophile elements in 

volcanics from the western Anatolian province (Turkey) to subduction-related metasomatism 

combined with melt percolation processes in the lithospheric mantle; Jung et al. (2006) suggest 

that elemental enrichment in the Hocheifel of Germany (part of the CEVP) is due to interaction of 

a mantle plume with the overlying lithosphere during the initiation of continental rifting. It therefore 

seems that the present day tectonic setting – as well as the tectonic history – of a particular 

volcanic field may have a large part to play in the characteristics of its chemistry. Subduction-

related metasomatism is commonly invoked as an enrichment process of the lithospheric mantle 

beneath volcanic fields; however this cannot explain all of the geochemical features and is not a 

viable option for volcanic fields where the region’s mantle has no history of subduction.  

Isotopic systems such as Sr-Nd-Pb often show variable ratios in monogenetic fields, and this can 

be interpreted as indicating heterogeneous mantle sources (e.g. numerous references including 

the Harrat Ash Shaam volcanic field of Jordan (Shaw et al., 2003) and volcanic fields in northeast 

China (Zhang et al., 1995)), and/or crustal assimilation (e.g. the Westerwald region of the CEVP 

(Haase et al., 2004)). A significant outcome of previous studies is that the mantle source regions 

beneath volcanic fields are never homogeneous and the processes that affect the magmas are 

not simple; this is reflected in the chemistry of the magmas produced, and in the use of such 

words as ‘polycyclic’ (e.g. Bradshaw and Smith, 1994), ‘polybaric’ (e.g. D'Orazio et al., 2005; 

Peters et al., 2008) and ‘polymagmatic’ (e.g. Brenna et al., 2010) in studies of monogenetic 

volcanic fields. 

It also appears that few previous studies on monogenetic volcanism have been undertaken 

investigating the chemistry of single centres in a field. Those that do have found great complexity 

in the chemistry of the deposits studied, such as the eruption of a zoned magma column seen 

through examination of the tephra of a single maar (Woerner and Schminke, 1984), the 

simultaneous eruption of three chemically different basalts (Camp et al., 1987), mixing of up to 

three distinct sources combined with variations in the degree of melting on the scale of a single 

eruption (Strong and Wolff, 2003), or cyclic trends from one eruptive phase to another (Brenna et 

al., 2010). Taking representative samples from several centres over a whole field and inferring 

petrogenetic processes therefore seems to give rather a generalised view of the magmatic 

system, particularly considering that some individual centres can show geochemical variation that 

matches that of the entire volcanic field (e.g. the Big Pine volcanic field, California (Blondes et al., 

2008)). 
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1.3.5 Melting models and current theories of monogenetic volcanism 

This review of the current literature surrounding monogenetic volcanism has identified some key 

points: 

1) Most studies invoke small (sometimes <1%) degrees of partial melting of the source to 

partly explain the observed enrichments in incompatible elements, 

2) A range of processes can occur within a single eruption (for example, mixing of sources, 

crystallisation of different minerals, variation in degrees of partial melting), 

3) Source regions beneath volcanic fields are never homogeneous, and often more than two 

mantle components are thought to be involved in the genesis of the magmas. Isotopic 

studies used in conjunction with more traditional geochemical modelling techniques (such 

as for determining the degrees of partial melting of the source, and the source 

mineralogy) have proven extremely useful in elucidating the details of the entire magmatic 

system, 

4) Older volcanic fields generally cover a more extensive area and/or contain larger 

individual centres, and these often show products that are more extensively modified by 

fractional crystallisation and/or assimilation than those from volcanic centres in 

smaller/younger fields, 

5) And, tectonic setting (modern and ancient) may play a large part in the form and 

chemistry of a volcanic field. 

Although all previous studies of fields have in some way advanced the understanding of how 

monogenetic fields operate, few have attempted to build a generalised model. Valentine and co-

workers have probably come the closest to this. By using examples of monogenetic eruptions 

from the USA they combine volcanological and structural studies to identify ‘time predictable, 

tectonically controlled fields’ where local strain determines the collection and ascent of melts, and 

‘volume predictable magmatically controlled fields’ where the higher magma fluxes overwhelm the 

tectonic strain (Valentine and Perry, 2007). This model was expanded on with the comparison of 

the USA fields with one in the Pacific Ocean, and the tectonically controlled model refined further 

by suggesting that the magmatism in such fields is caused by ‘deformation-driven melt collection’ 

(Valentine and Hirano, 2010).  

The studies of Reiners (1998, 2002) have taken steps towards a geochemical model for 

monogenetic volcanism in order to explain the chemical evolution throughout monogenetic 

eruptions, which have been noted as becoming more primitive with time, (e.g. Blondes et al., 

2008; Brenna et al., 2010; Garcia et al., 2000; Smith et al., 2008). A model of ‘reactive melt 

transport’ for small volume magma batches is suggested (Reiners, 1998) whereby magmas 

ascending through the mantle become enriched due to reaction with wall-rock, which becomes 
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progressively depleted over time and thus leads to the eruption of magmas more similar to the 

original input composition over the course of the eruption. This model also fits with the 

observations of Strong and Wolff (2003) who document the changes in chemistry throughout 

several eruptions in the Southern Cascades of the USA, and expand on the model by suggesting 

that monogenetic eruptions are frequently paired. 

Despite moving towards an overall model for the genesis and chemistry of monogenetic 

volcanism, studies show that many factors are involved in such volcanism and it is difficult to 

prescribe a model which explains all of the features observed. The fundamental conclusion is that 

the products of volcanic fields can show great variation, a feature possibly unexpected from 

‘monogenetic’ volcanism, a term that suggests monotony or a ‘single genesis’, whereas this is 

evidently not the case.  

 

1.4 The Auckland Volcanic Field 

1.4.1 Regional setting 

The changing tectonic setting of the North Island of New Zealand during the Cenozoic is reflected 

in its large variety of volcanic rocks, from those emplaced by obduction (e.g. Malpas et al., 1992), 

to those produced by subduction (e.g. Ballance, 1976; Booden et al., 2011) and intraplate 

volcanism (e.g. Smith, 1989). A brief period of intraplate basaltic magmatism in the Auckland area 

at c. 20Ma (Shane et al., 2010) was followed by volcanism caused by subduction from 17-15Ma 

(Booden et al., 2011). This was accompanied by arc volcanism in Northland and the Coromandel 

peninsula (e.g. Ballance, 1976) which ceased once the arc migrated south at c. 10Ma to its 

present position represented by the volcanoes in the Taupo Volcanic Zone (TVZ). From this time 

to the present, intraplate monogenetic volcanic fields began to appear in clusters, starting with the 

Kaikohe-Bay of Islands (KBOI) and Whangarei-Puhipuhi (WP) fields on the Northland peninsula 

at c. 10Ma. The Ngatutura and Okete volcanics erupted between c. 2.7 and 1.5Ma (Briggs et al., 

1990), followed by the larger South Auckland Volcanic Field (SAVF) c. 50km south of the AVF 

between 1.59 and 0.51Ma (Cook et al., 2005). The AVF represents the most recent monogenetic 

field to have appeared on the North Island of New Zealand (Figure 1.2). The lifetime of the AVF is 

contemporaneous with eruptions from the TVZ, meaning that ash from the central north island 

volcanoes is often found in drill cores of Auckland maar volcanoes and serves as useful marker 

beds for dating purposes within the field (Molloy et al., 2009; Shane and Zawalna-Geer, 2011) 

Basement rocks in the Auckland region consist of a complex assortment of greywacke terranes 

which run approximately north-south through the North Island, some of which also occur on the 

South Island and are offset by the Alpine Fault (e.g. Black, 1994). The terranes which are thought 

to form the basement in the Auckland area are the Waipapa terrane (c. 200Myrs old (Adams and 

Maas, 2004)) and the Murihiku-Dun Mountain Maitai-Brook Street terranes; the former is 
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composed of low grade metasediments from an accretionary prism, the latter contains igneous 

rocks from an occurrence of ophiolitic material outcropping at the north of the South Island and 

around Nelson (the Permian Dun Mountain Ophiolite Belt), bisected by the Alpine fault. Small 

outcrops of the ophiolite have also been observed in the North Island (Challis, 1965). These rocks 

are ultramafic and variably serpentinised (more so in the North Island than in the South, (Challis, 

1965)). Although little of the ophiolite outcrops in the North Island, it can be traced as a positive 

magnetic lineament known as the Junction Magnetic Anomaly (JMA) (Hatherton and Sibson, 

1970) throughout the whole country, and lies under the Auckland isthmus in a northwest-

southeast trend (Figure 1.2). This has been aeromagnetically imaged in the Auckland area by 

Eccles et al. (2005), and the pattern seen from this interpreted as a series of eastwardly dipping 

serpentinised shear zones. The occurrence of the JMA through Auckland could be significant as 

1) it could provide local structure which could serve as pathways for magma (e.g. Kenny et al., 

2011), and 2) serpentinite or ultramafic rocks may be the country rock which the magmas are 

coming through in some or all areas of the field. 

 

 

Figure 1.2 Schematic map of the North Island of New Zealand showing location of the Auckland Volcanic 
Field (AVF) (box shows area covered by Figure 1.3) and the Taupo Volcanic Zone (TVZ) – a zone of 
volcanism representing the current location of subduction under northern New Zealand. The locations of the 
Northland and South Auckland Volcanic Fields (SAVF) are indicated (modified from Weaver and Smith 
(1989)). JMA = Junction Magnetic Anomaly trace from Eccles et al. (2005) 
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1.4.2 Previous work 

The AVF was first mapped as a volcanic field by Heaphy (1860) and Hochstetter (1864) (although 

early drawings of some of the cones were made by Dieffenbach in 1843). The ‘Hochstetter map’ 

from this time has proved invaluable to modern studies, particularly in determining the location of 

old centres as well as the extent and direction of lava flows encountered through drilling or 

quarrying. It has also been useful in determining the size and form of centres which have now 

been destroyed, an example of which is Purchas Hill, a centre which once comprised of two 

scoria cones containing craters – a small wall of scoria is all that remains today. 

1950-2001 saw a renewed period of interest in the AVF, with a focus on petrographic and 

volcanological descriptions and some geochemical work. Much of the descriptive work was 

undertaken by Searle (1959a, 1959b, 1961a, 1961b, 1965), whose research lead to publication of 

a book ‘City of Volcanoes: a geology of Auckland’ (Searle, 1964). In the 1990s to 2000s more up 

to date maps of the volcanic field were produced by Kermode (1992) and Edbrooke (2001) based 

on much of Searle’s descriptions. Searle was the first researcher to classify the AVF rocks as 

basalts containing dominantly olivine phenocrysts, with more minor clinopyroxene phenocrysts, in 

a groundmass of plagioclase, clinopyroxene, olivine and iron-titanium oxides. This was 

supplemented by chemical analyses from several centres by Heming and Barnet (1986) who 

further classified the rocks as dominantly alkalic basaltic rocks. 

More thorough volcanological and geochemical research using modern analytical methods on 

aspects of Auckland volcanism has been undertaken since the 1990s, notably in MSc theses at 

the University of Auckland. Studies from this period that focus on petrology and geochemistry of 

the AVF include Bryner (1991), Rout (1993), Sano (1991), Rogan et al. (1996), Nowak (1995), 

Allen et al. (1996), Miller (1996), Huang et al. (1997), Franklin (1999), Hookway (2000), Jones 

(2007), Spargo (2007), Smith et al. (2008), Eade (2009), Needham (2009) and Needham et al. 

(2011). One of the most recent geochemical papers to be published (Smith et al. 2008) labelled 

the field as a ‘deep-seated small-scale magmatic system’ and emphasised the importance of 

understanding single-eruption studies as well as whole-field studies as our understanding of the 

system comes from rigorous investigation of both.  

 

1.4.3 Local setting and descriptions 

1.4.3.1 Number of centres and form of field 

The AVF consists of 51 volcanic centres of varying size within the city of Auckland over an area of 

c. 360km2, situated on the Auckland Isthmus (Figure 1.3); these centres take the form of scoria 

cones (e.g. Mt Wellington Figure 1.1A, Mt Eden), maars (e.g. Pupuke, Pukaki Figure 1.1B) and 

tuff rings (e.g. Motukorea, Figure 1.1C), with some centres showing a variety of features.  
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Figure 1.3 Schematic map of the Auckland isthmus with the names and locations of the 51 centres marked. 
Numbering system is based on location. Centres are based on Searle (1964) and include those for which 
there are no samples or no visible outcrop (e.g. Te Pouhawaiki and Symonds Street) 
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Motukorea, for example, is comprised of a scoria cone, surrounded by a low tuff ring, with lava 

flows extending out from the centre (Chapter 5). Many centres produced lava flows of up to a few 

kilometres in length, such as the Meola Reef flow c. 10km (Kermode, 1992), thought to have 

flowed from Mt St John (Eade, 2009).  

Rangitoto is the only known shallow marine eruption in the field, all others are thought to have 

been terrestrial. The volcanoes have erupted through the Miocene Waitemata group (which lies 

above the basement rocks, see Section 1.4.1) composed mostly of interbedded sandstone and 

mudstone, and Pleistocene to Holocene marine sediments (Kermode, 1992). These rocks are 

common as accidental lithics in the tuff sequences of Auckland centres such as North Head, 

Motukorea, Orakei and Panmure. Although there is not thought to be a strong regional structural 

control on the genesis of the AVF, groups of volcanoes appear to be linear in some parts of the 

field; in particular the Pupuke – Onepoto – Tank Farm, Matakarua – Wiri – Ash Hill and Hampton 

Park – Otara – Green Hill – Styaks Swamp groups of volcanic centres (Figure 1.3) and are 

aligned roughly SW-NE suggesting local faults or weaknesses in the crust can lead to alignment 

of vents and thus the final location of these volcanic centres (Kenny et al., 2011).  

A summary of the 51 centres of the AVF and their characteristics based on studies from the 

1950s to the present is presented in Appendix 1. Some large and/or well exposed centres have 

been more extensively studied than others, such as Pupuke, Rangitoto, Crater Hill, Motukorea, 

Puketutu; others, due to urban development or quarrying, will most likely never be studied or 

sampled in any great detail without drilling, such as Onepoto, Te Pouhawaiki, Symonds Street 

and Styaks Swamp. 

1.4.3.2 Size 

The field’s magmatic output is thought to have been a total of 3.4km3 dense rock equivalent 

(DRE) of material (Allen and Smith, 1994) over the past 250,000 years, c. 59% of which was 

erupted from Rangitoto c. 500 years BP (Smith et al., 2008), making it the largest eruptive event 

in the field by an order of magnitude. Sizes are presented in Appendix 1. After Rangitoto, the 

next largest (>100m3 x106 DRE) are Three Kings, Mt Eden, One Tree Hill, Mt Wellington and 

Mangere. The majority of centres have erupted between 1 and 30m3 x106 DRE. The smallest is 

thought to be either Ash Hill, a small tuff ring in the south of the field with little outcrop, or Purchas 

Hill, a small scoria cone with an associated tuff ring next to Mt Wellington. It must be noted 

however that many of the volcanic centres have been built over or quarried away making 

estimates of original size and extent of deposits challenging; fieldwork around Mt Wellington 

during this thesis has already discovered that the Purchas Hill volcanic centre was probably larger 

than assumed in the 1990s. There appears to be no spatial trend with size in the field. 

1.4.3.3 Age 

Little reliable age data are available for centres in the field (Lindsay et al., 2011), with only three 

centres being reliably dated: Rangitoto at 504 and 552 yrs BP, Mt Wellington at 10ka, and Three 
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Kings at 28.5ka. However minimum or relative ages have been constrained for 28 other centres 

through other methods such as Ar-Ar dating, 14C dating, field relationships of deposits, 

tephrochronology using macro-tephras from known eruptions of the TVZ (e.g. Shane and 

Zawalna-Geer, 2011) and the recording of geomagnetic excursions by five volcanoes in the field 

(Cassidy, 2006). Ages are shown in Table 1.2, and show a cluster of eruptions at 28-35ka, with 

the activity of the field waning somewhat after this. As yet no spatio-temporal or chemical-

temporal trends have been identified in the AVF, however Ar-Ar dating of basalt and structural 

analysis of the field is currently underway as part of the DEtermining Volcanic Risk in Auckland 

(DEVORA) project. The lack of temporal trends is possibly unusual, as other monogenetic 

volcanic fields with good age constraints have found temporal changes either with spatial 

distribution of cones (e.g. Condit and Connor, 1996; Condit et al., 1989) or in the geochemistry of 

the eruptive products (e.g. Blondes et al., 2008; Reiners, 2002). 

 

Dating technique Volcano Age 

Ar-Ar 
Pupuke 
Hampton Park 
McLennan Hills 

200-260 kyrs 
26.5-35 kyrs 
39-41 kyrs 

14C 

Rangitoto 1 and 2 
Mt Albert 
Three Kings 
Mt Eden 
Mt Wellington* 
Purchas Hill 
Green Hill 
Mangere 
Ash Hill 

502 and 552 yrs 
>30 kyrs 
28.5 kyrs 
28 kyrs 
10 kyrs 
11 kyrs 
20 kyrs 
22-35 kyrs 
32 kyrs 

Tephrochronology minimum ages 

Onepoto‡ 
Domain 
Orakei 
Mt St John 
Hopua 
Panmure 
St Heliers 
Waitomokia 
Kohuora 

150 kyrs 
45 kyrs 
85 kyrs 
19.5 kyrs 
29 kyrs 
17 kyrs 
45 kyrs 
16 kyrs 
32 kyrs 

Palaeomagnetic signature 
correlation with the Mono Lake 
excursion a 

Taylors Hill 
Mt Richmond 
Puketutu‡ 
Crater Hill‡ 
Wiri‡ 

 
 
32-34 kyrs 

Minimum age from Holocene (?) 
highstand Motukorea 7-9 kyrs 

Table 1.2 Age data available for Auckland volcanic centres by various dating techniques, summarised as 
‘best estimates’ from Lindsay et al. (2011). There is a peak of activity around 28-35 kyrs BP. a From Cassidy 
(2006) and Cassata et al. (2008). * This age was also obtained by tephrochronology. ‡ Signifies centres for 
which Ar-Ar dates were also obtained 
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1.5 Significance, aims and structure of this thesis 

1.5.1 The AVF as a case study of monogenetic volcanism 

Although there have been several studies focussed on individual centres in Auckland (see 

Section 1.4.2) there has not yet been a comprehensive study of the whole field, drawing together 

volcanology and geochemistry to specifically investigate the magma sources and processes 

occurring in the production and ascent of very small batches of magma. The discussion of 

previous studies in Section 1.3 has also identified aspects of monogenetic volcanism which can 

be examined using the AVF as a case study, because: 1) The AVF is very accessible, with the 

majority of the volcanoes being within the city and easy to approach, 2) Many of the volcanoes 

are small enough and well exposed in quarries or in protected areas that an entire sequence can 

be observed and sampled in great detail, for example as used in the study of Crater Hill volcano 

by Smith et al. (2008) and 3) there is already a large amount of (unpublished) data available for 

many of the volcanic centres in the AVF which can be incorporated and expanded on (see 

Chapter 2, Section 2.2). 

As seen from Section 1.3, most previous studies have taken representative samples from across 

an entire volcanic field in order to investigate the magmatic processes, however, studies which 

have analysed through single sequences at individual volcanic centres in a field have observed 

great complexity. It therefore seems logical to examine the AVF through several case studies of 

well-exposed volcanic centres in addition to a field-wide study, in order to get the complete picture 

of the magmatic system. As the majority of volcanic centres in the AVF have at least some 

exposure, and there is a large collection of pre-existing data to build on, the extremes in terms of 

size and composition can be focussed on specifically; the correlation between chemistry and size 

is an area that has not been focussed on in this kind of volcanism before.  

 

1.5.2 Aims and approach 

This thesis has three general aims: 

1) To characterise the nature of the source, the melting conditions, and the processes that 

occur once the magmas leave their source, in order to generate a melting model specific 

to the AVF; 

2) To use case studies within the AVF to examine the melting processes that occur in 

individual small volume, monogenetic volcanic centres, and to explore whether the 

variations seen on a field-wide scale can be observed in a single centre,  

3) To investigate the implications of the findings of this research on monogenetic volcanism. 

This is achieved by using the classic tools of volcanology and major and trace element 

geochemistry of volcanic rocks from the AVF, combined with more modern techniques, namely, 
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Sr-Nd-Pb and Uranium-series isotopic geochemistry. This approach will further constrain 

parameters relating to the source and melting processes on both the individual-centre and whole-

field scale.  

Two case studies are considered: Rangitoto volcano and Motukorea volcano. Rangitoto is the 

largest and most recent volcanic centre in the AVF and is known to have erupted twice (Needham 

et al., 2011) which immediately raises the question of its status as a ‘monogenetic’ volcano and 

makes it the most complex volcano in the field. It is one of the extreme compositions in the field 

as its second eruption consisted of subalkalic lavas. Motukorea, conversely, is one of the smaller 

volcanic centres in the AVF, displays excellent exposure of its entire sequence and is another 

chemical extreme, as rocks display nephelinitic compositions. The case studies are used 

particularly in examining processes operating within single eruptions which have implications for 

monogenetic volcanism (and the use of this term). The chemistry of the entire field is examined 

using samples from 12 well-exposed centres; these encompass the extremes in terms of size and 

composition, and cover the variety of eruptive styles displayed in the field. This approach will 

enable the characterisation of the magmatic scenario beneath Auckland and also have 

implications for monogenetic volcanism in New Zealand. 

 

1.5.3 Structure of this thesis 

This thesis is presented in the form of background chapters and three papers submitted for peer 

review in appropriate scientific journals. Each paper is preceded by a preface summarising the 

rationale behind the paper and how it relates to the rest of the thesis. 

Chapter 2 introduces the dataset used in this thesis by detailing what pre-existing, unpublished 

data from the AVF will be used and how this has been supplemented by new analyses. A rigorous 

assessment of this data is included as well as justification for the methods used. 

Chapter 3 is a case study of the most recent volcano in the AVF: Rangitoto. Uranium-series 

isotopes were obtained for samples from both eruptions at Rangitoto. A melting model uses this 

isotopic data as well as major and trace element data to investigate the melting conditions 

necessary to give rise to the eruption of two compositionally different magmas with little temporal 

or spatial change, in a seemingly ‘monogenetic’ field. This chapter is in the form of a paper 

published in the journal Contributions to Mineralogy and Petrology (McGee et al., 2011). 

Chapter 4 presents major element, trace element and isotopic data from the whole of the field in 

order to establish a model for how the field operates. The field is put into the context of local 

volcanism and tectonics in order to address the geodynamic implications of intraplate volcanism 

in the AVF. This chapter is in the form of a paper revised and re-submitted to Journal of Petrology 

(McGee et al., in review). 

Chapter 5 uses major and trace elements and Pb isotopes of samples collected throughout the 

complete sequence at Motukorea to investigate the progression of a monogenetic eruption from 
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the source to the surface. The results of modelling and interpretation of the sequence are 

discussed in terms of what implications this has for the term ‘monogenetic’. This chapter is in the 

form of a paper submitted to the journal Lithos (McGee et al., submitted). 

Chapter 6 synthesises what has been learnt through examination of the case studies and the 

field-wide discussion, and how this has addressed the aims set out in this introduction.  
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Chapter 2 – Methods and the AVF database 

2.1 Introduction 

This chapter is separated into three parts: Part 1 details the data used from pre-existing analyses 

of AVF rocks. Part 2 details methods used to obtain new analyses as part of this study to answer 

specific questions or to fill in gaps in existing data. Four laboratories were used for the analytical 

procedures outlined in this chapter: The University of Auckland (UoA) for sample preparation and 

major elements by X-ray Fluorescence (XRF), the Australian National University (ANU) for trace 

elements measured by Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS), 

Victoria University of Wellington (VuW) for trace elements measured by solution ICP-MS and Sr-

Nd-Pb isotopes, and Macquarie University for uranium series (U-series) isotopes. A detailed 

methodology is presented for all aspects of this project, including sample collection and 

preparation, laboratory protocol for the laboratories used, and fusion and digestion procedures 

and column chemistry for trace element and isotope whole rock analyses. Measurement 

procedures on the various machines used in this project are outlined, standard data shown, and 

accuracy, precision and reproducibility of the data discussed. Part 3 reviews the data obtained 

during this study and the pre-existing data, and explains and critically discusses which data will be 

used in the rest of this thesis to address the aims described in Chapter 1. This section also 

discusses comparisons between two methods of obtaining trace elements for whole rock 

samples, and a discussion of data quality is included. 

 

PART 1: Pre-existing data 

2.2 Pre-existing AVF data and the AVF database 

Since ~1960 petrological and geochemical data on the AVF have been collected as part of 

student theses and through staff research, mostly at the University of Auckland. Because of the 

large number of collectors over the years, different numbering systems have been used; many of 

these samples are catalogued in the University of Auckland petrological collection whilst others 

can be found described and numbered in appendices of theses. Due to problems which naturally 

arise when trying to combine field and laboratory numbers from different collectors, as part of this 

thesis all data were re-compiled into one datasheet with a consistent numbering system where all 

samples have the prefix ‘AVF’ followed by a three digit number. Information regarding the original 

field and lab numbers is maintained through links from the ‘AVF’ master spreadsheet. Where 

there was any issue over the location of the samples, labelling, or accuracy of data, the sample or 

in some cases the sample suite was removed – this mostly occurred in the earlier data where 

other numbering schemes were used or locations were muddled due to loss of field notes for 

example. 
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 Volcano Pre-existing 
data 

New 
data 

Reference for 
pre-existing 
data 

Pre-existing 
isotopic data 

New Isotopic 
data 

 
Volcanic 
centres 
in the 
AVF 
working 
database 

Crater Hill 61  Smith et al. 
2008 Sr-Nd-Pb: 1  

Motukorea 18 34 Bryner, 1991 Sr-Nd-Pb: 7 
U-Th: 4 Pb: 17 

Mt Eden 16 1 Eade, 2009 Sr-Nd-Pb: 1  
Mt 
Wellington 2 32 McGee Sr-Nd-Pb: 1 Sr-Nd-Pb:  3  

U-Th: 4 
Orakei 
Basin  21    

Outhwaite 
Park 10  Smith Unpub. 

data   

Panmure  21    

Puketutu 1 14   Sr-Nd-Pb: 4  

Pupuke 50  Spargo, 2007  Sr-Nd-Pb: 2 
Purchas 
Hill 15 12 Smith Unpub. 

data  Sr-Nd-Pb: 3 
U-Th: 3 

Rangitoto 55  
Hookway, 2000; 
Needham et al. 
2011 

 Sr-Nd-Pb: 6 
U-Th-Ra: 7  

Wiri 12  Smith Unpub. 
data  Sr-Nd-Pb: 2 

Isotopic 
data only 

Otara 2  Miller, 1996  Sr-Nd-Pb: 2  
Mt 
Richmond 1 1   Sr-Nd-Pb: 2 

Taylor’s Hill  2   Sr-Nd-Pb: 2 
Three 
Kings 2  Eade, 2009  Sr-Nd-Pb: 2 

Table 2.1 Summary of the geochemical data (pre-existing and new) contained in the ‘AVF working database’ 
and used in this thesis, with numbers of samples analysed for major and trace elements and isotopes per 
centre indicated. Pre-existing isotopic data is all from Huang et al. (2007) 

 

Table 2.1 shows a summary of the data used in this thesis. A total of 383 samples make up what 

is referred to as the ‘working database’ and these data are used in the figures and discussion of 

this thesis. The majority of these samples (n=245) have pre-existing major, minor and rare earth 

element data and were selected for inclusion in this study as they are considered to be ‘full’ 

analyses. The remaining samples were collected or obtained and analysed in this study (see 

below for more details). The working database mainly uses data from volcanic centres which have 

≥10 full analyses available, but some isotopic data analysed during this thesis are presented from 

volcanic centres represented by fewer samples (Otara, Mt Richmond, Taylor’s Hill and Three 

Kings). The working database is presented in Appendix 3. Sparse isotopic data from the AVF 

was obtained and published in Huang et al. (1997) (summarised in Table 2.1) some of which will 

be reported in this study. Huang et al. (1997) U-series data will not be used in this study due to 

the lack of age constraints in the centres analysed making these time-sensitive ratios unreliable 

(see Chapter 1, Section 1.4.3.3).  
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Due to the combination of pre-existing data and new analyses (see Part 2 of this chapter) there is 

good geochemical data coverage from 12 volcanoes out of the 51 in the AVF (Table 2.1), and the 

major and trace element geochemistry of samples from these volcanoes are discussed in this 

thesis. Excluding the additional four volcanic centres in Table 2.1 for which isotopic data were 

obtained the remaining 35 volcanic centres are not reported on, as they either have just XRF data 

and no trace element data, or are represented by <10 samples and therefore cannot be 

discussed in terms of their chemical trends. Many of these are recreational parks and have little or 

no outcrop (such as One Tree Hill and St Heliers), whilst others no longer have outcrop (or this is 

poorly accessible) as they have been built over or quarried away since early collection, such as 

Hampton Park and Green Hill. The following volcanoes are not represented by any samples: Tank 

Farm, Onepoto, Mt Cambria, Symonds Street, Mt Albert, Robertson Hill, Styaks Swamp, Mangere 

Lagoon, Kohuora, Matakarua and Ash Hill. 

 

2.2.1 Pre-existing AVF data quality 

The pre-existing trace element data in the AVF working database was analysed by LA-ICP-MS 

over several sessions, listed below. References indicate where data is presented in papers or 

unpublished work by researchers or MSc students: 

November 2005: Crater Hill (published in Smith et al., 2008) 

June 2006: Pupuke (Spargo, MSc thesis, 2007), Purchas Hill (Smith, unpub. data) 

November 2006: Pupuke (Spargo, MSc thesis, 2007) 

June 2007: Motukorea (re-analysed samples from the MSc thesis of Bryner, 1991), Outhwaite 

Park, Mt Wellington, Wiri and Rangitoto (Smith, unpub.data) 

September 2008: Mt Eden (Eade, MSc thesis, 2009), Rangitoto (Needham et al., 2011) 

BCR-2G standard data for these sessions and their accuracy and precision are presented in 

Section 2.5.2.1 and Appendix 6, and discussed in Part 3. 

 

PART 2: New analyses 

A total of 138 new samples were obtained and analysed for this study. These comprise: 

• 75 samples collected specifically for this work (from Motukorea, Mt Richmond, Mt Wellington, 

Purchas Hill and Puketutu) (detailed in Appendix 2a) 

• 44 samples collected from Orakei, Panmure and Taylor’s Hill by other researchers (Smith, 

Cronin, Németh, Smid and Cassidy) (detailed in Appendix 2b) 
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• 19 samples housed at the University of Auckland which had thus far no geochemical data (Mt 

Eden and Mt Wellington)  (detailed in Appendix 2c) 

For all of these samples major elements were analysed by XRF and trace and rare earth 

elements by LA-ICP-MS. 38 samples from 11 volcanic centres (using a mix of new samples from 

this study and pre-existing samples from other collectors (see Part 1)) were analysed for Sr-Nd-

Pb isotopes and 14 samples from three volcanic centres were analysed for U-series isotopes 

(Appendix 5). 

2.3 Sampling 

Samples from the AVF were taken from three eruptive unit types: lava flows, scoria deposits, and 

tuff deposits (Figure 2.1). In lava flows, material was broken with a sledge hammer to obtain 

samples with a fresh, non-oxidised surface where possible. Most lava samples are poorly to 

moderately vesicular. Scoria samples were taken either by hand or with a sledgehammer from fall 

deposits, the larger scoriaceous bombs being the preferred material. Ragged, glassy, cauliflower 

bombs were taken in preference to smoother less fresh-looking clasts as these are the most likely  

 

Figure 2.1 Examples of types of samples taken for geochemical analysis as part of this thesis. A: Fresh lava 
outcrop from Mt Wellington quarry; B: Coherent piece of non-oxidised scoria (clast within red dashed circle) 
from capping scoria unit on west side of Motukorea (board is ~30cm on longest side); C: Cauliflower bomb 
from Motukorea tuff sequence (penknife 9cm long) 
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to represent juvenile rather than recycled magmatic material. Bombs were taken from tuff 

sequences; as with scoriaceous material, samples were selected that were most likely to 

represent juvenile material.  

2.4 Sample preparation 

Samples were split into 1-2cm3 pieces in a jaw crusher, splitting off weathered parts of the sample 

to obtain a fresh surface on all sides, and to avoid any xenoliths (which only occur as sedimentary 

inclusions in bombs from tuff sequences). Samples from coastal sections where salt water may 

affect analyses were washed in distilled water and dried. Samples were then crushed in a 

tungsten carbide mill (which was washed thoroughly with water and ethanol then dried in between 

samples) to <200µm mesh (a particle size small enough so that minerals are completely 

powdered, and easy to dissolve) and stored in plastic vials. 

2.5 Whole rock analyses 

2.5.1 Major elements by X-Ray Fluorescence (XRF) 

Sample preparation 

138 Samples from the AVF collected/obtained during the course of this project were analysed by 

X-ray Fluorescence (XRF) at UoA. Analyses are presented in Appendix 3. Approximately 4g of 

powder was weighed into pre-weighed ceramic crucibles, dried at 105oC, and weighed to 

measure the surface water loss of the sample. The combined powder and crucible was then 

reweighed, and the crucibles put in an asbestos-lined furnace at 850oC overnight. When cooled 

for ~20 minutes, these were reweighed to obtain a loss on ignition (LOI) value. LOI is indicative of 

volatile content (generally CO2) in the sample, crystalline water loss and oxidation gain (e.g. FeO 

to Fe2O3). 6 ± 0.0005g of Lithium Borate Spectrachem 12-22 flux was weighed into labelled glass 

bottles, and 2 ± 0.0005g of the ignited sample powder added to this, and mixed by tapping and 

rolling the bottle until the flux and sample were combined, being careful not to get sample 

adhered to the plastic lid of the bottle. The combined flux and sample powders were then fused by 

transferring the mixture to platinum crucibles heated to 1100oC, poured into a mould and rapidly 

cooled using compressed air to form a homogenised glass disc. 

Measurement 
The machine used is a Siemens SRS3000 sequential X-ray spectrometer with a Rh tube, which 

uses Brucker SPECTRA-plus software (V1.51). Fluorescent radiation is produced from an X-ray 

tube onto the sample disc, causing excitation of characteristic X-rays which are collimated and 

subsequently dispersed by an analysing crystal. The energy of the X-ray photons is then 

converted by an X-ray detector into pulses of electrical energy that can be measured and 

converted into counts per second, then reduced to wt%. More detail on the procedure can be 

found in Norrish and Chappell (1977). 
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H2O and LOI are calculated from the weight of the crucible (‘crucible’), combined weight of the 

crucible and sample (‘crucible + sample’), and the combined weight of the crucible and sample 

after 105oC and 850oC (‘crucible + wt after 105oC/850oC’): 

 

𝐻2𝑂 =  �‘𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑠𝑎𝑚𝑝𝑙𝑒’ – ‘𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒’�−(‘𝑤𝑡 𝑎𝑓𝑡𝑒𝑟 105°𝐶+ 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒’ – ‘𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒’)
‘𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑠𝑎𝑚𝑝𝑙𝑒’ – ‘𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒’

×  100   Eq.1 

 

𝐿𝑂𝐼 =  �‘𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑤𝑡 𝑎𝑓𝑡𝑒𝑟 105°𝐶’ – ‘𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒’�−(‘𝑤𝑡 𝑎𝑓𝑡𝑒𝑟 850°𝐶+ 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒’ – ‘𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒’)
‘𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑤𝑡 𝑎𝑓𝑡𝑒𝑟 105°𝐶’ – ‘𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒’

×  100         Eq.2           

 
Standards and reproducibility 

34 international standards were used for instrument calibration of signal intensity vs. wt% using 

the methods of variable alphas as part of the SPECTRA-plus software. Major elements measured  

 

Table 2.2 A sample of Mt Eden Basalt (MEB) was prepared four times over two XRF preparation sessions 
and measured as an assessment of reproducibility 

Sample MEB-1 MEB-2 MEB-3 MEB-4 Average 2SD %
SiO2 45.76 45.64 45.74 46.06 45.80 0.79

TiO2 2.26 2.28 2.26 2.28 2.27 1.11

Al2O3 13.41 13.38 13.39 13.49 13.42 0.74

Fe2O3 13.62 13.7 13.65 13.66 13.66 0.48
MnO 0.18 0.18 0.18 0.18 0.18 1.09
MgO 10.12 10.08 10.11 10.18 10.12 0.83
CaO 9.47 9.54 9.48 9.56 9.51 0.90
Na2O 3.54 3.54 3.54 3.54 3.54 0.02

K2O 1.02 1.03 1.02 1.03 1.02 0.96

P2O5 0.43 0.43 0.43 0.44 0.43 1.29
V 206 214 215 216 212.75 4.30
Cr 310 313 310 318 312.75 2.41
Ni 231 233 233 232 232.25 0.82
Cu 90 92 91 92 91.25 2.10
Zn 122 123 123 122 122.50 0.94
Rb 19 17 18 18 18.00 9.07
Sr 482 486 480 484 483.00 1.07
Y 23 23 24 23 23.25 4.30
Zr 176 176 175 176 175.75 0.57
Nb 35 35 35 35 35.00 0.00
Ba 197 192 190 181 190.00 7.04
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by XRF, as well as the minor elements V, Cr, Ni and Zr are used in this study (for discussion of 

this see Part 3). A Mt Eden Basalt (MEB) which is stored in the XRF lab at UoA was measured 

several times on two different runs to assess reproducibility (Table 2.2) and 2SD % found to be 

<5 for all elements except Ba, La, Ce, Pb and Th. This suggests that powders stored for some 

time still yield the same results, and that no settling of particles which could result in chemical 

heterogeneities occurs. 

 

2.5.2 Trace elements: Laser Ablation and Solution Inductively Coupled Plasma Mass 
Spectrometry (LA and solution ICP-MS) 

The 138 samples analysed for major elements by XRF were analysed by Laser Ablation (LA) ICP-

MS at ANU for trace elements and rare earth elements (REE) using the fused discs prepared for 

XRF at UoA. This is the method that has been used for all of the pre-existing AVF data for which 

trace elements are available (Part 1), therefore to be consistent samples collected during the 

course of this study were also analysed by this method. 17 of these samples were also analysed 

using the solution method at VUW in a comparative study (see Section 2.5.2.2). Samples that 

had been analysed by LA-ICP-MS at ANU in several different sessions were chosen, to assess 

the accuracy of this method (Part 3).  

2.5.2.1 Trace element analysis by LA-ICP-MS 

As stated in part 1, rocks for analysis were either collected during the course of this study 

(indicated by ‘McGee, this study’) or were taken from the collection or collected by other 

researchers (indicated by e.g. ‘Smith, unpub.’). These were all analysed by LA-ICP-MS during the 

course of this study (presented in Appendix 3) and were run at ANU in the following sessions: 

July 2009: Orakei, Panmure, (Smith/Nemeth/Cronin, unpub.), Mt Wellington and Mt Eden (Smith 

and Shane, unpub.), Waitomokia and Mt Richmond (McGee, this study) 

November 2009: Puketutu (McGee, this study), Mt Wellington (Smith, unpub. and McGee, this 

study), Purchas Hill (McGee, this study) 

December 2010: Mt Wellington, Purchas Hill, Motukorea (McGee, this study), Taylor’s Hill (Smid 

and Cassidy) 

June 2011: Motukorea (McGee, this study), and some repeats from July 2009  

Sample preparation 

Sample preparation procedure is shown in Figure 2.2. Fused XRF discs already analysed for 

major elements were glued together with epoxy into stacks of 15, then cut with a diamond saw, 

glued into blocks and polished on one side (the side that will be subjected to laser ablation). Care 

is taken in labelling the stacks as to what samples they contain, and in which direction the sample 

names/numbers run. 

Measurement 
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Figure 2.2 Preparation procedure of sample blocks for LA-ICP-MS 
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The samples were measured on a quadrupole ICP-MS which is coupled to an ArF ‘Excimer’ laser 

system, the full details of which are described in Eggins et al. (1998a). Sample stacks were set 

into a stage which can hold up to four stacks and three standards. The stage was put into a 

custom-built sample cell (Eggins et al., 1998b) under the laser and flushed with Helium. Ablation 

was carried out in this cell in a stratified atmosphere of Ar and He, excluding Ar from the area of 

ablation as this minimises the amount of ablated material built up around the resultant pit which 

may be enriched in volatile elements (Eggins et al., 1998a). The spot size of the laser was altered 

by changing the size of the aperture of the laser (size ‘I’ is commonly used for this sample set-up), 

and the amount of light let through altered using a mirror. The scan speed was set (20µm/sec in 

this case), and points set along the sample stack for each run. The laser ablates in a track along 

the polished sample surface, and the material from this fed into the quadrupole ICP-MS via a 

custom-built transport system. Operating conditions are shown in Table 2.3. 

The machine was calibrated using a pre-prepared sample of NST612. This was run at the start 

and then at the end of 15 samples (i.e. one side of a sample stack). An analysis of BCR-2G (the 

secondary standard) was run every 30 samples (i.e. each full stack). Data reduction uses 

calculations input into a spreadsheet created by ANU, which uses the NST612 analyses at each 

end of the stack side, as well as the 29Si of the sample as determined by XRF as an internal  

Laser 
Laser ablation system 
Ablation mode 
Spot size (µm) 

 
Excimer LPX120 
Laser tracking 
103 

ICP-MS 
ICP-MS system 
Acquisition mode 
Detection mode 

 
Agilent 7500CS 
Peak hopping 
Pulse counting 

Standards and calibration 
Calibration standard 
Secondary standard 
Internal standard 

 
NIST612 (pre-prepared) 
BCR-2G (pre-prepared) 
29Si 

Method 
Background acquisition 
Sample/standard acquisition 
Washout time 
Measured isotopes and integration times 

 
40 s 
60 s 
10-20s 
10ms: 29Si, 43Ca, 45Sc, 49Ti, 51V 53Cr, 59Co, 60Ni, 61Ni, 
63Cu, 66Zn, 69Ga, 71Ga, 85Rb, 86Sr, 89Y, 90Zr, 93Nb, 
137Ba, 139La, 140Ce, 141Pr, 146Nd 
20ms: 133Cs, 147Sm , 153Eu,  157Gd, 159Tb, 163Dy , 
165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 208Pb, 
232Th, 238U 

Tuning 
Carrier gas 
RF power 

 
0.3 l/min (He), 0.9 l/min (Ar) 
1200 W (<2) 

Table 2.3 Operating conditions of LA-ICP-MS (ANU) 
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standard (see Section 2.5.1); the average peak for each element is converted from counts per 

second into ppm. 

Standards 

BCR-2G has been the standard used for this method of analysis since the first AVF samples were 

analysed in November 2005. An average value from each session is presented in Table 2.4 with 

the % offset from the reference values (see Table 2.5 for GeoRem accepted values) and 2SD (%) 

for each session. Red values indicate those above acceptable offset from the reference value 

(±10%); values in green indicate >10% 2SD. All other values are <10% offset and <10% 2SD. 

The accuracy of this data and ways in overcoming problem elements is discussed in Part 3. 

 

2.5.2.2 Trace element analysis by solution ICP-MS 

Samples were analysed for trace elements by solution ICP-MS for two different reasons. Firstly, 

17 samples from varying analysis periods were used as a direct comparison to the LA-ICP-MS 

method in order to assess data quality of the two methods; secondly – as a result of this 

comparison – 46 of the most primitive samples across 10 volcanic centres in the AVF were 

chosen based on high Mg#s and Ni contents (63-70 and ~230-360 respectively) to be measured 

by the more accurate solution method in order to investigate subtle trends pertaining to source 

characteristics. These data are presented in Appendix 4. 

 
Laboratory protocol at VuW 

Analyses were undertaken in an ultraclean laboratory facility using PicoTrace Class 10 laminar 

flow workstations; the air within the laboratory is positively pressured with air filtered to Class 100. 

Water used in procedures was filtered Millipore® water (Milli-Q) with measured resistivity of 

>18.2MΩ. Milli-Q water (MQ) was used for all acid dilutions (and the concentration of these 

checked with a density meter and molarity chart). Ultrapure SeastarTM brand acids containing 

<10ppt of all key metals were used for some procedures such as Pb chemistry and trace element 

dissolution where ultrapure reagents were required to minimise blank contributions; for other 

procedures and cleaning, sub-boiled distilled analytical (AR) grade acids were used. Use of 

SeastarTM (SS) or sub-boiled (SB) acids is indicated in the text. 

Savillex Teflon screw-top beakers were cleaned by first wiping with MQ and methanol, then 

soaked for ≥24 hours in AR grade 6M HCl (on a hotplate at 120oC) then (after rinsing three times 

in MQ) soaking in AR grade 7M HNO3 for ≥24 hours on the hotplate (120oC). After rinsing again 

three times in MQ, beakers were half-filled with 7M HNO3 (SB), sealed and left refluxing on a 

hotplate (120oC) for ≥24 hours. This acid was discarded and the beakers rinsed a final three times 

in MQ and dried on a hotplate.   
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Table 2.4 Average BCR-2G standard data for each session containing pre-existing and new AVF data. n=x refers to the number of BCR-2G analyses in each session. a = 
Ti47 measured instead of Ti49. b = Cu63 measured instead of Cu65. All analyses from this study (July 2009 – June 2011) presented in Appendix 6 

 

 

Nov-05 Offset 2SD Jun-06 Offset 2SD Nov-06 Offset 2SD Jun-07 Offset 2SD Sep-08 Offset 2SD Jul-09 Offset 2SD Nov-09 Offset 2SD Dec-10 Offset 2SD Jun-11 Offset 2SD Overall Overall
n=20 (%) (%) n=14 (%) (%) n=8 (%) (%) n=24 (%) (%) n=16 (%) (%) n=12 (%) (%) n=8 (%) (%) n=15 (%) (%) n=25 (%) (%) average 2SD (%)

Sc45 32.7 -1.0 2.4 34.6 4.7 3.1 33.2 0.6 1.2 34.4 4.3 2.8 35.5 7.7 3.8 31.7 -4.0 7.4 37.5 13.5 4.8 35.1 6.3 5.3 31.2 -5.4 4.9 34.0 11.7
Ti49 16018a 19.1 4.6 17201 27.4 5.8 16518 22.4 3.0 16190 19.9 3.7 16752 24.1 5.5 15933 18.0 10.2 17238 27.7 3.3 17627 30.6 4.9 15220 12.7 18.3 16585 9.5
V51 416 0.0 4.5 435 4.6 3.2 400 -3.9 3.5 418 0.4 2.9 401 -3.5 2.5 417 0.4 3.6 417 0.2 2.8 431 3.6 1.2 384 -7.7 1.6 413 7.7
Cr53 17.5 34.7 2.1 17.9 37.9 7.1 18.1 39.4 4.5 17.3 32.9 17.5 17.8 36.7 5.0 17.5 34.6 4.5 18.1 39.6 5.0 17.9 37.9 20.4 16.4 26.2 6.2 17.6 6.2
Co59 Not measured 37.3 0.8 4.4 35.7 -3.5 1.5 37.2 0.6 2.8 37.1 0.2 2.4 37.0 0.0 3.6 37.8 2.0 2.2 36.7 -0.9 2.4 34.5 -6.8 1.8 36.7 5.8
Ni60 Ni58 measured - not used 11.8 -1.3 5.3 10.8 -10.0 2.0 10.9 -9.2 9.7 12.4 3.1 10.1 11.1 -7.4 27.1 12.3 2.6 6.3 12.2 1.5 6.3 12.9 7.5 85.5 11.8 13.2
Cu65 17.7 -15.6 6.1 14.1b -32.9 22.5 17.5 -16.6 6.0 18.3 -12.6 140.2 19.3 -8.1 20.5 18.8 -10.3 37.7 18.5 -11.9 6.2 17.9 -14.8 11.9 17.6 -16.0 27.9 18.2 7.0
Zn66 148 16.1 2.9 145 14.1 6.1 145 13.9 2.9 130 2.1 15.0 127 0.2 5.9 148 16.6 14.3 141 11.1 6.6 149 17.0 5.1 136 7.4 5.7 141 11.4
Ga71 Ga69 measured - not used 22.2 -3.4 3.6 21.5 -6.6 2.3 21.7 -5.7 2.7 20.6 -10.4 3.0 21.7 -5.7 4.7 21.3 -7.2 3.1 22.0 -4.4 2.7 19.8 -14.1 2.4 21.3 7.5
Rb85 47.2 0.6 2.1 45.7 -2.9 6.0 42.8 -9.0 2.1 44.7 -5.0 3.0 40.2 -14.4 3.9 46.4 -1.2 3.1 44.9 -4.6 2.4 48.2 2.5 2.1 42.5 -9.6 2.5 44.7 11.3
Sr86 327 -3.8 5.0 348 1.8 7.0 313 -8.5 0.9 322 -6.0 2.2 322 -5.8 3.2 306 -10.5 5.2 340 -0.7 5.0 340 -0.7 4.1 301 -11.9 4.0 324 9.9
Y89 29.9 -19.3 1.9 31.7 -9.5 4.3 31.1 -11.2 2.3 31.9 -9.0 2.8 33.6 -3.9 4.6 28.4 -18.8 8.6 35.2 0.4 4.5 33.1 -5.5 6.7 28.6 -18.1 6.1 31.5 14.4
Zr90 155 -15.5 1.9 164 -11.0 3.9 163 -11.6 2.0 165 -10.6 2.5 176 -4.2 4.2 149 -18.8 8.2 185 0.5 8.7 172 -6.4 6.3 150 -18.6 5.2 164 14.5

Nb93 11.5 -8.8 1.8 12.2 -2.1 2.8 12.1 -3.3 1.6 12.4 -1.2 2.8 12.7 1.4 3.2 11.6 -6.9 4.0 12.5 0.0 5.3 12.1 -3.2 4.2 11.3 -9.6 3.2 12.0 7.8
Cs133 1.13 2.6 3.7 1.10 -4.9 8.7 1.03 -11.4 2.8 1.06 -8.4 3.3 0.915 -21.1 7.2 1.12 -3.5 3.9 1.07 -7.6 4.2 1.17 0.9 4.0 1.01 -12.7 3.1 1.07 14.2
Ba137 626 -7.5 1.7 653 -4.4 4.4 636 -6.9 1.4 642 -6.0 2.7 642 -6.0 3.9 619 -9.3 3.9 675 -1.1 3.8 674 -1.3 3.9 606 -11.2 2.6 642 7.2
La139 22.7 -9.0 1.7 23.8 -3.5 3.6 23.7 -4.0 2.9 23.9 -3.4 2.1 25.6 3.5 4.1 22.2 -10.0 6.3 26.3 6.5 5.5 25.3 2.6 5.7 22.4 -9.2 4.3 24.0 12.1
Ce140 48.2 -9.0 1.8 50.2 -5.7 4.7 49.6 -6.9 2.3 50.2 -5.8 2.1 51.9 -2.6 2.8 47.9 -10.1 3.3 53.3 0.0 3.3 52.4 -1.7 3.2 47.4 -11.1 2.0 50.1 8.4
Pr141 5.96 -11.0 2.6 6.28 -6.3 4.7 6.24 -6.9 3.2 6.25 -6.8 2.4 6.74 0.6 3.7 5.87 -12.4 4.6 6.86 2.4 6.4 6.63 -1.1 4.8 5.96 -11.1 3.1 6.31 11.4
Nd146 25.7 -10.3 2.3 27.4 -5.3 9.4 27.1 -6.2 4.1 26.9 -7.0 2.5 29.8 3.2 5.5 25.3 -12.5 4.6 30.2 4.5 6.9 29.0 0.5 5.3 25.5 -11.9 4.4 27.4 13.6
Sm147 5.86 -10.9 2.9 6.13 -7.0 2.7 6.05 -8.2 3.4 6.17 -6.3 4.2 6.42 -2.5 4.8 5.71 -13.3 8.7 6.63 0.6 5.4 6.47 -1.9 6.4 5.87 -10.9 4.9 6.15 10.1
Eu153 1.76 -10.0 2.8 1.89 -3.9 8.9 1.81 -8.0 3.1 1.88 -4.7 4.6 1.91 -3.3 4.2 1.73 -12.2 5.2 1.97 -0.1 3.5 1.90 -3.4 4.5 1.77 -10.1 4.1 1.85 8.7
Gd157 5.88 -12.8 3.5 6.30 -6.2 4.1 6.23 -7.2 3.9 6.24 -6.9 4.4 6.79 1.1 5.4 5.70 -15.1 6.7 6.96 3.8 7.4 6.59 -1.8 6.4 5.89 -12.2 5.6 6.29 13.6
Tb159 0.888 -17.0 3.5 0.966 -5.3 18.7 0.927 -9.2 3.8 0.944 -7.5 5.2 1.02 0.1 5.6 0.844 -17.2 9.2 1.05 2.7 5.2 1.00 -2.4 7.3 0.877 -14.0 4.8 0.946 14.5
Dy163 5.74 -10.4 3.1 6.22 -3.5 10.4 5.93 -8.0 3.7 6.12 -4.9 3.2 6.45 0.2 5.9 5.44 -15.6 8.4 6.75 4.8 5.4 6.37 -1.1 7.4 5.65 -12.2 5.8 6.07 13.9
Ho165 1.15 -10.5 2.5 1.23 -2.8 5.4 1.19 -6.5 2.5 1.23 -2.8 4.4 1.27 0.3 5.3 1.09 -13.9 8.7 1.36 7.4 4.7 1.27 -0.1 7.8 1.12 -11.8 5.5 1.21 14.1
Er166 3.28 -10.3 3.4 3.55 -4.0 8.3 3.38 -8.6 3.1 3.51 -5.1 4.8 3.65 -1.4 7.5 3.12 -15.6 9.7 3.80 2.6 5.0 3.62 -2.1 7.4 3.25 -12.1 6.0 3.46 12.6

Tm169 0.467 -13.5 3.1 0.515 1.0 18.8 0.482 -5.5 3.7 0.503 -1.4 5.8 0.509 -0.1 6.5 0.444 -12.8 9.5 0.548 7.4 8.6 0.515 1.1 8.1 0.456 -10.5 5.4 0.493 13.5
Yb172 3.17 -6.1 2.2 3.40 0.3 5.4 3.28 -3.1 2.4 3.40 0.3 4.1 3.51 3.6 6.6 3.02 -11.0 8.3 3.63 7.2 5.6 3.48 2.5 8.3 2.98 -12.1 6.1 3.32 13.5
Lu175 0.457 -9.2 5.0 0.511 1.6 27.8 0.477 -5.3 5.8 0.494 -1.9 4.5 0.514 2.1 6.6 0.438 -12.9 7.9 0.535 6.4 5.7 0.511 1.5 9.4 0.429 -14.8 5.1 0.485 15.3
Hf178 4.19 -14.5 2.8 4.55 -6.0 7.8 4.35 -10.0 3.2 4.51 -6.9 4.4 4.78 -1.3 5.9 3.97 -18.0 10.0 4.96 2.4 5.5 4.65 -4.0 9.2 4.04 -16.4 5.6 4.44 15.0
Ta181 0.726 -1.9 3.2 0.778 -0.3 6.4 0.780 0.0 2.0 0.797 2.2 4.6 0.818 4.8 5.3 0.722 -7.5 7.7 0.856 9.8 4.9 0.794 1.8 7.1 0.732 -6.1 5.9 0.778 11.6
Pb208 10.9 -0.9 5.2 11.2 2.2 7.6 10.3 -6.3 4.5 10.8 -1.7 5.1 9.75 -11.4 8.5 12.3 11.4 6.9 10.8 -1.7 9.1 11.7 5.9 17.6 10.8 -1.4 25.3 11.0 13.2
Th232 5.41 -5.0 3.3 5.79 -1.9 5.1 5.58 -5.5 2.9 5.80 -1.7 4.2 6.08 3.1 6.4 5.22 -11.5 8.4 6.31 6.9 4.7 5.93 0.5 8.2 5.28 -10.4 4.9 5.71 12.9
U238 1.55 -8.4 3.6 1.67 -1.3 27.8 1.53 -9.4 2.5 1.62 -3.9 4.1 1.58 -6.3 3.6 1.58 -6.2 7.7 1.63 -3.8 3.8 1.63 -3.4 3.0 1.52 -10.0 2.4 1.59 6.4
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 BHVO-2 SD BCR-2 SD BCR-2G SD  BHVO-2 SD BCR-2 SD BCR-2G SD 

Li 4.8 0.2 9 2 9 1 La 15.2 0.1 24.9 0.2 24.7 0.3 

Mg 7.23 0.12 3.59 0.05 3.56 0.09 Ce 37.5 0.2 52.9 0.2 53.3 0.5 

Ca 11.4 0.2 7.12 0.11 7.06 0.11 Pr 5.29 0.17 6.7 0.1 6.7 0.4 

Sc 32 1 33 2 33 2 Nd 24.5 0.1 28.7 0.1 28.9 0.3 

Ti 16300 2000 13500 300 14100 1000 Sm 6.07 0.01 6.58 0.02 6.59 0.07 

V 317 11 416 14 425 18 Eu 2.07 0.02 1.96 0.01 1.97 0.02 

Cr 280 19 13* 2 17 2 Gd 6.24 0.03 6.75 0.03 6.71 0.07 

Co 45 3 37 3 38 2 Tb 0.936 0.03 1.07 0.03 1.02 0.08 

Ni 119 7 12* 1 13 2 Dy 5.31 0.02 6.41 0.05 6.44 0.06 

Cu 127 7 21 1 21 5 Ho 0.972 0.04 1.28 0.03 1.27 0.08 

Zn 103 6 127 9 125 5 Er 2.54 0.01 3.66 0.01 3.7 0.04 

Ga 22 2 23 2 23 1 Tm 0.341 0.01 0.54 0.04 0.51 0.04 

Rb 9.08 0.04 46.9 0.1 47 0.5 Yb 2 0.01 3.38 0.02 3.39 0.03 

Sr 396 1 340 3 342 4 Lu 0.274 0.005 0.503 0.009 0.503 0.005 

Y 26 2 37 2 35 3 Hf 4.36 0.14 4.9 0.1 4.84 0.28 

Zr 172 11 184 1 184 15 Ta 1.14 0.06 0.74 0.02 0.78 0.06 

Nb 18.1 1 12.6 0.4 12.5 1 W 0.492 0.11 0.252 0.07 0.5 0.07 

Mo 4 0.2 250 20 270 30 Pb 1.6 0.3 11 1 11 1 

Cs 0.1 0.01 1.1 0.1 1.16 0.07 Th 1.22 0.06 6.03 0.5 5.9 0.3 

Ba 131 1 677 2 683 7 U 0.403 0.001 1.69 0.19 1.69 0.12 

Table 2.5 VuW accepted reference values from GeoRem in ppm (for all but Ca and Mg which are in %m/m) 
for BHVO-2, BCR-2 and BCR-2G. Numbers marked by * indicate that BCR-1 values are used as these are 
obtained from ICP-MS rather than XRF and are therefore more accurate. Th reference value from Wilson 
(1997) 

 

Sample preparation 
See Figure 2.3 for cartoon of procedure for preparing centrifuge tubes and dissolution of 

samples. Before starting the solution work, centrifuge tubes (enough for one per sample plus 

some spares in this case) must be prepared 2-3 weeks in advance to allow time for adequate 

cleaning. Approximately 50mg of sample is used, and the exact weight of this is recorded for use 

in calculating the dilution factor in the data reduction stage. Throughout the procedure outlined in 
Figure 2.3, SeastarTM (SS) acids are required for HNO3 and HF, and sub-boiled (SB) for HCl. It is 

important that when the samples are drying down in concentrated (conc.) HF and conc. HNO3 

(steps 4 and 6 in the digestion process), that the samples are not left too long on the hotplate 

after they have become dry (i.e. not beyond incipient dryness) as this can promote the 

development of insoluble fluorides which will retain Nb, Ta and then Ti leading to inaccurate 

analyses. 

When dissolution was complete, rather than pipetting the solution into one of the pre-cleaned 

centrifuge tubes and making a dilution from this into another tube, 60ml Nalgene bottles (one per 

sample) were used to make dilutions. The bottles were rinsed three times in MQ, then filled with 

MQ and 20 drops conc. HNO3 (SS), and left under a hotplate (the bottles are not heatproof  
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Figure 2.3 Procedure for centrifuge tube preparation and dissolution of samples for trace element analysis 
by the solution method 
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therefore cannot be directly placed on the hotplate) for 24 hours. The bottles were then emptied 

and rinsed three times with MQ, and shaken dry. The flow chart in Figure 2.4 shows the dilution 

procedure. Letters (A) to (F) indicate weights which are used to calculate the dilution factor of the 

sample. 

The dilution factor of the sample is calculated by using equation 3 (letters indicate weights from 

Figure 2.4). Note that sample weight is in grams (g): 

 

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =  
� 𝐴𝑙𝑖𝑞𝑢𝑜𝑡 (𝐸)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 (𝐷)� × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) 

𝐹𝑖𝑛𝑎𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝐹)−𝑒𝑚𝑝𝑡𝑦 𝑡𝑢𝑏𝑒 (𝐵)
    Eq. 3 

 

 

Figure 2.4 Flow chart showing dilution procedure for trace elements by solution to prepare sample for 
analysis on the ICP-MS. Letters (A) to (F) refer to weights which are used to calculate the dilution factor of 
the sample (Section 2.5.2.2 and Equation 3) 

 

Measurement 

Sample dilutions were measured on an Agilent 7500CS ICP-MS (and a Thermo Element 2 ICP-

MS for one session, see section on ‘primitive samples analysed for this study’) at VUW. The 

machine was tuned (see Table 2.6 (Agilent) and Table 2.7 (Element 2) for operating conditions) 

and pulse/analogue (P/A) ratios determined on elements in BHVO-2 which were measured at 

over 1 million counts per second (cps) (counts over this threshold switches the machine to 

analogue mode rather than pulse mode, and this difference in acquisition must be accounted for) 

Note that this is only required for the Agilent ICP-MS. Background was measured for 30 seconds 

before each sample, the sample was run for 120 seconds, then the machine washed with water 

for 30 seconds and 1% HNO3 (SS) for 120 seconds. The average cps of the 60 seconds across 

the peak of each sample was taken (‘peak’), and the average cps of 20 seconds of the 

background (‘bgd’) before each sample subtracted from this. Samples were bracketed by BCR-2 

with an internal standard (BHVO-2) in the middle (i.e. BCR-2i – Sample A –Sample B – BHVO-2 – 

Sample C – Sample D – BCR-2ii) (Figure 2.5). These standards were chosen as the closest 

match to AVF basalt matrix. 
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ICP-MS 
ICP-MS system 
Acquisition mode 
Detection mode 

 
Agilent 7500CS 
Peak hopping 
Pulse and analogue counting 

Standards and calibration 
Calibration standard 
Secondary standard 
Internal standard 

 
BCR-2 (one digestion) 
BHVO-2 (one digestion) 
43Ca 

Method 
Background acquisition 
Sample/standard acquisition 
Washout time (water/1% HNO3) 
Measured isotopes and integration times 

 
30 seconds 
120 seconds 
150 seconds (30 secs water, 120 secs 1 wt% HNO3) 
10ms: 7Li, 25Mg, 43Ca, 45Sc, 53Cr, 51V, 60Ni, 63Cu, 66Zn, 
69Ga, 71Ga, 86Sr, 89Y, 90Zr, 91Zr, 93Nb, 137Ba, 139La, 140Ce, 
146Nd 
20ms: 85Rb, 141Pr, 147Sm, 157Gd, 163Dy 
50ms: 95Mo, 133Cs, 151Eu, 153Eu, 159Tb, 165Ho, 166Er, 169Tm, 
172Yb, 175Lu, 178Hf, 181Ta, 205Tl, 208Pb, 232Th, 238U 

Tuning 
Tuning standard 
Background 
 
Oxides 
Isotopes P/A factors calculated on BHVO-2 
 
Carrier gas (Ar) 
RF power 
RF matching 
Sample depth (z) 

 
Agilent 1ppb solution (Li, Co, Y, Ce, Tl) 
<<1% of sample peak counts, except for Sc (<7%), Mo 
(<15%) and Tl (<70%) 
CeO/Ce in 1 ppb solution <1.5% 
7Li, 25Mg, 43Ca, 47Ti, 51V, 53Cr, 60Ni, 86Sr, 90Zr, 93Nb, 95Mo, 
137Ba, 140Ce, 208Pb, 232Th 
1.11 -1.12L/min 
1500W 
1.72-1.76V 
7mm 

Table 2.6 Running conditions of Agilent ICP-MS for solution trace element analysis 

 
Conversion from cps to ppm uses measurements and reference values of BCR-2 (in ppm) (see 

Table 2.5) and dilution factors of the standards and samples (Eq.3). Finally the analyses are Ca-

corrected using the ratio of Ca measured by XRF and Ca measured by the solution method (Eq. 

4-6).  

 

𝑥 (𝑝𝑝𝑚) = �𝑝𝑒𝑎𝑘−𝑏𝑔𝑑𝑠𝑎𝑚𝑝𝑙𝑒

𝑝𝑒𝑎𝑘−𝑏𝑔𝑑𝐵𝐶𝑅−2
�  × 𝑟𝑒𝑓 𝑣𝑎𝑙𝑢𝑒𝐵𝐶𝑅−2  Eq.4 

 

𝑥𝐷(𝑝𝑝𝑚) =  𝑥𝑠𝑎𝑚𝑝𝑙𝑒 × �𝐷𝐵𝐶𝑅−2
𝐷𝑠𝑎𝑚𝑝𝑙𝑒

�     Eq.5 

 

𝑥𝐶𝑎 =  𝑥𝐷  × �𝐶𝑎𝑋𝑅𝐹
𝐶𝑎𝐼𝐶𝑃

�            Eq.6  
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ICP-MS 
ICP-MS system 
Acquisition mode 

 
Thermo Element 2 
B-scan and E-scan 

Standards and calibration 
Calibration standard 
Secondary standard 
Internal standard 

 
BCR-2 (one digestion) 
BHVO-2 (two digestions) 
43Ca 

Method 
Background acquisition 
Sample/standard acquisition 
Washout time (water/1% HNO3) 
Measured isotopes and integration times 

 
30 seconds 
120 seconds 
150 seconds (30 secs water, 120 secs 1 wt% HNO3) 
10ms: 25Mg, 43Ca, 45Sc, 53Cr, 51V, 60Ni, 63Cu, 66Zn, 69Ga, 
71Ga, 86Sr, 89Y, 90Zr, 91Zr, 93Nb, 137Ba, 139La, 140Ce, 146Nd 
20ms: 85Rb, 141Pr, 147Sm, 157Gd, 163Dy 
50ms: 95Mo, 133Cs, 151Eu, 153Eu, 159Tb, 165Ho, 166Er, 169Tm, 
172Yb, 175Lu, 178Hf, 181Ta, 205Tl, 208Pb, 232Th, 238U 

Tuning 
Tuning standard 
Background 
 
Oxides 
Carrier gas (Ar) 
RF power 
Sample depth (z) 

 
Thermo 1ppb solution (Li, Ce, Th) 
<<1% of sample peak counts, except for Sc (<7%), Mo 
(<15%) and Tl (<70%) 
CeO/Ce in 1 ppb solution <2% 
1.03 L/min 
1300W 
3mm 

Table 2.7 Running conditions of Element 2 ICP-MS for solution trace element analyses 

 

Where D = dilution factor (from Eq.3), 𝑥𝐷 = dilution factor-corrected concentration in ppm,  𝑥𝐶𝑎 = 

calcium-corrected concentration in ppm. The Ca-corrected concentration is the final concentration 

that is reported. 

Standards 
Samples analysed for comparison with LA-ICP-MS method 

Samples and standards were run in two sessions; two digestions were made in each session of 

BHVO-2 (BHVO-2A and B in the first, and C and D in the second) to assess the repeatability of 

the dissolution. These separate digestions were run several times (A: n=4, B: n=5, C: n=3, D: 

n=2; see Appendix 7 for all analyses). BCR- 2 was used as the calibration standard. VuW 

accepted values for BHVO-2 and BCR-2 from GeoRem are shown in Table 2.5. Precision on 

BHVO-2 was good, with most trace elements reproducible to <2%, some to <5% (Cu and Lu) and 

some <10% (Cr, Ni, Cs, Th) (Table 2.8). 

Less repeatable values were seen in Pb (2SD = 24%), Ti (2SD = 32%) Ta (2SD = 310%) and Nb 

(2SD = 255%). This is thought to be due to the presence of fluorides in some of the digestions – 

due to burning/too intensive drying out of the sample which leads to some elements not dissolving 

(see  ‘sample preparation’) – probably combined with a machine counting error, as the BHVO-2 B, 

one of C and both D digestions gave the correct value for Nb (Table 2.8); similar discrepancies 

are seen for Ti and Ta. 
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Figure 2.5 Cps vs. time in seconds for 25Mg, showing the order in which samples and standards are run 
(BCR-2i and ii are different runs of the same sample dilution). BCR-2 is used to calibrate the samples, and 
BHVO-2 is used as a secondary standard. An average of 60 seconds over the sample peak is taken, and an 
average of 20 seconds of the background (shown in figure) subtracted from this 

 

Nb counting-errors do not appear to have carried through to the samples measured in the two 

sessions, as Nb/U ratios of the samples give the expected near-mantle value of ~47 ±10 

(Hofmann et al., 1986). Pb concentrations are slightly higher in the BHVO-2 B digestion (making 

the average and standard deviation higher), suggesting a small amount of Pb contamination in 

this digestion. If this data were to be used in this thesis and/or published they would be re-

measured, however as these data were only intended as a comparison to the LA-ICP-MS 

method, they were not re-measured. 

All BHVO-2 digestions have an offset from the preferred values of <<5% (Table 2.8) with the 

exception of Cr, Cu (~10% offset, although digestion D shows a slightly higher offset than this), 

and Ti, Nb and Ta, which have very large offsets for the reasons stated above (machine error and 

the presence of fluorides). 
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Table 2.8 Accuracy of solution ICP-MS data. The international standard BHVO-2 was digested four times 
and measured multiple times over two sessions (digestion A n=4; digestion B, n=5; digestion C, n=3; 
digestion D, n=2). Red values indicate those with accuracy and precision offset by more than 10% (mainly 
Ti, Nb and Ta). See Appendix 7 for all analyses 

 

Primitive samples analysed for use in this study 

The 46 primitive samples analysed for this study were prepared and analysed in two sessions at 

VuW. As before, BCR-2 was used as the bracketing standard and BHVO-2 as the internal 

standard. Sample dilutions were run on the Agilent 7500CS ICP-MS for the first session, but due 

to an upgrade in the laboratory facilities at VuW during the study, the second session was run on 

a Thermo Scientific Element 2 sector field ICP-MS (operating conditions shown in Table 2.7).  

BHVO-2A 2SD (%) BHVO-2B 2SD (%) BHVO-2C 2SD (%) BHVO-2D 2SD (%) Average Offset (%) 2SD (%)
Sc 31.4 1.94 31.3 0.32 31.6 2.45 31.7 2.53 31.5 1.34 -1.60
Ti 15713 3.94 11236 1.78 14058 27.0 15894 0.65 14225 30.3 -14.6
V 315 0.98 309 0.65 313 1.85 317 1.01 314 2.25 -1.08
Cr 250 2.09 250 2.73 273 6.30 271 4.91 261 9.71 -7.14
Co 44.3 1.41 43.9 1.10 44.3 2.52 44.1 1.57 44.2 0.90 -1.87
Ni 118 2.38 118 1.92 121 8.44 120 10.7 119 2.70 0.18
Cu 137 1.16 136 0.55 135 2.00 145 1.54 138 6.38 8.12
Zn 102 1.67 99.1 2.15 101 2.97 99.8 2.21 100 2.69 -2.49
Ga 22.2 0.79 22.2 0.88 22.0 3.57 22.0 2.23 22.1 1.03 0.31
Rb 9.13 2.56 9.20 1.35 9.07 3.97 9.17 1.37 9.14 1.30 0.37
Sr 397 2.04 397 1.17 396 3.64 395 4.25 396 0.57 0.03
Y 26.8 2.83 26.8 2.62 26.6 4.05 26.8 0.36 26.7 0.87 2.74
Zr 168 1.71 167 0.66 166 2.78 167 0.99 167 1.04 -2.96
Nb 135 4.09 8.30 168 9.33 184 16.8 1.77 42.4 292 57.3
Cs 0.0924 2.75 0.0925 3.16 0.0895 1.72 0.101 9.42 0.0939 10.7 -6.51
Ba 132 2.94 132 1.51 132 4.88 133 0.24 132 1.18 0.88
La 15.1 0.80 15.2 1.06 15.1 1.22 15.4 1.32 15.2 2.05 0.12
Ce 37.7 2.30 37.8 0.81 37.4 3.26 37.7 1.28 37.7 0.84 0.42
Pr 5.21 1.95 5.22 0.87 5.24 1.79 5.31 1.70 5.25 1.72 -1.96
Nd 24.5 2.17 24.5 1.96 24.5 1.86 24.7 0.11 24.5 0.90 0.17
Sm 6.00 2.14 6.00 2.93 6.12 2.22 6.11 1.51 6.06 2.20 -0.23
Eu 2.01 2.70 2.02 1.87 2.01 3.36 2.03 5.08 2.02 1.11 -2.52
Gd 6.12 2.33 6.10 1.83 6.06 2.53 6.13 3.02 6.10 1.07 -2.24
Tb 0.934 0.64 0.937 0.54 0.947 1.54 0.957 3.16 0.944 2.26 2.51
Dy 5.29 1.08 5.31 2.17 5.28 0.92 5.32 2.30 5.30 0.79 -0.18
Ho 0.957 1.51 0.961 2.18 0.962 1.31 0.969 3.89 0.962 1.04 -1.84
Er 2.52 1.68 2.52 3.00 2.52 0.60 2.51 0.54 2.52 0.35 -0.81

Tm 0.341 1.31 0.339 1.11 0.336 2.98 0.343 1.23 0.340 1.55 2.83
Yb 1.98 1.85 1.98 1.70 1.99 1.09 2.01 2.03 1.99 1.63 -0.54
Lu 0.281 3.87 0.277 4.04 0.278 7.77 0.276 2.08 0.278 1.54 1.40
Hf 4.36 1.58 4.35 0.59 4.36 1.14 4.39 0.58 4.37 0.79 0.14
Ta 87.25 45.05 3.72 46.14 0.50 204.24 0.68 10.12 23.04 371.84 95.05
Pb 1.55 3.13 1.89 1.88 1.61 3.21 1.33 2.98 1.60 28.98 -0.22
Th 1.16 2.71 1.16 2.74 1.21 2.26 1.23 4.21 1.19 6.33 -2.47
U 0.413 3.05 0.415 2.39 0.417 2.45 0.421 0.17 0.417 1.56 3.25
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Three digestions of BHVO-2 were run a total of nine times over the two sessions, with an average 

2SD of <9% except for Cr, Ta and Pb (<18%). Accuracy was mainly better than 3% with the 

exception of Ta and Zn (~5%) and Cr (~10%). The fluoride problem from the previous solution 

work (above) was not experienced in these analyses as shown by Nb and Ti offsets of <3% and 

<1% respectively. Standard data for these sessions are shown in Appendix 7. 

 

2.5.3 Sr-Nd-Pb isotopes 

38 samples were analysed for Sr-Nd-Pb isotopes at VuW (see Section 2.5.2.2 for laboratory 

protocol). These samples include the 14 samples analysed for U-series isotopes (Section 2.5.4), 

17 samples from Motukorea, samples from the five volcanoes which capture the same 

geomagnetic excursion (Chapter 1, Section 1.4.3.3), and others from across the field so as to 

give a wide spatial aspect to the data. The data for these are presented in Appendix 5. 

2.5.3.1 Pb isotopes 

See Figure 2.6 for cartoon of Pb digestion and separation procedure after Millet et al. (2008). 

Precleaned (7ml) beakers must be further cleaned in 6-7M HCl (SS) on the hotplate (120oC) for a 

few hours before rinsing three times with MQ, then drying on the hotplate. SeastarTM acids (HNO3, 

HF, HCl and HBr) are used for all stages throughout the procedure. 200mg of sample powder is 

weighed to ensure that a measurable amount of Pb is obtained, as the powder is leached for 

anthropogenic Pb and marine Sr as the first step (steps 1-3). Standards (JB-2 and BHVO-2) are 

measured un-leached therefore only 50mg of powder is used. As with trace elements by the 

solution method, it is important not to let the samples over-dry at the HF and HNO3 stage of 

digestion (step 5). Once the digestion is complete and the samples are in 1.5ml 0.8M HBr (step 

8), it is important that the samples are centrifuged and that the sediment that will be present at the 

bottom of the beaker is not introduced to the column. 

Columns for Pb (and Sr) separation were made from 1ml disposable pipette tips. The ends of the 

tips were cut off, and frits cut from polypropylene filter paper, soaked for at least 5 minutes in 6M 

HCl (SS) then inserted firmly at the base of the column. Approximately 5mm of Biorad anion 

exchange (AG1-X8) resin was inserted into the column above the frit with MQ to ensure no 

bubbles were formed which could interrupt the flow of the column. Quantities in ‘column 

chemistry’ section of Figure 2.6 refer to the number of volumes entering the reservoir of the 

column (e.g. 1 x 0.8M HBr = one reservoir volume of 0.8M HBr). Column chemistry was done 

twice in order to ensure than only Pb, not matrix, was collected. After being taken up in 0.5% 

HNO3 (SS) the samples were placed on the hotplate for at least 1 hour to ensure the Pb cut was 

in solution, ready for the machine. 
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Figure 2.6 Digestion and column chemistry for Pb analysis after Millet et al. (2008) 
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2.5.3.2 Sr isotopes 

See Figure 2.7 for cartoon of Sr separation procedure. Sr column chemistry follows on from Pb 

column chemistry as the Sr cut is obtained from the first stage of Pb separation (Figure 2.6). Sr 

columns were prepared as for Pb procedure (Section 2.5.3.1) out of 1ml disposable pipette tips, 

with approximately 5mm of Sr-spec resin inserted with MQ. Sub-boiled acids (HNO3 and HCl) 

were used for the procedure. The column was repeated to ensure that only Sr, not matrix, was  

 

 

Figure 2.7 Procedure for Sr separation using cut from the first stage of Pb separation (Figure 2.6) 
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collected. As with Pb chemistry, samples were placed on the hotplate for at least 1 hour after 

being taken up in 0.5% HNO3 to ensure the Sr cut was in solution, ready for the machine. 

 

2.5.3.3 Nd isotopes 

See cartoon of digestion procedure in Figure 2.8. Approximately 100mg of each sample was 

digested by flux fusion; this method is faster than HF+HNO3 digestion and can be used for Nd 

isotopes as Nd is a rare earth element therefore occurs only in very small amounts naturally, so is 

hard to contaminate. This method is not clean enough to be used for Sr and Pb digestion. 

Samples were weighed with lithium metaborate (LiBO2) flux into pre-ignited graphite crucibles 

ignited at 1000-1100oC in a furnace for 1-2 minutes to remove any impurities. The sample was 

sandwiched between three times as much flux (i.e. c.150mg flux – c.100mg sample – c.150mg 

flux), and placed in the furnace at 1100oC for 4-5 minutes; the molten material was poured using 

tongs into pre-prepared beakers containing 14ml 1.5M HCl (SB). Beakers were vigorously shaken 

to dissolve the molten material until all but a few specks of graphite remained. 

Nd separation involves the sample passing through three columns:  

1) A 27ml reservoir column using Biorad cation exchange resin AG50W-x8 (Figure 2.8) to 

remove much of the matrix of the sample (e.g. Fe, Li, Si, Al, Ca) 

2) a 1ml pipette tip column using ‘Tru spec’ resin (Figure 2.9) to remove Ba (and also Th 

and U), and 

3) a 3ml reservoir column using ‘Ln spec’ resin (Figure 2.9) to separate Nd from the 

individual REE 

Sub-boiled acids were used throughout all Nd column chemistry. The sample dissolved in acid 

after flux-fusion digestion was poured straight onto the cation column through quantitative filter 

paper (folded into a cone) to filter out most of the graphite particles; the paper is washed with 

1.5M HCl to make sure all of the sample was on the column. Column chemistry following this is 

detailed in Figure 2.8. The second column (Tru spec) used 1ml disposable pipette tip columns as 

described for Pb chemistry (Section 2.5.3.1), and the resin was inserted in the same way as for 

Pb and Sr procedures. The resin commonly turns yellow after introduction of the sample due to 

the Fe chloride content; it is important that during the elution stage (step 2, Figure 2.9) the resin 

changes back to white and therefore that this iron has been eluted before collection in step 3.  

The third column (Ln spec) contains very compact resin therefore the sample/acids move very 

slowly through this. The Ln spec columns are very long and thin in order to increase the 

separation power of the resin, as the aim is to separate elements which are of similar size and 

property (i.e. the REE group). First, two samples were run through the Ln spec columns and each 

ml collected and tested on the ICP-MS for counts of Nd. It was observed that dominantly La and 

Ce came off in the first 3ml, although Nd started to come off the column in the 3rd ml also. 
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Figure 2.8 Digestion procedure for Nd chemistry, and cation column for separation of matrix (discarded) and 
HFSE and REE (retained for Tru spec column (Figure 2.9)) 
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Figure 2.9 Procedure for separation of REE through the Tru spec column, and final separation of Nd through 
the Ln spec column 

 

The 4th and 5th ml were dominated by Nd. Therefore the introductory 0.5ml 0.25M HCl (containing 

the sample) and the following 2.5ml 0.25M HCl were eluted into the waste, then the following 

2.5ml of 0.25M HCl collected for each sample. The dried down cuts were taken up in 1ml 0.5% 

HNO3 (SS) and placed on the hotplate for at least 1 hour before being measured to ensure the Nd 

cut was in solution. 
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2.5.3.4 Measurement of Sr-Nd-Pb isotopes 

All measurements were made on the Nu Instruments® multi-collector (MC) ICP-MS at VuW. 

Average standard measurements, accuracy and standard deviation (% 2SD) from the reference 

values are shown in Table 2.9. All isotopic standard measurements are shown in Appendix 8. 

Sr: 87Sr/86Sr was measured by the wet plasma method on the MC. The machine was tuned by 

varying the torch intensity and position, and the position of the various lenses using a 350ppb 

solution of NBS987 (87Sr/86Sr = 0.710248). Samples were bracketed by this and BHVO-2 used as 

the external standard (Table 2.9), and run as follows: NBS987(i) – sample A – sample B – BHVO-

2 – sample C – sample D – NBS987(ii). The drift-corrected value of the sample uses the 

reference value of NBS987, and the measured ratios of the two bracketing standards (e.g. 

NBS987(i) and (ii)). Blanks minus background were c. 3mv which corresponds to c. 40pg in 2ml, 

and therefore insignificant. 

Nd: The machine was tuned as for Sr using a 50ppb solution of Alpha-Aesar (AA) (143Nd/144Nd = 

0.512260) which was used as the bracketing standard for drift correction as with Sr isotope 

measurements. BCR-2 was used as the external standard (Table 2.9). Samples and standards 

were run as follows: AA(i) – sample A – sample B – BCR-2 – sample C – sample D – AA(ii). 

Blanks minus background were c. 3mv which corresponds to c. 70pg in 2ml, and therefore 

insignificant. 

Pb: The machine was was tuned as for Sr and Nd using a 30ppb solution of NBS981 (Baker et 

al., 2004) (208Pb/204Pb = 36.7262±31, 207Pb/204Pb = 15.5000±13, 206Pb/204Pb = 16.9416±13); this 

standard was used to bracket samples and run as follows: NBS981(i) – sample A – NBS981(ii) – 

sample B – NS981(iii) – sample C – NBS981(iv) etc to correct for drift (corrected Pb value = 

sample x reference value NBS981 / average of NBS981(i) and (ii)). JB-2 was run as an external 

standard (Table 2.9). Blanks minus background were c. 1.5mv which corresponds to c. 13pg in 

2ml, and therefore insignificant. 

 

2.5.4 Uranium series isotopes 

14 samples from three volcanic centres were analysed for U-series isotopes. Seven samples from 

Rangitoto volcano (in one session) and four from Mt Wellington and three from Purchas Hill (in a 

second session) were analysed for U-Th isotopes. These data are presented in Appendix 5. Ra 

was only analysed for Rangitoto volcano, as it is known to have erupted c. 500 years BP, 

therefore is young enough to still contain 226Ra (226Ra has a half-life of 1600 years) and an age 

correction could be applied to this. Ra isotopes were not obtained from Mt Wellington and 

Purchas Hill as the volcanoes are known to be c. 10,000 and c. 11,000 years old respectively 

(Lindsay et al., 2011). 
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  BHVO-2 BCR-2 JB-2 
87Sr/86Sr 
1 digestion 

Average (n = 3) 
2SD (%) 
Reference value 

0.703468 
0.0022 
0.703479±20 

 
- 

 
- 
 

143Nd/144Nd 
1 digestion 

Average (n = 7) 
2SD (%) 
Reference value 

 
- 
 

0.512611 
0.0025 
0.512636±2 

 
- 

206Pb/204Pb 
5 digestions 
 
 
 

1 n = 7 
2 n = 3 
3 n = 3 
4 n = 3 
5 n = 5 
Average 
2SD 
Reference value 

 
 
 
- 

 
 
 
- 

18.3427 
18.3406 
18.3406 
18.3413 
18.3402 
18.3410 
0.0038 
18.3435±17 

207Pb/204Pb 
5 digestions 
 

1 n = 7 
2 n = 3 
3 n = 3 
4 n = 3 
5 n = 5 
Average 
2SD 
Reference value 

 
 
 
- 

 
 
 
- 

15.5616 
15.5600 
15.5610 
15.5608 
15.5621 
15.5611 
0.0030 
15.5619±16 

208Pb/204Pb 
5 digestions 
 

1 n = 7 
2 n = 3 
3 n = 3 
4 n = 3 
5 n = 5 
Average 
2SD 
Reference value 

 
 
 
- 

 
 
 
- 

38.2767 
38.2706 
38.2726 
38.2723 
38.2755 
38.2735 
0.0096 
38.2784±5 

Table 2.9 Standard data for Sr-Nd-Pb isotopes. For Pb isotopes, numbers 1-5 refer to separate digestions. 
Digestions 1 and 5 were measured in different sessions to 2-4. n = x refers to the number of times each 
digestion was run. As indicated, one digestion was used for Sr and Nd and measured multiple times. All 
standard data are presented in Appendix 8 

 
Laboratory protocol 
Analyses undertaken at Macquarie University were in an ultraclean laboratory facility. Water used 

in procedures was filtered Millipore® water (Milli-Q) with measured resistivity of >18.2MΩ. Milli-Q 

water (MQ) was used for all acid dilutions, with acids being measured in measuring cylinders to 

the required dilution. Teflon distilled acids (distilled by the lab) are used for the digestion and 

column chemistry; Analar grade acids were used for cleaning. 

Beakers were cleaned by first wiping out with acetone, rinsing two times in MQ, then boiled at 

150oC in a MQ water bath overnight. After rinsing two times in MQ beakers were boiled at 150oC 

overnight in Analar grade conc. HNO3, then rinsed again two times in MQ. The beakers were then 

boiled at 150oC overnight in Analar grade 6M HCl + 0.2M HF, then rinsed again two times in MQ, 

boiled a second time in a MQ water bath at 150oC overnight, rinsed a final two times in MQ and 

dried ready for use. 
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Sample preparation 

See Goldstein and Stirling (2003) for more detail on tracer spikes, sample preparation and 

chemical separation. Approximately 0.3g of each sample powder was used (note that only  

approximately 0.1g of standard is required as this is very concentrated) and a radioactive mixed 

spike of 236U-229Th tracer of known concentration and isotopic composition added (and 228Ra if Ra 

is being measured) to calculate the concentration and isotopic ratio of the unknown U, Th and Ra 

in the samples being analysed. The spike was weighed separately by using the ‘tare’ function on 

the balance. See Figure 2.10 for cartoon of digestion procedure. 

Boric acid (6M HCl plus H3BO3 salts) was added after digestion to break down any fluorine bonds 

which may have formed from the reaction with HF (step 5); this step is important in U-series 

chemistry where it is vital that all of the sample is digested and in solution, whereas in Sr-Nd-Pb 

chemistry this is not so crucial.  

The loading volume (step 8) is the volume of 7M HNO3 which needs to be added to the sample 

before being introduced to the column. The eluting volume is the volume of 7M HNO3 which 

washes the sample through the column after introduction (step 2 in U-Th column chemistry, 

Figure 2.11). Both volumes depend on the amount of sample present, and are calculated by 

plotting the following quantities as a straight line (y = mx + c) where y = loading/eluting volume 

and x = sample weight. 

Loading volume: 

0.1g of sample = 3ml loading volume 

0.5g = 12ml 

1g = 25ml 

Eluting volume: 

0.1g of sample = 18ml 

0.5g = 12ml 

1g of sample = 8ml 

In the Rangitoto samples (i.e. in the case of the first session) 0.2g of sample was used therefore 

the volumes were 6ml and 15ml respectively. In the case of the Mt Wellington and Purchas Hill 

(i.e. in the second session) samples, 0.3g of sample was used, therefore the loading volume was 

8ml and the eluting volume 14ml.  

See Figure 2.11 for cartoon of U-Th column chemistry. Columns used were filled with 4ml 1-x8 

100-200 biorad anionic resin. Before use, the top 1cm of resin was removed by pipette and MQ, 

and replaced with clean resin. U and Th cuts were obtained from a single pass in this column.  

 

Ra separation procedure 

Ra separation required a further four columns, in order to strip out various elements (Figures 
2.12-15): 

1) 8ml cationic resin AG50-WX8 (Figure 2.12), 

2) 0.5ml cationic resin AG50-WX8 i.e. a scaled down version of column 1 (Figure 2.13); 

columns 1 and 2 separate Ra, Ba, Sr and REE, 

3) 100µl Ln-spec resin column (Figure 2.14), which separated REE from the Ra cut and 
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Figure 2.10 Digestion procedure for U-series chemistry 
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Figure 2.11 Procedure for separation of U and Th (and Ra if this is being collected for further separation 
(Figures 2.12-15) 

 



Chapter 2   Methods and the AVF database 

48 

 

4) 150µl Sr-spec resin column (Figure 2.15) which separated Sr and other remaining 

REE from the Ra cut. 

One of the main issues with the Ra column chemistry is that if the resin in any of the columns is 

stirred up through impatient/heavy-handed introduction of the sample Ra can be lost, and as it 

occurs in low abundance in most samples, this is not desirable. The second column (scaled down 

cation column) uses a frit placed on top of the loaded resin (step 1, Figure 2.13) to minimise this, 

but with the other columns the sample is introduced to each column drop by drop by pipette, in as 

small increments as possible to avoid splashing of sample-laden resin into the reservoir. Care is 

also taken in introduction of the elutants following introduction of the sample. 

For all columns except for the first, new resin was loaded for each session, and disposed of after 

the column chemistry was completed by pipetting water from the narrow end and cleaning with 

MQ. As detailed before (Section 2.5.3.3), Ln-spec resin is dense and the column narrow 

therefore to make sure the column is running as fast and as efficiently as possible, after loading 

the resin, pressing with the palm of the hand (with a clean glove) onto the reservoir end of the 

column will push through bubbles which can interfere with the smooth running of the column. 

Sr and Nd cuts can be taken at various stages throughout the columns, (and require further 

separation) and the stages when these elements come off the columns are indicated in Figures 
2.12-15; if these elements are not required (or more conventional methods of Sr-Nd separation 

are being used, as detailed in Sections 2.5.3.2 and 2.5.3.3) the acids indicated should be used 

as elutants and will drop into waste beakers. The final Ra cut was taken up in 1µl TaCl2 activator 

(Birck) solution ready for the machine (Section 2.5.4.1). 

 

2.5.4.1 Measurement of U-series isotopes 

U and Th isotopes were measured on a Nu Instruments® multi-collector (MC) ICP-MS at 

Macquarie University. U isotopes were measured in ‘dynamic mode’ (i.e. multiple isotopes can be 

collected and analysed simultaneously) with 238U and 235U analysed on Faraday cups (assuming 
238U/235U = 137.88 to correct for the mass bias between 238U and 235U (e.g. Goldstein and Stirling, 

2003), and 236U and 234U were collected on the IC0 ion counter; for further details see Dosseto et 

al. (2006) and Heyworth et al. (2007). The solution standards U010 and U005-A were used to 

bracket samples in the following sequence: U010 – U005-A – Sample A – Sample B – U010 – 

U005-A etc. Th isotopes also were measured in ‘dynamic mode’, with 232Th being measured in 

Faraday cups, and 230Th and 229Th on the IC0 ion counter. A linear tail correction was applied for 

the 232Th tail on 230Th; see Sims et al. (2008) for further detail. Samples were bracketed by the 

solution standard Th’U’ and Th’A’ in the following sequence: Th’U’ – Th’A’ – Sample A – Th’U’ – 

Th’A’ – Sample B etc., these standards have <0.1% daily relative standard deviations (McGee et 

al., 2011). 
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Figure 2.12 Procedure for first stage of Ra separation (cation column), to separate Ra, Ba, Sr and REE. This 
is further separated in columns 2-4 (Figures 2.13-15) 
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Figure 2.13 Stage two of Ra separation procedure, using a scaled-down cation column. The procedure is 
followed by two further columns (Figure 2.14-15) 
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Figure 2.14 Ln-spec column for step three of Ra separation, separating the REE from the Ra cut. This is 
followed by a final column (Figure 2.15) 
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Figure 2.15 Fourth column for procedure separating Ra 

 

Measured isotopes are purely measured ratios, to convert to activity ratios the decay constants of 

U and Th are used. Ra was measured on a ThermoFinnigan Triton® Thermal Ionisation Mass 

Spectrometer (TIMS) at Macquarie University. The Ra cut in the activator solution is placed on a 

1.2v degassed Re filament, dried down, glowed slowly and ionised. (228Ra/226Ra) ratios were 

measured in dynamic mode; see Turner et al. (2000) for further details. 

Standards 

The standard TML-3 (Table Mountain Latite, a secular equilibrium rock standard) was digested 

and separated as for the samples. TML-3 was measured as (230Th/232Th) = 1.088 ± 0.002 for the 



Chapter 2   Methods and the AVF database 

53 

 

first session and 1.082 ± 0.004 for the second session. (226Ra/230Th) in TML-3 was measured as 

1.002. Standard analyses are also presented in Appendix 8. 

 

PART 3: Review and discussion of available data 

This part reviews the methods used in this thesis and discusses the quality of the data used. A 

summary of the elemental data used in this study is provided. 

2.6 Possible sources of contamination during sample preparation or analysis 

2.6.1 Pb 

AVF basalts contain erratic levels of Pb (1 to 45ppm) (Figure 2.16). Ce/Pb ratios are variable, 

and mostly below those expected for oceanic basalts (~25, Hofmann et al., 1986) however ratios 

from other monogenetic fields (including others in New Zealand) are also variable, although for 

some fields in some settings higher Pb contents are attributed to assimilation of continental crust 

(e.g. Wudalianchi, Hsu and Chen, 1998). However, as the AVF sits on relatively young crust and 

is not thought to have assimilated crustal material (surmised from whole rock and isotopic data,  

 

 

Figure 2.16 Ce/Pb vs. Pb (ppm) for AVF basalts showing effects on chemistry of Pb contamination either in 
situ or during sample preparation. Dashed line marks average oceanic basalt value (Hofmann et al., 1986) 
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see Chapter 4), it is suggested that the high Pb in the AVF is anthropogenic (which would explain 

the very high concentrations seen in some isolated samples). There are several ways that this 

could have been introduced to the samples. One option is the Pb is from vehicles and general 

city-atmosphere whilst in situ. The other option is that the Pb is gained during sample crushing, 

weighing, the XRF fusion procedure, or the polishing of the sample for LA-ICP-MS analysis. 

Samples analysed by solution ICP-MS in ultra-clean lab conditions at VuW (see Section 2.5.2.2) 

were measured consistently as having lower Pb than in measurements by LA-ICP-MS, 

suggesting that the LA-ICP-MS method can variably contaminate the samples in Pb. This does 

not rule out environmental contamination in addition to this. 

As Pb contamination through environmental reasons or due to sample preparation is seen 

throughout the AVF database, it was decided that Pb data should not be presented in this study, 

other than as Pb isotopes (where non-bonded Pb is leached off the sample in the first stage of 

preparation, see Section 2.5.3.1), however, note that Pb is included in the multi-element plot of 

Chapter 3 (Rangitoto) as the potential Pb contamination issues were brought to light post-

publication of this paper 

2.6.2 Accidental inclusion of xenolithic fragments 

Many of the bombs in the tuff sequence of Motukorea (and samples from centres such as 

Panmure and Orakei which are tuff dominated) contain small sedimentary xenoliths which are 

impossible to avoid in the splitting stage of preparation. A large sample of one of these lithics from  

 

Figure 2.17 The theoretical effect of the presence of xenoliths of sediment in Motukorea basalts. Line shows 
mixing between the most primitive Motukorea sample and an analysed clast of sediment from the tuff 
sequence. The mixing line is of a different slope than the trend in the basalt samples indicating they are not 
affected by sedimentary xenolith contamination 
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Motukorea was analysed and found to be lower in all elements except Cs, Rb and Ga than the 

Motukorea basalts. The theoretical effects of the addition of such material was investigated, and it 

was found that the basalt data from Motukorea do not lie on a mixing trend with the sedimentary 

xenolith (Figure 2.17), and it appears that the addition of a small percentage of the sediment to 

the basalt does not have a large impact on the resultant chemistry.  

Thus, it can be concluded that any trends within this suite will not be affected by the inclusion of a 

small of amount of this sedimentary material. 

2.7 Review of methods 

As the standard data shows that the accuracy and precision of the major elements and the 

isotopes are good, it is concluded that these methods have produced good quality data for this 

thesis. Discrepancies between trace element analyses by LA and solution ICP-MS and the 

greater errors in the standard data produced by LA-ICP-MS requires further analysis of these 

methods. 

2.7.1 Comparison of trace element analysis techniques 

A comparison was made between trace elements analysed by LA-ICP-MS (the method which has 

been used for all new and pre-existing AVF data) and solution ICP-MS. 17 samples already 

analysed for trace elements by LA-ICP-MS were run by the solution method at VuW (see Section 
2.5.2.2). The solution ICP-MS data is used as a measure of accuracy in this discussion due to the 

better standard data showing better accuracy and precision than the LA-ICP-MS method (Table 
2.8) (with the exception of those elements which were subject to fluoride precipitation/machine 

error, see Section 2.5.2.2). BCR-2G standard data for LA-ICP-MS is used to investigate data 

accuracy over multiple sessions (2005-2011), and these are shown in Section 2.5.2.1, Table 2.4. 

There are certain elements which appear to be consistently poorly measured by the LA method: 

some of the transition metals (Cr, Cu, Zn and occasionally Ni), some of the high field strength 

elements (HFSE) (Y, Zr, Hf and Th), Tb and Pb. Solution-measured samples from the AVF for Cr, 

Ni and Zr compared well with values obtained by XRF. 

Another measure of accuracy is to directly compare samples measured by solution ICP-MS with 

the same samples measured by LA-ICP-MS. Samples from four different LA-ICP-MS sessions 

are shown in Figure 2.18 normalised to the value measured by solution ICP-MS in May 2011 at 

VuW. As well as the above-mentioned transition metals (Cr, Cu, Ni, Zn), a number of consistent 

inaccuracies are revealed: Ti, Ga and Pb are consistently offset in all four sessions. Sc is >10% 

offset in two of the four sessions, and there is generally a higher level of offset (although not 

always >10%) in the HREE. There are also some sessions in which the data was not as 

accurately measured as in others, such as November 2005 (Table 2.4) and July 2009 (Table 2.4 
and Figure 2.18). The larger offset in the July 2009 session has meant that some of the AVF 
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samples within this session were re-analysed in 2011, and the reanalysed data is what is reported 

in this thesis. 

Ratios of elements were investigated both in the BCR-2G standard data for LA-ICP-MS and in the 

solution vs. LA sample comparison. Ratios such as La/Yb and Dy/Yb in BCR-2G analyses from all 

sessions are <5% offset from the reference value ratios (except when Tb is used, as this element 

has a higher offset) and ratios of elements in the same samples measured by LA and solution 

also have much smaller offsets than single elements (e.g. LALa/Yb/solutionLa/Yb = 0.92-1.09), 

therefore element ratios will have much smaller error bars than single elements and more in-

depth modelling and interpretations will be able to be made from this data. 

 

2.7.2 Summary of data used in this thesis 

Using the comparison of techniques and the above scrutiny of the data, a consistent dataset of 

good quality where the limitations of the methods are known and understood has been put 

together. Elemental data used in this thesis and the necessary error bars, as well as that which is 

excluded is detailed and justified in Table 2.10. Cu, Zn and Ga are not used in this thesis due to 

consistent large errors in measurement. Pb is not used due to anthropogenic contamination (see 

Section 2.6.1). XRF values are used for Cr, Ni and Zr as this data is more accurate than that 

measured by LA-ICP-MS. V values measured by XRF are also used for consistency, so that all 

transition metals are presented from the same method. Some sessions have larger error bars 

attached to them (November 2005 and July 2009), due to larger offsets from the standard values 

in these session; however it must be noted that although single elements throughout the REE are 

assigned larger error bars, ratios have good accuracy statistics (mostly <5%). Rb and Th are 

cautiously interpreted but not assigned larger error bars as although standard data from LA-ICP-

MS suggested that these values were >10% offset from the reference, the data compared well 

with solution values (which had very good error statistics) for these elements. 

The obvious benefits of the LA-ICP-MS method are that large number of samples can be 

analysed in a short space of time and without the need of a clean lab and dangerous acids. This 

has been taken advantage of in this study as it has provided a large dataset from which the field-

wide and within-volcano trends can be described and interpreted, and has made the AVF one of 

the most extensively sampled and analysed small volcanic fields in the world. The extremely large 

variation observed in the AVF data is unaffected by the somewhat higher accuracy offsets 

measured by the LA-ICP-MS method as described here. Where more in-depth modelling of 

subtler trends is required – for example, in the characterisation of melting parameters of the 

source – and therefore greater accuracy is required, the most primitive samples which have been 

measured by solution ICP-MS (Section 2.5.2) are used. The limitations now analysed, the 

advantages of both methods have been used to full effect in this thesis. 
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Figure 2.18 Samples analysed by LA-ICP-MS (Section 2.5.2.1) over four different sessions (September 2008: n=2; July 2009: n=5; November 2009: n=5; December 
2010: n=2) normalised to the values measured by solution ICP-MS in May 2011 (Section 2.5.2.2). Dashed lines of 10% offset from the solution values are marked. 
Elements >10-15% offset are indicated in bold above the relevant peaks. Ti, Cr, Zn, Ga and Pb are offset throughout all four sessions. See text for full discussion (Part 3, 
Section 2.7.1). Sample AVF-915 is highlighted as it has anomalous offset, therefore was removed from the AVF major and trace element database 
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  Data quality Notes 
Sc Good, except for November 2005 Assign 15% error bar to November 2005 data 
V Good Use XRF values for consistency 
Cr BCR-2 ~40% offset (from reference) Use XRF values 
Co Good  -  
Ni BCR-2 ~5-10% offset; compares badly with some solution data Use XRF values 
Cu BCR-2 ~10-15% offset Not used 
Zn BCR-2 ~10-15% offset Not used 
Ga BCR-2 generally 5-10% offset; compares badly with solution data Not used 
Rb Good, except for September 2008, although data from this session compares well with solution data Cautious interpretations of September 2008 data  
Sr Good  -  
Y BCR-2 ~5-20% offset; ~10% offset compared to solution data Assign 10% error bar to all data 
Zr BCR-2 ~5-15% offset; ~10% offset compared to some solution data Use XRF values 
Nb Good  -  
Cs Good, except for September 2008 Assign 15% error bar to September 2008 data 
Ba Good  -  
La Good  -  
Ce Good  -  
Pr BCR-2 ~10% offset in November 2005 and July 2009 Assign larger error bar to November 2005 data and July 2009 
Nd BCR-2 ~10% offset in November 2005 and July 2009 Assign larger error bar to November 2005 data and July 2009 
Sm BCR-2 ~10% offset in November 2005 and July 2009 Assign larger error bar to November 2005 data and July 2009 
Eu BCR-2 ~10% offset in July 2009   
Gd BCR-2 ~10% offset in November 2005 and July 2009 Assign larger error bar to November 2005 data and July 2009 
Tb BCR-2 ~5-17% offset in most sessions (although compares less badly to solution data) Only use in REE plots 
Dy BCR-2 ~10-15% offset in November 2005 and July 2009. Larger offset in December 2010 solution data Use in REE plots or use only ratios. Assign 10-15% error bars  
Ho BCR-2 ~10-15% offset in November 2005 and July 2009. Larger offset in December 2010 solution data Use in REE plots or use only ratios. Assign 10-15% error bars  
Er BCR-2 ~10-15% offset in November 2005 and July 2009. Larger offset in December 2010 solution data Use in REE plots or use only ratios. Assign 10-15% error bars  
Tm BCR-2 ~10-15% offset in November 2005 and July 2009 Larger offset in December 2010 solution data Use in REE plots or use only ratios. Assign 10-15% error bars 
Yb BCR-2 ~10% offset in July 2009. Larger offset in December 2010 solution data Use in REE plots or use only ratios. Assign 10-15% error bars  
Lu BCR-2 ~10% offset in July 2009. Larger offset in December 2010 solution data Use in REE plots or use only ratios. Assign 10-15% error bars  
Hf BCR-2 ~10-15% offset in most sessions Assign 15% error bar to all data 
Ta BCR-2 ~5-10% offset in most sessions Assign 10% error bar to all data. 
Pb BCR-2 erratic offset; compares badly with solution data (also see Section 7.1) Not used 
Th BCR-2 ~10-15% offset in November 2005 and July 2009 sessions, but compares well with solution data Cautious interpretation of Crater Hill data and July 2009 
U Good (although ~15% offset in September 2008 data) Assign 15% error bar to September 2008 data  

Table 2.10 Summary of quality of data used in this thesis, as deduced from BCR-2G LA-ICP-MS standard data for all sessions in which AVF data was analysed (2005-
2010), as well as from comparisons of samples analysed by LA and solution ICP-MS (solution data taken as a good measure of accuracy due to excellent standard data – 
see Section 2.5.2.2). As a result of this investigation some elements are not used in this thesis (Cu, Zn, Ga, Pb), some are presented as XRF values (V, Cr, Ni, Zr) and 
some are assigned larger error bars to avoid over-interpretation of subtle trends 
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Preface to Chapter 3 

In Chapter 1 it was stated that Rangitoto volcano was the most recent volcanic event in the AVF. 

Rangitoto is also known to have erupted twice, and these two eruptions produced deposits of 

different chemistry: first alkalic then subalkalic within 50 years of each other (Needham et al., 

2011). The second of these eruptions was the largest event in the AVF by an order of magnitude. 

The production of two chemically different deposits within such a short space of time is not only 

unusual in the AVF, but is unexpected behaviour for a so-called monogenetic volcano (see 

Section 3.1 Chapter 1 for a description of the term ‘monogenetic’). This suggests a complex 

plumbing system beneath Rangitoto. 

As both eruptions occurred in historic times and the ages are well-constrained through extensive 
14C dating (see Lindsay et al., 2011 for a summary), Rangitoto is an ideal candidate for uranium 

series (U-series) studies, including the daughter of 230Th (226Ra), which has a half-life of 1600 

years. U-series isotopes are a powerful tool for investigating melting parameters in young 

systems, particularly those parameters which involve an aspect of time such as melting and 

upwelling rates; Ra isotopes can also be used to model mantle porosities and thus the way melts 

are transported to the surface (e.g. Sims et al., 2002; Volpe and Goldstein, 1993). The aim of this 

study was to use major and trace element analyses combined with Sr-Nd and U-series isotopes 

of samples from the two Rangitoto eruptions to examine the melting processes that caused the 

production of two chemically distinct magmas. This study also aims to explain the behaviour of 

the AVF at one of its extremes (in terms of size, composition and obvious complexity). 

The chapter is in the form of a paper published in Contributions to Mineralogy and Petrology 

(McGee et al., 2011). Modelling shows that not only did the two magmas form at different depths, 

but were subject to different melting conditions. An unexpected conclusion is that melts can 

ascend through different modes of melt transport (i.e. variable porosities, as seen through varying 

(226Ra/230Th) ratios between samples analysed from each eruption) despite the proximity of the 

two vents, which suggests that discrete magma batches are produced and ascend in isolation in 

monogenetic fields such as the AVF. 
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Abstract 

The Auckland Volcanic Field is a Quaternary monogenetic basaltic field of 50 volcanoes. 

Rangitoto is the most recent of these at c. 500 yrs BP and may mark a change in the behaviour of 

the field as it is the largest by an order of magnitude, and is unusual in that it erupted magmas of 

alkalic then subalkalic basaltic composition in discrete events separated by ≤50 years. Major and 

trace element geochemistry together with Sr-Nd and U-Th-Ra isotopes provides the basis for 

modelling the melting conditions that brought about the eruption of two chemically different lavas 

with very little spatial or temporal change. Sr-Nd isotopes suggest that the source for both 

eruptions is similar with a slight degree of heterogeneity. The basalts show high 230Th-excess 

compared to comparable continental volcanic fields. We show that the alkalic basalts give 

evidence for lower degrees of partial melting, higher amounts of residual garnet, a longer melting 

column and lower melting and upwelling rates compared to the subalkalic basalts. The low 

upwelling rates (0.1-1.5cm/yr) modelled for both magmas do not suggest a plume or major 

upwelling in the mantle region beneath Auckland, therefore we suggest localised convection due 

to relict movement from the active subduction system situated 400km to the southeast. A higher 

porosity for the initial alkalic basalt is based on 226Ra-excesses, suggesting movement of melt by 

two different porosities: the initial melt travelling in fast high porosity channels from greater depths 

preserving a high 230Th-excess, and the subsequent subalkalic magma travelling from a shallower 

depth through lower porosity diffuse channels preserving a high 226Ra-excess; this creates a 

negative array in (226Ra/230Th) vs. (230Th/238U) space previously only seen in Mid Ocean Ridge 

Basalt data. This mechanism suggests the Auckland Volcanic Field may operate by the presence 

of discrete melt batches which are able to move at different depths and speeds, giving the field its 

erratic spatial and temporal pattern of eruptions, a type of behaviour that may have implications 

for the evolution of other continental volcanic fields worldwide. 

 



Chapter 3  Rangitoto: a U-Th-Ra isotopic study 

61 

 

3.1 Introduction 

How and why melts leave the mantle, the form they take, and the rate and mechanisms by which 

they reach the surface are fundamentally important topics in our understanding of mantle 

processes (e.g. Elliott, 1997; McKenzie, 1985; Peate and Hawkesworth, 2005; Sims et al., 1999; 

2002; Spiegelman and Elliott, 1993; Williams and Gill, 1989). Studies from a variety of tectonic 

settings (e.g. Eichelberger et al., 2006; Marsh, 1989; Smith et al., 2010; Turner et al., 2001) show 

that magmas can be profoundly modified by their passage through the lithosphere and that even 

apparently chemically primitive compositions can result from a variety of processes in the source 

and conduit environment, or represent mixtures of components with different origins that have 

been assembled only just prior to their eruption.  

Small scale basaltic systems – commonly expressed at the surface as volcanic fields – are often 

referred to as monogenetic (e.g. Canon-Tapia and Walker, 2004; Connor and Conway, 2000), a 

term which implies that they represent the rise and eruption of a single batch of magma in a 

temporally confined time (months to years). Yet ‘monogenetic’ volcanoes often show multiple 

geochemical trends and even discrete compositional batches which suggest that there are more 

complex relationships between the source region of the magma and the plumbing system that 

brings magmas to the surface. In recent years important steps have been made in our 

understanding of the way that magmas are generated and extracted from the mantle by detailed 

studies of stratigraphic sequences in very small volume basaltic volcanoes (e.g. Blondes et al., 

2008; Brenna et al., 2010; Reiners, 2002; Smith et al., 2008; Strong and Wolff, 2003; Valentine 

and Perry, 2007). Such studies have the potential to offer a direct understanding of the way that 

magmas are formed and how they separate from their source, because they appear to rise rapidly 

with little modification, reaching the surface still preserving the geochemical signature of 

processes that operated at or near their source.  

Combining studies of monogenetic centres with Uranium series (‘U-series’) isotopes affords a 

unique opportunity to look in detail at the plumbing system of small scale basaltic systems, as a 

comparison to the more prolific recent work on mid ocean ridge and arc related volcanism (e.g. 

Bourdon and Van Orman, 2009; Garrison et al., 2006; Jull et al., 2002; Sims et al., 2002; Stracke 

et al., 2006; Turner et al., 2000, 2001), as well as recent studies on larger scale intraplate 

volcanism such as Hawaii and the Azores (e.g. Beier et al., 2010; Bourdon et al., 1998, 2005; 

Prytulak and Elliott, 2009; Sims et al., 1999; Thomas et al., 1999). From a hazards perspective, 

an important question is how monogenetic volcanic fields evolve over time, as many fields are 

situated on or near to growing urban centers.  Auckland, New Zealand, is a key example of this, 

as is Mexico City and its position on the Michoacan-Guanajuato volcanic field (e.g. Hasenaka and 

Carmichael, 1987), and the various volcanic fields in the Western USA such as the Cima, Big 

Pine and San Francisco fields (Asmerom and Edwards, 1995; Blondes et al., 2008; Farmer et al., 

1995) which lie near settlements or facilities for which it would be disastrous for a volcanic 
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eruption to occur, such as at the proposed Yucca Mountain nuclear waste repository site (Connor 

and Hill, 1995).  

Rangitoto volcano, being the most recent (c. 550yrs B.P) eruption in the Auckland Volcanic Field 

(AVF) provides a perfect opportunity to observe how a volcanic field volcano develops over its 

lifespan and an ideal subject for a Uranium series (U-series) investigation. A significant aspect of 

Rangitoto volcano is that it has had two discrete eruption episodes over its short lifetime: a small 

‘typical AVF’ alkalic basalt eruption followed by a more voluminous ‘atypical’ subalkalic eruption, 

making Rangitoto the largest eruption seen in the field by an order of magnitude (Allen and Smith, 

1994).  

This study uses U-Th-Ra isotopes (providing the first Ra analyses for intraplate basalts in New 

Zealand), together with Sr-Nd isotopes and major and trace elements to look into the subtle 

change in melting conditions which led to the eruption of the two chemically different magma 

suites at Rangitoto volcano erupted within a very short time interval of ~50 years. A significant 

finding of this study has been the discovery of a commonality between Mid Ocean Ridge Basalt 

(MORB) data from the East Pacific Rise (EPR) (Sims et al., 2002) and the isotopic trends seen at 

Rangitoto volcano, i.e. the negative correlation between (226Ra/230Th) vs. (230Th/238U) seen in the 

EPR is present in the Rangitoto data from this study; this is the first time that this has been 

observed in an intraplate setting. These findings indicate that magma can move via two porosities 

(Jull et al., 2002; Kelemen et al., 1997; Liang, 2008; Lundstrom, 2000; Sims et al., 2002)  

meaning that discrete melt batches beneath Auckland are able to move at different depths and 

speeds. 

 

3.2 Geological setting 

The Auckland Volcanic Field (AVF) is composed of about 50 Quaternary basaltic volcanoes over 

an area of 360 km2 (Figure 3.1), and has been active since c. 250,000 yrs BP (e.g. Molloy et al., 

2009). Most of the volcanoes in the field represent only very small magma volumes (<0.1 km3) but 

some of the younger volcanoes are larger (0.1-0.4 km3) and the most recent eruption about 550 

years ago produced Rangitoto volcano which is the largest by an order of magnitude with c. 2 km3 

dense rock equivalent (DRE) (Allen and Smith, 1994). Auckland’s volcanoes prior to this most 

recent eruption produced basaltic magma of alkalic composition to build individual volcanoes in 

an eruption sequence that is typically continuous. In a detailed study of the Crater Hill volcano in 

the AVF Smith et al. (2008) described a compositional spectrum that is systematically related to 

time through the eruption sequence and explained these observations by near-source 

fractionation; this model is currently the testable paradigm for the behaviour of the Auckland 

magmatic system. In contrast to the simple Crater Hill model Rangitoto Volcano grew in two 

discrete stages each characterised by distinct magma compositions.  
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Figure 3.1 A Schematic map of the North Island of New Zealand showing location of the Auckland Volcanic 
Field, B Map of the field with the 51 centres shown as black circles, C Rangitoto and Motutapu islands (black 
circles indicate location of samples analysed for U-series isotopes in this study) 

 

The first stage of the Rangitoto eruption at c. 550 yrs BP built a cone of tuff and scoria of alkalic 

basalt composition and in terms of composition and volume was a ‘typical’ Auckland eruption 

comparable to the other volcanoes in the AVF (e.g. Heming and Barnet, 1986; McGee and Smith, 

unpublished data). The second and much more voluminous phase (c. 1.5 km3 DRE) at c. 500 yrs 

BP produced hypersthene normative basalt of subalkalic composition (Needham et al., 2011). An 

important question is the relationship between the two distinct magma batches that shared the 

same plumbing system, and the light that this sheds on the behaviour of the mantle source and 

melting dynamics.  

This is the second U-series study to be completed on the AVF. Huang et al (1997) obtained U-

series and radiogenic isotopes for several centres in the field (although this study excluded 

Rangitoto), and noted that the 230Th-excesses, i.e. (230Th/238U > 1), were some of the highest seen 

for intraplate basalts. The excesses are indeed high compared to such fields as the Newer 

Volcanic Province (NVP), Victoria, Australia (Demidjuk et al., 2007) and the Wudalianchi volcanic 

field, NE China (Hsu and Chen, 1998; Zhang et al., 1995; Zou et al., 2003), and these fields are 

taken as being some of the most analogous to the AVF in terms of composition, size, age and 

tectonic setting. 
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3.3 Volcanology and petrography of Rangitoto volcano 

In a recent paper Needham et al (2011) describe Rangitoto Island as a near symmetrical volcano 

c. 6 km in diameter rising c. 260 m above sea level. The summit region consists of a central 

scoria cone containing a 60 m deep, 150 m wide crater that is flanked to the north and south by 

complex scoria mounds and ridges inferred to represent the remnants of older craters. The lower 

flanks of the volcano are composed of a lava field that dips gently from the base of the scoria 

cone to the coast. Pyroclastic phases of the eruptions were dispersed mainly to the northeast and 

this is seen in ash sequences on adjacent Motutapu Island (Figure 3.1), where a prominent 20 to 

50 cm thick, dark grey to black deposit of pyroclastic material mantles a large portion of the 

island. 

Rangitoto basalts are typically porphyritic, non- to highly vesicular rocks composed mainly of 

olivine + plagioclase + clinopyroxene + Fe-Ti oxides; the material from the two eruptions is 

petrographically similar. Samples from the lava field contain c. 35% phenocrysts and those from 

the scoria cones c. 25% phenocrysts.  Euhedral to subhedral olivines, <2 mm in size, are the 

dominant phenocryst phase and in lava samples these are typically seen in clusters <10 mm in 

diameter. The crystalline groundmass contains anhedral clinopyroxene that subophitically 

encloses laths of euhedral plagioclase. Minor amounts of olivine and iron-titanium oxides are also 

present in the groundmass. 

 

3.4 Sample selection and analytical methods 

The geochemistry of Rangitoto Volcano has been characterised in a comprehensive suite of 100 

analyses from the south and summit scoria cones (subalkalic), and the northern scoria cone 

remnants together with tephra from the neighbouring island Motutapu (alkalic) (Needham et al., 

2011). For the present study we have selected seven representative samples based on age 

constraints. Four represent the initial alkalic stage and consist of two samples from the pyroclastic 

sequence on Motutapu and two samples from the northern scoria cone, and three represent the 

subsequent subalkalic stage and consist of one sample from the lava field, one from the summit 

scoria cone, and one from the southern cone adjacent to this. These have been analysed for 
87Sr/86Sr, 143Nd/144Nd and U-Th-Ra isotope disequilibria. See Chapter 2 for methods in detail. 

For whole rock analytical work, clean rock fragments were crushed between tungsten carbide 

plates and a 100 g aliquot ground to <200µm mesh in a tungsten carbide ring grinder. Major and 

trace element concentrations were measured by X-ray fluorescence (Siemens SRS3000 

spectrometer) using standard techniques on glass fusion discs prepared with SPECTRACHEM 

12-22 flux. For XRF major oxide analyses precision is generally better than 1% (at 2sd). Trace 

element data were obtained by laser ablation inductively coupled plasma mass spectrometry (LA-

ICP-MS) at the Australian National University using the fused glass discs prepared for XRF and 
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an EXCIMER laser system, operating in the ultra-violet spectrum at a wavelength of 193nm 

(Eggins et al., 1998a). A standard of NIST 612 was run after every 15 analyses for calibration. Si 

concentrations obtained by XRF were used as the internal standard to correct for variation in 

ablation yield between samples and calibration standards and the ‘matrix effect’ of variations 

between counts per second and parts per million (ppm) of different elements. During the course of 

the analyses, BCR-2G glass standard was analysed (n = 15) to provide an independent 

assessment of accuracy and precision (see Appendix 6, September 2008 session). 

 

Isotopic compositions of Sr and Nd were determined on c. 100 mg of powdered sample that was 

digested using a HCl-HF–HNO3 digestion technique. Sr and Nd fractions were separated from Ra 

columns and loaded onto degassed single and double Re filaments, respectively, and analysed in 

static mode on a ThermoFinnigan Triton® TIMS at Macquarie University. Mass fractionation was 

corrected for by normalising Sr to 86Sr/88Sr = 0.1194 and Nd to 146Nd/144Nd = 0.7219. Analyses of 

BHVO-2 performed at the same time yielded 87Sr/86Sr = 0.703496 ± 36 (n = 7) and 143Nd/144Nd = 

0.512963 ± 20 (n = 6). 

U, Th and Ra concentrations and isotope ratios were determined on samples that were spiked 

with 226U-229Th and 228Ra tracers and dissolved using an HF-HNO3-HCl mix in teflon beakers. The 

product was converted to chloride using 6N HCl saturated with H3BO3 to remove residual 

fluorides. The final product was converted to nitrate using 15N HNO3 and finally taken up in 7N 

HNO3. U and Th purification was achieved via a single pass through a 4 ml anionic resin column 

with 1-x8 100-200 biorad anionic resin (see description in e.g. Heyworth et al., 2007). 

 

Concentrations and isotope ratios were measured in dynamic mode on a Nu Instruments® MC-

ICP-MS at Macquarie University following the approach of Dosseto et al. (2006) and Heyworth et 

al. (2007). 238U and 235U were analysed on Faraday cups, using the 238U/235U ratio to determine 

the mass bias, assuming 238U/235U = 137.88, whilst 236U and 234U were alternately collected in the 

IC0 ion counter that is equipped with a deceleration lens. The IC0 gain was determined during 

interspersed dynamic analyses of CRM145 assuming a 234U/238U ratio of 5.286 x 10-5 (Cheng et 

al., 2000). Methods for Th isotope measurements employed a dynamic routine with 232Th in 

Faraday cups and 230Th and 229Th alternating on IC0 and are described in detail by Sims et al. 

(2008). A linear tail correction for the 232Th tail on 230Th was applied. A standard-sample 

bracketing procedure for each sample analysed was applied using the Th 'U' standard solution 

which has a <0.1% daily relative standard deviation. Multiple analyses of the secular equilibrium 

rock standard TML-3 (n = 5) performed at the same time as the samples yielded the following 

results: U = 10.54 ppm, Th = 29.61 ppm, (234U/238U) = 0.993, (230Th/232Th) = 1.088, (230Th/238U) = 

1.007 that is within error of secular equilibrium and published values (Sims et al., 2008). Samples 

were run during a similar period to those described in Beier et al. (2010) and accordingly, we 

estimate our precision during this period to be ≤ 5 ‰ for (230Th/238U) and ≤ 3% for (226Ra/230Th) 

based on mulitple analyses of BCR-1, BCR-2 and TML-3.  
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Ra was taken from the first elution from the anionic column and converted to chloride using 6N 

HCl. This was then loaded in 3N HCl onto an 8 ml cationic column with Cationic AG50-WX8 resin 

and the process repeated on a scaled-down 0.6 ml column. Ra, Ba and the REE were then 

separated using a ElChrom® Ln-spec resinTM. Ra and Ba were then chromatographically 

separated using ElChrom® Sr-spec resinTM and 3N HNO3 as elutant in a 150 µl procedure. 

Samples were loaded onto degassed Re filaments using a Ta-HF-H3PO4 activator solution and 
228Ra/226Ra ratios were measured to a precision typically c. 0.5% in dynamic ion counting mode 

on a ThermoFinnigan Triton® TIMS. Accuracy was assessed via replicate analyses (n=5) of TML-

3 that yielded 226Ra = 3534 fg/g and (226Ra/230Th) = 1.002 ± 0.008 that is within error of secular 

equilibrium. 

 

3.5 Results 

The Rangitoto sample suite encompasses a range of compositions in two distinct groups that can 

be correlated with the stratigraphic position of the samples on the volcano itself. The 

compositional types have been classified as alkalic and subalkalic basalts based on the presence 

of normative nepheline (alkalic) or hypersthene (subalkalic).  

3.5.1 Major and trace elements 

The SiO2 content of most of the subalkalic basalts falls within a narrow range (49-50 wt. %) that is 

consistently higher than that of the alkalic basalts (45-49 wt. %). For both groups, as SiO2 

increases, Al2O3, TiO2, CaO, Na2O, K2O and P2O5 increase, whereas MgO, MnO and FeOtotal 

decrease. The alkalic samples have higher TiO2 and total alkali contents than the subalkalic 

samples, and display more compositional scatter (Figure 3.2). The compositional trend of the 

alkalic group is distinct from that of the subalkalic group and both are characterised by relatively 

primitive compositions in terms of Mg-numbers (Mg#) (50-66). This feature is not unusual for the 

AVF basalts, where Mg# ranges from 55-70 (Heming and Barnet, 1986). 

Trace element ratios also show distinct groupings within the data (Figure 3.3). The alkalic basalts 

have distinctly higher La/Yb, Sm/Yb, Ba/Sr, Nb/Zr and Ba/Zr, and lower Ba/Nb ratios than the 

subalkalic basalts. Some data show discrete linear trends within each group; this is seen 

particularly well in the La/Yb vs. Sm/Yb plot (Figure 3.3). However, there is no trend linking the 

two groups showing that these are indeed two distinct magma batches and that little or no mixing 

occurred between them. 
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Figure 3.2 Plots of SiO2, TiO2, CaO and total alkalis (Na2O + K2O) vs. Mg#, for Rangitoto Volcano. Note 
distinct grouping of the two lavas 

 

 

Figure 3.3 Trace element ratios Ba/Nb vs. Zr/Nb, La/Yb vs. Sm/Yb, Ba/Sr vs. Rb/Sr and Nb/Zr vs. Ba/Zr for 
Rangitoto Volcano. Note distinct grouping and non-linearity of trends 
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On a primitive mantle normalised trace element plot (Figure 3.4) the alkalic basalts are more 

enriched than the subalkalic basalts, particularly in Ba, Ta, Nb and light rare earth elements 

(LREE); both groups have similar heavy rare earth element (HREE) concentrations, and the 

alkalic basalts are only slightly more enriched in the high field strength elements (HFSE) such as 

Hf and Zr. Both groups display similar trends that are characteristic of intraplate basalts (Sun and 

McDonough, 1989). Fields of other known basaltic intraplate volcanic fields are shown for 

comparison; Rangitoto is of a less enriched composition in general compared to these fields, 

particularly in the HREEs, and particularly when compared with Wudalianchi which is known to be 

particularly enriched in large ion lithophile elements (LILE), REE and potassium (e.g. Zhang et al., 

1995). The data is most similar to the Newer Volcanic Province (NVP) (Demidjuk et al., 2007) 

although Rangitoto is still generally less enriched. The Western US fields, the NVP and 

Wudalianchi all show enrichment in the LILE, a feature that is not seen in the Rangitoto data.  

3.5.2 Sr-Nd isotopic compositions 
87Sr/86Sr ratios range between 0.702857 and 0.703125 with the subalkalic group having slightly 

higher ratios than the alkalic group (Figure 3.5); however, 143Nd/144Nd ratios are similar for both  

 

 

Figure 3.4 Primitive mantle normalised (after McDonough and Sun, 1995) trace element plot showing OIB 
pattern in the seven Rangitoto samples analysed for U-Th-Ra. Other intraplate fields plotted for comparison. 
Striped field: Wudalianchi volcanic field (Zou et al., 2003); Dark grey field: Newer Volcanic Province, 
Australia (Demidjuk et al., 2007); Light grey field: Big Pine and Cima volcanic fields, western USA (Blondes 
et al., 2008; Farmer et al., 1995) 
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Figure 3.5 87Sr/86Sr vs. 143Nd/144Nd plot of analysed samples from Rangitoto, the AVF (Huang et al., 1997), 
the South Auckland Field (Cook et al., 2005) and the Northland volcanic field (Huang et al., 2000), the NVP 
(Demidjuk et al., 2007), Wudalianchi (Zou et al., 2003), Big Pine (Farmer et al., 1995) and Cima (Blondes et 
al., 2008). HIMU and MORB data from a compilation by Stracke and Hofmann (2005) 

 

groups and range between 0.512931 and 0.512971. The alkalic basalt data is similar to samples 

from other centres in the AVF (Huang et al., 1997), but the subalkalic basalt data has higher 
87Sr/86Sr than these. Generally, lavas from Rangitoto and the AVF straddle a field that has 

commonly been thought to represent a ubiquitous source (see Hofmann, 1997 and Stracke et al., 

2005). Other Quaternary intraplate fields in northern New Zealand – the Northland and South 

Auckland volcanic fields (Huang et al., 2000; Cook et al., 2005) – are comparable to both 

Rangitoto groups but lie further into the (less enriched) MORB fields. See Appendix 5 for data. 

The Western US fields – Cima (Blondes et al., 2008) and Big Pine (Farmer et al., 1995) are 

shown for comparison – display more isotopic variation, e.g. the Cima volcanic field has similar 
87Sr/86Sr to the SAVF and NVP, yet much higher 143Nd/144Nd, and the Big Pine volcanic field has 

much higher 87Sr/86Sr than all of these; however, it is likely that these differences are due to 

heterogeneity over a greater area (and greater mix of tectonic influence) than the Northern New 

Zealand fields. Like the AVF, the NVP generally has similar Sr-Nd isotope characteristics, but 

higher and more varied 87Sr/86Sr. 
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3.5.3 U-Th-Ra isotopic compositions 

(234U/238U) values are 1.00 ± 0.001-0.002 indicating an absence of seawater or shallow level 

alteration. In a (230Th/232Th) versus (238U/232Th) equiline diagram (Figure 3.6A) all samples lie 

above the equiline in the 230Th-excess region (e.g. Elliott and Spiegelman, 2003), and are 

separated into alkalic and subalkalic groups with the latter having lower (230Th/232Th) values. 

(238U/232Th) values vary from 0.86 to 0.95 in the alkalic basalts, and 0.95 to 1.04 in the subalkalic 

basalts. (230Th/232Th) values encompass a much tighter range within each group, 1.24 to 1.26 for 

the alkalic basalts, and 1.14 to 1.16 for the subalkalic basalts. Assuming that the range in  

 

Figure 3.6 A U-Th equiline diagram for Rangitoto data, with alkalic basalts showing a higher 230Th-excess 
than the subalkalic basalts. Fields for the AVF (Huang et al. 1997), NVP (Demidjuk et al., 2007), Wudalianchi 
(Zou et al., 2003), Pinacate, San Francisco and Craters of the Moon fields (Asmerom, 1995) are shown for 
comparison. It can be seen that the Rangitoto is comparatively high, and that the previous AVF data 
overlaps with the alkalic basalt eruption. B (226Ra/230Th) vs. (230Th/238U) for Rangitoto volcano, note strong 
negative correlation, also seen in data from the East Pacific Rise (Sims et al, 2002; 2003) (grey field marked 
as EPR). Fields from A missing due to lack of 226Ra isotopic data 
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(238U/232Th) reflects source composition and/or fractionation during melting, the fact that the 

(230Th/232Th) values are similar within each group and form flat rather than sloped arrays, as well 

as the presence of a 226Ra excess (see below) indicates that little or no 230Th decay has occurred 

since the melting event. The previous U-Th data for the AVF (Huang et al 1997) overlaps both 

groups, with (230Th/232Th) ranging from 0.97 to 1.28; however, ages from the sampled centres are 

not well constrained so how much of the variation in 230Th-excess is due to decay is unknown 

(although the field as a whole is thought to be no more than c. 250,000 years old (Molloy et al., 

2009)). Two analogous intraplate fields (the NVP and Wudalianchi) both show a lower 230Th-

excess than the AVF, with the former having wider variation in (238U/232Th) than the latter (Figure 
3.6A). U-Th data from some Western US fields with somewhat different tectonic settings are 

shown for comparison – the San Francisco field lies on a stable craton and the other Western US 

fields are influenced by extension (Asmerom and Edwards, 1995). MORB data are not shown as 

a result of the differences in melting regimes between MORB and OIB, which are likely to affect 

the resultant (230Th/238U) (Sims and Hart, 2006). 

(226Ra/230Th) ratios were obtained for all seven Rangitoto samples. All analysed samples show 
226Ra-excess and range between 1.16 and 1.39 for the alkalic basalts, and 1.57 to 2.01 for the 

subalkalic basalts (Figure 3.6B) implying that no age correction is required for the U-Th 

disequilibria. As the age of the samples is known (550 and 504 yrs BP for the alkalic and 

subalkalic eruption respectively) an age correction was applied to the Ra, and this is what is 

reported. East Pacific Rise (EPR) data from Sims et al. (2002) shown for comparison. 

 

3.6 Discussion 

The major and trace element characteristics described above suggest that each suite in the 

Rangitoto volcano eruptive sequence represents a distinct petrogenetic lineage which cannot be 

related by low pressure fractionation processes. The following discussion uses geochemical 

models which investigate the parameters involved in the genesis of the two magmas at Rangitoto 

volcano, including the depth of formation and composition of source material, as well as U-series 

isotopes to develop a melting model to constrain conditions such as column lengths, and 

upwelling and melting rates. A model is constructed to explain the difference in conditions in the 

source region and processes which lead to the eruption of two contrasting magmas with little 

spatial or temporal difference. 

3.6.1 Depth and extent of melting 

Experimental work has long demonstrated a link between the chemical composition of basaltic 

magma and the pressures and temperatures of partial melting (Asimow et al., 2001; Fujii, 1989; 

Green, 1973; Green and Ringwood, 1967; Hirose and Kushiro, 1993). An initial assumption needs 

to be made about the mineralogical and chemical composition of the source material beneath  
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Figure 3.7 Calculated temperatures and pressures modelled after Lee et al. (2009) for the alkalic (open 

circles) and subalkalic (black squares) magmas at Rangitoto – 21 samples (alkalic basalts n = 12, subalkalic 

basalts n = 9) of our 100 in the main dataset were used; primary melt compositions from the model are listed 

in Table 3.1. The subalkalic basalts show a restricted range of lower pressures, whilst the alkalic basalts 

show a more diverse range of higher pressures 

 

Rangitoto; in the case of the AVF isotopic measurements of Sr-Nd as well as previous Pb isotope 

data (Huang et al., 1997) indicate a common, ubiquitous source (see below) and a garnet-

clinopyroxene peridotite source is assumed from the qualitative pressures explained below 

(Figure 3.7). As a starting point we have calculated the primary melt composition following the 

method by Lee et al. (2009); calculated primary melts, temperatures and pressures are presented 

in Table 3.1 and Figure 3.7. We assume a similar liquid line of decent for the two eruptions as 

they were erupted from the same volcano (and they are also petrologically similar), although it is 

possible that the magma batches may have fractionated differently, as seen from their differing 

chemistry and (230Th/232Th) and (226Ra/230Th) ratios. Thermobarometry using these primary melt 

compositions implies that the alkalic basalts likely originated at greater pressures (c. 2.5-4GPa) 

and thus greater depths. Pressures of 3 – 4 GPa correlate with a depth of >90km, and a Ol + Cpx 

+ Opx + Gt mineralogy (Robinson and Wood, 1998). The calculated pressures of the subalkalic 

suite (c. 2GPa) suggest a source which could also contain garnet, but at somewhat shallower 

depths – the degree of garnet in the source affecting the two magmas is investigated in more 

detail using REE ratios below. Alternatively, these differences could point to compositionally 

distinct sources at different depths, however we do not think this is the case due to the Sr-Nd 

isotopic homogeneity (see below for discussion of Sr-Nd isotopes). We therefore suggest that a 

peridotite source is a likely progenitor to the Rangitoto basalts. 
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Table 3.1 Calculated primary melt major element compositions, temperatures and pressures from the 
thermobarometer of Lee et al. (2009) using major element data from the larger Rangitoto dataset of 
Needham et al. (2011) 

 

REE patterns can be used to estimate the likely degrees of partial melting and amount of garnet 

in the source of the two magma types. The alkalic basalts are more enriched in LREE than the 

subalkalic samples, which is indicative of smaller degrees of partial melting (Figure 3.4). This is 

consistent with Smith et al. (2008) who estimated c. 3.5% melting for alkalic basalts produced at 

Crater Hill volcano in the AVF. The flatter REE profile for the subalkalic suite suggests higher 

degrees of melting at a lower average pressure.  

The batch melting equation was used to model the compositions of the lavas and varying degrees 

of melting and amounts of residual garnet (Figure 3.8), assuming a modified trace element 

enriched  source (Stracke et al., 2005) inferred from the trace elements and the isotopes (see 

below).  

3.6.2 Constraints on source composition 

Both groups of Rangitoto samples show similar Sr-Nd isotope ratios indicating that their 

petrogenesis involved broadly the same source (Figure 3.5). Although the subalkalic lavas tend 

towards slightly more radiogenic Sr isotope compositions and slightly higher (238U/232Th) we 

propose that both sources are essentially comparable, with these differences indicating a small 

degree of heterogeneity. All analysed samples plot as c. 0.703 87Sr/86Sr and c. 0.51295 
143Nd/144Nd; this fits with the previous isotopic study of Huang et al (1997) which place the AVF  

 SiO2 TiO2 Al2O3 FeO Fe2O3 MnO MgO CaO Na2O K2O T  
(oC) 

P 
(GPa) 

Alkalic 
basalts 

45.69 2.06 10.66 10.73 0.57 0.17 17.84 8.47 2.82 0.97 1539 3.6 
45.71 2.11 11.11 10.62 0.53 0.16 17.01 9.00 2.86 0.90 1515 3.3 
45.80 2.11 11.20 10.58 0.53 0.16 16.84 9.03 2.86 0.90 1509 3.2 
45.92 2.11 11.17 10.62 0.53 0.16 17.01 8.97 2.62 0.89 1511 3.1 
45.98 2.17 11.10 10.54 0.52 0.16 16.75 8.80 2.94 1.04 1504 3.2 
46.08 2.21 11.31 10.42 0.51 0.16 16.32 8.94 2.98 1.07 1490 3.0 
46.18 2.17 11.04 10.36 0.51 0.16 16.43 9.03 3.09 1.03 1494 3.1 
46.31 2.19 10.84 10.35 0.52 0.16 16.49 9.07 3.05 1.01 1494 3.0 
46.44 2.07 11.35 10.68 0.52 0.16 17.02 8.47 2.53 0.77 1503 3.9 
46.96 1.52 11.54 10.55 0.51 0.18 16.61 7.68 3.68 0.78 1489 3.0 
47.02 1.89 11.51 10.52 0.51 0.15 16.43 8.43 2.77 0.76 1481 2.7 
47.24 1.88 11.54 10.55 0.51 0.14 16.59 8.29 2.56 0.69 1482 2.6 

Subalkalic 
basalts 

48.41 1.50 11.22 10.48 0.56 0.17 17.27 7.69 2.19 0.51 1489 2.3 
48.35 1.66 12.25 9.95 0.49 0.15 15.55 8.34 2.71 0.56 1442 2.1 
48.47 1.64 12.31 10.02 0.49 0.15 15.67 8.06 2.62 0.57 1443 2.0 
48.97 1.56 11.79 10.06 0.52 0.16 16.13 8.07 2.18 0.56 1452 1.9 
48.74 1.62 12.13 10.05 0.49 0.15 15.69 8.08 2.44 0.60 1442 2.0 
48.86 1.59 12.11 9.97 0.50 0.15 15.64 8.01 2.58 0.58 1440 2.0 
48.78 1.62 12.29 9.87 0.48 0.15 15.36 8.17 2.71 0.58 1433 1.9 
48.95 1.60 12.20 9.92 0.50 0.15 15.53 8.15 2.45 0.55 1436 1.9 
48.90 1.62 12.20 9.96 0.49 0.15 15.47 8.23 2.37 0.60 1435 1.9 
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Figure 3.8 REE modelling for Rangitoto Volcano. Model and data are normalised to chondrite (McDonough 
and Sun, 1995). Lines show varying garnet content, tick marks show varying degrees of partial melting. 
Samples shown as symbols (circles and squares) are those for which Sr-Nd and U-Th-Ra data is available 
(from this study), fields are data from Needham et al. (2011). Source mode used as in Table 3.2. Source 
concentration (ppm) used is as follows: Ce: 1.40, Yb: 0.60, Sm: 0.35 

 

data in between MORB in a field that represents a common, ubiquitous source of Ocean Island 

Basalts (OIB). Data from the Northland volcanic field (Huang et al., 2000) – a 10 Ma volcanic field 

150-250 km north of the AVF – are more depleted and tend towards MORB like compositions 

despite showing similar 87Sr/86Sr to the Rangitoto alkalic basalts. The South Auckland Volcanic 

field (SAVF) is a Quaternary intraplate field of over 100 centres c. 50km south of the AVF (Cook 

et al., 2005) and has Sr-Nd isotopes similar to that of the six centres sampled in the AVF by 

Huang et al. (1997). The new Rangitoto data from this study overlaps mostly with the SAVF data 

and some of the other AVF data indicating that there may be a similar source beneath the AVF 

and SAVF – which one may expect from their proximity – but the volcanic field further north 

(Northland) may have somewhat depleted MORB-like characteristics, suggesting something of an 

age progression in terms of source, with the mantle becoming more depleted further north and 

more fertile further south towards the active arc. 

3.6.3 U-series constraints on melting dynamics 

U and Th are highly incompatible elements and so straight batch or fractional melting are 

incapable of producing significant disequilibria. Therefore, most models involve some form of 

dynamic melting whereby daughter ingrowth occurs over a protracted melting time but melts 
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instantaneously leave the melt region once a threshold porosity is reached (for discussion, see 

e.g. Sims et al., (1999, 2002); Jull et al., (2002); and Williams and Gill (1989)). Dynamic melting 

modeling (Williams and Gill, 1989) using the melt fractions and amount of residual garnet 

deduced above can thus be used to further constrain the melting conditions required to reproduce 

the U-Th disequilibria for the two Rangitoto eruptions. The presence of garnet has generally been 

associated with 230Th excesses as DTh <DU in garnet (e.g. Elliott, 1997), and leads to an 

enrichment of 230Th over 238U in the melt. The occurrence of 230Th excesses at Rangitoto is 

generally consistent with the presence of garnet, however, about 20% lower 230Th excesses in the 

subalkalic basalts may reflect a combination of parameters including a change in proportion of 

garnet in the source, degree of melting and melting rate. As has already been suggested, the 

differences between the two suites is not thought to be due to any significant change in the 

source region, therefore some kind of change in melting conditions is the preferred scenario for 

the eruption of two contrasting lavas with similar temporal and spatial characteristics. 

The dynamic melting parameters were set as follows (Table 3.2): ranges of garnet content, 

degrees of melting and a peridotite source mode were taken from the REE modelling above 

(Figure 3.8). Partition coefficients for U, Th and Ra are from Blundy and Wood (2003). Porosity 

was dictated by the size of 226Ra excess (e.g. Prytulak and Elliott, 2009): the lower excesses in 

the alkalic basalts requiring a higher porosity (0.004), and the higher excesses in the subalkalic 

basalts requiring a lower porosity (0.0025). 

Table 3.2 Input parameters for dynamic melting model (after Williams and Gill, 1989) used to deduce 
different melting regimes for alkalic and subalkalic basalts seen at Rangitoto. a From previous studies based 
on the AVF (Kermode, 1992; Rout et al., 1993). Melting column lengths were approximated from the 
thickness of basalt observed at the surface for each rock type (using the known height of island and water 
depth in the Hauraki Gulf) and the integrated total extent of melting. Partition coefficients from Blundy and 
Wood (2003). Cpx D values based on an average pressure of 3GPa 

 

Parameter (1) Alkalic 
basalt 

(2) Subalkalic 
basalt 

 

Degree of melting (X) 2-3% 3-6% 
Porosity (φ) 0.004 0.0025  
a ρ solid kg/m3  3300 3300  
a ρ fluid kg/m3  2700 2700  
Upwelling rate (W) cm/yr 0.1 1.5  
Melting column length km 30 10  
Modelled melting rate 
range (M) kg/m3/yr 

3.30E-06 – 
2.20E-06 

2.97E-04 – 
1.49E-04 

 
DU                 DTh 

Source mode: Olivine 
                      Clinopyroxene 
                     Orthopyroxene 
                     Garnet 

57 
8-10 
28 
5-7 

57 
10-12 

28 
3-5 

6.00E-5 
0.01219 
0.006 
0.0165 

9.52E-6 
0.0106 
0.003 
0.0033 
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Figure 3.9 Schematic diagram showing how the data presented in this study explains the eruptive history of 
Rangitoto volcano. Dynamic melting model is shown on the two data plots: (230Th/232Th) vs. (238U/232Th) 
model shows changes in degree of melting (X) and amount of garnet (Gt) in the source. (226Ra/230Th) vs. 
(230Th/238U) model shows changes in porosity (Φ) between the two events, as well as degree of melting. See 
text for discussion 

 

Note that 226Ra is age corrected. Values for degrees of melting are within the range modelled for 

other OIB/intraplate volcanic fields, such as the NVP, Lanzarote and Hawaii, with similarly small 

degrees of melting being seen in such studies as Pico Island (1%, Prytulak and Elliott, 2009), 

Lanzarote (1-4%, Thomas et al., 1999) and the NVP (3-6%, Demidjuk et al., 2007). Porosities 

modelled in this study also are within the range of recent OIB research, with the Pico Island model 

(Prylutak and Elliott, 2009) requiring porosities of 0.002-0.005, the Pitcairn seamounts <0.5 

(Bourdon and Van Orman, 2009), and values as low as 0.001 for the NVP (Demidjuk et al., 2007). 

The melting column length for the alkalic basalts was inferred to be longer than that for subalkalic 

basalts due to their higher 230Th excess (e.g. Elliott, 1997; Peate and Hawkesworth, 2005; 
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Thomas et al., 1999). With these parameters ‘set’, remaining parameters (upwelling rate and 

column length) were varied. The results of the modelling are shown in Figure 3.9 and Table 3.2. 

Degree of melting (X) was deduced as being small (between 2 and 6%) in both magmas from 

REE modelling (Figure 3.8); a change in 1% melting in the alkalic basalts has a large resultant 

change in 230Th excess whereas a larger change in the subalkalic basalts (3 to 6% melting) leads 

to the same scale of change in excess suggesting that very small melt fractions (i.e. < 3%) are 

much more sensitive to accumulated 230Th excess (as one would expect as DTh < 1). If X is set 

and garnet content varied within the ranges deduced from REE modelling (Figure 3.9) a similar 

change in the subalkalic and alkalic suites’ 230Th-excesses is seen, where garnet is changed from 

3-5% in the subalkalic and from 5-7% in the alkalic suite. The (226Ra/230Th) vs. (230Th/238U) plot in 

Figure 9 shows the modelled difference in porosity between the two eruptions with varying 

degrees of melting; it can be seen that to achieve the higher 226Ra-excess in the subalkalic 

basalts, porosity has to be higher than for the alkalic basalts. It is also shown that the REE-

modelled X values match well with the observed 226Ra-excess. 

 

The modelled upwelling rates (0.1-1.5cm/yr, Table 3.2) are reasonably small compared to other 

intraplate systems. Upwelling rates for plume/hotspot related volcanics such as Hawaii are 

significantly higher: 40-100cm/yr for tholeiitic lavas and 1-3cm/yr for alkalic basalts and basanites 

(Sims et al., 1999), and modelled as 3.5cm/yr for Lanzarote (Thomas et al, 1999) and 2-4 cm/yr 

for Pico Island in the Azores (Prytulak and Elliott, 2009) which are all thought to be influenced by 

some sort of plume. Rates for the intraplate (although assumed to be hotspot related) Grande 

Comore volcanics were estimated at 1-2cm/yr (Bourdon et al., 1998), which are comparable to 

those estimated for the intraplate NVP of Victoria, Australia (1.5cm/yr), a province thought to be 

related to localised convection rather than a plume (Demidjuk et al., 2007) – these values are 

more similar to those modelled in this study, although still somewhat higher than our lower limit. 

Given the tectonic setting of the AVF – situated 350-400km northwest of the active convergent 

boundary of the Pacific and Indo-Australian plates – one might expect that the field would be 

influenced by the proximity to active subduction, however, the geochemistry of the basalts does 

not suggest this (Figure 3.4), neither do our modelled ‘slow’ upwelling rates suggest that the 

active arc is a significant contributor (e.g. Turner et al., 2001). 

 

The fact that the REE-modelled parameters appear to create 230Th- and 226Ra-excesses similar to 

the observed values is a good test that these are realistic ranges for parameters in the Rangitoto 

system; the parameters deduced are also consistent with the study by Huang et al (1997). It 

seems likely that the alkalic magma was produced at greater depth and in a longer melting 

column than the subalkalic magma, and at smaller degrees of melting (2-3%) and greater 

amounts of garnet in the source (5-7%), as opposed to the larger (although notably still small) 

degrees of melting (c. 6%) and less abundant garnet (3-5%) required for the subalkalic magma. 

The alkalic magma requires a lower upwelling rate (W) and melting rate (calculated from X 
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values, see Table 3.2 for ranges) than the subalkalic magma, which correlates with the relative 

volumes of magma produced, but creates something of a problem geodynamically. Our calculated 

melting rates of c. 1x10-4 and 3x10-6 kg/m-3/yr for the Rangitoto alkalic and subalkalic basalts are 

similar to that calculated for the Pitcairn seamounts (10-5 kg/m-3/yr) which are thought to be 

reasonably slow but possible by conductive heating in a plume (Bourdon and Van Orman, 2009), 

however from the calculated upwelling rates and lack of any geophysical evidence suggesting a 

plume or major upwelling region, we suggest that the mechanism by which such small batches of 

melt are able to ascend is localised eddying of mantle due to the relict movement of the arc now 

responsible for volcanics in the Taupo Volcanic Zone (TVZ) (Figure 3.1). 

3.6.4 Implications for melt movement 

The striking negative correlation of (226Ra/230Th) with (230Th/238U) (Figure 3.6B) merits further 

discussion; such a tight correlation (r2 = 0.92) (and given the age correction) cannot be from 226Ra 

decay, and, based on trace element ratios (Figure 3.3) cannot be due to mixing between the two 

magmas or crustal processes (seen by the lack of correlation with MgO (e.g. Bourdon and Van 

Orman, 2009). We conclude that this correlation is magmatically caused, independently of 230Th. 

A way of reconciling high 230Th excess but lower 226Ra excess in the alkalic basalts, and the 

reverse in the subalkalic basalts is by a movement of upwelling melt through two porosities 

(Iwamori, 1994; Jull et al., 2002; Kelemen et al., 1997; Sims et al., 1999; Sims et al., 2002) which 

allows high 226Ra and 230Th excess to co-exist in the same system (schematically shown in 

Figure 9) as well as explaining a certain degree of the observed heterogeneity in the eruptive 

products (Liang, 2008) without requiring the two magmas to be from different sources, as we have 

suggested from Sr-Nd isotopes (Figure 3.5). 

The modelled higher porosity in the first eruption (alkalic basalt) suggests that the melt moved in 

fast high porosity channels from greater depth (also fitting with qualitative higher pressures 

(Figure 3.7) and greater amounts of garnet in the source (Figure 3.8)), thus preserving the 

observed 230Th excess but a lower 226Ra excess. The lower porosity modelled for the subsequent 

eruption (subalkalic) suggests that this larger melting event migrated upwards via slower diffuse 

melt movement higher in the column (thought to be the mechanism for the larger volume melts 

under ocean ridges, modelled by Lundstrom (2000)) – as is also suggested by qualitative lower 

pressures and lower abundance of garnet in the source – which preserves the observed high 
226Ra excess due to chromatographic fractionation between Th and Ra in the solid (Jull et al., 

2002; Sims et al., 2002), but a lower 230Th excess. This lower excess requires less in-growth and 

likely faster melt production which arises from larger degrees of melting and faster upwelling in a 

shorter melting column. These processes give the negative trend on a (226Ra/230Th) vs. 

(230Th/238U) plot (Figure 3.6B) of high 226Ra-excess in the subalkalic basalt but high 230Th-excess 

in the alkalic basalt. This negative array was first identified in the Juan de Fuca, Gorda and East 

Pacific ridges by Volpe and Goldstein (1993), and the implications of this expanded on with age-
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constrained samples and models in the EPR (Kelemen et al., 1997; Lundstrom, 2000; Sims et al., 

2002, 2003; Liang, 2008); this is the first time it has been observed in an intraplate setting. 

The possibility that melts can travel at different speeds via differing porosities creates a scenario 

where melt can exist and/or accumulate at varying levels and be subject to varying processes 

over small distances and timescales. So, given this, another question is whether the two eruptions 

on Rangitoto represent two extraction events as a result of one melting event, with the first 

triggering the second, or two discrete melting events where the magma/melt bodies exist 

independently of one another; this is a question that current studies in the AVF are seeking to 

answer. The fact that an initially small melt batch was extracted and that this was followed c. 50 

years later by a second more voluminous batch suggests that partial melts have the ability to exist 

in an unstable state for a certain length in time and that this can lead to subsequent eruption of 

chemically different material over a very small area. 

3.7 Conclusions  

1. Two eruptions from the same vent at Rangitoto volcano, separated by c. 50 years, have 

produced lavas of different compositions – initially alkalic and subsequently subalkalic 

basalt. These basalts plot as two distinct groups in terms of major and trace element 

concentrations 

2. Fractionation corrected major elements and REE modelling suggests that the alkalic 

basalts were formed at greater depth, with higher amounts of garnet, at very small 

degrees of melting (X = 2-3%) compared to the subalkalic basalts (X = 3-6%) 

3. Sr-Nd isotopes suggest that subtle heterogeneity may exist in the mantle source beneath 

Auckland, but we do not believe different sources are implicated in the genesis of the two 

magmas 

4. The first, alkalic basalt has a higher 230Th-excess than the second, subalkalic basalt. The 

melting conditions of this have been modelled using constrained and deduced 

parameters, and lower degrees of melting, higher amounts of garnet, a longer melting 

column, and lower melting and upwelling rates attributed to the first (alkalic) eruption. The 

very low upwelling rates modelled for both events (0.1-1.5cm/yr) rules out the implication 

of a plume or hotspot underneath Auckland, and suggests more gentle, localised 

upwelling possibly related to the peripheral effects from the active subduction system now 

situated 400 km to the southeast 

5. The negative correlation of (226Ra/230Th) with (230Th/238U) can be reconciled with the 

application of the ‘two-porosity’ model of Iwamori (1994), Kelemen (1997), Lundstrom 

(2000) and Sims et al (2002), which suggests that the initial alkalic eruption involved fast 

moving melts from depth moving in high porosity channels, whilst the second subalkalic 
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eruption upwelled through diffuse low porosity melt movement, the former preserving high 
230Th excess, the latter preserving high 226Ra excess. This is the first observation of this in 

an intraplate setting 

6. The AVF may operate by the presence of discrete melt batches which are be able to 

move at different depths and speeds as shown by the U-series data, giving the field its 

erratic spatial and temporal pattern of eruptions – this could be a model for other 

continental volcanic fields worldwide 

7. The eruption of two magmas with little spatial or temporal change in the AVF suggests 

that more work is needed to understand the field fully for future hazard planning 
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Preface to Chapter 4 

In Chapter 3 Rangitoto volcano was identified as an anomaly in the field in terms of its size, 

complexity, and chemistry. It was also concluded that despite their proximity in space and time, 

the two melt batches acted as discrete entities, governed by their own set of melting parameters.  

The reasons behind compositional variability are further examined in Chapter 4 by looking at data 

from twelve volcanic centres across the whole of the AVF, with the aim of creating a melting 

model for the AVF as well as identifying processes which may be generic to the genesis of 

monogenetic basaltic volcanism. It also seeks to establish where the behaviour of Rangitoto fits 

into the melting spectrum for Auckland, and monogenetic volcanism.  

In order to investigate the nature and behaviour of the mantle in a small-scale, young, basaltic 

system such as the AVF, geochemical tools such as major and trace elements, and Sr-Nd-Pb 

isotopes are often used, as in Chapter 3. In the following chapter they are coupled with new U-Th 

isotopic data from two other centres in the AVF, which supplements the data reported on in 

Chapter 3. A subset of the most primitive samples was measured by solution ICP-MS (see 

Section 2.5.2.2, Chapter 2) to obtain the accuracy required to investigate subtle chemical trends. 

This dataset is modelled for varying parameters relating to source composition and behaviour 

such as degree of melting and the extent of incorporation of other source components. This is 

used to build a melting scenario for the AVF. Note that although this follows on from, and expands 

on, the previous chapter, some of the conclusions are in conflict – this is addressed in the 

synthesis (Chapter 6). 

This chapter is presented in the form of a paper re-submitted to Journal of Petrology. In addition 

to building a melting scenario specific to the AVF, the study produces two significant conclusions:  

1) Pb isotope analyses of samples from a range of volcanoes in the field show three component 

mixing between fertile asthenosphere, veins within the asthenosphere, and subduction 

metasomatised lithosphere, with volcanic centres showing varying degrees of incorporation of 

these components; and 2) characteristics of individual volcanoes, namely the scale of the eruption 

and the degree of involvement of lithospheric melts, can be linked to the extent of initial melting in 

the deep asthenosphere.  
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Abstract 

High-resolution sampling in monogenetic fields has the potential to reveal fine-scale heterogeneity 

of the mantle, a feature which may be overwhelmed by larger fluxes of magma, or missed by 

under-sampling. The Quaternary Auckland Volcanic Field (AVF) in northern New Zealand is a 

basaltic field of 51 small-volume volcanic centres, and is one of the best-sampled case studies of 

a monogenetic volcanic field thus far studied.  We present data for 12 centres in the volcanic field; 

these show the extremely large compositional variation between individual volcanoes as well as 

through single eruptive sequences. Whole rock compositions range from subalkalic basalt in the 

larger centres, through alkalic basalt to nephelinite in the smallest centres. Fractional 

crystallisation has had a limited effect in many of the centres, but high pressure clinopyroxene 

crystallisation may have occurred in others. Three end-members are observed in Pb isotope 

space, indicating distinct mantle source components are involved in the petrogenesis of AVF 

magmas with centres sampling varying amounts of these. Whole rock multi-element patterns 

show that the larger centres have prominent positive Sr anomalies and near-neutral K anomalies, 

whilst the smaller centres show the opposite. The melting parameters and compositions of the 

sources involved are modelled using trace element ratios and multi-element patterns, and three 

components are characterised: 1) fertile peridotite with Pb-isotopic compositions similar to Pacific 

MORB, 2) eclogite domains with a HIMU-like isotopic composition dispersed within the fertile 

peridotite, and 3) slightly depleted subduction-metasomatised lithospheric peridotitic mantle 

(containing c. 3% subduction fluids). Modelling shows melting in the AVF begins in the garnet-

bearing fertile asthenosphere (with preferential melting of eclogite domains) and that melts are 

variably diluted by the lithospheric source. U-Th isotopes of the end-members in the AVF show 
230Th-excess ((230Th/232Th) ratios of 1.11-1.38), with the samples of lower (230Th/232Th) exhibiting 

higher (238U/232Th) which we attribute to the dilution effect of the lithospheric mantle source. 

Modelling reveals a correlation between melting in the asthenosphere, the degree of melting and 

incorporation of the metasomatised lithospheric source, and the resultant size of the volcanic 
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centre. This suggests that the scale of the eruption may essentially be controlled by 

asthenospheric mantle dynamics. 

 

4.1 Introduction 

Small-scale basaltic systems are defined by low rates of magma production from dispersed 

plumbing systems (Connor & Conway, 2000). Because very small magma volumes are involved 

and their existence at the surface requires rapid ascent from source, monogenetic eruptions have 

the potential to reveal subtle features of magmatic processes which are overwhelmed in larger 

systems such as central continental volcanoes, ocean island basalts and large igneous provinces. 

Recent research into the sources, processes and dynamics involved in the creation of 

monogenetic volcanic fields (e.g. Blondes et al., 2008; Brenna et al., 2010, 2012; Demidjuk et al., 

2007; Ersoy et al., 2011; Jung et al., 2006; Ma et al., 2011; Shaw et al., 2003; Timm et al., 2009) 

has revealed petrological and geochemical variations on both spatial and temporal scales. Key 

questions that arise from these data sets involve the conditions in which small volume melts are 

generated within the mantle, and the processes by which they are modified during their ascent to 

the Earth’s surface. A major conclusion of these recent studies is that many small-scale basaltic 

systems are far more complex than may be anticipated for a system characterised by low magma 

flux, the short life of individual eruptive vents and the often near-primitive nature of their eruptive 

products. Most recent studies have invoked the mixing of mantle sources and/or components 

such as metasomatic veins or wall-rock to explain their observed geochemical trends, 

incompatible element enrichments and isotopic features (e.g. Ma et al., 2011, Marzoli et al., 2000, 

Menzies et al., 1985, Timm et al., 2009).  

In general, studies of small-scale basaltic systems have been based on relatively small datasets 

of analysed samples collected from selected volcanic centres representing a particular volcanic 

field. Given the complexities revealed in recent investigations this approach has limited the scope 

of what can be discovered about how melting and fractionation processes operate on a small 

scale. A key observation of small-scale basaltic systems is that individual eruptions represent 

discrete and compositionally distinctive magma batches and that within each eruption sequence 

there are significant compositional variations. Geochemical investigations looking at variation both 

between eruptive centres and within individual eruptive sequences have become increasingly 

important in understanding the processes involved in monogenetic volcanism (e.g. Blondes et al., 

2008; Brenna et al., 2010; Erlund et al., 2009; Johnson et al., 2008; Smith et al., 2008; Strong & 

Wolff, 2003). The study of such fields is also important because small volcanic fields may 

represent the beginnings of a magmatic system that will develop into a more extensive, 

continuously active system with time (c.f. Clague & Dixon, 2000).  
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The Auckland Volcanic Field (AVF) is one of the most comprehensively studied small-scale 

volcanic fields, and provides an excellent platform from which to examine in detail the inner 

workings of a small-scale basaltic system. In this paper we present the results of a detailed study 

of the geochemistry of the AVF through the examination of field-wide and within-centre variations 

using whole rock major and trace element abundances and Sr-Nd-Pb and U-Th isotopic ratios. 

The aim of this paper is two-fold: firstly, to determine the conditions under which very small 

volume magma batches are generated and, secondly, to understand how melts are modified 

during their journey to the Earth’s surface. 

 

4.2 The setting of the Auckland Volcanic Field 

The northern part of the North Island of New Zealand has a remarkably varied volcanic history 

represented by suites of rocks that record episodes of obduction (e.g. Malpas et al., 1992; 

Whattam et al., 2005), subduction (e.g. Ballance, 1976; Booden et al., 2011; Schellart, 2007) and 

intraplate magmatism (e.g. Cook et al., 2005; Huang et al., 2000; Smith, 1989). The Auckland 

region has seen a brief episode of intraplate basaltic magmatism c. 20Ma ago (Shane et al., 

2010) followed by subduction-related volcanism in the period 17-15 Ma (Booden et al., 2011) 

caused by the migration of arc-type volcanism from Northland to the Coromandel Peninsula 

(Figure 4.1) as subduction moved southward during the late Cenozoic. From c. 10Ma onwards 

intraplate volcanism developed in Northland (Smith, 1989; Smith et al., 1993) and in late Pliocene 

to Quaternary times small basaltic volcanic fields developed in the Auckland area (Figure 4.1) 

(Briggs et al., 1989, 1990; Cook et al., 2005); the AVF is the most recent of these. 

The AVF is a Quaternary basaltic intraplate volcanic field of 51 eruptive centres situated within an 

area of 360km2 on the Auckland isthmus (Figure 4.1). The oldest centre in the field is thought to 

be c. 260,000 years old based on Ar-Ar dating (Lindsay et al., 2011), however, age data for the 

field is sparse. The most recent eruption – Rangitoto volcano, which erupted twice (Needham et 

al., 2011) – occurred c. 500 years BP and was the largest event in the field by an order of 

magnitude. The total magmatic output of the field is c. 4km3 dense rock equivalent (DRE) (Allen & 

Smith, 1994), with the second Rangitoto eruption accounting for c. 2km3 of this. Most commonly 

Auckland’s volcanoes have erupted silica-undersaturated (nepheline normative) basaltic magmas 

ranging in composition from alkali basalt to nephelinite; less commonly (but more voluminously) 

hypersthene normative lavas have been erupted from a few centres. The lavas are uniformly dark 

grey and olivine phyric. The groundmass is composed of glass, plagioclase, titaniferous augite 

and oxides. 

The general volcanological features of the AVF are well-known from the early maps of 

Hochstetter (1864) and Heaphy (1860) and the extensive descriptions and mapping of Searle  
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Figure 4.1 (a) Schematic map of the North Island of New Zealand showing the location of the Auckland 
Volcanic Field (AVF), the South Auckland Volcanic Field (SAVF), Northland, the Coromandel Peninsula and 
the approximate position of the Taupo Volcanic Zone (TVZ). (b) Location of the AVF on the Auckland 
isthmus showing volcanic centres as black circles or unfilled stars; stars indicate the 12 centres focussed on 
in this paper. Samples from the four labelled volcanic centres (Otara, Mt Richmond, Three Kings and 
Taylor’s Hill) were only analysed for Sr-Nd-Pb isotopes 

 

(1959a, 1959b, 1961a, 1961b, 1964, 1965) and Kermode (1992). Recent research has focussed 

on individual centres (e.g. Crater Hill; Smith et al., 2008, and Rangitoto; McGee et al., 2011; 

Needham et al., 2011) but a comprehensive study of the geochemistry of the entire field has thus 

far been lacking. Of the 51 volcanic centres in the AVF, 12 are particularly well represented in 

terms of analysed samples and are the principal focus of this study (Table 4.1). These 12 

volcanic centres include the biggest and most recent centre (Rangitoto), the next most recent (Mt 

Wellington), the smallest sampled centre (Purchas Hill), two maars (Orakei and Panmure), one 

maar and lava complex (Pupuke) which is also the oldest known centre in the field, three tuff-

scoria-lava flow complexes (Motukorea, Crater Hill and Puketutu) and three dominantly scoria-

lava flow dominated centres of varying size (Mt Eden, Outhwaite Park and Wiri). These centres 

encompass the varying magmatic styles, size range, spatial extent and compositional extremes of 

the field (Table 4.1). 



 

 

 

 

 

 

Volcano Age Size (m3 
x106 DRE) Features XRF and LA-ICP-

MS analyses 
Solution ICP-MS 
analyses (primitive) 

Sr-Nd-Pb, 
U-Th analyses 

1 Pupuke 200-260 kyrs a 45 Large complex maar, with scoriaceous 
deposits and lava flows (partly quarried) 46 5 2 Sr-Nd-Pb 

2 Rangitoto 

1st eruption: 0.5 
kyrs BP, 2nd 
eruption: 0.55 kyrs 
BP b 

2000 
First eruption: Scoria cone, second eruption: 
two scoria cones and large lava shield 
(protected) 

54 2 (1st eruption) 
3 (2nd eruption) 

5 Pb 
(3: 1st eruption, 
2: 2nd eruption) 

3 Motukorea ≥7-9 kyrsc 20 Tuff ring, scoria cone and lava flows 
(protected) 18 5  

4 Outhwaite Park Undated Unknown 
(small) Small scoria cone (little remains, now a park) 10 4  

5 Mt Eden 28.4 kyrs BP b 170 3 overlapping scoria cones and lava flows 
(protected) 17 5  

6 Orakei >85 kyrsd 10 Maar 21 -  

7 Purchas Hill 11 kyrs BP b 0.1 Twin craters/scoria cones, small tuff ring 
(little remains, part of Mt Wellington quarry) 27 5 3 Sr-Nd-Pb 

3 U-Th 

8 Mt Wellington 10 kyrs BP b,d 170 Minor tuff ring, scoria cone and thick lava 
flows (quarry) 34 5 3 Sr-Nd-Pb 

4 U-Th 
9 Panmure >17 kyrs d 9 Maar 21 -  

10 Puketutu 32-34 kyrs a,e 25 Tuff ring, 3 scoria cones and a lava field 
(quarry) 14 5 4 Sr-Pb, 3 Nd 

11 Wiri 32-34 kyrs BP b,e 30 Tuff ring, scoria cones and extensive lava 
flows (quarry) 12 5 2 Sr-Nd-Pb 

12 Crater Hill 32-34 kyrs BP b,e 12 Tuff ring, scoria cones and lava flows (partly 
quarried) 61 2  

Additional volcanic centres with isotopic analyses (major and trace element data not reported) 
Otara Unknown 7.86 Tuff-scoria-lava complex (partly built over) - - 2 Sr-Nd-Pb 
Three Kings 28.5 kyrs BP b 131.25 Tuff-scoria-lava complex (partly quarried) - - 2 Sr-Nd-Pb 
Taylor’s Hill 32-34 kyrs BP e 2.71 Tuff-scoria-lava complex (little remains) - - 2 Sr-Nd-Pb 
Mt Richmond 32-34 kyrs BP e 4.14 Tuff/scoria (reserve/park) - - 2 Sr-Nd-Pb 

Table 4.1 Information on the volcanoes for which data is reported in this study. Ages from Lindsay et al. (2011). Note that Crater Hill and Rangitoto XRF and LA-ICP-
MS analyses are from Smith et al. (2008) and Needham et al. (2011) respectively. Information is also included for the four volcanic centres for which isotopic data only 
is presented. The primitive sub-set (analysed by solution ICP-MS) is composed of samples with Mg# 63-70 and Ni contents of c. 230-360 ppm; these data are 
displayed in Figure 5 and 9-11. Note that these 46 samples are supplemented by 4 additional primitive LA-ICP-MS samples so as to have 5 representative samples 
from each centre. Sr-Nd and U-Th-Ra analyses for Rangitoto from McGee et al. (2011) are reported in figures and text. 
a Ar-Ar dating; b 14C dating (in calibrated kyrs BP); c Holocene highstand overlays lavas; d Minimum age from tephrochronology; e Palaeomagnetic signature correlation 
with the Mono Lake excursion (Cassata et al., 2008; Cassidy, 2006)  
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4.3 Analytical techniques  

The basis of this study is a collection of 335 chemical analyses of rock samples representing 12 

of the 51 eruptive centres of the volcanic field (Table 4.1, Figure 4.1). This includes previously 

published data for two of these volcanoes: Crater Hill (Smith et al., 2008) and Rangitoto 

(Needham et al., 2011; McGee et al., 2011). Within these 335 analysed samples, a subset of 46 

more primitive samples (with Mg# 63-70 and Ni contents of c. 230-360ppm, Mg# = magnesium 

number, calculated as 100 x mole percent Mg/Mg+Fe) was chosen for investigation of more 

subtle compositional trends. 27 samples were chosen from all parts of the field and analysed for 

Sr-Nd-Pb isotopes (Table 4.1); some of these samples are from the primitive sample subset, 

some are from the 12 centres numbered in Figure 4.1, whilst others are from other volcanic 

centres (labelled in Figure 4.1) in order to obtain a comprehensive spatial representation in the 

isotopic data. In addition, 7 samples from two centres were analysed for U-Th isotopes to 

supplement earlier Uranium- (U-) series work by McGee et al. (2011). 

The analysed samples comprise juvenile bombs from within tuff sections, blocks within 

scoriaceous deposits and lava. Samples were crushed in a tungsten carbide ring grinder to <200µ 

mesh. Major elements were analysed by XRF on fused glass discs made using Lithium Borate 

Spectrachem 12-22 flux and analysed using a Siemens SRS3000 sequential X-ray spectrometer 

with a Rh tube at the University of Auckland (UoA). Trace elements were measured by Laser 

Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) and analysed at the Australian 

National University (ANU) using mounts prepared from the XRF discs following the procedure of 

Eggins et al., (1998). NIST 612 was run every 15 samples for calibration, and the silica content 

obtained by XRF was used in data reduction. BCR-2G was used as an external standard. The 

samples were run in several sessions over several years; precision across all BCR-2G data 

(n=143) is <15% 2SD, and accuracy <10% for all elements except Cu, Y, Tb and Hf which are 

<17%. XRF data is reported for Cr, Ni and Zr.  

The 46 primitive samples selected were prepared in ultra-clean lab conditions and analysed by 

solution ICP-MS at Victoria University of Wellington (VUW). Samples were digested in hot 

concentrated HF and HNO3 for four days, dried to incipient dryness before being taken up in 6M 

HCl to ascertain that no fluorides had formed. Samples were then converted back to HNO3 and 

left in hot 1M HNO3 for three days. Sample dilutions were run on an Agilent 7500CS ICP-MS and 

a Thermo Scientific Element 2 sector field ICP-MS at VUW bracketed by BCR-2, with BHVO-2 as 

a secondary standard. Precision on BHVO-2 (n=9, from three digestions) was <9% 2SD except 

for Ta and Pb (<12%) and accuracy was mostly better than 3%. Accuracy on Ta was 5%. Cr and 

Ni values from XRF are used in this subset. Standard data from LA- and solution ICP-MS are 

presented in Appendices 6-7. 

Samples for Sr-Nd-Pb isotope measurements were prepared at VUW in ultra-clean lab conditions, 

using high purity acids for the Pb procedure. For Pb and Sr separation sample powders were 
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leached in hot 6M HCl for one hour then rinsed to remove un-bonded Pb and Sr after Millet et al., 

(2008). Powders were digested in hot concentrated HNO3 and HF for 24 hours, dried down, taken 

up in 1ml of concentrated HNO3 and dried down again before being redissolved in 0.8M HBr, and 

centrifuged. Pb was separated in a double pass through a 1ml pipette-tip column containing 

biorad anion exchange resin (AG1-X8). 0.8M HBr was used as the elutant (with the impure Sr cut 

being collected from this on the first pass) then the Pb cut collected in 6M HCl. The impure Sr cut 

was dried down, taken up in 3M HNO3 and further separated in a double pass through a 1ml 

pipette-tip column containing Sr-spec resin. 3M HNO3 was used as the elutant, and the Sr was 

collected in Milli-Q water (MQ). Sample powders were digested for Nd separation using flux fusion 

in a LiBO4 flux, dissolving the fused powders in 1.5M HCl, and eluting the solution first through a 

column of biorad cation exchange resin using 7M HNO3, then eluting the solution through a 1ml 

pipette-tip column of Tru spec resin using 3M HNO3 and MQ, and finally separating the Nd from 

the other rare earth elements in an Ln spec resin column using 0.25M HCl. U-Th isotopes were 

prepared and measured at Macquarie University in ultra-clean lab conditions. Samples were 

spiked with 236U-229Th and digested in a hot concentrated HF-HNO3-HCl mix, converted to 

chloride containing H3BO3 salts to remove fluorides, then converted back to HNO3. U and Th were 

separated from each other using a single column containing biorad anion exchange resin (AG1-

X8); Th was collected in 6M HCl, and U in 0.2M HNO3. 

Sr-Nd-Pb isotope ratios were measured on a Nu instruments Multi Collector (MC) ICP-MS at 

VUW in static mode. Sr isotopic measurements were normalised internally to 86Sr/88Sr = 0.1194 

and NBS-987 was run every five samples as a secondary correction to account for non-

exponential mass bias. 86Kr interferences were below background level therefore no correction 

was made. BHVO-2 was run as a secondary standard. Nd isotopic measurements were 

normalised internally to 146Nd/144Nd = 0.7219 and Alpha-Aesar was run every five samples as a 

secondary correction for non-exponential mass bias. BCR-2 was run as a secondary standard 

(Table 3). Blanks were measured as 20pg and 70pg for Sr and Nd respectively. Pb isotope 

measurements used a sample-standard bracketing method with NBS-981 as the bracketing 

standard to correct for instrumental mass-bias and drift (Baker et al., 2004). JB-2 was run as a 

secondary standard. Pb blanks were measured as 13pg. Average measurements of standards 

are within error of preferred reference values from GeoRem (see Chapter 2, Table 2.9). All 

isotope standard analyses are presented in Appendix 8. 

U-Th isotope ratios were measured on a Nu instruments MC ICP-MS, at Macquarie University in 

dynamic mode. 238U and 235U were analysed on Faraday cups, using the 238U/235U ratio to 

determine the U mass bias (238U/235U assumed as 137.88, e.g. Goldstein & Stirling, 2003; Turner 

et al., 2011); 236U and 234U were collected on the IC0 ion counter; for further details of this 

approach see Dosseto et al., (2006) and Heyworth et al., (2007). The solution standards U010 

and U005-A were used for sample bracketing. For Th isotopes 232Th was measured in Faraday 

cups, and 230Th and 229Th on the IC0 ion counter. A linear tail correction was applied for the 232Th 
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tail on 230Th; see Sims et al., (2008) for further detail. Samples were bracketed by the solution 

standards Th’U’ and Th’A’: these standards have <0.1% daily relative standard deviations. The 

rock standard TML-3 was measured as (230Th/232Th) = 1.082 ± 0.004, and (238U/232Th) = 1.071 ± 

0.004 which are within error of values published in Sims et al., 2008. 

 

4.4 Geochemistry  

Appendices 3-4 present the complete dataset. Isotopic data are shown in Appendix 5.  

4.4.1 Major and trace elements 

AVF samples are basaltic in composition, having SiO2 <50 wt%, and range from basalt to 

nephelinite (Figure 4.2). Although most samples have total alkali contents of 4-7 wt%, data from 

some centres – Rangitoto, some Mt Wellington, Pupuke and Crater Hill samples – plot as 

subalkalic basalts (based on the discrimination line of Irvine and Baragar, 1971). A conspicuous 

feature of the AVF is a general negative trend in silica vs. total alkali content (Figure 4.2). 

 

 

Figure 4.2 Total alkali-silica plot after Le Maitre (2002) for 12 centres in the AVF, n = 335. Alkalic-sub-alkalic 
discrimination line from Irvine and Baragar (1971) 
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Figure 4.3 Major element variation diagrams (in wt%) for AVF volcanic rocks (n = 335). Note that FeO is 
calculated from Fe2O3

tot. Fractional crystallisation vectors are shown. Cpx = clinopyroxene. CpxHiP = High 
pressure Cpx (Olivine: Deer et al., 1966. Cpx: Titaniferous augite within intraplate basanites/nephelinites 
from a Russian intraplate volcanic field, Tschegg et al., 2011. CpxHiP: Smith et al., 2008) 

 

AVF samples range from c. 7.5 to 13.5 wt% MgO (Figure 4.3), and have Mg#s that range from 52 

to 70. Whole rock compositions of the 12 representative volcanoes (Figure 4.1) follow discrete 

trends in both major and trace elements, displaying generally a larger amount of variation at lower 

MgO contents (Figure 4.3). Varying trends are observed in the major elements between  
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Figure 4.4 Selected trace element data (in ppm) versus MgO (in wt%) for AVF volcanic rocks (n=335). Cr 
data from XRF, all other data from LA-ICP-MS. Key is as in Figure 4.3 

 

individual centres: for example there is a strong negative trend in MgO vs. Al2O3 for much of the 

AVF data, but a gently positive trend is observed in Purchas Hill, and a flat trend in Motukorea 

(Figure 4.3). Opposing trends are also seen in the trace elements, exemplified by the two distinct 

positive trends – one steeper than the other – observed in  MgO vs. Cr (Figure 4.4), and the 

differing pattern observed between centres in MgO vs. Sc where the general positive trend is 

contrasted with the flat arrays of Rangitoto, Pupuke and Mt Wellington. Purchas Hill samples 

generally show the widest range of major and trace element concentrations and are almost 

always the upper extreme in trace element abundance. Rangitoto is the lower extreme in trace 

element content and shows the most restricted range in abundances and often a flat array  
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Figure 4.5 Primitive mantle normalised multi-element plot for primitive samples from the AVF, analysed by 
solution ICP-MS (pale grey field, n=50). Normalisation values from McDonough and Sun (1995). Average 
values of primitive samples analysed from ten of the volcanic centres in the AVF are plotted by size (based 
on DRE in Table 4.1). N-MORB and OIB are after Sun and McDonough (1989). Prominent features are the 
crossing over of patterns at the compatible element end, and the variable K and Sr anomalies. Crustal rocks 
are also plotted in (c) and show highly dissimilar patterns to AVF rocks: Waipapa greywacke terrane (Smith, 
Unpublished data) and Brook Street ultramafic terrane (Sivell and Rankin, 1983)  
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(Figure 4.4). A striking feature of the AVF data, in addition to the wide variation in major and trace 

element abundances across the whole field, is the similarity of patterns across the whole volcanic 

field between the incompatible elements (P2O5 (Figure 4.3), Nb, Sr, Th and La (Figure 4.4)).  

Primitive mantle normalised diagrams (after Hofmann, 1988) are plotted using the 50 most 

primitive samples from ten representative AVF centres (Figure 4.5). Note that the maars Orakei 

and Panmure are not included as their compositions cannot be considered ‘primitive’ (MgO <10 

wt%). Compositional variation is still large even in this subset: for example La varies from c. 10 to 

60 ppm, Ba varies from c. 90 to 360 ppm, and Nb varies from c. 15 to 90 ppm (before 

normalisation). A broadly similar pattern is observed for each volcanic centre (averages plotted in 

Figure 4.5): a peak at Nb, with a negative slope down to the less incompatible end, typical of 

Ocean Island Basalt (OIB)-like magmas (Figure 4.5a) (Sun & McDonough, 1989). Within the 

whole field there is a larger range in the concentration of incompatible elements than the more 

compatible elements. Figure 4.5 groups the ten volcanic centres by size (here defined by volume 

of erupted products, DRE in Table 4.1), and within these groups differences in anomalies are 

observed. Most notably the ‘large’ centres display a positive Sr anomaly, which is absent in the 

 

Figure 4.6 Selected geochemical plots showing correlations between composition and size of volcanic 
centre in the AVF. Volcanic centres are grouped by size based on dense rock equivalent (DRE) given in 
Table 4.1. MgO, Al2O3, Na2O+K2O and SiO2 are in wt%, Cr is in ppm. All data from XRF 
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 ‘small’ centres. There is no associated Eu anomaly. The smaller centres have a steeper slope 

through the rare earth elements (REE). The pronounced Zr-Hf trough in the Purchas Hill data is 

not observed in the larger centres. There is a strong negative K anomaly in the majority of the 

volcanic centres typical of OIB-type basalts (e.g. Sun & McDonough, 1989). This anomaly 

becomes less pronounced with decreasing trace element content and increasing size of the 

volcanic centre, until it is nearly neutral in the Rangitoto 2 data; as the magnitude of the K 

anomaly decreases, the Sr anomaly increases. Centres which have a positive Sr anomaly display 

slightly higher Rb and Ba than those with less pronounced Sr anomalies. As observed in major 

and trace element abundances vs. MgO, Rangitoto and Purchas Hill are the extremes (data from 

the second Rangitoto eruption only are plotted in Figure 4.5).  

A correlation between size and composition is observed in addition to the presence or lack of Sr 

and K anomalies as described above: smaller volcanic centres (exemplified by Purchas Hill and 

Outhwaite Park) generally have lower SiO2 and Al2O3 as well as higher alkali content (Figure 4.6) 

than medium to large centres such as Pupuke, Rangitoto, Mt Wellington and Mt Eden. Large and 

medium centres show more similar chemistry than small centres (Figure 4.6), suggesting that 

more extreme compositions are produced in small magma batches. The smaller centres also 

display steeper trends (i.e. larger ranges) vs. MgO and higher abundances of trace elements, 

whilst the larger centres show more restricted ranges and often flat arrays (Figure 4.4).  

 

4.4.2 Sr-Nd-Pb isotopes 
87Sr/86Sr isotopic compositions of the AVF samples range from 0.702710 to 0.703125. The 

samples display a restricted range in 143Nd/144Nd: from 0.512931 to 0.512971 (Figure 4.7a, 
Appendix 5). The majority of the AVF samples form a broad cluster with no spatial trend; 

however, Rangitoto 1 and 2 display a larger range in 87Sr/86Sr than in the rest of the AVF, with 

higher 87Sr/86Sr at similar 143Nd/144Nd.  

206Pb/204Pb in the AVF samples varies in the range 19.039-19.416, 207Pb/204Pb in the range 

15.574-15.617, and 208Pb/204Pb in the range 38.781-39.009 (Figures 4.7b-e). These data lie 

towards the more radiogenic side of the Pacific MORB field (Figures 4.7b and d) between the 

Pacific MORB and HIMU (high time integrated 238U/204Pb, high µ) fields. The AVF Pb isotope data 

is similar to that of the South Auckland Volcanic Field (SAVF), and some of the more radiogenic 

points lie within the fields of intraplate volcanic fields from the South Island (Figures 4.7b and d). 

At a finer scale (Figures 4.7c and e) the data occupy a triangular area in 206Pb/204Pb vs. 
207Pb/204Pb space and show a linear trend in 206Pb/204Pb vs. 208Pb/204Pb space. The Rangitoto 2 

and Purchas Hill data form two of the end-members in this trend, Rangitoto 2 displaying the 

lowest 206Pb/204Pb, Purchas Hill showing the most radiogenic 206Pb/204Pb and 208Pb/204Pb 

(although note that one data point lies towards lower 206Pb/204Pb). Data mostly from Wiri and  
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Figure 4.7 Sr-Nd-Pb isotopic compositions of AVF volcanic rocks. (a) 87Sr/86Sr vs. 143Nd/144Nd plot showing 
the comparison to Pacific MORB and HIMU (Pacific MORB and HIMU (St Helena and Tubuai) data from a 
compilation by Stracke et al. (2003)), and variation within the AVF. Little variation is seen in the majority of 
the AVF data but significantly higher 87Sr/86Sr is observed in Rangitoto 1 and 2. Error bars are smaller than 
or similar to symbol size. Data from Group B and C dykes from Marie Byrd Land, Antarctica (Storey et al., 
1999) which are thought to represent lithospheric mantle beneath New Zealand are plotted and labelled ‘Lith. 
Mantle’ (Hoernle et al., 2006). (b) and (d) show AVF Pb-isotopic data compared to Pacific MORB and HIMU 
and the ‘lithospheric mantle’ field as in (a). Fields are shown for intraplate basaltic volcanic fields and 
complexes in New Zealand (dark grey = South Island, pale grey = North Island). Northland volcanic field data 
from Huang et al. (2000), South Auckland Volcanic Field (SAVF) data from Cook et al. (2005). Banks 
Peninsula data includes volcanic fields and the Akaraoa shield volcano, from Sprung et al. (2007) and Timm 
et al. (2009). Otago data includes volcanic fields, the Dunedin shield volcano and the Westland Alpine dyke 
swarm, from Hoernle et al. (2006), Sprung et al. (2007) and Timm et al. (2010). One representative data 
point is shown for the Lookout volcanics as the rest of the sequence is known to have assimilated crustal 
material (the Torlesse Greywacke, not present under the AVF), indicated by dashed arrow (McCoy-West et 
al., 2010). (c) and (e) show the variation in Pb isotopes within the AVF. Data from the main volcanoes listed 
in Table 1 are highlighted by symbols as in Figures 2-5, all other data points are shown as solid circles. 
Black line in Pb isotope plots is the Northern Hemisphere Reference Line (NHRL) after Hart (1984). Pb 
isotope error bars are smaller than or similar to symbol size. See Appendix 5 for AVF isotopic data 
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Puketutu form the third end-member with the lowest 207Pb/204Pb. Other AVF data fill in the space 

between these. 

4.4.3 U-Th isotopes 

U-Th isotopic data were recently published for the two Rangitoto eruptions (McGee et al., 2011); 

this has been supplemented with new data from Mt Wellington and Purchas Hill, which are the 

next most recent eruptions in the field (Figure 4.8, Appendix 5). Thus, U-series isotopes are now 

available for the largest and smallest centres sampled in the AVF (Rangitoto and Purchas Hill 

respectively) – which are also the volcanic centres with the lowest and highest trace element 

abundances respectively (Section 4.4.1). Mt Wellington and Rangitoto 1 lie between these 

extremes in terms of size and composition. 

Purchas Hill displays the highest (230Th/232Th) ratio of the samples analysed, and Rangitoto 2 the 

lowest (1.380 and 1.140 respectively). The data fall into two clusters: high (238U/232Th) and lower 

between each horizontal array were modelled in the two Rangitoto eruptions as being caused by 

differing magmatic processes between the two eruptions (McGee et al., 2011). The (230Th/232Th) 

 

Figure 4.8 U-Th isotopes of erupted rocks from three volcanic centres in the AVF: Rangitoto (both eruptions, 
marked ‘1’ and ‘2’), Mt Wellington and Purchas Hill. Rangitoto 1 and 2 data are from McGee et al. (2011). 
The Mt Wellington data are age corrected to 10ka, Purchas Hill to 11ka (Table 4.1). Error bars are smaller 
than symbol size. U-Th isotopes from other intraplate settings are plotted: Grande Comore (Claude-Ivanaj et 
al., 1998), the Canary Islands (Lundstrom et al., 2003), the Newer Volcanic Province (NVP), Victoria 
(Demidjuk et al., 2007), the Wudalianchi volcanic field, China (Zou et al., 2003) and the Pinacate Volcanic 
Field, Mexico (Asmerom & Edwards, 1995).  U-Th isotopes of intraplate volcanic rocks where 
asthenosphere-lithosphere interaction is hypothesised are plotted: Grande Comore (Karthala and La Grille) 
and the Canary Islands – see discussion for details 
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 (230Th/232Th) in the Rangitoto 2 samples (the only volcanic centre in the AVF to lack a K anomaly 

and the centre with the most strongly positive Sr anomaly), and lower (238U/232Th) with variable 

(230Th/232Th) in Rangitoto 1, Mt Wellington and Purchas Hill (volcanic centres displaying negative 

K anomalies and weaker Sr anomalies) (Figures 4.5 and 4.8). The data within each individual 

volcanic centre lie along horizontal arrays of very similar (230Th/232Th) ratio; the differences ratios 

(and 230Th-excess, Appendix 5) of AVF volcanic rocks are amongst the highest measured in both 

primitive ocean island and continental intraplate volcanic field basalts (Figure 4.8). 

4.5 Discussion 

4.5.1 General geochemical compositions and trends of the AVF rocks 

The rocks of the AVF are olivine-phyric moderately primitive basalts to nephelinites (Figure 4.2). 

They show a wide range of compositions in terms of major and trace elements (Figures 4.3-5) 

despite the small spatial footprint of the field, the small magma volumes involved, and its short 

lifetime. Chemical composition is not correlated with geographic distribution of the eruptive 

centres or with the temporal evolution of the field. There are however, strong correlations between 

size and composition (Figure 4.6). The larger centres generally erupt less enriched compositions 

(in terms of their alkali and trace element content) and are characterised by scoria cones and lava 

fields, whereas the smaller centres erupt more incompatible element-enriched, silica-poor 

magmas and produce maars and tuff-dominated centres (Table 4.1). These observations suggest 

that the size of a volcanic centre in the AVF is dictated by a process or mixture of processes that 

are intrinsic to the state of the magma system at the time of eruption. Before investigating 

parameters pertaining to the mantle sources, an understanding of the extent of modification in the 

AVF basalts en route to the surface is required. Individual volcanoes in the AVF range from 

relatively primitive (Mg# 70) to more fractionated compositions (Mg# 52) accompanied by large 

variations in major and trace elements. Such modification of high Mg# basalt can be achieved 

through the processes of crustal assimilation, fractional crystallisation and/or mixing as the 

magma rises through the conduit system.  

The crustal rocks in the Auckland region are a complex assemblage of terranes which trend 

approximately north-south through the North Island of New Zealand. The terranes thought to 

make up the local crust beneath the AVF are the Waipapa and Brook Street terranes (e.g. Black, 

1994), the former being 200Ma old low grade metasediments (Adams and Maas, 2004), the latter 

mainly ophiolitic material which outcrops at the northern end of the South Island (Malpas et al., 

1994). The Brook Street terrane has been traced as a magnetic lineament (the Junction Magnetic 

Anomaly) from its outcrops in the South Island, through the AVF and to the top of the North Island 

(Eccles et al., 2005; Hatherton and Sibson, 1970). No isotopic analyses exist for Brook Street 

terrane rocks. High 87Sr/86Sr ratios for the Waipapa terrane rocks (c. 0.7058, Smith unpub. data) 

cannot explain the generally homogeneous Sr-Nd isotopic compositions of the AVF rocks (Figure 
4.7a). If Rangitoto magmas (which show significantly higher 87Sr/86Sr values than the rest of the 
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AVF rocks) had assimilated Waipapa rocks one would expect that the large amount needed to 

elevate the ratio would also affect the trace element composition. Brook Street and Waipapa 

terrane multi-element profiles display prominent negative Nb anomalies and positive K anomalies 

(Figure 4.5c), which are not observed in the AVF samples suggesting that such rocks have not 

been assimilated by the ascending magmas. Finally, the striking difference in trends between 

individual centres in the AVF is difficult to explain by assimilation of a single crustal component, 

as the trends lie along different trajectories even when the individual volcanic centres are in close 

proximity (such as in the case of Mt Wellington and Purchas Hill, Figures 4.1, 4.3-4). We 

therefore conclude that crustal assimilation is not a magma-modifying process in the AVF. 

The occurrence of olivine as phenocrysts in the AVF rocks suggests that olivine crystallisation 

may have modified the chemical composition of magmas once they left their source. Vectors of 

olivine fractional crystallisation are shown for the major elements in Figure 4.3; crystallisation of 

olivine can explain the trends observed in Rangitoto samples for all of the major elements. This 

does not, however, satisfy the trends displayed by samples from the 11 other selected volcanic 

centres. Olivine crystallisation could explain the negative section of the kinked trend exhibited by 

Purchas Hill samples in MgO vs. CaO (Figure 4.3), but not the entire trend. Samples from 

Motukorea, Puketutu, Panmure, Outhwaite Park and Orakei display flat arrays or clusters in the 

major elements which cannot be attributed to fractional crystallisation; it is therefore assumed that 

fractionation is not a significant process in these centres. The other volcanic centres which display 

trends in major elements (Crater Hill, Mt Eden, Mt Wellington, Pupuke, Purchas Hill and Wiri, 

Figure 4.3) display similar characteristics to each other: mildly positive trends in MgO vs. SiO2 

and Al2O3, positive trends in MgO vs. CaO, and negative trends in MgO vs. FeO suggesting that 

these magmas were affected by fractionation. 

Titaniferous (Ti-) augite appears very rarely as a phenocryst in AVF rocks, however, vectors of 

crystallisation of Ti-augite (Figure 4.3) fail to recreate the trends observed. Although a 

combination of Ti-augite and olivine could explain the trends in most cases, this cannot explain 

the positive trend observed for Crater Hill, Mt Eden, Mt Wellington, Pupuke, Wiri and, most 

prominently, Purchas Hill in MgO vs. Al2O3. We therefore discount Ti-augite as playing a role in 

the chemical evolution of the magmas for these centres. As amphibole is not present in AVF 

rocks it is assumed it does not play a role in the genesis of the AVF rocks. Plagioclase 

crystallisation is also discounted as it occurs only as a minor groundmass phase and because of 

the lack of a Eu anomaly (Figure 4.5) in the AVF rocks. Major element trends in Crater Hill 

samples were explained by Smith et al. (2008) as due to crystallisation of Al2O3- and MgO-rich 

Cpx on the walls of the conduit as the magma leaves its source at depth (high Al2O3 Cpx has 

been produced experimentally at pressures of 2-3GPa (Blundy et al., 1998; Johnson, 1998; 

Hirose and Kushiro, 1993) corresponding to depths of 60-80km). This Cpx composition has been 

plotted as a vector for the major elements (Figure 4.3) and is a plausible explanation for the 

trends in Mt Eden, Mt Wellington, Pupuke, Purchas Hill and Wiri samples. High pressure, near-
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source fractionation of the AVF magmas suggests that little modification by fractional 

crystallisation occurs en route to the surface, although some magma batches may be affected by 

minor amounts of olivine crystallisation at shallower depths (e.g. Rangitoto). This indicates only 

minimal stalling, but no ponding of the magma body. The lack of fractionation trends in some of 

the centres (e.g. Motukorea and Puketutu) implies fast ascent of magma from source to surface in 

some cases. Further investigation, however, is required to explain the geochemical differences 

between individual centres. 

 

4.5.2 Mantle sources and partial melting 

4.5.2.1 Pb-isotopic constraints on mantle source composition under the AVF 

Plots of Pb isotope data (Figures 4.7b-e) suggest that at least three components are required to 

explain the petrogenesis of the AVF rocks. These are reflected in samples from Purchas Hill 

(highest 208Pb/204Pb and 206Pb/204Pb), Puketutu/Wiri (intermediate 206Pb/204Pb and relatively low 
207Pb/204Pb), and Rangitoto 2 (lowest 206Pb/204Pb). Although not large, the Pb-isotopic variations 

observed in Figures 4.7b-e suggest that distinct mantle sources have been involved in the 

genesis of the Auckland magmas; the characterisation of these sources is a key step in 

understanding the origin of these magmas. 

AVF isotopic compositions lie mainly between Pacific MORB and HIMU in Sr-Nd-Pb-isotopic 

space (Figure 4.7). Although Sr-Nd values show a restricted range (with the exception of the 

Rangitoto 2 samples, Figure 4.7a) more significant variation is revealed in the Pb isotope data 

(Figures 4.7b-e). The positive trend in 206Pb/204Pb vs. 208Pb/204Pb suggests the involvement of a 

small amount of a HIMU component in the mantle underneath the AVF with Purchas Hill samples 

containing the largest proportion of this (Figure 4.7b and d). This influence has been identified in 

other intraplate volcanic fields in New Zealand, with volcanism on the South Island displaying 

more radiogenic Pb-isotopic compositions (Figures 4.7b and d) suggesting greater involvement 

of a HIMU component, whilst the North Island intraplate volcanics are predominantly MORB-like 

(as noted by Sprung et al. 2007) with some samples in the SAVF, as in the AVF, displaying 

involvement of a HIMU-like component. The causes of the HIMU signature in the Southwest 

Pacific have been recently debated, with some authors invoking plume material (Panter et al., 

2006; Sprung et al., 2007; Timm et al., 2010) with or without subduction-related metasomatism 

(Panter et al., 2006; Timm et al., 2010), or inclusion of recycled oceanic lithosphere into the 

mantle source (McCoy-West et al., 2010; Timm et al., 2009). Fields of data from New Zealand 

intraplate volcanic rocks converge at 206Pb/204Pb c. 19, 207Pb/204Pb c. 15.6 and 208Pb/204Pb c. 

38.55 (Figures 4.7b and d). The trend towards these less radiogenic compositions has been 

attributed to involvement with subduction-metasomatised lithospheric mantle (Hoernle et al., 

2006; Timm et al., 2010, field shown in Figures 4.7b and d) – a shallow source component 

recognised in some well-studied New Zealand volcanic fields (e.g. Cook et al., 2005; Huang et al., 
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2000; Panter et al., 2006). Rangitoto 2 samples, which lie off the Pacific-MORB – HIMU trend in 

the direction of the lithospheric mantle field are likely to have incorporated this component. 

4.5.2.2 Refining AVF mantle sources using primitive compositions 

Pb-isotopic ratios suggest the involvement of a source close to Pacific MORB with a variable 

contribution of a HIMU-like component and the overlying lithospheric mantle. These source 

compositions can be further constrained using the primitive samples from ten of the 

representative centres (Table 4.1). The most prominent features of trace element compositions in 

primitive AVF basalts are the variable Sr and K anomalies (Figure 4.5). The Sr anomaly (Sr*N) is 

calculated in the same manner as the Eu anomaly, i.e. relative to the elements on either side in a 

multi-element plot (Pr and Nd in this case, calculation given in Figure 4.9 caption). Elemental and 

isotopic correlations with Sr*N are seen throughout the primitive samples. Trends in Sr*N vs. 
207Pb/204Pb and 87Sr/86Sr (Figure 4.9a-b) show that the Sr*N is related to mantle source features 

and not associated with crystallisation of plagioclase, or crustal contamination (as already 

discounted in Section 4.5.1). AVF samples show a spectrum in Sr*N from c. 1 (i.e. no anomaly, 

Purchas Hill and Outhwaite Park samples) to 1.27 (Rangitoto 2 samples). Volcanic centres with 

the most positive anomaly – with the exception of Crater Hill – are the largest centres (Rangitoto 2 

and Mt Eden). 

Centres with positive Sr*N show higher Zr/Nb (significantly in Rangitoto 2) than centres with 

neutral Sr*N (Figure 4.9c). Variable Zr/Nb in OIB has been attributed to the mixing of depleted 

and enriched mantle sources, with the depleted source displaying higher Zr/Nb (Kamber & 

Collerson, 2000). A negative correlation of Sr*N vs. (La/Sm)N across the AVF (not shown) is also 

indicative of differences in fertility (e.g. Haase & Devey, 1996), as centres with high (La/Sm)N 

(Purchas Hill) may originate from a source that has seen less melt extraction. However, it is 

important to note that both low Zr/Nb and (La/Sm)N could be caused by smaller degrees of partial 

melting in the samples with neutral Sr*N than those with Sr*N >1. However, MnO and CaO are 

unaffected by variations in degrees of melting, and show a positive trend indicative of differing 

source characteristics (Figure 4.9d); volcanic centres with low CaO and MnO are suggestive of a 

more depleted source (e.g. Timm et al., 2009), possibly a less fertile peridotite. Higher MnO and 

CaO in Purchas Hill is indicative of eclogite (Cpx + garnet (Gt)) in the source region for these 

melts, whereas the bulk of the AVF data cluster at CaO 10.5-11.5 and MnO c. 0.18 which is within 

the range of fertile peridotite (Herzberg, 2006). Experimental work involving low degree melting of 

eclogite at high pressure has been shown to produce nepheline normative melts of low Al2O3 and 

SiO2 (compositional features of the small AVF centres, Figure 4.6) and high FeO content (Ito and 

Kennedy, 1974; Kogiso and Hirschmann, 2006). This is consistent with what is observed in the 

chemistry of high MgO samples from Purchas Hill, and Outhwaite Park to a lesser degree 

(Figures 4.2-3, 4.6). The occurrence of eclogite in the source region of some of the AVF volcanic 

centres can explain the trend towards HIMU-like Pb-isotopic compositions in these centres 

(Figure 4.7b and d). Eclogite is thought to be incorporated into the mantle due to recycling of  
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Figure 4.9 (a-f) Selected isotopic, major and trace element plots using the most primitive samples in the 
AVF. Sr anomaly (Sr*N) is calculated as SrN/√(PrN x NdN) where each element is normalised to primitive 
mantle after McDonough and Sun (1995). (a-b) Sr*N vs. 206Pb/204Pb and 87Sr/86Sr. Note that only samples 
analysed for isotopes with MgO >10 wt% are plotted; samples are not necessarily from the primitive subset. 
The correlation with these isotopes shows that the Sr*N is of magmatic origin and not related to crystallisation 
or crustal contamination. (c-d) Sr*N vs. Zr/Nb and CaO vs. MnO are suggestive of varying source fertility and 
composition. (e) Sr*N vs. Th/Yb is indicative of a higher abundance of garnet in the source of Purchas Hill 
samples compared to Rangitoto 2. (f) The positive correlation in Sr*N vs. K/La relates these geochemical 
features to input of fluid mobile elements to the source region of Rangitoto 2-type samples. See discussion 
for details 
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oceanic lithosphere or plume material and has been identified as a radiogenic component 

involved in the genesis of some intraplate or OIB volcanics (e.g. Dasgupta et al., 2010; 

Hirschmann et al., 2003; Sobolev et al., 2007; Timm et al., 2009), and Northern New Zealand is 

an area which has seen plume activity and subduction in the Mesozoic, and subduction in the 

Cenozoic (e.g. Cook et al., 2005).  

The high Th/Yb displayed by Purchas Hill samples (Figure 4.9e) is further evidence that these 

melts originated from a garnet-rich source. The negative trend in Sr*N vs. Th/Yb in the AVF 

samples suggests that the melts may be sourced from varying depths, with Rangitoto 2 and Mt 

Eden melts coming from a source containing less residual garnet. However, as multi-element 

profiles of all the volcanic centres display steep HREE profiles (Figure 4.5) it is likely that all melts 

originate in the presence of residual garnet. As garnet is stable at depths of ≥80km (e.g. 

McKenzie & O'Nions, 1991) this indicates the variable importance of an asthenospheric source for 

AVF basalts. Note that although ‘asthenosphere’ and ‘lithosphere’ are sensu stricto geophysical 

terms, we use the terms to indicate the deep, garnet-bearing mantle where melting initiates (and 

convection occurs) for the former, and the overlying spinel-bearing mantle (stationary and 

attached to the continental crust) as the latter. Although variations in slope from LREE to HREE 

(and Th/Yb) can be caused by differences in the degree of partial melting, we believe it is also 

due to melting in the presence of garnet indicated by the 230Th-excess (due to the incompatibility 

of Th in garnet, e.g. Peate and Hawkesworth, 2005) in some of the volcanic centres in the AVF 

(Figure 8 and Huang et al., 1997). The very high (230Th/232Th) displayed by Purchas Hill samples 

also further supports the presence of a source containing abundant garnet. We note, however, 

that the magnitude of the 230Th-excess is also affected by – amongst other processes such as 

upwelling rate and porosity e.g. Sims et al., 1999 – variations in degrees of melting (Williams and 

Gill, 1989).  

Trace element ratios of fluid mobile/immobile elements, such as K/La (Figure 4.9f), display 

positive trends with Sr*N. The positive trend in K/La may also be affected by increasing degrees of 

partial melting, although the same pattern is also seen in Ba/La and Rb/Th ratios (and Rb is more 

incompatible than Th in all mineral phases present in AVF rocks (e.g. Adam and Green, 2006)). 

Some OIBs such as Hawaii and the Galapagos display high Ba/La (c. 7-18) and Rb/Th (c. 7) 

ratios which are not explained by fluids or sediments in the source (e.g. Reiners and Nelson, 

1998; Reynolds and Geist, 1995). However, Hawaiian lavas do not display such high K/La ratios 

as seen in Rangitoto 2 and Mt Eden samples, and although K/La ratios are high in Galapagos 

lavas and a positive Sr anomaly is present, these features are attributed to interaction with 

lithospheric plagioclase cumulates (Saal et al., 2007), for which we see no evidence (Section 
4.5.1). The higher levels of fluid mobile elements (FMEs) correlating with the strongest positive 

Sr*N is indicative of sediment or fluid in the source region of these volcanic centres as the cause 

of the Sr*N (as Sr is a FME). Sediments and fluids can become incorporated into the mantle 

wedge during subduction episodes, and as subduction related volcanism was once prolific during 
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the Mesozoic and Cenozoic in the Northland area (Section 4.2), incorporation of such 

components during this time is plausible. Further evidence for a weak subduction signature is the 

low Nb in Rangitoto 2 samples (contributing to the higher Zr/Nb ratios in these samples, Figure 
4.9c), and the elevated 87Sr/86Sr ratios in Rangitoto 2 samples which correlate with the high 

positive Sr*N (Figure 4.9b). This is also supported by the correlation between high Sr*N (and 

FMEs) and lower 206Pb/204Pb ratios (Figure 4.9a) which lie towards the subduction-

metasomatised lithospheric mantle field of Figure 4.7. 

Three specific components are implicated: a small proportion of eclogitic material with the Pb-

isotopic composition of (or near) HIMU (most pronounced in Purchas Hill samples), fertile 

peridotite (the main component in the AVF source) and a more depleted peridotite which is likely 

to be shallower and lithospheric containing enrichment in the form of fluids, sediments or melts of 

subduction origin (the signatures of which are most pronounced in Rangitoto 2 samples).  

4.5.2.3 Insights from REE into the relative contributions of asthenospheric and lithospheric 
sources 

As discussed above, it is likely that in addition to source composition geochemical differences 

between primitive samples are also influenced by variations in the degree of partial melting. On a 

plot of (Gd/Yb)N vs. (La/Yb)N the primitive AVF rocks display a strong positive trend (R2 = 0.94), 

with Purchas Hill standing out at significantly higher values (Figure 4.10). Rangitoto 2 samples 

display the lowest (Gd/Yb)N and (La/Yb)N. Within this array, individual centres follow discrete 

trends showing variation on field-wide and individual-volcano scales. These ratios provide 

constraints on the degrees of melting required in the mantle sources (through the highly 

incompatible nature of La), and the extent to which garnet is involved in different sources (due to 

the high compatibility of Gd in garnet).  

Trace element constraints (in addition to U-series isotopic evidence) discussed above show that 

garnet-bearing peridotite is involved in the genesis of all magmas in the AVF. This is further 

supported by trace element modelling, as primitive AVF compositions cannot be explained solely 

by melting of a spinel-bearing peridotitic source, even when the composition is extremely 

(unrealistically) enriched (Figure 4.10). However, melting purely within a garnet-bearing peridotitic 

source also cannot explain all of the AVF trends in the (Gd/Yb)N vs. (La/Yb)N plot (Figure 4.10), 

even when assuming a highly depleted composition (unrealistic due to trace element constraints 

suggesting that this source is fertile, Figure 4.9). For example, samples from Purchas Hill display 

extremely high (Gd/Yb)N and (La/Yb)N in relation to the rest of the AVF samples; to achieve 

Purchas Hill compositions by melting of a garnet-bearing peridotite would require the source to be 

extremely enriched and contain an unrealistically high proportion of garnet for a peridotite (>10%). 

It is more consistent with isotopic and trace element evidence that Purchas Hill magmas were 

formed through melting of discontinuous domains of eclogite dispersed within the garnet-bearing 

source. 
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Figure 4.10 (Gd/Yb)N vs. (La/Yb)N for primitive volcanic rocks of the AVF. Solid curve denotes 1-3.5% 
melting of a 4% spinel (Sp-) peridotite (Ol: 55%, Cpx: 15%, Opx: 26%) using a mantle composition slightly 
more depleted than primitive mantle based on Hofmann, 1988 (La/Yb: 0.50, Gd/Yb: 1.10). Dashed curve 
denotes 1-3% melting of a fertile 6% garnet (Gt-) peridotite (Ol: 54%, Cpx: 17%, Opx: 23%) of a more 
enriched mantle composition based on the primitive mantle of Hofmann, 1988 (La/Yb: 1.27, Gd/Yb: 1.45). 
Dash-dot line denotes melting of a Gt-Cpx-Opx eclogite (Cpx: 55%, Opx: 5%, Gt: 40%) of the composition 
La/Yb: 0.45, Gd/Yb: 1.15 (K91-11, West African eclogite, Barth et al., 2001). Full details of model parameters 
including partition coefficients and melting proportions used are presented in Appendix 9. Percentages in 
bold denote degrees of partial melting of each source. Lines through unfilled circles denote mixing between 
partial melts; italicised percentages refer to percentage of fertile, garnet-bearing peridotite melt involved in 
mixing. As melting degree increases in the asthenospheric peridotite source it increases in the lithospheric 
peridotite source. Key as for Figure 4.9 

 

Model curves illustrating melting of eclogite, a fertile garnet-bearing peridotitic source (both 

hypothesised to make up the local asthenosphere) and a slightly depleted spinel-bearing 

peridotitic source (hypothesised to make up the local lithosphere) are displayed on Figure 4.10 
(parameters are given in the figure caption and in Appendix 9). All AVF compositions, with the 

exception of Purchas Hill, can be modelled by melting the garnet-bearing and spinel-bearing 

sources to varying degrees, and mixing the melts in differing proportions (Figure 4.10). For 

example, Motukorea compositions can be produced by mixing between a 1.25% garnet peridotite 

melt  and a 1.5% spinel peridotite melt in the proportion 70:30, whilst Rangitoto 2 melts can be 
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produced by mixing of a larger degree asthenospheric melt (1.5%) and larger degree lithospheric 

melt (3%) in a 20:80 ratio. This fits with the Pb-isotopic composition of Rangitoto 2 samples, 

which lie closest to the lithospheric mantle field (Figure 4.7). As noted above, to produce Purchas 

Hill melts from the same source as the rest of the volcanic field would require the source to be 

unrealistically enriched in garnet, and this would not necessarily satisfy the observed elemental 

and isotopic characteristics. We favour a model in which small degree (c. 0.75%) melts of eclogite 

dispersed within the asthenosphere mix with small degree (c. 1%) melts of the surrounding 

garnet-bearing peridotitic source. This model does not preclude a small contribution of eclogite in 

the other AVF centres, but it is unlikely to be a large component of these magmas. Three sources 

have thus been modelled in (Gd/Yb)N vs. (La/Yb)N space which are consistent with trace element 

and isotopic observations. As all centres require the involvement of the asthenospheric garnet-

bearing component, this implies that melting for all centres in the AVF begins deep (i.e. in the 

garnet stability field) and that this deep melting controls the fate of magma batches during their 

ascent, as it is observed that an increase in the degree of melting of the asthenosphere correlates 

with an increased degree of melting of the lithosphere (Figure 4.10). 

U-series isotopic ratios for the AVF (Figure 4.8) show two clusters, one with higher (238U/232Th) 

and lower (230Th/232Th) than the other. The segregation in U-series isotopic composition of 

volcanic centres thought to represent more input from the asthenospheric source (Purchas Hill 

and Mt Wellington) from the centre with the largest input from the subduction-metasomatised 

lithospheric source (Rangitoto 2) further supports the mixing hypothesis. Data for the Grande 

Comore islands of Karthala and La Grille (Claude-Ivanaj et al., 1998), and the Canary Islands 

(Lundstrom et al., 2003) show two such clusters and a positive trend respectively on Figure 4.8. It 

has been suggested that the basaltic volcanics in both of these intraplate settings are the product 

of mixing between asthenospheric and lithospheric sources, i.e. a deep source with higher 

(230Th/232Th) and (238U/232Th) ratios mixing with shallower melts of lower (230Th/232Th) and 

(238U/232Th). The La Grille volcanics are thought to represent melting of a metasomatised 

lithospheric source containing amphibole (which causes the lower (238U/232Th) as the KDs of U and 

Th in amphibole are higher than in garnet), whilst Karthala represents melts from an 

asthenospheric plume. Mixing between upwelling asthenosphere and metasomatised lithosphere 

(containing amphibole) is also invoked for the Canary Islands. 

4.5.2.4 Multi-element modelling of Purchas Hill, Wiri and Rangitoto 2 

Parameters deduced in the REE melting model (Figure 4.10) are used to further constrain source 

chemistry and history by recreating the Sr and K anomalies identified in centres in multi-element 

plots (Figure 4.5) for the three end-members observed in Pb isotope space (Rangitoto 2, Purchas 

Hill and Wiri). In addition to general source characteristics such as mineral assemblage, degrees 

of partial melting and source mixing, the effect of adding residual minerals, melts and fluids was 

investigated to further model the source components involved in the petrogenesis of the AVF 

(Figure 4.11, full details can be found in Appendix 9).  
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Figure 4.11 Multi-element plot model recreating profiles for Purchas Hill (sample AVF-905), Wiri (sample 
AVF-338) and Rangitoto 2 (sample Ra-AN-77) illustrating how the distinct anomalies can be recreated by 
mixing of melts from the three sources described in this study. See discussion for details. Table 4.2 displays 
parameters of the model and details of melts and mixtures. Full details of the model can be found in 
Appendix 9 

 

The three end-member volcanic centres are thought to be the result of mixing between 

components: Purchas Hill compositions are due to mixing of small degree eclogite melts with 

small degree fertile garnet-peridotite melts, Wiri compositions are a result of mainly small degree 

melts of fertile garnet-peridotite with some involvement of small degree melts of subduction-

metasomatised depleted spinel-peridotite (deduced from the presence of a small positive Sr*N), 

whilst Rangitoto 2 compositions are thought to be caused by a small percentage of fertile garnet-

peridotite melts but dominantly larger degree melts of subduction-metasomatised, depleted 

spinel-peridotite. The garnet-bearing peridotite source was modelled as a slightly more enriched 

composition than the primitive mantle of Hofmann (1988), the composition of the eclogite source 

was taken from Barth et al., (2001), and the more depleted spinel-bearing peridotite source was 

taken from the compositions of Takazawa et al. (2003). Note that these compositions are 

consistent with those used in Figure 4.10. Compositions of melts were calculated using the batch 

melting equation, taking into account the bulk melting proportion of each mineral (based on 

Thirlwall et al., 1994, see Appendix 9 for calculation), and the resultant melts mixed using mass-

balance calculations. Proportions of each source are deduced from Figure 4.10 (parameters of 

the model are summarised in Table 4.2). 

The lithospheric mantle component invoked above is thought to be subduction-metasomatised 

due to elevated fluid mobile/fluid immobile element ratios (Figure 4.9f) and Pb-isotope trends 

(Figure 4.7). This metasomatism may exist in the form of hydrous mineral phases, slab melts, or  
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slab fluids; the likelihood of each of these is evaluated here using multi-element modelling. 

Metasomatism involving hydrous phases such as amphibole and phlogopite is often invoked to 

explain geochemical features such as the pronounced negative K anomaly in continental 

intraplate basalts (e.g. Adam & Green, 2011; Ersoy et al., 2011; Ma et al., 2011; Marzoli et al., 

2000), as these minerals can retain K in the source. Although neither amphibole nor phlogopite 

exist as a mineral phases in AVF rocks, the possibility of their occurrence as residual phases in 

the mantle cannot be discounted. However, adding amphibole to our garnet-bearing peridotite 

source decreases abundances in the middle-REE, and increases abundances of HREE, which do 

not match the pattern observed (Figure 4.11). The addition of even 1% phlogopite creates 

extremely large negative anomalies in Rb and Ba and a negative K anomaly twice as large as that 

displayed by the AVF rocks. Adding amphibole or phlogopite to the lithospheric component 

creates a large negative K anomaly in Rangitoto 2 which cannot be diluted by addition of the 

asthenospheric component. There is also no evidence from the REE profile (see Figure 4.5 

 Purchas Hill Wiri Rangitoto 2 
Representative source 

component 

 
Chemical features 

Dominantly Eclogite a 

 

Negative K* 
No Sr* 

Dominantly fertile 
garnet-bearing 

peridotite 

Negative K* 
Positive Sr* 

Dominantly depleted 
spinel-bearing subduction-
metasomatised peridotite 

No K* 
Positive Sr* 

Proportion of 
asthenospheric melt 

100% a 70% 20% 

Proportion of 
lithospheric melt 

0% 30% 80% 

Asthenospheric source 
mode 

Ol: 0.54, Cpx: 0.17, Opx: 0.23, Gt: 0.06 

Asthenospheric melting 
proportions 

Ol: 0.05, Cpx: 0.3, Opx: 0.2, Gt: 0.45 

Lithospheric source 
mode 

 Ol: 0.55, Cpx: 0.15, Opx: 0.6, Sp: 0.04 

Lithospheric melting 
proportions 

 Ol: 0.1, Cpx: 0.5, Opx: 0.27, Sp: 0.13 

F (Asthenosphere) Eclogite: 0.75% a 
Gt-peridotite: 1% 

1.5% 2% 

F (Lithosphere) - 1% 3.5% 

Table 4.2 Melting model parameters for multi-element plot model (Figure 4.11). See Figure 4.5 for chemical 
features (Sr* and K*). Proportions of melts, source modes and degrees of melting (F) are from the (Gd/Yb)N vs. 
(La/Yb)N model (Figure 4.10). Melting proportions are from Thirlwall et al. (1994). See Appendix 9 for eclogite 
source modes and melting proportions, source compositions used in the model, partition coefficients and 
deviations of modelling results from measured values. See Figure 4.11 and text for discussion. a Note that the 
proportion of eclogite mixed with the garnet-bearing asthenospheric melt predicted in the modelling of Figure 
4.10 could not be successfully recreated in this model. This may be due to an unrealistic source composition for 
eclogite being used in the latter, possibly one which is affected by alteration. See text for discussion 
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where REE are included in the multi-element profile) that residual amphibole is present in the 

Rangitoto 2 source; amphibole retains middle-REE such as Sm, Eu and Tb which would cause a 

less steep REE pattern than that observed in the AVF. We also expect that if amphibole was a 

significant residual mineral during melting the samples would lie towards lower (238U/232Th), as 

seen in La Grille (Grande Comore) data for which amphibole in the lithosphere is invoked 

(Claude-Ivanaj et al., 1998). 

Other studies have attributed the enrichment in elements such as large ion lithophiles in intraplate 

volcanic rocks to the addition of melts (adakites) from nearby subducting slabs (e.g. Calmus et al., 

2003; Sajona et al., 2000), as such melts are often highly enriched in Sr, U and the LREE. 

Because of the presence of active subduction c. 300km to the southeast of the AVF (Figure 4.1), 

adakites may be potential contributors to AVF sources. However, modelling the lithospheric melt 

as having as little as 0.001% of adakitic material (composition taken from Jego et al., 2005) 

creates a far too enriched multi-element pattern and does not recreate the anomalies observed in 

the AVF, therefore we do not think this a likely component. Another source of enrichment related 

to subduction is metasomatism of the mantle by fluids coming off the slab (e.g. Ersoy et al., 2011; 

Huang et al., 2000; Sprung et al., 2007). If this is the case for the AVF, metasomatism cannot be 

reflected in the modal assemblage, as we have demonstrated that the patterns observed are not 

caused by the presence of hydrous minerals such as amphibole and/or phlogopite, therefore the 

involvement of metasomatic fluids would have to be minor i.e. ‘cryptic’ (c.f. Wiechert et al., 1997). 

The addition of fluids to the lithospheric spinel-bearing source was successful in recreating most 

of the observed anomalies in the Auckland basalts. We have modelled the composition of fluids 

from sediments based on clays and turbidites from Tonga and East Sunda (Plank & Langmuir, 

1998) and oceanic crust modelled as MORB after Hofmann (1988) (15% and 85%, respectively), 

using the mobility proportions from Stracke et al. (2003) (see Appendix 9 for full details and 

compositions). Modelling shows that the addition of 3% subduction fluids to the lithospheric 

source can recreate the anomalies seen in Wiri and Rangitoto 2 (Figure 4.11 and Table 4.2). 

Notably this addition cancels out the negative K anomaly caused by the asthenospheric melt and 

matches the positive Sr anomaly exhibited by Rangitoto 2 and Wiri. In addition, the higher mobility 

of U relative to Th in fluids is likely to have caused the higher (238U/232Th) values observed in 

Rangitoto 2, and likewise the elevated 87Sr/86Sr at this centre compared to the rest of the AVF 

(Figures 4.7 and 9b). The model predicts a somewhat more diluted K anomaly and elevated Rb 

concentration than is observed in Wiri (Figure 4.11); this is likely to be due to non-modal uptake 

of elements from the fluids into the melts. 

As Purchas Hill samples do not display evidence of fluid enrichment in their source, and their Pb-

isotopic compositions lie along the Pacific MORB-HIMU mixing array, we do not include 

subduction-metasomatised lithospheric mantle melts in this case. Instead we model very small 

degree melts of eclogite which interact with very small degree melts of garnet-peridotite. The 

abundance of garnet in the genesis of this melt fits with the very steep slope at the more 
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compatible, HREE end of the multi-element plot, in addition to the dip at Zr-Hf (these elements 

being more compatible in garnet than in the other elements which make up the source mode) 

(Figure 4.11). The model for Purchas Hill, however, predicts higher concentrations of Rb, Ba, Th 

and U than are observed when 5-10% eclogite is included. REE modelling in Figure 4.10 

predicted 50-80% involvement of eclogite in Purchas Hill primitive melts; although inclusion of 

larger amounts of eclogite does not change the composition of elements from Sr to Yb, it greatly 

elevates the elements Rb to Nb. This may suggest that the eclogite compositions used in the 

model are not exactly representative of the mantle beneath Auckland, for example, the xenoliths 

may be somewhat altered and therefore not realistic for how they naturally occur in the mantle 

(e.g. Barth et al., 2001). Despite this, it is clear that the melt of an ultramafic rock composed of 

garnet and clinopyroxene can successfully be added to that of a garnet peridotite in order to 

recreate the general shape of the multi-element pattern for Purchas Hill.  

 

4.5.3 Asthenospheric control of melting processes 

The small degrees of melting of the asthenosphere from our modelling, in addition to very small 

(<1.5cm/year) upwelling rates previously constrained from U-series isotopic modelling (McGee et 

al., 2011) negate the presence of a plume-like body under Auckland. This raises the question of 

why upwelling mantle is present beneath the AVF. Possibilities include the detachment and 

sinking of slabs during the Cretaceous (Finn et al., 2005; Panter et al., 2006) or the detachment of 

parts of the subcontinental lithospheric keel of New Zealand during the Cenozoic (Hoernle et al., 

2006; Timm et al., 2009), both of which can cause small-scale upwelling of the asthenosphere to 

occur. The termination of a slab causing a ‘window’ to form where asthenosphere can locally 

upwell was recently suggested as a mechanism for intraplate volcanism west of Auckland c. 

20Ma ago (Shane et al., 2010), however as subduction had moved south by the end of the 

Miocene this does not explain the occurrence of small-degree intraplate magmas in the 

Quaternary. A mechanism such as the edge-driven convection model of Demidjuk et al. (2007) 

from the Newer Volcanic Province, Australia, is an explanation for low upwelling rates and small 

degrees of melting observed in such volcanic fields, however this requires a large contrast in 

lithospheric thickness, for which there is no evidence in the Auckland area. A more likely 

hypothesis is that roll-back of the Pacific plate to its current location during the late Cenozoic 

caused upwelling of asthenospheric mantle and decompressional melting on a small scale, as at 

Mt Etna, where slab roll-back and suction of asthenospheric material from under the African plate 

has been suggested as the reason for Mt Etna’s lack of a subduction signature despite its position 

on the Aeolian magmatic arc (Gvirtzman & Nur, 1999). 

We hypothesise that dilution of melts from a fertile garnet-bearing asthenospheric source 

(containing discontinuous regions of eclogite) by melts from a subduction-metasomatised spinel-  



Chapter 4  Melting processes in the AVF 

110 

 

 
 
Figure 4.12 Semi-schematic plot and cartoon of the correlation between the degree of partial melting in the 
asthenospheric mantle (%), the involvement of melts of the subduction-metasomatised lithospheric mantle 
(%) and the resultant size of volcanic centre in the AVF using the three examples modelled in this study. 
Note that sizes in DRE are reported in Table 4.1 

 

bearing lithospheric source is the scenario by which trace element and isotopic geochemical 

trends in the AVF can be explained (Figures 4.10-12, Table 4.2); in detail:  

(1) Purchas Hill-type melts are generated by very small (<1%) degrees of melting of eclogite 

within the asthenosphere. It is likely that melting initiates in these domains due to the lower 

solidus of such material compared to peridotite (Herzberg et al., 2007; Pertermann and 

Hirschmann, 2003). As melting progresses and exhausts the eclogitic material, melts are then 

sourced from (and mixed with) the deep, fertile, garnet-bearing asthenospheric mantle in which 

these domains are enclosed. Purchas Hill melts are thought to have ascended rapidly as no 

significant interaction with the lithosphere is evident; nephelinite compositions enriched in 
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incompatible trace elements are produced with Pb-isotopic compositions which lie along the 

Pacific MORB-HIMU array. 

(2) Wiri-type melts are generated by small degree melts of the same fertile, deep garnet-bearing 

source. It is possible that melting of eclogite occurs, however larger degrees of melting of the 

surrounding peridotite may dilute the chemical effects of this. These slightly larger degree melts 

and the larger melt volume (assumed from the larger size of Wiri compared to Purchas Hill, Table 
4.1) cause greater melting of the overlying lithospheric mantle (2%), causing greater incorporation 

of these melts and therefore fluid mobile elements. This can explain the slight Sr anomaly and 

lower trace element concentration. 

(3) Rangitoto 2-type melts are generated by still larger degrees of melting of the fertile 

asthenospheric mantle (c. 1.5% ) and subsequent larger degrees of melting of the subduction-

metasomatised lithospheric mantle (3%). The incorporation of much of the latter melt (80%) 

strongly dilutes the features of the asthenospheric mantle source, most notably by creating a 

positive Sr anomaly, neutralising the K anomaly and decreasing trace element concentration. The 

large proportion of the metasomatised lithosphere can explain the off-setting of Rangitoto 2 data 

to lower 206Pb/204Pb (Figures 4.7b and d) and also the elevated 87Sr/86Sr and (238U/232Th) 

compared to the rest of the AVF (Figures 4.7a and 8).  

As seen in the above summary, with larger degrees of melting in the asthenosphere a larger 

amount of the subduction-metasomatised source appears to be incorporated into the melt, 

thereby diluting the asthenospheric signal. This also suggests that the size of the resultant 

volcanic centre is controlled by processes in the deep asthenosphere. The relationship between 

the degree of melting of the asthenosphere, the involvement of the lithospheric source and the 

resultant size of the volcanic centre is shown semi-schematically in Figure 4.12 using the three 

example volcanic centres modelled throughout this study. Degrees of melting in the 

asthenospheric source are shown on the X-axis, and increase from left to right; this forms a 

positive correlation with the involvement of the lithospheric mantle source (displayed in % using 

the proportions modelled in Figure 4.10), and also with the resultant size of the volcanic centre 

(shown qualitatively – see Table 4.1 for sizes in DRE m3). Our modelling therefore indicates that 

melting at depth – which may begin with the melting of lower solidus eclogite – appears to trigger 

melting in the subduction-metasomatised lithosphere, and this is linked to the degree of melting 

and the resultant size of the magma batch produced. Our correlation suggests that the amount of 

melting in the lithosphere is not directly proportional to the amount of melting initiated in the 

asthenosphere (Figure 4.12); this may be due to the presence of fluids in the lithosphere which 

lower the solidus of the modelled depleted peridotite, thereby encouraging further melting to 

occur. The variable compositions between centres are due to parameters pertaining to the source 

itself, such as composition and degree of melting, as well as processes that occur after the 

magmas have left their deep source, dominantly mixing of different proportions of melts. 
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4.5.4 Mantle components in New Zealand intraplate volcanic fields visible on the scale of a 
single volcanic field 

Our model fits with and expands on the current thinking surrounding New Zealand mantle 

domains, showing that it is possible to observe the various ‘flavours’ of mantle source underlying 

New Zealand on the scale of a single volcanic field: deep melts are generated from a Pacific 

depleted mantle source variably mixed with HIMU-like material, and interact with melts from the 

overlying subduction-metasomatised lithospheric mantle. This model is broadly consistent with 

that of Sprung et al. (2007); however, like Timm et al. (2010), we place the HIMU-like component 

as being deeper rather than in the sub-continental lithospheric mantle. Based on Pb-isotopic data 

from intraplate volcanic fields and complexes in New Zealand (Figures 4.7b and d), it is likely 

that Northland (Figure 4.1) has been the most affected by a subduction-modified source, indeed 

part of the field has a subduction signature in its trace element pattern shown by a negative Nb 

anomaly. This has been attributed to variable interaction between subduction-related enriched 

mantle and mantle enriched by intraplate processes (i.e. OIB-like) (Huang et al., 2000; Smith et 

al., 1993). The SAVF (and AVF, as we have modelled) sees a part of this shallow source, but also 

begins to see some involvement of a HIMU-like deeper source; this shows a spatial progression 

of mantle sources from North to South, most likely deepening (as suggested by Huang et al., 

2000). Volcanic fields on the South Island have far more involvement with a HIMU source, 

consistent with the location of HIMU-like magmas in the South of New Zealand in the Cretaceous 

(McCoy-West et al., 2010; Panter et al., 2006). The similarity in the pattern of Pb-isotopic ratios 

(Figures 4.7b-e) and other elemental characteristics such as the general multi-element pattern 

and the presence of nephelinites in the AVF and SAVF - as well as the proximity of the two fields 

to each other (c. 50km apart) - suggests that mixing of three components, as we have modelled, 

is a plausible theory for the SAVF as well as the AVF. This would be an expansion of the model of 

Cook et al. (2005), who identified two distinct sources (one deep and garnet-bearing, the other 

shallow, subduction-metasomatised and spinel-bearing, both with HIMU-EMII signatures) but did 

not hypothesise mixing between these.  

 

4.6. Conclusions 

Our high resolution sampling and large dataset enables us to see the differences in degrees of 

melting and the variable mixing of three distinct mantle components on the scale of a single 

volcanic field. This study has revealed heterogeneities in the mantle source and complexities in 

the melting process that would not be seen if only a few representative samples from across the 

field had been analysed. This provides insights into the petrogenesis of monogenetic volcanic 

fields by revealing that in such systems it is difficult to prescribe a model based on a small 

sample-set that fits the entire field, as each individual volcano in a field may have slightly different 

melting parameters and components to its neighbours (c.f. Mt Wellington vs. Purchas Hill). It is 

only through detailed sampling and extensive data collection that these conclusions could be 
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reached. Sampling of whole volcanic fields also reveals the fine details of distinct mantle domains, 

which are important to the magmatic history of monogenetic systems in terms of depths and 

extents of melting, and in identifying similarities of processes between nearby volcanic fields. The 

conclusions of this study are as follows: 

1. An unusually large range in major and trace element composition is observed in the AVF as a 

whole (i.e. between centres) as well as on the scale of a single centre; 

2. Opposing anomalies (Sr and K) between primitive samples of the compositional extremes 

suggest differing sources, and this is further supported by the recognition of three end-members 

in Pb-isotopic space: subduction-metasomatised lithospheric mantle, Pacific MORB and HIMU; 

3. Trends in the most primitive samples reveal further subtleties of the sources: Purchas Hill-type 

melts come from a deep, fertile peridotitic asthenospheric source containing discontinuous 

regions of eclogite, whilst Rangitoto 2-type melts have interacted dominantly with a shallower, 

less fertile lithospheric source which has seen subtle enrichment by FMEs; 

4. Melting parameters have been modelled using trace element ratios and multi-element plot 

patterns: melting begins in the deep garnet-bearing asthenosphere in all cases, however melts at 

individual volcanic centres are diluted by varying proportions of subduction-metasomatised 

lithosphere, enriched by c. 3% fluids from one of the subduction episodes in the North Island of 

New Zealand. The large involvement of metasomatised lithospheric mantle in Rangitoto 2 is also 

seen through elevated 87Sr/86Sr and (238U/232Th) at this volcanic centre; 

5. The size of a volcanic centre in the AVF is controlled by melting in the deep asthenosphere, 

which triggers larger amounts of melting in the lithosphere. As larger amounts of lithospheric 

melts are incorporated the asthenospheric signal is diluted. Smaller centres are nephelinitic and 

display more radiogenic Pb-isotopic ratios due to preferential melting of eclogite. This signal is 

also diluted with larger degrees of melting; 

6. The identification of three mantle components on the scale of a single field fits with and 

expands on the current ideas surrounding mantle compositions and history in New Zealand; 

7. High resolution sampling of monogenetic fields reveals complexities not observable when 

‘representative’ samples are taken from just a few centres. 
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Preface to Chapter 5 

In Chapter 4, a melting scenario unique to Auckland was created using major and trace element 

and isotopic chemistry of samples from a selection of volcanoes across the AVF. It was 

concluded that the majority of the volcanic centres are produced by a complex combination of 

processes, including varying degrees of melting of different source components and differences in 

the degree of involvement of each of these. The large dataset, youthful and small nature of the 

field, and its lack of significant shallow level processes (such as magma evolution through stalling, 

or crustal assimilation) means that this model may be applicable to other volcanic fields where the 

lack of exposure and degree of magma evolution may mean that the ‘full story’ is difficult to 

observe. The extensive dataset compiled for this study revealed that individual volcanic centres 

correspond to distinct mantle components, and the degree of involvement of each of these 

components could be deduced for separate centres (outlined in Chapter 4). This has shown that, 

in a small basaltic system such as Auckland, each individual volcanic centre has its own ‘tailor-

made’ melting processes. It also suggests that the idea a single melt batch giving rise to a 

‘monogenetic’ eruption is out-dated. 

The following chapter contains a case study of Motukorea volcano in the AVF. Motukorea is a 

protected island in the Hauraki Gulf which shows extremely well-preserved volcanic deposits of 

the entire eruption, with no hiatuses. This is an ideal location to test whether the monogenetic 

nature of Motukorea’s physical volcanology is reflected in the chemistry of its deposits, or whether 

the melting processes observed on the scale of the whole field can be seen within a single 

eruption. High resolution sampling was undertaken, and major and trace elements and Pb-

isotopes obtained for samples through the entire eruptive sequence. The chemistry shows a 

distinct separation of the phreatomagmatic and magmatic phases of the eruption, showing that 

two magma batches were involved, and that the melts became increasingly more channelized as 

the eruption progressed. Pb-isotopes of samples through the sequence show the same three 

components as identified on a field-wide scale (Chapter 4).  

This chapter is presented in the form of a paper submitted to the journal Lithos. The major 

conclusion is that despite the obvious monogenetic appearance of Motukorea in terms of its 

physical volcanology, its geochemistry shows a complex story involving several source 

components, as well as changes in melting parameters as the eruption progressed. This 

dissection of such a sequence of deposits demonstrates that even the seemingly simplest 

volcanoes in the AVF may not be monogenetic in a geochemical sense. 
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Abstract 

Systematic compositional variation through stratigraphic sequences produced by basaltic 

monogenetic volcanoes provides a unique window into the processes of partial melting, melt 

extraction and magma transport in small scale magmatic systems. Motukorea volcano in the 

Auckland Volcanic Field, New Zealand, shows a well-exposed continuous sequence of deposits 

that provides an excellent opportunity to investigate how such magmatic systems work. Samples 

from an early tuff cone, scoriaceous deposits and late lava flows are strikingly primitive and allow 

examination of the deep-seated processes that produce magma from mantle sources, and the 

subtle changes in the source as extraction takes place. The Motukorea eruption began with the 

production of silica-undersaturated nephelinitic compositions and progressed to late stage alkalic 

basalts. Trace element abundances and Pb-isotopic ratios suggest that initial relatively enriched 

melts involved preferential melting of eclogite veins dispersed within the asthenosphere. As the 

eruption progressed more depleted magmas were produced from a peridotitic source. An 

increase in magma flux is implicated in the production of the second batch of magma, seen by 

modelled higher degrees of melting, a larger volume of eruptive products and the termination of 

the phreatomagmatic eruption phase. The magmas erupted in both phases of the eruption are 

modelled to have assimilated small amounts of subduction-modified lithosphere on ascent. 

Extraction of magmas from their mantle source changed from movement by diffusive porous flow 

to more channelized flow. This detailed geochemical study of the complete eruption sequence of 

a small scale basaltic volcano has revealed the presence of multiple source components, and 

changes in both the nature of the source and the process of extraction, as the magma production 

episode evolved. 
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5.1 Introduction 

A fundamental question in igneous petrology is that of magma production and subsequent 

modification during ascent. Monogenetic eruptions of basalt where there has been only limited 

modification in magma chambers or by crustal assimilation provide a window into processes of 

magma generation and extraction. The term ‘monogenetic’ describes small volume, typically 

basaltic volcanoes that have been built in a continuous eruption sequence within a relatively short 

time span (on the scale of months up to several decades) (Connor and Conway, 2000). An 

assumption is that monogenetic volcanoes have been built by the eruption of a single 

compositionally discrete batch of magma. Recent detailed work on individual centres in volcanic 

fields, however, shows that they are more often the product of relatively complex magmatic 

processes, commonly involving more than one magma batch within a single eruptive episode 

(e.g. Bradshaw and Smith, 1994; Brenna et al., 2010; 2011; Needham et al., 2011; Valentine and 

Gregg, 2008; Valentine and Hirano, 2010; Valentine and Keating, 2007). Detailed studies of 

volcanic sequences have investigated systematic relationships of chemical composition to 

stratigraphic position (and therefore to time in an eruption sequence) and found that they are far 

from simple. For example, Strong and Wolff (2003) documented the compositional changes 

through several monogenetic sequences in the Southern Cascades, USA, and described 

differences both within scoria deposits, and between the scoria and lavas of the same centre. 

This was attributed to the involvement of several distinct sources over the course of one eruption. 

This study (in addition to others, e.g. Blondes et al., 2008; Brenna et al., 2010; Cebriá et al., 2011; 

Garcia et al., 2000; Reiners, 2002; Smith et al., 2008) demonstrated the significance of 

monogenetic volcanism in sampling heterogeneous source regions, and also the complexity of 

seemingly simple sequences. 

The observation that chemical compositions, melting processes and source characteristics can be 

highly variable from one eruptive phase to another in a single episode shows the importance of 

detailed sampling through a complete volcanic sequence. This is not, however, always possible. 

For varying reasons, anthropogenic and natural, eruptive records may no longer exist. The 

detailed examination of an entire eruption sequence can reveal the way in which a monogenetic 

eruption develops, from initial melting in the source region, interaction with other lithologies or 

melts, how the mode of ascent can change throughout an eruption, and how this relates to the 

volcanology observed. Such studies are only possible with near-primitive compositions (i.e. those 

that have not been modified by the effects of crystallisation of mineral phases, or assimilation), 

which are often difficult to find in larger, more evolved systems. 

Here we present the results of a detailed volcanological and geochemical study of the deposits of 

a single monogenetic eruptive centre in the Auckland Volcanic Field (AVF): Motukorea. The 

volcano has an exceptionally well-preserved sequence of deposits spanning the duration of the 

eruption with no evidence of hiatuses, and thus can be considered monogenetic in terms of its 

physical volcanology. A striking feature of the deposits at Motukorea is that the magmas are 
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essentially unmodified by fractional crystallisation and/or crustal assimilation, and thus allow direct 

investigation of mantle processes. We document compositional variations in major and trace 

elements and Pb isotopes of the tuff sequence, overlying scoriaceous unit, scoria cone and lava 

flows in order to investigate the conditions (source, degree of melting and melt movement) 

involved in the eruption of a small volume, monogenetic volcanic centre from its inception, 

through all phases of the eruption, to the end of the eruptive event. 

 

5.2 Volcanic geology and morphology of Motukorea 

The AVF is a Quaternary basaltic intraplate volcanic field consisting of c. 50 volcanic centres 

which take the form of scoria cones, tuff rings and maars. The field covers an area of c. 360 km2 

on the isthmus of Auckland in the North Island of New Zealand (Figure 5.1A), and has been 

active for c. 250ka (see Lindsay et al., (2011) and references therein). Individual volcanic centres  

 

Figure 5.1 A Schematic map of the Auckland Volcanic Field (AVF) showing the location of volcanic centres, 
including Motukorea. Inset shows position of the AVF relative to other major volcanic centres in the North 
Island of New Zealand, including the Taupo volcanic Zone (TVZ). B Geological sketch map of Motukorea 
Island showing the main volcanic features. Location of logs (Figure 5.2) is indicated by dashed boxes 



Chapter 5  Motukorea: Progression of a monogenetic eruption 

118 

 

in the field are of very small volume (typically <0.1km3 dense rock equivalent (DRE) (Allen and 

Smith, 1994)) and have distinct chemistry (McGee et al., submitted). Motukorea is a well-

preserved basaltic volcano the age of which has been estimated as ≥7000-9000 years B.P, based 

on an early Holocene high stand terrace built over lava flows (Bryner, 1991). The island covers an 

area of just 0.75km2 and is c. 900m wide at its widest point (Figure 5.1B). It represents a 

complete volcanic sequence composed of a tuff ring, a central scoria cone (66m above sea level, 

c. 180m in diameter), several rafted spatter mounds (referred to here as ‘scoria mounds’), and 

lava flows (Figure 5.1B). The eruption products represent a total of 21.08 x106 m3 DRE of basaltic 

magma (Allen and Smith, 1994). The tuff ring outcrops as 10 - 25m high cliffs of interbedded 

tephra layers on the north and northeast side of the volcanic island which have been partially 

eroded from the northeast at Crater Bay. A wide flat terrace made up of lava flows extends from 

the scoria cone to the south and west where the tuff ring gradually diminishes. The tuff ring was 

produced at the start of the eruption from a crater c. 700m in diameter (Bryner, 1991). The basal 

tuff ring sequence is overlain by a scoriaceous deposit derived from an intra-tuff ring scoria cone. 

The tuff-ring is breached to the west and south; this area is now occupied by flows of dense to 

moderately vesicular basaltic lava. 

In the following discussion we refer to three eruptive units 1) the basal tuff ring-forming unit, which 

includes the top unit of scoriaceous lapilli beds (‘upper scoriaceous unit’) inferred to have derived 

from the intra-tuff ring scoria cone, 2) the intra-tuff ring scoria cone edifice including the rafted 

mounds, and 3) the lava flows emitted from the central scoria cone. There are no soil horizons 

between eruptive units or other evidence of time breaks that would suggest that the deposits 

represent anything other than a continuous sequence. Because of this we interpret Motukorea as 

having formed during a single eruptive episode, and therefore monogenetic in terms of its 

physical volcanology (e.g. Németh, 2010; Valentine and Gregg, 2008). 

 

5.3 Physical volcanology of the Motukorea eruptive units 

5.3.1 Basal tuff ring sequence and upper scoriaceous pyroclastic unit 

The basal tuff ring sequence was logged at two locations: ‘Southeast Crater Bay’ and ‘Northwest 

Crater Bay’ (Figures 5.1B and 5.2). See Appendix 10 for full descriptions of the tuff unit, and 

Appendix 11 for detailed stratigraphic logs. The abundance of large blocks with directional 

indicators and impact sags in cliffs from Northwest Crater Bay (Log 2 on Figure 2), and the 

dominance of dune and cross bedding in the Southeast Crater Bay area (Log 1 on Figure 2) led 

to the conclusion that these measured sections represent laterally continuous proximal and distal 

sections, respectively (Figure 5.2). We have divided the basal tuff ring sequence into upper and 

lower sections, separated by a distinctive marker bed of scoriaceous basaltic lapilli (S17 – ‘mid-

scoriaceous unit’) which ranges from a c. 20cm thick layer at Crater Bay to a c. 1.5m thick bed  
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Figure 5.2 (previous page) Simplified logs of the tuff sequence in two locations at Motukorea (see Figure 
5.1B for location of logs) with descriptive features used in determining proximal and distal deposits. Units in 
the sequence are labelled ‘S’ at Southeast Crater Bay and correlated with units labelled ‘B’ in Northwest 
Crater Bay until S30/B16 is reached then ‘S’ labelling system is resumed. Dashed lines indicate correlation 
of units across logs. Samples were taken from units marked with coloured symbols – these symbols are 
used in later geochemical plots. Note change of scale in Log 2 from 9m. Unlogged gap below the upper 
scoriaceous unit is due to vegetation growth 

further southeast. In general, the sequence comprises fine-grained, cream-beige coloured, 

typically cross-bedded layers of weakly to moderately indurated, poorly to moderately sorted, tuff 

and lapilli tuff beds, containing abundant dense juvenile and accidental lithic lapilli. These beds 

alternate with planar-bedded to massive black-brown, cm to few dm thick, relatively well-sorted, 

laterally continuous, juvenile-lapilli-rich units, an example being the mid-scoriaceous unit, inferred 

to represent pyroclastic fall beds (Figure 5.2). Interbedding between base surge-dominated 

accidental lithic-rich, dune and cross-bedded tuff and lapilli tuff and fall-dominated juvenile 

pyroclast-rich lapilli beds is commonly rhythmic, especially in the upper tuff ring deposit (above 

the ‘mid-scoriaceous unit’). Accidental lithic fragment-rich tuff and lapilli tuff beds and juvenile-

lapilli-rich beds are typically 5 – 30cm and 20 – 100cm thick, respectively, and the thickness of 

individual layers varies laterally. Within this stratigraphic framework, we interpret the lower and 

upper tuff sequences as dominantly phreatomagmatic surge deposits. There is, however, an 

abrupt change in style in the uppermost unit of the cliff (‘upper scoriaceous unit’), which is a 4—10 

m thick sequence of moderately to highly vesicular fine lapilli and coarse blocky scoria in diffusely 

massive beds with very rare lithic clasts (Figure 5.2). Juvenile blocks in this layer range from 

10cm up to 70cm, commonly have chilled margins and are elongate in shape and plastically 

deformed. The deposit does not vary laterally where exposed. 

The characteristics of the basal tuff ring sequence at Motukorea (Figure 5.2) allow some 

generalisations to be made about the conditions of the tuff ring-forming part of the eruption. There 

is a general transition from matrix-supported facies at the base to clast-supported facies in the 

upper parts of the sequence, corresponding to an increase in clast vesicularity upwards (Allen et 

al., 1996). This has been interpreted to represent a trend from a dominantly wet phreatomagmatic 

fragmentation eruptive style early in the eruption history of the tuff ring, to a dominantly dry 

phreatomagmatic to magmatic fragmentation style in the waning phase of the tuff eruption (e.g. 

Németh, 2010). This is inferred to correspond to the gradual exhaustion of the local water supply 

leading to a decrease in the water:magma ratio (Allen et al., 1996; Bryner, 1991). Similar eruption 

style changes have been inferred on the basis of changes of pyroclastic textures from base to top 

at other tuff rings in the AVF (e.g. Crater Hill, Houghton et al., 1999). The relative abundance of 

thin phreatomagmatic tuff and lapilli tuff layers in the upper tuff sequence indicates cyclic but 

localized recharge of water to the system to fuel explosive magma and water interaction. The 

gradual increase of scoriaceous ash and lapilli layers in the top of the basal tuff ring unit indicate a 

rapid subsequent drying out of the system allowing explosive magma fragmentation to be 

controlled by magmatic volatiles. 
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5.3.2 Scoria cone and rafted scoria mounds 

The intra-tuff ring scoria cone is an unbreached, circular edifice c. 70m high in the northern part of 

the island. It has a c. 10m deep crater, and the rim is higher on the northeast side. There is a 

small group of low hills (c. 10-25m high, Figure 5.1B) to the south and southwest of the scoria 

cone composed of scoriaceous agglutinate and lapilli commonly displaying lava spatter layering 

and moderate agglutination and welding. The implication is that the mounds are rafted sections of 

the scoria cone gradually transported on top of lava flows issued from the crater towards the end 

of the eruption. The present day circular shape of the intra-crater scoria cone is inferred to be the 

result of subsequent healing of the cone due to penecontemporaneous explosive activity, similar 

to those processes described from Red Crater, Arizona (Riggs and Duffield, 2008). 

5.3.3 Lava flows 

Lava flows cover the southern part of island (Figure 5.1B), and have a minimum thickness of c. 

1.5m. The lavas have flowed to the south for c. 1km; their terminus now lies underwater to the 

south and southwest. They are dominantly pahoehoe with rounded vesicles. Polygonal jointing on 

the top surface is visible in some outcrops. 

 

5.4 Methodology 

A total of 33 samples of juvenile material were collected from all key units of the Motukorea 

eruption sequence for geochemical analysis. 20 samples of juvenile material (typically blocks and 

bombs from the ash-rich layers and lapilli clasts from the scoriaceous layers) were collected from 

the tuff sequence, with samples taken every c. 0.5-1m up sequence, including several from the 

mid-scoriaceous unit (Figure 5.2). Four samples were taken from the unit overlying the tuff 

sequence (upper scoriaceous unit), five from the scoria mounds, and four samples from the lava 

flows. No samples were taken from the scoria cone itself due to lack of exposed material. When 

selecting blocks and bombs for geochemistry, an attempt was made to select inclusion-free, 

glassy, fresh material, interpreted to represent magma at the time of the eruption. 

See Chapter 2 for full details of methods. Samples were washed in distilled water and dried at 

80o C. before being crushed in a tungsten carbide mill to <200µm mesh. Major elements were 

analysed by XRF on fused glass discs made using Lithium Borate Spectrachem 12-22 flux, using 

a Siemens SRS3000 sequential X-ray spectrometer with a Rh tube at the University of Auckland. 

Trace elements were measured on a Laser Ablation Inductively Coupled Mass Spectrometer (LA-

ICP-MS) at the Australian National University using stacks of XRF discs following the procedure 

of Eggins et al. (1998a). NIST 612 was run every 15 samples and used for calibration, and the 

silica content obtained by XRF used in data reduction. BCR-2G was used as a secondary 

standard. The samples were run over two sessions; precision across all BCR-2G data (n=40) is 

<14% 2SD for all elements except Cs, Yb, Lu and Hf which are <19%, and Pb which is <24%. 
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Accuracy is <9% for all elements except Tb and Pb which are <12%. XRF data is reported for Cr, 

V, Ni and Zr.  

Pb isotopes were prepared and measured at Victoria University of Wellington (VuW) in ultra clean 

lab conditions, using Optima™ acids. Sample powders were leached in hot 6M HCl for one hour 

then rinsed to remove un-bonded Pb after Millet et al. (2008). Powders were digested in hot 

concentrated HNO3 and HF for 24 hours, then dried down and nitrified once. Samples were then 

taken up in 0.8M HBr twice, and centrifuged. Pb was separated in a double pass through a pipette 

tip column filled with AG1-X8 resin (see Baker et al., 2004 for procedure). Pb isotopes were 

measured on a Nu® instruments Multi Collector (MC) ICP-MS at (VuW) in static mode. Samples 

were bracketed using NBS981 (Baker et al., 2004) (206Pb/204Pb = 16.9416±13, 207Pb/204Pb = 

15.5000±13, 208Pb/204Pb = 36.7262±31) with JB-2 as an internal standard measured as 
206Pb/204Pb = 18.3402, 207Pb/204Pb = 15.5621 and 208Pb/204Pb = 38.2755 with 2SD of 166, 239 and 

288ppm respectively (based on one digestion measured 5 times) close to the reference value of 

Baker et al. (2004) (206Pb/204Pb = 18.3435±17, 207Pb/204Pb = 15.5619±16, 208Pb/204Pb = 

38.2784±50). See Appendices 6 and 8 for trace element and isotope standard analyses. 

 

5.5 Geochemistry 

As well as the 33 samples analysed specifically for this study, 10 well-located samples (from the 

upper scoriaceous unit, scoria mounds and lava flows) from an unpublished MSc thesis (Bryner, 

1991) were included to augment the dataset. The dataset is presented in Appendices 3 (major 

and trace elements) and 5 (isotopes). 

5.5.1 Major elements 

Motukorea rocks range from basalt, through basanite to nephelinite, with low SiO2 values (39-44 

wt%), and total alkali (Na2O+K2O) values that range from 4 to 6 wt% (Figure 5.3). MgO varies 

from 9.5 to 13.5 wt%. General positive correlations with MgO through the sequence are seen with 

SiO2 and Al2O3, and negative correlations with TiO2, FeO and P2O5 (Figure 5.3). CaO 

concentrations are constant throughout the eruptive sequence and show no correlation with MgO. 

Limited internal trends within individual units are observed; this is particularly striking in the tuff 

sequence where the data form a broad cluster with no trend in all the major elements. Within the 

scoria sequence and lava flows there is a slight correlation between MgO and FeO, and MgO and 

P2O5. Samples from the mid-scoriaceous unit show more variation in the major elements than 

other units, particularly in SiO2 and Al2O3. Samples from the upper scoriaceous unit form a trend 

between samples from the tuff sequence and those from the scoria mounds and lavas.  



Chapter 5  Motukorea: Progression of a monogenetic eruption 

123 

 

 

Figure 5.3 Major element geochemistry of juvenile clasts, scoria and lava from Motukorea vs. MgO, all in 
wt%. A total alkali vs. silica plot shows the variety of basaltic rock types (after Cox et al., 1979). 10 of the 44 
samples plotted are from the unpublished MSc thesis of Bryner (1991) 
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Figure 5.4 Trace element geochemistry of juvenile clasts, scoria and lava from Motukorea vs. MgO. Trace 
elements in ppm, MgO in wt%. Symbols as in Figure 5.3. 10 of the 44 samples plotted are from the 
unpublished MSc thesis of Bryner (1991). Cr, Ni and Zr values from XRF 
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5.5.2 Trace elements 

5.5.2.1 Trace elements vs. MgO 

As with the major elements, within-unit correlations of trace elements with MgO are minimal. 

Overall trends with MgO are caused by differences between the bulk compositions of the eruptive 

units. Samples from the tuff sequence are lower in the transition metals and higher in 

incompatible elements than the scoria mounds and lavas; samples from the upper scoriaceous 

unit span the range between these units. All transition metals show positive trends with MgO 

(consistent with them being compatible elements in basalts compared to the other elements 

shown in Figure 5.4); the trend through the sequence is extremely linear in Ni but more kinked in 

Cr and Sc (Sc not shown) as the lava and scoria mounds display a gentler trend than the tuff. 

Incompatible elements all display a negative trend with MgO. The data for the tuff sequence 

typically form a cluster in all but the transition metals. Samples from the lava flows and scoria 

mounds typically show a more restricted range of values than samples from the upper 

scoriaceous unit and tuff sequence (Figure 5.4); however, unlike the tuff sequence, the scoria 

and lava display slight correlations with MgO. Variations in trace element ratios are seen through 

the sequence: (La/Sm)N is higher in the tuff sequence (4-4.2), whilst the lava and scoria mounds 

show more variation at lower (La/Sm)N (3.15-3.6), but higher Sm/Nd (0.20-0.21) compared to the 

tuff (0.18-0.19). A gentle positive trend from the tuff to the lava is seen in Nb/U from 34.4 to 54.9; 

the mid-scoriaceous unit displays elevated values of Nb/U relative to the other eruptive units. 

5.5.2.2 Multi-element plots 

Rare Earth Element (REE) profiles (normalised to chondrite after McDonough and Sun (1995) for 

the tuff, mid-scoriaceous unit, upper scoriaceous unit, scoria mounds and lava all show a pattern 

of light-REE (LREE) enrichment (Figure 5.5A); the tuff sequence shows the steepest profile with 

the mid-scoriaceous unit lying in the middle of this field, and the lava the flattest. The eruptive 

units are most similar in the heavy-REE (HREE), with the tuff and scoria having similar values in 

Er-Lu. All units show a larger range of values in the LREE than the HREE. 

On a multi-element plot (normalised to primitive mantle after McDonough and Sun (1995)) the 

units all show a similar profile peaking at Nb and Ta followed by an overall decrease in 

enrichment (Figure 5.5B), typical of ocean island basalts (Sun and McDonough, 1989). All units 

show a prominent negative K anomaly, and less prominent negative Zr, Hf and U anomalies. The 

mid-scoriaceous unit shows both positive and negative Sr anomalies and also a large range in Rb 

and Ba. A slight positive Sr anomaly is also seen in the upper scoriaceous unit. 



Chapter 5  Motukorea: Progression of a monogenetic eruption 

126 

 

 

 

Figure 5.5 A Rare earth element (REE) plot normalised to chondrite (after McDonough and Sun 1995) and 
B multi-element plot normalised to primitive mantle (after McDonough and Sun, 1995). Fields of samples are 
shown from the tuff sequence, mid scoriaceous unit, upper scoriaceous unit, scoria mounds and lava flows. 
USU = Upper scoriaceous unit; MSU = Mid-scoriaceous unit. Units become progressively less enriched in 
LILE and LREE from the eruption of tuff to the emission of lavas 

  

5.5.3 Sr-Nd-Pb isotopes  

There are six Sr-Nd isotope analyses available from Motukorea published by Huang et al. (1997), 

and these show very little variation: 87Sr/86Sr ranges from 0.702790 to 0.702930, and 143Nd/144Nd 

from 0.512970 to 0.51300 (not shown). Pb isotopes analysed for the current study display larger 

variations (Figure 5.6 and Appendix 5):  206Pb/204Pb ratios range between 19.158 and 19.360, 
207Pb/204Pb between 15.589 and 15.605, and 208Pb/204Pb between 38.800 and 38.958. This places 

the data on the Pacific MORB-HIMU array, closest to Pacific MORB, similar to other data from the 

AVF (McGee et al., submitted) (Figure 5.6). As with the whole field data, samples from within the 

Motukorea sequence display a triangular trend in 206Pb/204Pb vs. 207Pb/204Pb and a somewhat  
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Figure 5.6 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb for tuff bombs, scoria and lava from Motukorea. Pacific 
MORB and HIMU (Cook-Austral islands and St Helena) data from a compilation by Stracke et al. (2003). 
NHRL calculated after Hart (1984). Maximum 2σ error bar is shown for 207Pb/204Pb; error bars for 208Pb/204Pb 
and 206Pb/204Pb are similar to symbol size. Isotopic data from the AVF (McGee et al., submitted) are shown 
as a labelled pale grey field. The lithospheric mantle field is from Hoernle et al. (2006). A triangular pattern is 
observed in the Motukorea data which is particularly prominent in 207Pb/204Pb vs. 206Pb/204Pb space.  

 

triangular but essentially linear trend in 206Pb/204Pb vs. 208Pb/204Pb. The lava and scoria mounds 

are separated in Pb-isotopic space from the tuff and mid- and upper scoriaceous units, with the 

former having lower 207Pb/204Pb and trending towards lower 206Pb/204Pb and 208Pb/204Pb. 

 

5.6 Discussion 

The separation of the samples from the tuff sequence and those from the scoria mounds and 

lavas in major and trace element compositions, and the non-linear nature of the sequence in 

bivariate plots (Figure 5.3-5.4) suggests that the dominantly phreatomagmatic and dominantly 

magmatic phases of the eruption were the products of two different magma batches, with the 

upper scoriaceous unit forming a transitional facies between these. The triangular pattern 

observed in Pb-isotopic space (Figure 5.6) implicates several sources in the magma genesis. In 

the following discussion the nature and extent of the magmatic processes affecting both magma 

batches, in addition to characterisation of the sources involved reveals a far more complex 
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melting scenario than may have first been assumed from the island’s monogenetic appearance in 

its physical volcanology. 

5.6.1 The limited effect of fractional crystallisation 

Samples representing the eruptive products of Motukorea have Mg numbers (Mg#s) of 60-70 and 

have high MgO contents (9.5-13.5 wt%) which indicate that they are near-primary mantle melts. 

The lack of trends within eruptive units with MgO in the major elements and some of the trace 

elements (Figures 5.3 and 5.4), a feature that is particularly prominent within the tuff sequence, 

suggests that only minimal fractional crystallisation has taken place during magma ascent. Olivine 

and clinopyroxene (Cpx) are observed petrographically in Motukorea rocks, thus, fractional 

crystallisation modelling of these minerals was undertaken in order to see what effect this process 

has had on the chemistry of rocks from the eruptive sequence (Figure 5.7). Concentrations of the 

trace elements Nb, Hf and Th are modelled. As observed in Figures 5.3-5.5, the upper 

scoriaceous unit is transitional between the tuff and the scoria mounds and lava compositions. 

The ‘kinked’ nature of the trend also shows that the tuff sequence cannot be linked to the scoria 

and lavas through evolution by fractional crystallisation, consistent with the sequence being 

produced from two magma batches. Basanite partition coefficients (KDs) for 1GPa olivine and 1 

and 3.5GPa Cpx (Adam and Green, 2006; Wood and Trigila, 2001) are used to model theoretical 

 

Figure 5.7 Fractional crystallisation modelling for the eruptive sequence at Motukorea. KDs from Adam and 
Green (2006), except 1GPa Hf (Wood and Trigila, 2001). Hf, Th and Nb in ppm. Lines denote up to 30% 
crystallisation of 1GPa olivine, 3.5GPa Cpx, and 1GPa Cpx + 1GPa olivine in the ratio 40:60. The lava and 
scoria compositions can be modelled by minor crystallisation of 1GPa Cpx + 1GPa olivine. The tuff 
sequence compositions cannot be modelled by crystallisation of olivine or Cpx 
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crystallisation trajectories starting from the most primitive sample in the lavas and the tuff 

sequence (Figure 5.7). 

The compositions of the scoria mounds and lava can be modelled by small amounts (mostly 

<15%) of crystallisation of lower pressure (1GPa) Cpx and olivine (in a 40:60 ratio). Outliers of the 

scoria mounds and lava at high Th and Hf also fit along this fractionation trend (Figure 5.7). The 

trends displayed by the tuff sequence, however, cannot be modelled by fractionation of Cpx or 

olivine at any pressure (Figure 5.7), indeed the fact that samples from the upper tuff lie at lower 

concentrations of Th and Hf than samples from the earlier-erupted lower tuff is difficult to explain 

by evolution of the magma by fractional crystallisation. Another process is required to explain this 

feature, such as varying degrees of partial melting and/or mixing of melts. 

These findings are in contrast with the model of Smith et al. (2008) based on another well-

exposed tuff-scoria-lava sequence in the AVF (Crater Hill), where the whole sequence could be 

modelled as controlled by deep-seated fractionation of high pressure Cpx. The lack of fractional 

crystallisation in the first magmas to be produced at Motukorea is, however, significant as this 

suggests that they did not stall or pond en route – and therefore erupted as virtually unmodified 

melts of the mantle source. The magmas giving rise to the scoria mounds and lavas experienced 

shallow fractionation of mineral phases, which indicates that, as the eruption progressed, some 

slowing of the ascending magma occurred. 

5.6.2 The presence of three source components observed in Pb-isotopic space 

The triangular pattern observed in Pb-isotopic compositions of samples from the Motukorea 

eruptive sequence reveals the involvement of three source components: a low 206Pb/204Pb 

component plotting to the left of the NHRL in the 206Pb/204Pb vs. 208Pb/204Pb diagram (represented 

mostly by samples from the upper tuff sequence), a high 207Pb/204Pb and 208Pb/204Pb component 

(represented by samples from the lower tuff sequence and some upper scoriaceous unit samples) 

and a low 207Pb/204Pb component plotting close to the NHRL in both diagrams (represented by 

samples from the scoria mounds and some upper scoriaceous unit samples) (Figure 5.6). The 

composition of the low 206Pb/204Pb end-member has already been interpreted in other studies of 

New Zealand intraplate volcanic fields as reflecting a subduction-modified lithospheric component 

(Figure 5.6) (Hoernle et al., 2006; Timm et al., 2010); McGee et al., submitted). As Pb-isotopic 

compositions of both the tuff sequence and the scorias and lavas trend towards this region in Pb-

isotopic space it is suggested that, as the magmas ascend, they assimilate melts from the 

overlying subduction-metasomatised lithosphere.  

The difference in Pb-isotopic composition between the beginning of the tuff eruption and the 

eruption of the scoria and lavas (which is most noticeable in 207Pb/204Pb ratios) implies a 

difference in the source region for the melt that generated the tuff samples compared to those that 

generated the scoria and lava flows. The higher 207Pb/204Pb in the lower tuff samples suggests 

that their source includes a more radiogenic component. The melting of pyroxenitic/eclogite veins 
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(from recycling of melts within the mantle) has been suggested as causing Pb-isotopic ratios to be 

more radiogenic due to higher U/Pb ratios (e.g. Pilet et al., 2008; Willbold and Stracke, 2006). The 

preferential melting of eclogite veins compared to the dominantly peridotitic mantle at low degrees 

of partial melting has been suggested as the cause for magmas to be silica-undersaturated (e.g. 

Hirschmann et al., 2003; Kogiso et al., 2003), resulting in the eruption of nephelinite compositions, 

as is noted in the tuff sequence of Motukorea (Figure 5.3). Undersaturated magma compositions 

are a striking feature of small-volume basaltic systems (e.g. the South Auckland volcanic field 

(Cook et al., 2005), the Wudalianchi volcanic field (Hsu and Chen, 1998), the Newer Volcanic 

Province (Demidjuk et al., 2007), the Eifel volcanic field, Germany (Haase et al., 2004) and the 

Harrat Ash Shaam volcanic field, Jordan (Shaw et al., 2003)) suggesting that this component may 

be a common feature of such fields. The lower 207Pb/204Pb ratio of samples from the scoria 

mounds and lava suggests that they were produced from melting of the residual peridotitic 

mineralogy remaining after extraction of the silica-undersaturated magma. 

The identification of the involvement of subduction-metasomatised lithospheric mantle as the 

magmas ascend from depth (Figure 5.6) implicates two sources in the genesis of melts for the 

two magma batches at Motukorea. We therefore suggest that the sequence of deposits erupted at 

Motukorea involved two melting events of a heterogeneous asthenospheric source, which was 

progressively depleted due to the exhaustion of pyroxenitic material. These magmas mix with 

melts from the subduction-metasomatised lithosphere, although the relatively un-radiogenic 

nature of 87Sr/86Sr ratios from Motukorea (see Section 5.5.3) suggests that this interaction is not 

extensive. 

5.6.3 The involvement of multiple source components with progression of eruption 

The well-constrained eruption sequence at Motukorea allows examination of geochemical 

changes with the progression of eruption, when elements and Pb-isotopic ratios are plotted vs. 

stratigraphic position of the sample in the sequence (Figure 5.8). In these plots the scoria 

mounds and lava are placed on top of the tuff sequence and upper scoriaceous unit and given an 

arbitrary height, as this is where they are known to occur temporally in the eruptive sequence (see 

Section 5.2). A gradual increase in Mg# is seen through the tuff sequence, followed by a more 

dramatic increase in the upper scoriaceous unit, scoria mounds and lava (Figure 5.8); a similar 

pattern is seen in Cr, and some of the incompatible elements such as Zr and Th (not shown). 

Some element ratios such as Sm/Nd (Figure 5.8) and La/Sm (not shown) show little variation in 

value through the tuff sequence followed by a change with the eruption of the scoria and lava. 

The mid-scoriaceous unit (‘MSU’) typically shows a large range in values compared to the overall 

variation in the tuff sequence; for example Mg# varies from 60 to 63 in the lower and upper tuff, 

but the mid-scoriaceous unit varies from 62 to 64 (Figure 5.8). This unit also displays a larger 

range of variation in fluid mobile elements (Rb, Ba, Sr, U) compared to neighbouring fluid 

immobile elements (Th and Nb) (Figure 5.5B). High variability of these elements has been linked 

to post-eruptive alteration (Schiano et al., 1993). This effect would nevertheless be restricted to 



Chapter 5  Motukorea: Progression of a monogenetic eruption 

131 

 

this unit as it is a highly porous layer compared to the upper and lower tuff sequences which 

surround it. 

Systematic changes with stratigraphic height are observed for Pb isotope data. 206Pb/204Pb and 
208Pb/204Pb decrease from the start of the eruption until c. 12m height (i.e. in the upper tuff; note 

that the upper tuff sample which plots with the upper scoriaceous unit samples was taken from 

the layer directly below the latter). The upper scoriaceous unit has a slightly more radiogenic Pb 

 

 

Figure 5.8 Selected element/isotope plots vs. stratigraphic height of sample (in metres) showing change in 
chemistry up sequence. MSU = Mid-scoriaceous unit, USU = upper scoriaceous unit. The scoria mounds 
and lava are assigned an arbitrary stratigraphic position at the top of the sequence. In both Mg# and Sm/Nd 
a gradual change in chemistry is seen throughout the tuff sequence with a more dramatic change between 
tuff and magmatic phases (i.e. scoria and lava). The mid scoriaceous unit (S17, see logs in Figure 5.2) often 
shows a large range in values for samples taken from this layer most likely due to post-depositional 
alteration. Pb isotopic ratios up-sequence decrease throughout the tuff sequence, then return to a similar 
starting composition in the magmatic phase before again decreasing; this is indicative of two magma batches 
sourced from a similar depth ascending through similar material. Error bars for 208Pb/204Pb and 206Pb/204Pb 
are the same as or smaller than symbol size 
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isotope composition compared to the start of the tuff eruption, and this decreases with eruption of 

the scoria mounds and lava (Figure 5.8). This reversal in Pb-isotopic ratios is suggestive of the 

second magma batch being due to a magma recharge event. 

5.6.4 The nature and behaviour of the source beneath Motukorea 

Using the points discussed above, we model the mantle processes occurring during the eruption 

of Motukorea (Figure 5.9). Motukorea samples plot on three different linear trends in (La/Yb)N vs. 

(Gd/Yb)N space (1: the tuff sequence, 2: the scoria and lava samples, and 3: samples from mainly 

the upper scoriaceous unit which lie along a steeper trend between the other units) that 

correspond to three distinct mixing events. (La/Yb)N vs. (Gd/Yb)N is used as a proxy for both 

degree of melting as well as the nature and proportion of the aluminous mineral phase in the 

mantle source (i.e. spinel vs. garnet).  

The steepness of the REE plot for all eruptive units (Figure 5.5A) is indicative of residual garnet 

in the source (e.g. Hoernle and Schminke, 1993). This is evidence for the magma being sourced 

from depths of ≥80km (e.g. McKenzie and O'Nions, 1991). The 230Th-excess observed by Huang 

et al. (1997) in four samples from Motukorea from all parts of the sequence also supports melting 

in the garnet stability field, based on the incompatibility of Th in garnet (e.g. Elliott, 1997; Peate 

and Hawkesworth, 2005). The AVF contains some of the highest (230Th/232Th) ratios for 

continental basalts (up to 1.38, McGee et al., submitted), suggesting that melting initiates at the 

bottom of a long column (e.g. Peate and Hawkesworth, 2005). Thus, both melting events at 

Motukorea initiate in the garnet-bearing asthenosphere. Two main sources (asthenospheric and 

lithospheric) are modelled in Figure 5.9 (based on those modelled in McGee et al. submitted – 

Chapter 4). The asthenospheric source (A) is of an enriched composition, and contains a high 

proportion of Cpx (18%) to simulate the incorporation of garnet pyroxenite or eclogite veins. The 

relatively low Sm/Nd ratios of the tuff samples (Figure 5.8) is suggestive of having melted in the 

presence of recycled material which is older, and more radiogenic, than the ambient 

asthenospheric mantle (DePaolo and Wasserburg, 1976). The spinel-bearing lithospheric source 

(B) is of a more depleted composition and is involved in both the tuff and scoria/lava eruption, as 

seen by their trend towards lower 206Pb/204Pb (Figure 5.6). A third source is implicated (C); this is 

similar to the enriched asthenospheric source (A), but contains less garnet and Cpx, and is 

slightly less enriched (see Figure 5.9 caption for values). This simulates ambient mantle after the 

exhaustion of the pyroxenite/eclogite veins in the first stage of the melting event. Mixing lines are 

plotted between the lithospheric source (B) and both asthenospheric sources (A and C) to 

simulate the incorporation of lithospheric melts during ascent of asthenospheric magmas.  

Small degrees of melting are evident from the LILE and LREE enriched nature of the samples at 

Motukorea. At very small degrees of partial melting (<1%) a mantle source containing veins of 

pyroxenitic material can generate silica-undersaturated melts due to the higher fusibility of 
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Figure 5.9 (La/Yb)N vs. (Gd/Yb)N (normalised to primitive mantle after McDonough and Sun, 1995) for the 
Motukorea sequence to illustrate melting and mixing processes which create the observed chemical trends 
between the phreatomagmatic and magmatic phases of the eruption. Solid lines show melting of three 
sources: Line A denotes melting of an enriched garnet pyroxenite or eclogite source (La/Yb: 1.27 Gd/Yb: 
1.45) containing 55% olivine, 18% Cpx, 0.20% Opx and 7% garnet; Line B denotes melting of the 
lithospheric source modelled in McGee et al (submitted) (La/Yb: 0.63 Gd/Yb: 1.25) containing 55% olivine, 
11% Cpx, 0.30% Opx and 4% spinel; Line C denotes melting of a mildly enriched peridotitic source (La/Yb: 
1.40 Gd/Yb: 1.44) containing 55% olivine, 15% Cpx, 0.27% Opx and 3% garnet. For models A and C 
minerals melt in the proportion olivine: 0.05, Cpx: 0.3, Opx: 0.2 and garnet 0.45, and in model B olivine: 0.1, 
Cpx: 0.5, Opx: 0.27 and spinel 0.13 (after Thirlwall et al., 1994). Italicised numbers in all models denote 
degrees of partial melting. Bold numbers on mixing lines show percentage of asthenospheric melt. See 
Section 5.6.4 for discussion of model 

 

pyroxenites compared to peridotite (e.g. Hirschmann et al., 2003; Pilet et al., 2008). We model 

that as this melt ascends through the lithosphere, a very small degree of melting is generated 

(0.25%) and a small percentage of these melts (<25%) is incorporated into the rising nephelinitic 

magmas (A-B mixing line in Figure 5.9). The veins now exhausted, the asthenospheric source is 

of a peridotitic composition and slightly depleted, which mixes to a similar degree with the small 

degree lithospheric melt (mixing line B-C). The modelled lower garnet content in the peridotite 

source also suggests a somewhat shallower melting depth than in (A). 
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Larger degrees of melting (1.5%) of source (A) could eliminate the need for a peridotitic source 

(C), as this would produce a similar trend with lithospheric melts. This would, however, require 

that the second, larger degree asthenospheric melt mixes in a 50:50 ratio with lithospheric melts. 

This large addition of a subduction-metasomatised melt would be expected to have an effect on 

the trace element and isotopic characteristics of the resultant magmas. Volcanic centres in the 

AVF which have been modelled as incorporating a large proportion of lithospheric melt display an 

obvious positive Sr anomaly on a multi-element plot (Figure 4.5B, Chapter 4), and also lie 

towards lower 206Pb/204Pb and higher 207Pb/204Pb (McGee et al., submitted, Figure 4.6, Chapter 
4). Neither of these features is evident in samples from the scoria mounds and lavas at 

Motukorea (Figure 5.5B and 5.6). Note that although samples from the upper scoriaceous unit lie 

along the pyroxenitic asthenosphere-lithosphere mixing line (A-C), we attribute their chemistry to 

mixing between the tuff-producing magma and melts of the peridotitic source, instead of 

incorporation of c. 50% lithospheric melts. Samples from this unit consistently plot as a transition 

between the tuff and scoria and lava compositions (Figures 5.3-5.4, 5.7-5.8) showing that they 

are produced by mixing of the two melt batches. In addition to this, the compositions of samples 

from this unit show no evidence of having incorporated a substantial proportion of lithospheric 

melt, as discussed above. We favour the hypothesis that the progressive melting of a pyroxenitic 

(eclogite) source depletes this component from the asthenosphere, so that melting continueies in 

the (slightly depleted) peridotitic source. Depletion of the source region with the progression of 

eruption is logical (e.g. Reiners and Nelson, 1998; Reiners, 1998), but is observed as a result of 

the high resolution sampling at Motukorea. Progressive depletion and the decoupling of isotopic 

and trace element trends suggests reactive melt transport (i.e. as magmas ascend they react with 

the surrounding wallrock, which becomes progressively less enriched, (c.f. Reiners, 1998) and 

this may be an explanation, in addition to smaller degrees of melting and a different source 

composition, for the compositional difference between the tuff samples and the scoria and lavas.  

5.6.5 Melt movement and magma flux at Motukorea 

It is clear from the above discussion that, in the case of Motukorea, the physical environment that 

the melt experienced after separation from the mantle source was different between the 

phreatomagmatic and magmatic stages of the eruption. This is likely to have been caused by the 

increased magma flux between the two stages; the evidence for which is: 1) the small increase in 

degree of melting in the magmatic stage (Section 5.6.4, Figure 5.9), 2) the larger volume of 

eruptive products in the scoria cone and lava eruption (i.e. being composed entirely of juvenile 

material compared to the tuff eruption, a large proportion of which is country rock), and 3) the 

abrupt change from phreatomagmatic to magmatic volcanism which is indicative of a higher 

magma:water ratio overpowering the local environment. 

The change from eruption of low flux, silica-undersaturated nephelinites produced by very small 

degrees of melting, to the eruption of higher flux, near-primitive alkalic basalts produced by higher 

degrees of melting also indicates a difference in the way melts move through the mantle. A 
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previous study on the most recently erupted centre in the AVF (Rangitoto volcano) which erupted 

alkalic basalts first in a small volume eruption, and c. 50 years later erupted larger volume sub-

alkalic basalts in a lava shield-forming eruption (Needham et al., 2011) used uranium series 

isotopes to investigate the change in melting dynamics between the two eruptions (Chapter 3). 

The latter study modelled a difference in mantle porosity between the two melt batches, with the 

first being produced by movement through high porosity channels, and the second more 

voluminous eruption by diffusive lower porosity flow at a higher melting rate (c.f. Iwamori, 1994; 

Jull et al., 2002; Lundstrom, 2000). Interestingly, whilst explaining the negative correlation of 

(226Ra/230Th) vs. (230Th/232Th) at Rangitoto, this does not appear to explain the chemistry at 

Motukorea. Instead of two separate eruptions of differing porosity we suggest that the first melts 

may have ascended through low porosity diffusive flow, then, the subsequent increased magma 

flux may have caused the melt movement to become progressively more channelized through 

higher porosity, less reactive conduits resulting in the eruption of higher volume, less enriched 

scoria and lavas. 

The difference in process between two such closely spaced volcanoes in the same field can be 

resolved by looking at their striking differences; Rangitoto consists of two distinct eruptive 

episodes of differing chemistry with a brief time gap whilst, as we have demonstrated, the 

sequence at Motukorea represents one continuous eruption. The two Rangitoto events were also 

considerably larger than the Motukorea eruption – with the second Rangitoto eruption modelled 

as sourced from higher melting rates and higher degrees of melting (Chapter 3). The implication 

is that, in a single eruption of very small volume, melts ascending through a single conduit can 

move by progressively more channelized flow if the flux becomes high enough, whereas in larger 

volume eruptions, a more complex plumbing system is required. 

A schematic of the model for Motukorea is shown in Figure 5.10 illustrating both the chemical and 

volcanological progression of the eruption. The upper and lower tuff sequence is shown as being 

produced from the same source and with the same melting conditions, explaining the general 

similarity in composition throughout the sequence (1). As suggested by Bryner (1991), the mid-

scoriaceous unit (MSU) is likely to have formed due to the temporary exhaustion of local 

groundwater (2), with the tuff eruption continuing after deposition of this juvenile-clast-dominated 

layer presumably due to recharge of the water supply (3). The phreatomagmatic stage of the 

eruption is terminated by the onset of (potentially larger degree) melts from the magma recharge 

which overwhelm the environment by increasing the magma:water ratio, thereby changing the 

eruptive style from tuff-forming to scoria-forming, shown by the eruption of the upper scoriaceous 

unit (USU) (4). Within-conduit mixing explains the transitional nature of this deposit’s composition. 

Due to increased degrees of melting a higher magma flux is invoked at this stage in the eruption, 

melts become channelized, and a scoria cone begins to develop (5). As the eruption progresses, 

lava is emitted from the main vent and rafts the scoriaceous material away from the cone forming 

the scoria mounds, whilst the cone continues to form (6). 
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Figure 5.10 Schematic model of the eruption of Motukorea to explain the volcanological features and 
geochemical trends observed. MSU = mid-scoriaceous unit, USU = upper scoriaceous unit. Numbers in 
brackets refer to discussion in Section 5.6.5 

 

5.7 Conclusions and implications for monogenetic volcanism 

Major and trace element and Pb-isotopic compositions of stratigraphically controlled samples 

have revealed details about the sources and melting conditions of a complete monogenetic 

sequence. Systematic chemical changes through the phreatomagmatic phase of the eruption 

followed by a more dramatic change into the purely magmatic phase indicates a far more complex 

melting scenario than the term ‘monogenetic’ implies. We have shown that the tuff sequence has 

experienced no fractional crystallisation, whilst the scoria and lava units have experienced only 

minor crystallisation of low pressure Cpx and olivine. Modelling shows that the tuff was sourced 

from an enriched source, comprising eclogite veins melting at small degrees and at depths of 

≥80km. This was followed by magma recharge from a peridotitic source at slightly higher, 

although still small, degrees of melting. The magma recharge event appears to have been 

accompanied by an increase in magma flux, as shown by factors such as the primitive nature of 
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the scoria and lava and its modelled larger degrees of melting; this recharge is thought to have 

changed the mode of melt movement from low porosity diffusive flow to higher porosity 

channelized flow in the same conduit, and also marks the exhaustion of the reactive capabilities 

of the material through which the melts are moving, as seen in the progressively less 

fractionated/enriched compositions erupted (c.f. Reiners, 1998). 

The mixing of the first and second melt batch observed in the transitional nature of the upper 

scoriaceous unit is significant, in that it shows that the tail of the small degree nephelinitic magma 

was followed immediately by the head of the second more primitive melt, with no hiatus in the 

volcanic record or in the chemical trends observed (Figures 5.2-5.5 and 5.7-5.8). Although the 

chemical differences through the eruptive sequence are gradational at Motukorea, our model is in 

good agreement with the findings of Strong and Wolff (2003), in that monogenetic eruptions can 

show considerable compositional differences through sequences and between phases of the 

eruption, also documented in other detailed studies of volcanic sequences such as in Mexico 

(Erlund et al., 2010; Siebe et al., 2004) and Korea (Brenna et al., 2010, 2011). Although the term 

‘monogenetic’ can be applied to the volcanology of such sequences (in that they define a 

continuous eruptive episode), this label does not adequately describe the complex melting and 

mixing processes within mantle sources which are often reflected in the geochemistry. 

Our model supports the hypothesis of Strong and Wolff (2003) that eruptions at monogenetic 

volcanoes may occur in pairs, with the first magma being a ‘path-finder’ for a second, larger (in 

the case of Motukorea) magma batch. The detailed analysis of a complete small-scale volcanic 

sequence such as Motukorea allows us to document the variations in melting conditions and 

changes that the magmatic system undergoes during the progression of a monogenetic eruption, 

from start to finish. Volume, or flux, of magma has a large control on melt movement, resultant 

chemistry and the observed complexity in small-scale systems such as the AVF, and thus 

regulates the evolution of a single centre. 
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Chapter 6 – Synthesis and Conclusions 

6.1 Introduction 

This study has addressed fundamental aspects of the melting processes driving monogenetic 

volcanism through detailed examination of the geochemistry of AVF volcanic products. The aims 

of this thesis were to develop a melting model specific to the AVF, to see whether melting 

processes identified on a field-wide scale were applicable to individual volcanic centres, and to 

investigate the implications of any findings on monogenetic volcanism. These aims have been 

achieved through a whole-field study (Chapter 4) and through two case studies (Chapters 3 and 
5). The preceding three chapters contain their own discussions based on the dataset presented in 

each; this chapter synthesises the essence of these discussions, and explains any discrepancies 

that have arisen as a result of this thesis being composed mainly of sequentially submitted journal 

articles. Brief conclusions are stated, and future directions suggested. 

6.2 Synthesis 

This thesis has created a melting model for the Auckland Volcanic Field using geochemical data 

from a number of volcanic centres. In addition to this, two case studies in the AVF were 

investigated in detail: Rangitoto and Motukorea. In these studies magmatic processes were 

discussed which are applicable both to the AVF and in the study of monogenetic volcanic fields. 

The following points have been addressed in this thesis: 

6.2.1 The polygenetic behaviour of Rangitoto, and the identification of discrete melt 
batches in the AVF 

Rangitoto volcano was chosen as a case study for several reasons: it is the most recent eruptive 

event in the AVF, it is the largest event by an order of magnitude, and it is the most obviously 

complex volcanic centre in the field, having erupted two compositionally distinct magmas with a 

short time gap of c. 50 years (Needham et al., 2011). U-series isotopes in addition to major and 

trace elements and Sr-Nd isotopes were used in Chapter 3 to examine the melting conditions 

required to produce alkalic then subalkalic magma compositions. Note that in this chapter U-

series isotopic compositions were modelled purely to deduce melting parameters such as conduit 

lengths, upwelling rates and to test the melting degrees and source compositions constrained 

from trace element modelling. In Chapter 4, where Rangitoto 2 is identified as an end-member 

composition, the U-series isotopic ratios of the two Rangitoto eruptions in addition to those of Mt 

Wellington and Purchas Hill (the latter identified as a second end-member composition in the 

AVF) are used to show qualitative depth differences between Purchas Hill and Rangitoto 2, as 

well as the dilution effect of incorporating lithospheric melts on ascent (seen in the higher 

(238U/232Th) ratio which Rangitoto 2 displays) (Figure 4.8). 
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The Rangitoto case study (Chapter 3) highlights the differences between its two eruptions, both 

in chemistry and in melting processes, and introduces the idea of discrete melt batches beneath 

Auckland which are able to move at differing speeds and are affected by varying melting 

processes. This was expanded on in the whole-field study of the AVF (Chapter 4) using a large 

dataset of samples from 12 well-sampled volcanic centres. This chapter agreed with the findings 

that melts in the AVF appear to be extracted randomly and evolve in isolation from each other. 

There is no correlation with spatio-temporal occurrence of certain chemistries (based on available 

age data, see Lindsay et al. (2011)), and in fact closely spaced volcanic centres studied show 

differing chemical compositions, for example the two eruptions at Rangitoto, and Mt Wellington 

and Purchas Hill, suggesting closed plumbing systems which do not interact. This could explain 

the field’s erratic spatial and temporal pattern of volcanism. In the case of Motukorea (Chapter 5) 

one melt batch is shown to follow another up the same conduit, and although there is evidence of 

mixing between the tail-end of one and the head of the other, it seems that the two batches were 

governed by their own melting parameters (for example, degrees of melting). 

6.2.2 Identification of multiple source components on several scales 

Magmas have been modelled as involving the melting of three components within two sources. 

These three components are observed in Pb-isotopic space and are: 

1) an asthenospheric source approximating ambient mantle, where sample compositions lie 

on or near the Northern Hemisphere Reference Line (NHRL, after Hart, 1984). This 

component is represented by magmas that created Wiri volcano (Figure 4.7), and the 

scoria and lava of the Motukorea eruption (Figure 5.6); 

2) a radiogenic component (modelled as eclogite) discontinuously dispersed in the ambient 

asthenospheric mantle. This is represented best by Purchas Hill magmas, which show 

the most radiogenic Pb-isotopic compositions, however as the lower tuff samples from 

Motukorea lie towards this ‘corner’ of the triangle (Figure 5.6) it is suggested that this 

component is also involved in their genesis, although to a lesser degree than in Purchas 

Hill. This provides an explanation for Purchas Hill melts lying towards HIMU on the Pacific 

MORB-HIMU array. The melting of this component was also modelled In the Motukorea 

case study (Figure 5.10). These veins may be part of, (or a melt of) recycled MORB 

material – both are thought to have radiogenic, HIMU-type isotopic signatures (e.g. 

Chauvel et al., 1992; Kawabata et al., 2011). In both cases (i.e. Purchas Hill, and the tuff 

sequence at Motukorea) this component is modelled as being deep (≥80km). Melting is 

modelled as beginning at these depths in all cases in the AVF (Chapter 4), and the fact 

that only two volcanoes contain this radiogenic signature supports the hypothesis that the 

component is discontinuous; however, as these are both small volume events this feature 

may also be related to size (see Section 6.2.8) 

3) a lithospheric component which has been metasomatised by subduction-related fluids. 

Note that this component was not recognised in the Rangitoto study (Chapter 3), but was 
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found to be of great importance to the chemistry of Rangitoto in the whole field study 

(Chapter 4). The lithospheric source is not modelled as containing hydrous minerals such 

as amphibole and/or phlogopite; instead the enrichment is hypothesised as being due to 

the addition of a small percentage of fluids (c. 3%), some of which are modelled as 

coming off the slab from sediments, some as coming from the dehydration of the down-

going oceanic crust. For this reason the metasomatism is said to be ‘cryptic’. This 

appears to be unusual in studies of monogenetic field petrogenesis, where most invoke 

melting of hydrous minerals as the explanation for elemental characteristics such as the 

prominent negative K anomaly observed in most samples from such volcanic fields. The 

lithospheric component modelled in this study is thought to be involved in the 

petrogenesis of almost all of the Auckland volcanoes; the degree of involvement appears 

to be linked to the extent of melting in the asthenosphere, and may also control the 

resultant size of volcanic centre (Figure 4.12). This is exemplified by the Rangitoto 2 

eruption (the largest in the AVF), compositions of which form the end-member with the 

largest involvement of the lithospheric source (Section 6.2.1). This is observed in Pb-

isotopic space, the prominent Sr-anomaly and elevated Sr isotopic compositions 

compared to the rest of the AVF (Figures 4.5 and 4.7). 

The fact that these components are seen throughout a single eruptive sequence at Motukorea 

volcano (Chapter 5) as well as on the scale of the whole field (Chapter 4) is significant, as it 

shows that even a seemingly simple eruption sequence can involve multiple sources and melting 

at various depths (see Section 6.2.9). 

6.2.3 Degrees of melting are small in all cases, and melting begins deep 

Modelled degrees of melting are small for all scenarios investigated in this thesis. The largest 

degree of melting is modelled for the second Rangitoto eruption (at 3-6% melting in Chapter 3, 

although this was decreased to 1.5-3% in Chapter 4), whilst smaller volume volcanoes such as 

Purchas Hill are modelled as produced by <1% partial melting. These melting degrees are very 

small in comparison with ocean island tholeiitic basalts associated with plumes, such as those in 

Hawaii and Iceland where degrees of melting are upwards of 15% (e.g. Frey et al., 1991; Thirlwall 

et al., 1994), but are similar to other models of monogenetic magma petrogenesis (e.g. 3-6% in 

the Newer Volcanic Province, (Demidjuk et al., 2007), and 2-5% in the Harrat Ash Shaam 

volcanic field of Jordan (Shaw et al., 2003)). In the case of Motukorea, where the entire eruption 

was examined from start to finish, melting degrees were modelled as being initially very small 

(<1%) and increasing as the eruption progressed (1.5%) (Figure 5.9). This is logical, as the 

asthenosphere beneath the AVF was modelled in Chapter 3 as upwelling extremely slowly (0.1-

1.5cm/yr), therefore one would not expect large degree melts to be produced. Modelling in 

Chapter 4 shows that melting begins in the asthenosphere in all cases in the AVF (Figure 4.10), 

even in those centres such as Rangitoto 2 which show a large involvement with lithospheric melts 

(see Section 6.2.7 for further discussion of this point). 
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6.2.4 The role of past subduction in the AVF 

As stated in Section 6.2.2, in Chapter 3 it was suggested that subduction signatures are not 

observed in the chemistry of Rangitoto. In Chapter 4 onwards this was re-investigated and, as 

explained in the above discussion, metasomatic fluids from past subduction are invoked to play a 

cryptic role in the resultant chemical features of the AVF. Northern New Zealand has seen two 

episodes of subduction, first in the Mesozoic (Cook et al., 2005), then during the late Cenozoic 

(Miocene) (Booden et al., 2011). Due to the lack of Pb enrichment in the South Auckland Volcanic 

Field (SAVF) Cook et al. (2005) suggest that metasomatic fluids were added to the lithospheric 

mantle in the earlier subduction episode rather than in the more recent Cenozoic episode, 

however, if metasomatism were cryptic (as this thesis suggests) one would not necessarily see 

such an obvious signal. It may also be that the field is under-sampled, and end-members 

sampling a larger proportion of this source were not found. It seems unlikely that an older 

subduction event could affect the chemistry of the lithospheric mantle whilst a far more recent 

event did not. 

Subduction may play a further role in the genesis of the AVF magmas. Not only may it provide a 

mechanism where parts of the depleted oceanic crust or melts of this may be added 

discontinuously to the asthenospheric mantle (creating the radiogenic component, note that it is 

more likely that this component was added in the Mesozoic subduction episode due to its now-

radiogenic nature) but also the addition of a small amount of fluids may facilitate melting in the 

lithosphere by lowering the solidus of the local mantle (e.g. Niu and O’Hara, 2003), particularly at 

the small degrees of melting modelled in all cases. 

6.2.5 Melt movement is variable throughout the AVF 

Both the Rangitoto (Chapter 3) and the Motukorea (Chapter 5) case studies investigate the way 

that the melts moved during the course of the eruption. In the case of Rangitoto this is achieved 

using Th-Ra isotopic compositions of samples from both eruptions (as Ra is often used as a proxy 

for porosity, see Section 3.6.4, Chapter 3), and in Motukorea inferences were made from the 

volcanology and chemistry about the way the melts ascended (Section 5.6.5, Chapter 5). Melt 

movement is a subject that has not been particularly well-studied in small volcanic systems, 

possibly due to the lack of exposure of the entire sequence (due to or eruptive material being too 

old to use the short-lived 230Th-226Ra decay scheme, which has a half-life of 1600 years) and the 

conclusions of these case studies may be applicable to other volcanic fields. In the Rangitoto 

case it was found that the first magmas ascended via high porosity channels, hence the high 

(230Th/232Th) ratio and lower (226Ra/230Th) ratio, and the second, more voluminous magmas 

ascended via lower porosity diffusive flow at higher melting rates and shallower depths, which 

resulted in a lower (230Th/232Th) ratio but higher (226Ra/230Th) ratio, leading to the negative trend in 

these two ratios (Figure 3.6b). In the Motukorea case, however, it was found that as the eruption 

progressed melts became more channelized. This was seen by the decrease in enriched 

compositions from tuff to lava, and the increasingly more primitive composition of magmas 
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erupted. This is indicative of waning reactivity of the wall rock surrounding the conduit, as in the 

reactive melt transport model of Reiners (1998) and was probably caused by an increase in 

magma flux, discussed in Section 5.6.5, Chapter 5. As the Motukorea study deals with a single 

eruptive event it cannot be compared directly with the polygenetic nature of Rangitoto, however, 

as the entire eruption sequence was not sampled in the latter, the Motukorea case may be used 

to show how the mode of melt movement may change with continuation of melting. The first 

Rangitoto eruption could have begun with diffusive melt movement before becoming channelized, 

and if the second eruption had continued, it may have become even larger if the melts had also 

developed in this way. U-Th isotopic ratios are available for Motukorea from a previous study 

(Huang et al., 1997), however as the age of the volcanic centre is in doubt (226Ra/230Th) cannot be 

obtained, which would be an excellent test of the progressive channelization hypothesis. One 

would expect a positive correlation in (226Ra/230Th) vs. (230Th/232Th) in this case (the minimum age 

of 7000-8000 years for Motukorea (Bryner, 1991) is at the upper limit of where Ra-isotopic ratios 

can be determined). 

6.2.6 Variable fractional crystallisation 

Fractional crystallisation has been found to have a variable role in the genesis of the AVF 

magmas. Some centres follow the model of Smith et al. (2008) of deep-seated fractionation of 

high pressure (3.5GPa) Cpx, such as Purchas Hill and Crater Hill. Rangitoto, however, does not 

as it has only crystallised shallow phases (olivine) (Figure 4.3). Detailed investigation of the 

Motukorea sequence shows that the scoria and lava phases of the eruption were also affected by 

minor crystallisation of 1GPa olivine and Cpx. The lack of correlation of the major and trace 

elements with MgO in the Motukorea tuff sequence and the fact that fractional crystallisation 

cannot explain the variation observed (Figure 5.7), shows that crystallisation is not a ubiquitous 

process in the AVF. The chemistry of other volcanic centres such as the maar volcanoes Orakei 

and Panmure also shows that they have been subjected to very little fractional crystallisation, if 

any. This is a major difference between larger and older volcanic fields such as those in Mexico 

and the Central European Volcanic Province, where fractionation of mineral phases plays a large 

part in the resultant chemistry of individual centres (e.g. Haase et al., 2004; Johnson et al., 2008; 

Siebe et al., 2004). This feature has been extremely useful in the AVF where relatively primitive, 

unmodified melts can be used to characterise the nature of the mantle source without the need for 

fractionation corrections or the use of other such assumptions of the primitive composition. Deep-

seated fractionation and the lack of any fractionation in the majority of centres also indicates that 

ascent is fast once the magmas have separated from their source, and no significant stalling or 

ponding of the magma body occurs en route to the surface. 

6.2.7 Correlation with size 

An aim of this thesis was to investigate the implications of this research on monogenetic 

volcanism. This thesis has found that there is a relationship between melting in the 

asthenosphere, melting of the lithosphere and incorporation of these melts into the ascending 
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magma, and the resultant size of the volcanic eruption (shown semi-schematically in Figure 
4.12). In the AVF, the cause of asthenospheric upwelling (and therefore melting) in Chapter 3 
was suggested as being related to peripheral effects from the subducting plate currently affecting 

the Taupo Volcanic Zone. This idea was expanded on in Chapter 4, where the hypothesis of 

Gvirtzman and Nur (1999), that fertile asthenospheric material is forced to upwell erratically 

through suction caused by roll-back of the down-going slab, was suggested as being applicable to 

the melting scenario in the AVF. It is logical that a larger melt degree creates a larger volume of 

eruptible magma; however it is not necessarily expected that this is controlled by melting 

processes in the deep asthenosphere, i.e. by the cause of upwelling/melting itself, and this may 

be a pattern that is applicable to other volcanic fields. 

6.2.8 A melting model for the Auckland Volcanic Field 

One of the other aims of this thesis was to create a melting model specific to Auckland. Using the 

modelling from the whole field and the case studies, a model for Auckland was constructed and is 

shown in Figure 6.1. This model shows schematic illustrations of five volcanic centres in the AVF: 

the two case studies Rangitoto and Motukorea, Purchas Hill (the smallest event in the field, and 

one of the chemical extremes), Mt Wellington and Wiri (shown as centres of similar size, being 

affected by similar melting and fractionation processes). Wiri is illustrated in this schematic as it is 

the volcanic centre modelled as representing melting of the ‘ambient mantle/fertile garnet 

peridotite’ end-member in Pb-isotopic space, as identified in Chapter 4. U-Th isotopes were 

obtained for samples from Mt Wellington which assisted in the building of the melting model for 

Auckland. 

As discussed in Section 6.2.3, melting is portrayed as beginning in the ambient garnet-bearing 

asthenosphere (source 1 in Figure 6.1 and Section 6.2.2) in all cases, with degrees of partial 

melting increasing with size of volcanic centre (i.e. from Purchas Hill to Rangitoto 2). Purchas Hill 

and the deeper (first) melt body of Motukorea are illustrated as involving the melting of pyroxenitic 

(eclogite) veins (source 2 in Figure 6.1 and Section 6.2.2), which give rise to the more radiogenic 

Pb-isotopic signature observed in these samples, as shown in the central diagram of Figure 6.1. 
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Figure 6.1 Schematic melting model for the Auckland Volcanic Field. In addition to the Motukorea and Rangitoto case studies, Wiri, Mt Wellington and Purchas Hill are shown, as the chemistry of these centres has been used extensively in this thesis, and 
these volcanoes can be considered as representative of a range of characteristics such as size, composition, degree of fractional crystallisation and mantle melting processes. Melt movement deduced from the chemistry at Rangitoto and Motukorea is shown 
schematically in the middle section (dashed boxes). The three mantle components are labelled in the Rangitoto schematic, and also on a 206Pb/204Pb vs. 207Pb/204Pb diagram shown in the centre of the schematic. The lower panel shows how various factors 
change with increasing size in the AVF system. Note that schematic drawings are not to scale. ‘Low P’ and ‘high P’ = low and high pressure respectively. ‘Cryst.’ = fractional crystallisation. Numbers refer to sources described in Section 6.2.2. See text for 
discussion 
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Some centres have been modelled as fractionating Cpx at pressures of 3.5GPa, corresponding to 

depths of c. 80km, at the garnet-spinel transition. Although this was only hypothesised for some 

centres, such as Purchas Hill (Figure 4.3), it is likely that this is a common feature of the 

Auckland volcanics due to similar trends with MgO as seen in Purchas Hill and Crater Hill 

(Figures 4.3 and 4.4). Rangitoto, however, was hypothesised as having fractionated only olivine, 

whilst the Motukorea tuff (i.e. first melt batch) showed no evidence of having fractionated either 

mineral phase. There is therefore no unifying rule for crystal fractionation in the AVF. 

Melting in the asthenosphere causes small degrees of melting of the overlying spinel-bearing 

lithosphere (source 3 in Figure 6.1 and Section 6.2.2). Melting (and incorporation of these melts) 

is observed to increase with size of volcanic centre and is related to the extent of initial, deep 

melting (Section 6.2.7). The extent of incorporation of lithospheric melts has been modelled 

(Chapter 4) and found to be variable throughout the field, ranging from almost pure 

asthenosphere (in the melting of eclogite veins) in the case of Purchas Hill, through to the 80% 

inclusion of lithospheric melts in the case of Rangitoto 2. Mt Wellington and Wiri lie in the middle 

of this spectrum, having assimilated 40-60% lithospheric melts. Through the observation of a 

variable Sr anomaly in the chemistry of the AVF samples (Figure 4.5) it was modelled that the 

lithospheric component contained a small percentage of cryptic subduction-related fluids (seen in 

Pb-isotopic space, central diagram of Figure 6.1). As the degree of incorporation of this source 

increases, so the asthenospheric (more OIB-like) signature becomes diluted. This is also seen in 

U-series isotopes by the increased (238U/232Th) ratio exhibited by Rangitoto 2 compared to the 

other volcanic centres for which U-series isotopes were obtained (Figure 4.8). Pb-isotopic data 

from Motukorea are shown as a grey field on the 207Pb/204Pb vs. 206Pb/204Pb diagram in Figure 
6.1, and show the involvement of the three source components over the course of a single 

eruption (also shown schematically in the top panel in Figure 6.1). 

The two case studies in which melt movement were investigated are presented schematically in 

Figure 6.1. As discussed in Section 6.2.5, in the case of Rangitoto Th-Ra isotopes were used to 

model that the first melts moved by high porosity channels, and that the second melts (which 

were part of a different melting episode) moved by diffuse lower porosity movement. The 

Motukorea case shows how melt movement can develop over the course of a single eruption 

when a magma recharge event is implicated; this is suggested to cause the development of 

channels through which the melts can move at greater flux. This is seen chemically in the less 

enriched nature of the magmatic products over time due to the decrease in reactive capabilities of 

the wallrock as melt channels become the most efficient route from source to surface. 

The lower panel in Figure 6.1 shows the relationship between basalt chemistry, size and melting 

parameters as deduced through this thesis. Although specific to the AVF, some or all of these 

correlations could be applicable to other basaltic volcanic fields. LILE and REE enriched 

nephelinites in the AVF are generally found in the smaller centres such as Purchas Hill; they have 

high (230Th/232Th) ratios suggesting very deep sources, and are produced through very small 
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(often <1%) degrees of melting. They lack a Sr anomaly, and are modelled as having little 

involvement with the melts of the lithosphere. In the Motukorea case study the change in lava 

chemistry from nephelinite to alkalic basalt reveals how Purchas Hill-type eruptions can progress 

to something larger and more complex. In this case, degrees of melting increase and melts 

become less enriched with progression of eruption. The involvement of lithospheric melts is larger 

than in Purchas Hill, probably due to the larger melting degrees implicated. Still larger centres 

such as Puketutu and Mt Wellington display alkalic basaltic compositions and are modelled as 

produced by larger degrees of melting (1-2%) of the asthenosphere; they incorporate larger 

amounts of lithospheric melt on ascent, and this is observed in their overall less enriched 

chemistry and slight anomalies in fluid mobile elements such as Sr. Finally, at the other end of the 

spectrum are the subalkalic basalts of the second Rangitoto eruption. The melting conditions 

involved in the alkalic eruption which preceded this are likely to have been similar to that of the 

scoria and lava phase of Motukorea, or the eruption of Puketutu (based on the chemistry of 

samples from the ‘North Summit’, which is the only known remaining part of this first event, see 

Chapter 3). The second eruption has been modelled as being more subject to shallow processes 

(seen by the lower (230Th/232Th), and modelled trends of shallow olivine fractionation), and 

produced by larger degrees of melting, and involving a far higher proportion of lithospheric melts; 

the latter is reflected in the prominent positive Sr anomaly, and higher (238U/232Th) than in other 

centres. Although these correlations are generalised, as some centres display unique 

characteristics (such as the lack of fractional crystallisation in the first stage of the Motukorea 

eruption), it is concluded that the spectrum of chemical compositions observed in AVF volcanic 

samples can be explained by differences in source componentry, variations in melting degree, 

mode of melt movement and the depth and extent of fractional crystallisation. 

6.2.9 A re-appraisal of the term ‘monogenetic’ 

Other aims of this thesis were to see to whether the variations seen on a field-wide scale can be 

observed in a single centre, and the implications of this for monogenetic volcanism. The case 

study of Motukorea (Chapter 5) showed that the complexity observed across the AVF can indeed 

be observed in an individual volcanic centre. This thesis has challenged the term ‘monogenetic’, 

in that multiple melt batches can be involved in the creation of apparently simple volcanic 

sequences. In the whole field data, a spectrum of varying proportions of source components, 

degrees of melting of these sources and variable fractional crystallisation was invoked to explain 

the extraordinary range in chemistry observed in volcanic rocks in Auckland. Detailed sampling of 

the Motukorea eruption sequence not only showed the same complex source componentry as the 

whole field, but also differences in the way the melts moved and reacted with their surroundings 

during the progression of eruption. The case of Rangitoto showed that two eruptive events 

occurred within a very short space of time from almost the same vent, but each melt batch was 

subject to differing melting conditions, and like Motukorea, melts were observed to move by 

different mechanisms. 
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This study has shown that although eruptive centres in basaltic volcanic fields can be 

monogenetic in their physical volcanology, in the sense that they describe a continuous sequence 

with no hiatuses, their chemistry tells a far more complex story. This is becoming far more the rule 

than the exception in the study of such volcanism (see Section 5.1, Chapter 5). It is therefore 

suggested that the term ‘monogenetic’ be applied to physical volcanology studies only, as its use 

in geochemical studies is misleading. 

6.3 Conclusions 

• Detailed geochemistry, involving whole rock major and trace element analyses, Sr-Nd-Pb 

isotopes and U-Th-Ra isotopes for a large dataset of samples across the AVF reveals 

considerable variation both on the scale of the whole volcanic field as well as within 

individual volcanic centres, demonstrating the value of extensive data collection. 

• Three major source components which had previously been identified in the literature on 

the scale of the whole country have now been identified at the volcanic field-wide scale 

and, for the first time in studies of New Zealand volcanism, on the scale of a single 

eruption sequence (Motukorea). These are: (1) the ambient asthenospheric mantle (fertile 

garnet peridotite), (2) pyroxenitic (eclogite) veins dispersed within the asthenosphere, and 

(3) cryptically subduction-metasomatised lithospheric mantle. 

• The third source component outlined above indicates that past subduction in northern 

New Zealand plays a role in the chemistry of AVF basalts. This highlights that the 

previous tectonic history of an area is just as important in the creation of melting models 

for a given volcanic field as the present day tectonic configuration. 

• The involvement of the identified mantle source components, along with variable degrees 

of melting, can explain much of the wide compositional variety observed in the AVF. 

• Fractional crystallisation has been shown to occur as a melt modification process in some 

volcanic centres. There is, however, no rule in the AVF: some centres are modelled as 

being affected by deep-seated Cpx fractionation (c.f. Smith et al., 2008), others by olivine 

fractionation, and others are almost entirely unaffected by fractional crystallisation. 

• Volcanic eruptions in the AVF were produced from discrete, isolated melt batches, 

governed by their own set of melting parameters; this may explain the erratic spatial and 

temporal pattern of volcanism in the AVF. Melts appear to be able to move independently 

through varying modes of melt transport. 

• Melting initiates in the asthenospheric mantle and the extent of this controls the degree of 

melting in the lithospheric mantle, the degree of involvement of these melts, and the size 

of the resultant volcanic centre. 

• ‘Monogenetic’ is a term that can only usefully be applied to physical volcanological 

studies. 
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6.4 Future directions 

This thesis has identified areas of further research which could contribute to a greater 

understanding of the AVF and small basaltic volcanic systems: 

1) In-situ mineral analyses: Some preliminary EPMA work was undertaken on minerals 

within several volcanic centres during the course of this study; however, this work was not 

directly relevant to this thesis therefore was not included. It was found that analyses of 

olivine and titaniferous augite phenocrysts were very homogeneous between the volcanic 

centres studied, however, these minerals often exhibit zoning. New research on the 

timescales of diffusion of elements into the crystal matrix (e.g. Martin et al., 2008; Morgan 

and Blake, 2006) has used grayscale images of crystal zone textures to calculate the 

length of time over which zones within the crystal have grown – this can be on the order 

of weeks and days. This would be extremely useful for hazard planning the Auckland 

area, however involves knowledge of the temperatures involved in the magma and crystal 

formation from methods such as Fe-Ti thermometry which would require further in-situ 

work. It also must be noted that many of the olivines analysed were discovered to be high 

in forsterite (Fo = 80-90); although this suggests that they are mantle-derived, they may in 

fact be sourced from the Dun Mountain volcanic belt, which is known to be made up of 

ultramafic lithologies and runs beneath Auckland (see Section 1.4.1 Chapter 1). This is 

an important point as an assumption of depth must be made for ascent rate calculations. 

Cr-spinel investigations could prove useful in this differentiation (e.g. Allen et al., 1988; 

Kamenetsky et al., 2001). 

Other in-situ work could involve analysis of melt inclusions in olivine phenocrysts to 

investigate further the primitive melt compositions involved in the genesis of the Auckland 

basalts; however, as with ascent rates, it must be ascertained that the olivines are from 

the Auckland volcanic system, and not xenocrystic. 

 

2) Further investigation of volcanic centres in the AVF with complete volcanic sequences 

akin to that seen at Motukorea. A candidate for a comprehensive volcanological and 

geochemical study is Pupuke volcano, a large tuff-scoria-lava complex in the northern 

part of the volcanic field. An integrated volcanological-geochemical study would 

demonstrate whether each volcano is found to be composed of the three source 

components identified in this thesis (further showing that ‘monogenetic’ is no longer a 

reliable label for such volcanism), or whether Motukorea was an anomaly in this respect. 

 

3) A project is currently underway obtaining Ar-Ar dates for volcanic centres in the AVF. 

With better constraints on eruption ages it will be possible to investigate temporal patterns 

in the AVF more thoroughly than has been attempted in this thesis. 
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4) The relationship between the geochemistry of eruptive products and resultant size of 

volcanic event could be investigated further by looking at data from other small basaltic 

volcanic fields. For example from young, small fields such as the 14 cones of the 

Wudalianchi volcanic field, northeast China (e.g. Feng and Whitford-Stark, 1986) to older, 

more complex fields containing many volcanic centres of varying size such as Jeju Island, 

Korea (e.g. Brenna et al., 2010). 

 

5) This thesis has tentatively suggested a mechanism by which small-scale, erratic 

upwelling of asthenosphere beneath the AVF (and the North Island of New Zealand in 

general) can be explained (i.e. slab roll-back). Further examination of the pattern of 

volcanism in small basaltic volcanic fields in the North Island may discover a link between 

temporal patterns of local upwelling and prominent periods of volcanism in the Taupo 

Volcanic Zone. 

 

6) The polygenetic nature of Rangitoto volcano, as well as its second eruption being the 

largest event in the field by an order of magnitude shows that it is an anomaly in the AVF. 

The products of the second eruption have been identified as being dominantly composed 

of an end-member source composition (having incorporated a large proportion of 

lithospheric melts). This thesis has not discovered the reason for why this centre became 

so large, but it may be that there is a shallow level structural control which created a 

pathway for upwelling magma. Further work on the structural controls on the AVF could 

elucidate whether this is a viable option, and may identify locations in the Auckland area 

where a (relatively) large-magnitude event such as Rangitoto could occur again in the 

future. 
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Appendices 

Index to appendices and notes 

Appendix 1: Collected information on all 51 volcanic centres in the AVF 

•  ‘Vol.’ = volume in Dense Rock Equivalent x106 m3 from Allen and Smith (1994) 

• Numbers in first column refer to those in Figure 1.3, Chapter 1 

Appendix 2: Rocks collected for this thesis, locations, collection numbers and descriptions  

Appendix 2a: Rocks collected and analysed for this thesis 

Appendix 2b: Rocks analysed as part of this thesis from other collectors 

Appendix 2c: As-yet un-catalogued rocks from the UoA collection analysed as part of this thesis  

• Map references use map sheet R11 of the NZMS 260 system 

• Only samples for which geochemical analyses were obtained are presented in this appendix 

Appendix 3 (on disc): The working dataset: 383 Major and trace element analyses: Major elements 

measured by XRF, trace elements measured by LA-ICP-MS 

• Note that trace elements without masses use data from XRF (V, Cr, Ni and Zr). Sc-Nb in 

Crater Hill are from XRF 

• 5 samples are noted as being 'high Mg', probably due to olivine accumulation  

• Note that some LOI values are not reported from pre-existing data as these could not be 

located 

• Data sources are listed next to volcano name in column A 

• Note that only major and (if available) trace element data are presented for two samples each 

from Otara, Three Kings, Taylor's Hill and Mt Richmond which were analysed for isotopic 

ratios (see Appendix 5). Major and trace element data from these volcanic centres are not 

reported in this thesis, their compositions are presented here for completeness 

Appendix 4: 46 Trace element analyses of the five most primitive samples from 10 centres analysed 

by solution ICP-MS 

• Note that only 2 samples from Crater Hill and 4 from Outhwaite Park have solution ICP-

MS data as sample powders could not be located 

• Note that Cr, Ni, V and Zr are not reported, as XRF values are used for these elements 

Appendix 5: Sr-Nd-Pb and U-Th-Ra isotopic analyses 

• AVF-891 is in the working dataset but its major and trace element composition is not 

reported in this thesis due to the highly fractionated nature of the sample.  

• AVF-136 is in the ‘high MgO’ section of the working dataset 
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• Note that age corrected values are presented for U-Th-Ra: 11,000 years for Purchas Hill, 

10,000 years for Mt Wellington, 550 years for Rangitoto 1 and 504 years for Rangitoto 2 

• Mo-An-4 and -8 are not in the working dataset (ash samples) 

• AVF-920 was analysed for U series originally, but omitted due to anomalous (238U/232Th) 

and was later replaced by the AVF-906 analysis, hence the reason why Sr-Nd-Pb 

isotopes were obtained for sample AVF-920 but not AVF-906 

Appendix 6 (on disc): BCR-2G standard analyses measured by LA-ICP-MS during the course of this 

study 

Appendix 7: BHVO-2 analyses measured by solution ICP-MS 

• Values in red (Ti, Nb and Ta) are anomalous due to machine counting error plus the 

presence of fluorides in some of the digestions. This data was for comparative purposes 

only and not published 

Appendix 8: Sr-Nd-Pb and U-Th-Ra isotope standard analyses 

Appendix 9 (on disc): Full details and parameters (partition coefficients, calculations, source 

compositions etc.)  involved in the melting models in Chapter 4 (Figures 4.10-11) 

Appendix 10: Table of descriptions of the tuff sequence at Motukorea 

• Refer to stratigraphic logs (Appendix 11) for detailed illustration of the tuff sequence 

• ‘P.v.c’ = Parnell Volcaniclastic Conglomerate lithic 

Appendix 11: Stratigraphic logs of the tuff sequence at Motukorea 

• Samples analysed and used in this thesis are listed in Appendix 2a. (Note that not all those 

collected were analysed) 

 



 

 

Appendix 1: Information on the AVF volcanic centres 

 

 

 Volcano Other 
names Type Vol. References Notes 

1 Pupuke 
Lake 
Pupuke 

Tuff/Scoria/Lava/Tuff – 
Maar 45.46 

Spargo, 2007; Horrocks et al., 
2005; Allen et al., 1996; Rogan 
et al., 1996 

More complex than Tank Farm and Onepoto. Fire fountaining, lava 
flows over tuff, tree moulds (Searle, 1964). Most chemically diverse 
volcano in the field? Polygenetic magmas  simultaneously erupted 
(Spargo, 2007) 

2 Tank Farm  Maar 3.49  Crater, little remains (Searle 1964) 
3 Onepoto  Maar 3.9 Hoverd, 2002 Typical example of tuff cone/explosion crater (Searle 1964) 

4 
Mt Cambria 
and Duders Takararo Scoria (and lava) 0.2 Heming and Barnet 1986 

Low scoria cone and very small lava flows (Searle 1964) Duders: 
Small lava flow flowing down to sea (Searle 1965) 

5 Mt Victoria Takarunga Scoria/Lava 2.13 Huang et al 1997; Heming and 
Barnet 1986 

Higher than Mt Cambria. Scoria cone, summit breached by lava 
flows (Searle 1964) 

6 North Head Takapuna Tuff/Scoria/Lava 2.76 
Hayward et al., 2008; Heming 
and Barnet 1986 

Tuff cone, followed by a scoria cone, then a small lava flow (Searle 
1964) 

7 Rangitoto  Scoria/Lava 2022.81 
Needham, 2009; 2011; 
Hookway, 2000; Rogan et al., 
1996;Robertson, 1986 

Greatest single effusion of lava in the AVF; lava tunnels; only true 
a'a flows in the AVF; vents circle mountain at base of scoria cones 
(Searle 1964) 

8 Motukorea 
Brown’s 
Island 

Tuff/Scoria/Lava 21.08 
Huang et al 1997; Allen et al 
1996, Bryner 1991 

Like Puketutu in setting and form; scoria cone with crater, tuff ring, 
lava flows (Searle 1964) 

9 Albert Park 
 

 Tuff/Scoria/Lava 1.79 Heming and Barnet 1986 Little known 

10 Domain Pukekaroa Tuff/Scoria/Lava 12.16 
France, 2003; Huang et al 
1997; Heming and Barnet 1986 

Thought to be old (undated); wide explosion crater surrounded by 
tuff ring; nepheline basalts erupted in blocks from at least one 
outburst from a vent - unique in mineral comp in field (Searle 1964) 

11 
Outhwaite 
Park Grafton? Scoria   Scoria cone linked to the Domain? (Searle 1964) 

12 Symonds 
Street 

    No outcrop; Small lava flow runs underneath various streets, seen 
by drilling (Searle 1964) 

13 Orakei 
Orakei 
Basin Maar 9.75 

Franklin, 1999; Allen et al 1996; 
Heming and Barnet 1986 

Basin; explosive, unstable tuff layer. Lt Rangitoto part of same 
group (Searle 1964) 
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Appendix 1: Information on the AVF volcanic centres (continued) 
 

 

 Volcano Other 
names Type Vol. References Notes 

14 Little 
Rangitoto 

Maungarahiri Scoria/Lava 0.28 Franklin 1999; Heming and 
Barnet 1986 

2nd volcano in group with Orakei; low squat scoria cone and small 
flow (Searle 1964) - now quarried out 

15 Mt Albert Owairaka Tuff/Scoria/Lava 28.34 Heming and Barnet 1986 
Lava tunnels; complex scoria cone, lava flows down valleys 
(Searle 1964) 

16 Mt Roskill Puketapapa Tuff/Scoria/Lava 7.07 Heming and Barnet 1986 Erupted after Mt Albert (Searle 1964) 

17 Three Kings Te Tatua a 
Riukiuta 

Tuff/Scoria/Lava 131.25 Eade, 2009; Rogan et al 1996; 
Heming and Barnet 1986 

Has longest flow in the field (Meola Reef flow); most complex 
group in field; >dozen volcanoes erupted between here and one 
tree hill (few pinpointable); activity diffused through lots of vents 
over large area: first explosive crater formed, added to later, lava 
rose, fire fountains and scoria, tiny lava field within crater, 2nd 
explosive eruption destroyed part of tuff cone, lava and scoria built 
up volcano. Lots of small scale features (Searle 1964) 

18 Mt Eden Maungawhau Scoria/Lava 171.44 
Eade 2009; Huang et al 1997; 
Heming and Barnet 1986 

Valley control of lava flows in old stream; largest and last major 
one of Waitemata cluster, great lava producer, 3 scoria cones 
overlap each other; erupted in several distinct spasms with 
quiescent periods between seen in swamp silts between lava 
sheets (Searle 1964) 

19 
Te 
Pouhawaiki 

Epsom 
Avenue Scoria 0.32 Affleck et al., 2001 

Obliterated (Kermode); small scoria cone, may have produced 
phreatomagmatic deposits and lavas, predates Mt Eden, 
postdates 3 kings (Affleck et al 2001) 

20 Mt St John Tikikopuke Scoria 2.61 
Eade 2009; Horrocks et al 
2005; Heming and Barnet 1986 

From a single vent? Last in Waitemata cluster with Mt Hobson; 
small cone and some ash (Searle 1964) little more than ash 
(Horrocks et al 2005). May be the source of the Meola Reef flow 
(Eade 2009) 

21 Mt Hobson Remuera Tuff/Scoria/Lava 5.13 Heming and Barnet 1986 
Last in Waitemata cluster with Mt St John; small flow seen in 
railway cuttings (Searle 1964) 

22 Hopua 
Gloucester 
Park; 
Onehunga 

Maar 3.85  
Little known 
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Appendix 1: Information on the AVF volcanic centres (continued) 

 

 Volcano Other names Type Vol. References Notes 
23 

One Tree Hill Maungakiekie Scoria/Lava 329.08 Eade 2009; Heming and Barnet 
1986 

Significant thickness of lava flows (30-50m) have built up the 
Ellerslie area (Allen and Smith 1994); lava tunnels; amphitheatre 
style crater 

24 Mt Smart Rarotonga Scoria/Lava 88.12 Heming and Barnet 1986 Oldest of Manukau lava field, erupted in mouth of valley system, 
small but massive lava field (Sealre 1964) 

25 
Mt Wellington Maungarei Tuff/Scoria/Lava 171.47 

Hayward, 2006; Huang et al 
1997; Rogan et al 1996 

Scoria mound big enough to overtop tuff ring (Searle 1964); 
Significant thickness of lava flows (30-50m) have built up Ellerslie 
area (Allen and Smith 1994) 

26 
Purchas Hill Te Tauoma Scoria 0.1 Hayward 2006 

Almost completely quarried away, low twin cratered scoria mound; 
erupted ~1000 years before Mt Wellington (Lindsay et al., 2011) 
but is separate centre (Hayward 06) 

27 Panmure Wai Mokoia Maar 9.2 Hayward 2008; Heming and 
Barnet 1986 

Blocks and bombs of primary basalt and country rock (Hayward 
2008) 

28 
St Heliers 

Te Pane O 
Horoiwi 

Tuff 1.76 Heming and Barnet 1986 
Isolated from the Tamaki system; explosive eruption created crater 
and tuff ring (Searle 1964) 

29 
Taylor’s Hill Te Taurere Tuff/Scoria/Lava 2.71 Heming and Barnet 1986 

Isolated from the Tamaki system; crater and tuff ring, then scoria 
cone and lava flow (didn't escape crater) rafted blocks of scoria 
(seen on surface of flow) (Searle 1964) 

30 McLennan 
Hills 

Te Aponga O 
Tainui 

Tuff/Scoria/Lava 11.33 Eade 2009; Miller 1996; 
Heming and Barnet 1986 

Erupted before Mt Richmond - small but produced much lava 
(Searle 1964) 

31 
Mt Richmond Otahuhu Tuff/Scoria 4.14 Sandiford et al., 2002 

Scoria mound big enough to overtop tuff ring, basanite scoria, 
deep crater, at least 7 vents (Searle 1964); lava but not enough to 
overtop main crater (Sandiford et al., 2002) 

32 Robertson 
Hill 

Sturge’s 
Park, Mt 
Robertson 

Tuff/Scoria 2.29  
1 mile south of Mt Richmond, small amount of lava, no flows, 
castle in moat structure (Searle 1964) 

33 
Pukekiwiriki Pukewairiki Tuff 4.71 

France 2003; Heming and 
Barnet 1986 

Small scoria cone and lava flow, old (Searle 1964) 

34 
Styaks 
Swamp 

 Tuff 0.36  
Typical example of tuff cone/explosion crater, formed by a simple 
explosive eruption (Searle 1964); completely built over (Miller 
1996) 
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Appendix 1: Information on the AVF volcanic centres (continued) 

 

 

 Volcano Other names Type Vol. References Notes 

35 Green Hill Matanginui Tuff/Scoria/Lava 17.84 
Miller 1996; 
Heming and 
Barnet 1986 

Large explosion, ash spread over countryside, eruption changed to lava spouting 
from many vents, irregular scoria mounds, large lava flows (Searle 1964); Now 
landfill after many years of quarrying (Miller 1996) 

36 Otara Te Puke O Tara Tuff/Scoria/Lava 7.86 
Miller 1996; 
Heming and 
Barnet 1986 

Large explosion, ash spread over countryside, eruption changed to lava spouting 
from many vents, irregular scoria mounds, smaller lava flows than Green Hill 
(Searle 1964), once 90m high, now only 40m asl, now levelled (Miller 1996) 

37 
Hampton 
Park  Tuff/Scoria/Lava 2.06 Miller 1996 

Small scoria cone 45m high, was intact in 1996, bordered to east by low tuff ring; 
First of the 4 E east Tamaki centres to erupt, northern portion of tuff ring destroyed 
by Otara lava flows (Miller 1996) 

38 
Pigeon 
Mountain 

Pakurangarahihi Tuff/Scoria/Lava 2.88 
Heming and 
Barnet 1986 

Castle and moat structure, scoria cone merges into east wall of explosion crater, 
small lava flow (Searle?) 

39 Mt Mangere  Scoria/Lava 174.76 
Miller 1996; 
Heming and 
Barnet 1986 

Complex summit, fire pits mark individual vents, successive phases of eruption 
formed irregular crater rim; walls of crater hold bombs, extensive lava field (Searle 
1964); superimposed cones and interfering craters, central tholoid-like dome 
(Searle 1959), 110m high cone, 700m diameter at base, 400m wide crater,  large 
geomagnetic anomaly (maybe due to large scoria cone) (Miller 1996) 

40 
Mangere 
Lagoon  Tuff/Scoria 2.02 Searle 1959 

Large explosion crater and low tuff ring breached to the sea on one side (Searle 
1959) 

41 Puketutu Weekes Island Tuff/Scoria/Lava 25.83 

Miller 1996; 
Heming and 
Barnet 1986; 
Searle 1959 

Like a mini 3 kings; crater, tuff, then destroyed by later activity, piled up cones in 
centre, small lava field surrounds the island (Searle 1964); considerable tuff cone, 
greater part of island basalt, 60ft high lava flows on western flows. Frequent 
changes in locus of activity, complex relationship of many topographic small 
features (Searle 1959), Once had 5 scoria cones, now only one 65m high due to 
quarrying. Lava flows breached tuff E and W, small lava carapace round island. 
Dykes feeding scoria cones seen. Flows ponded against scoria cones. Magnetised 
body under central scoria region (Miller 1996) 

42 Waitomokia Gabriel Hill, 
Oruarangi 

Tuff/Scoria/Lava 3.32 
Heming and 
Barnet 1986; 
Searle 1959 

Typical example of explosion crater and scoria from fire fountaining, broad 
explosion crater and low surrounding tuff ring (Searle 1964) 3 central cones, 7 or 8 
explosive vents (linear distribution?) (Searle 1959) 
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Appendix 1: Information on the AVF volcanic centres (continued) 

 

 

 

 

 Volcano Other names Type Vol. References Notes 

43 Pukeiti  Scoria/Lava 3.78 
Heming and Barnet 1986; 
Searle 1959 

Smallest cone, coarse slaggy scoria (Searle 1964); 3 main lava streams, 
mostly effusive with short duration of scoria cone building (Searle 1959) 

44 Otuataua  Scoria/Lava 4.26 
Heming and Barnet 1986; 
Searle 1959 

Scoria cone, also produced lava flows (Searle 1964); eruptions more 
varied than rest of group and on larger scale, scoria and lava produced at 
same time, lava rafted material away preventing symmetrical cone, 3 
main lava streams (Searle 1959) 

45 Maungataketake 
Ihumatao, 
Ellet’s Mt Tuff/Scoria/Lava 7.58 

Conybeer, 1995; Heming 
and Barnet 1986; Searle 
1959 

Scoria cone crowning a field of tuff erupted from several explosion craters 
(Searle 1964); cone building and lava effusion were later events (Searle 
1959) 

46 Pukaki  Maar 5.7 
Sandiford et al 2001; 
Molloy et al, 2009 

Typical example of tuff cone/explosion crater (Searle 1964); explosive, 
phreatomagmatic, basaltic fall and surge deposits form a tuff ring (Searle 
1959) 

47 Crater Hill  Tuff/Scoria/Lava 12.27 

Smith et al., 
2008;Houghton et al., 
1999; Heming and Barnet 
1986 

Paleomagnetic anomaly show excursion in field 28,000yrs ago (Allen and 
Smith 1994, in Rout et al 1993) Held a lava lake for a short while, 
solidified lava as a bench around walls of crater. First Auckland volcano 
to have eruptive sequence extensively studied 

48 Kohuora  Tuff 1.41  Little known 

49 Matakarua 
McLaughlins, 
Matukutureia Scoria/Lava 7.16 Heming and Barnet 1986 

Smaller than Wiri but also produced much lava; scoria cone has coarse 
spatter from vigorous fire fountaining 

50 Wiri 
Manurewa, 
Matukutururu 

Tuff/Scoria/Lava 30.54 
Rogan et al 1996; Rout 
1991;Cassidy, 2006, 
Cassata et al., 2008 

Paleomagnetic anomaly show excursion in field 28,000yrs ago (Allen and 
Smith 1994, in Rout et al 1993) Scoria cone built on lava pedestal, 
produced much lava 

51 Ash Hill  Tuff 0.08 Hayward, 2008 
Very small eruption, not on Hochstetter map; small shallow crater 
surrounded by slightly raised mound, angular pieces of basalt in tuff show 
magma was involved, also phreatomagmatic (Hayward, 2008) 
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Appendix 2: Details of rocks analysed as part of this thesis  

Appendix 2a: Rocks collected and analysed for this thesis 

AU No. Field No. Rock Description Locality Description Map Ref  
PUKETUTU 
62372 PKT1/AVF-878 Lava Area C of quarry 65736912 
62373 PKT2/AVF-879 Non-vesicular lava Area C of quarry 65736912 
62374 PKT3/AVF-880 Vesicular scoria Area C of quarry 65736912 
62375 PKT4/AVF-881 Dense bomb, ~1cm sedimentary clasts Area C of quarry, ~10m E of PKT1 65736912 
62376 PKT5/AVF-882 Fresh non-vesicular lava Area C of quarry 65766918 
62377 PKT6/AVF-883 Fresh non-vesicular lava Area C of quarry 65766918 
62378 PKT7/AVF-884 Fresh non-vesicular lava Area F of quarry 65556890 
62379 PKT8/AVF-885 Fresh non-vesicular lava Area C of quarry 658693 
62380 PKT9/AVF-886 Fresh non-vesicular lava Area C of quarry 658693 
62381 PKT10/AVF-887 Dense non-vesicular lava Area C of quarry 658693 
62382 PKT11/AVF-888 Bombs in tuff Area C of quarry 658693 
62383 PKT12/AVF-889 Bombs in tuff Area C of quarry 658693 
62384 PKT13/AVF-890 Bombs in tuff Area C of quarry 658693 
62385 PKT14/AVF-891 Titan-augite phyric lava Area C of quarry 658693 
PURCHAS HILL 
62386 PUR-9/AVF-902 Scoria Cnr College Road and Morrin Link Road 75077765 
62387 PUR-10/AVF-903 Scoria Cnr College Road and Morrin Link Road 75077765 
62388 PUR-11/AVF-904 Scoria Cnr College Road and Morrin Link Road 75077765 
62389 PUR-12/AVF-905 Scoria Cnr College Road and Morrin Link Road 75077765 
62390 PUR-13/AVF-906 Scoria Cnr College Road and Morrin Link Road 75077765 
62397 WEL-5/AVF-913 Lava Large exposed cliff of lava, tuff and scoria 74757739 
62399 PUR-18/AVF-915 Bombs in tuff Large exposed cliff of lava, tuff and scoria 74757739 
62400 WEL-8/AVF-916 Bombs in tuff Large exposed cliff of lava, tuff and scoria 74757739 
62401 WEL-9/AVF-917 Scoria Large exposed cliff of lava, tuff and scoria 74757739 
62402 WEL-10/AVF-918 Lapilli from scoria layer Large exposed cliff of lava, tuff and scoria 74757739 
62403 WEL-11/AVF-919 Single clast from scoria Large exposed cliff of lava, tuff and scoria 74757739 
62404 PUR-16/AVF-920 Scoria Beside McKenzie and Palmer site 74857745 
MT WELLINGTON 
62391 PUR-14/AVF-907 Lava Stonefields Avenue, ~5m past roundabout 74807765 



 

 

 

176 

 Appendix 2a: Rocks collected and analysed for this thesis (continued) 

 

 

AU No. Field No. Rock Description Locality Description Map Ref  
MT WELLINGTON (contd.) 
62392 PUR-15/AVF-908 Lava Stonefields Avenue, ~5m past roundabout 74807765 
62393 WEL-1/AVF-909 Lava Outcrop on west side of Mt Wellington, layer of scoria lapilli and bombs 74857745 
62394 WEL-2/AVF-910 Scoria Outcrop on west side of Mt Wellington, layer of scoria lapilli and bombs 74857745 
62395 WEL-3/AVF-911 Scoria Outcrop on west side of Mt Wellington, layer of scoria lapilli and bombs 74857745 

62396 WEL-4/AVF-912 
Scoria with clast of country 
rock 

Outcrop on west side of Mt Wellington, layer of scoria lapilli and bombs 74857745 

62405 PUR-17/AVF-921 Lava Side of road, Stonefields Avenue 74977799 
62407 WEL-14/AVF-922 Lava Large exposed cliff of lava, tuff and scoria (further along from WEL-5 to 11) 74607732 
62409 WEL-16/AVF-923 Lava Large exposed cliff of lava, tuff and scoria (further along from WEL-5 to 11) 74617732 
62410 WEL-17/AVF-924 Lava Further south of WEL-16 74407729 
62411 WEL-18/AVF-925 Lava Other side, outside of quarry 74007786 
62412 WEL-19/AVF-926 Lava Thick lava flow by lake (next to climbing bolts) 73897747 
62413 WEL-20a/AVF-927 Altered/weathered scoria Summit 74957710 
62414 WEL-20b/AVF-928 Altered/weathered scoria Summit 74957710 
MT RICHMOND 
62575 LMA009/AVF-874 Lava Next to car park, road cutting at edge of Bert Reserve 74107270 
MOTUKOREA (see Appendix 11 for height in cliff of ‘bomb in tuff’ samples) 
62417 MBI-1-1/AVF-931 Bomb in tuff Section, Crater Bay and further east 79708415  
62419 MBI-1-3AVF-932 Bomb in tuff Section, Crater Bay and further east 79708415  
62423 MBI-3-2/AVF-933 Bomb in tuff Section, Crater Bay and further east 79708415 
62426 MBI-5-1/AVF-934 Bomb in tuff Section, Crater Bay and further east 79708415 
62427 MBI-6-1/AVF-935 Bomb in tuff Section, Crater Bay and further east 79708415 
62438 MBI-17-1/AVF-936 Lapilli Section, Crater Bay and further east 79808410 
62440 MBI-22-1/AVF-938 Bomb in tuff Section, Crater Bay and further east 79808410 
62444 MBI-scoria 1/AVF-939 Scoria Crater Bay landing site, top of tuff ring 79708415 
62445 MBI-B1-1AVF-940 Bomb in tuff Section from Boat drop off and further west 79608425 
62446 MBI-B2-1/AVF-941 Bomb in tuff Section from Boat drop off and further west 79608425 
62447 MBI-B2-2/AVF-942 Bomb in tuff Section from Boat drop off and further west 79608425 
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Appendix 2a: Rocks collected and analysed for this thesis (continued) 

 

 

 

 

AU No. Field No. Rock Description Locality Description Map Ref  
MOTUKOREA (contd.) 
62449 MBI-B4-1/AVF-943 Bomb in tuff Section from Boat drop off and further west 79608425 
62452 MBI-B8-1/AVF-944 Bomb in tuff Section from Boat drop off and further west 79608425 
62453 MBI-B9-1/AVF-945 Bomb in tuff Section from Boat drop off and further west 79608425 
62455 MBI-34-1/AVF-946 Bomb in tuff Section from Boat drop off and further west 79458430 
62457 MBI-scoria 2/AVF-947 Scoria Scoria deposit overlaying tuff on furthest occurrence of tuff ring to the west 79458430 
62458 MBI-scoria 3/AVF-948 Scoria Scoria deposit overlaying tuff on furthest occurrence of tuff ring to the west 79458430 
62459 MBI-scoria 4/AVF-949 Scoria Steps near crater bay 79608415 
62460 MBI-lava/AVF-950 Lava Southwest coast 79158335 
62462 MBI-lava-3/AVF-951 Lava Southern point 79158330 
62463 MBI-lava-4AVF-952 Lava Southeast coast 79508345 
62464 MBI-lava-5/AVF-953 Lava Southwest coast 79158335 
62465 MBI-17-2/AVF-954 Lapilli Northeast corner, first occurrence of tuff ring 79908370 
62466 MBI-17-3a/AVF-955 Lapilli Section, Crater Bay and further east 79808405 
62467 MBI-17-4/AVF-956 Lapilli Section, Crater Bay and further east 79808405 
62468 MBI-18-1/AVF-957 Bomb in tuff Section, Crater Bay and further east 79808405 
62469 MBI-15-2/AVF-958 Bomb in tuff Section, Crater Bay and further east 79808405 
62471 MBI-28-2/AVF-959 Bomb in tuff Section, Crater Bay and further east 79808405 
62476 MBI-SCO-5/AVF-960 Scoria - moderately altered Small hill west of main cone 79408390 
62477 MBI-SCO-6/AVF-961 Scoria - moderately altered Small hill west of main cone 79408390 
62478 MBI-SCO-7/AVF-962 Scoria - moderately altered Smaller hill nearest west coast 79408390 
62479 MBI-SCO-8/AVF-963 Scoria - moderately altered Small hill at foot of SCO-5 and 6 79408390 
62480 MBI-SCO-9/AVF-964 Scoria - moderately altered Small hill with large tree on top 79408390 
62481 MBI-WS/AVF-965 Sedimentary lithic from tuff Section, Crater Bay and further east 79708415 
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Appendix 2b: Rocks analysed as part of this thesis from other collectors 

 

AU No. Field No. Rock Description Locality Description Map Ref  
ORAKEI (Collected by Smith/Cronin/Németh) 
62504 IKS801/AVF-805 Weathered bomb Below development, N side of peninsula, between Orakei Basin & Hobson Bay 71808060 
62504 IKS801/AVF-805 Weathered bomb Below development, N side of peninsula, between Orakei Basin & Hobson Bay 71808060 
62505 IKS802/AVF-806 Lava Block in shore platform, NW side of peninsula, between Orakei Basin & Hobson Bay 71708060 
62507 IKS804/AVF-808 Weathered bomb Along shore, NW side of peninsula, between Orakei Basin & Hobson Bay 71708060 
62508 IKS805/AVF-809 Unknown NW side of peninsula, between Orakei Basin & Hobson Bay 71708060 
62510 IKS807/AVF-811 Unknown NW side of peninsula, between Orakei Basin & Hobson Bay 71708060 
62511 IKS808/AVF-812 Weathered bomb NW side of peninsula, between Orakei Basin & Hobson Bay 71708060 
62512 IKS809/AVF-813 Weathered bomb NW side of peninsula, between Orakei Basin & Hobson Bay 71708060 
62513 IKS810/AVF-814 Lapilli Outcrop behind statue, N side of peninsula, between Orakei Basin & Hobson Bay 71808060 
62514 IKS811/AVF-815 Unknown Outcrop behind statue, N side of peninsula, between Orakei Basin & Hobson Bay 71808060 

62515 IKS812/AVF-816 Bomb containing sedimentary 
lithic 

Outcrop behind statue, N side of pensinula, between Orakei Basin & Hobson Bay 71808060 

62516 IKS813/AVF-817 Unknown Outcrop behind statue, N side of pensinula, between Orakei Basin & Hobson Bay 71808060 
62517 IKS814/AVF-818 Weathered bomb Tuff section adjacent to steps on S side of Orakei Basin 72307970 
62518 IKS815/AVF-819 Weathered bomb Tuff section adjacent to steps on S side of Orakei Basin 72307970 
62520 IKS817/AVF-821 Weathered bomb Tuff section adjacent to steps on S side of Orakei Basin 72307970 
62521 IKS818/AVF-822 Unknown Tuff section adjacent to steps on S side of Orakei Basin 72307970 
62522 IKS819/AVF-823 Unknown Tuff section adjacent to steps on S side of Orakei Basin 72307970 
62523 IKS820/AVF-824 Unknown Lake level, SE side of Orakei Basin 72407980 
62524 IKS821/AVF-825 Very weathered lava Lake level, SE side of Orakei Basin 72407980 
62525 IKS822/AVF-826 Fresh bomb Multiple layered tuff above ?unconformity? along from boat club, SE side of Orakei Basin 72307970 
62526 IKS823/AVF-827 Bomb Multiple layered tuff above ?unconformity? along from boat club, SE side of Orakei Basin 72307970 
PANMURE (Collected by Smith/Cronin/Németh) 
62527 IKS824/AVF-828 Weathered bomb Outcrop below road on NW side of basin 74907590 
62528 IKS825/AVF-829 Weathered bomb Outcrop below road on NW side of basin 74907590 
62529 IKS826/AVF-830 Weathered scoria Tuff exposure, NW side of basin 74907590 
62530 IKS827/AVF-831 Weathered bomb Tuff exposure, NW side of basin 74907590 
62531 IKS828/AVF-832 Bomb Tuff beds, NW side of basin 74907590 
62532 IKS829/AVF-833 Bomb 4m further on apparent unconformity between beds constantly dipping toward basin, NW 

side of basin 
74907590 
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Appendix 2b: Rocks analysed as part of this thesis from other collectors (continued) 

 

 

 

 

 

 

 

AU No. Field No. Rock Description Locality Description Map Ref  
PANMURE (Collected by Smith/Cronin/Németh) (contd.) 
62533 IKS830/AVF-834 Very weathered scoria 4m scoria outcrop above path, lower part grey angular dry expanded scoria, NW side of basin 74907590 
62534 IKS831/AVF-835 Lapilli 4m scoria outcrop above path, lower part grey angular dry expanded scoria, NW side of basin 74907590 
62535 IKS832/AVF-836 Scoria Sequence of samples from bombs, NW side of basin 74907590 
62536 IKS833/AVF-837 Vesicular lava Sequence of samples from bombs, NW side of basin 74907590 
62537 IKS834/AVF-838 Scoria Sequence of samples from bombs, NW side of basin 74907590 
62538 IKS835/AVF-839 Unknown Sequence of samples from bombs, NW side of basin 74907590 
62539 IKS836/AVF-840 Scoria Sequence of samples from bombs, NW side of basin 74907590 
62540 IKS837/AVF-841 Lava Sequence of samples from bombs, NW side of basin 74907590 
62541 IKS838/AVF-842 Scoria Tuff beds with bombs, western side of Panmure Basin 74807580 
62542 IKS839/AVF-843 Lava Tuff beds with bombs, western side of Panmure Basin 74807580 
62543 IKS840/AVF-844 Scoria Tuff and bomb bed, south side of Panmure Basin 75407550 
62544 IKS841/AVF-845 Bomb Tuff and bomb bed, south side of Panmure Basin 75407550 
62545 IKS842/AVF-846 Vesicular lava Tuff and bomb bed, south side of Panmure Basin 75407550 
62546 IKS843/AVF-847 Bomb Tuff and bomb bed, south side of Panmure Basin 75407550 
62547 IKS844/AVF-848 Scoria Outcrop on road, east side of Panmure Basin, near outlet. 75707570 
TAYLOR’S HILL (Collected by Cassidy and Smid) 
62415 NZ-06-08/AVF-929 Lava Private road off Crossfield Road 77408040 
62416 TH-ES/AVF-930 Lava Taylor's Hill reserve 77208025 
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Appendix 2c: As-yet un-catalogued rocks from the UoA collection analysed as part of this thesis  

 

 

 

Appendix 3: Major and trace element analyses of 383 rocks from the AVF (see disc) 

 

AU No. Field No. Rock 
Description Locality Description Map Ref  

MT WELLINGTON (Collected by Smith and Shane) 
62589 AVF-511/AV422/RWQtop Lava Mt Wellington lava field, upper flow 74607750 
62590 AVF-512/AV422/RWQB1 Lava Mt Wellington lava field, lower flow- vesicular top 74607750 
62591 AVF-513/AV423/RWQB2 Lava Mt Wellington lava field, lower flow middle 74607750 
62592 AVF-514/AV424/RWQB3 Lava Mt Wellington lava field, lower flow dense lower part 74607750 
62593 AVF-515/AV436/ALC51-1 Lava Penrose, corner of Station Rd and O'Rorke Rd 72007500 
62594 AVF-516/AV437/ALC51-2 Lava Penrose, corner of Station Rd and O'Rorke Rd 72007500 
62595 AVF-522/AV442/ALC51-8 Lava Penrose, corner of Station Rd and O'Rorke Rd 72007500 
62596 AVF-523/AV444/ALC51-9 Lava Penrose, corner of Station Rd and O'Rorke Rd 72007500 
62597 AVF-524/AV445/ALC51-10 Lava Penrose, corner of Station Rd and O'Rorke Rd 72007500 
62598 AVF-525/AV446/ALC51-11 Lava Penrose, corner of Station Rd and O'Rorke Rd 72007500 
62599 AVF-526/AV447/ALC51-12 Lava Penrose, corner of Station Rd and O'Rorke Rd 72007500 
62600 AVF-527/AV448/ALC51-13 Lava Penrose, corner of Station Rd and O'Rorke Rd 72007500 
62601 AVF-528/AV449/ALC51-14 Lava Penrose, corner of Station Rd and O'Rorke Rd 72007500 
62602 AVF-530/AV451/ALC51-16 Lava Penrose, corner of Station Rd and O'Rorke Rd 72007500 
62603 AVF-547/AV473/MW1 Lava Mt Wellington 74807830 
62604 AVF-548/AV474/MW2 Lava Mt Wellington 74807830 
62605 AVF-549/AV475/MW3 Lava Mt Wellington 74807830 
62606 AVF-552/AV478/MW6 Lava Mt Wellington 74807830 
MT EDEN (Collected by Smith and Shane) 
62607 AVF-416/AV269 Lava Lava flow in new jail site 67808000 
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Appendix 4: Trace element analyses of primitive samples analysed by solution ICP-MS 

Sample Sc45 Ti47 V51 Cu63 Ga71 Rb85 Sr88 Y89 Nb93 Cs133 Ba137 La139 Ce140 Pr141 
RANGITOTO 
Ra-AN-86 24.6 10772 200 62.1 19.8 11.9 337 20.3 19.3 0.417 112 13.8 29.7 3.80 
Ra-AN-75 24.0 11018 205 69.5 19.8 12.3 337 21.4 19.7 0.494 114 14.2 30.0 3.85 
Ra-AN-77 26.5 11522 208 68.4 20.7 10.1 328 20.6 14.5 0.362 92.3 11.2 25.5 3.38 
Ra-AN-53a 23.7 14511 224 71.9 21.9 16.6 522 21.7 46.1 0.291 206 26.2 53.2 6.39 
Ra-AN-60 23.2 13667 211 84.1 23.2 15.5 504 25.3 39.3 0.374 188 24.1 48.8 6.21 
MOTUKOREA 
AVF-563 24.3 16573 285 84.0 21.0 16.8 558 21.8 55.9 0.169 278 33.2 65.9 7.83 
AVF-569 25.5 15808 290 65.9 21.6 20.9 587 22.2 54.6 0.301 285 33.3 68.2 8.11 
AVF-564 27.3 16436 289 75.4 22.3 24.0 652 25.4 63.2 0.307 320 39.9 77.9 9.46 
AVF-565 26.7 16437 290 75.1 21.3 21.6 600 23.3 58.7 0.198 291 34.8 69.2 8.20 
AVF-566 25.9 16256 288 75.0 21.7 23.9 598 23.2 59.5 0.291 303 37.0 71.6 8.58 
MT WELLINGTON 
AVF-907 24.5 15461 255 83.5 20.6 19.5 517 20.8 48.6 0.245 230 27.4 54.6 6.52 
AVF-908 23.6 14860 263 77.9 20.2 21.1 483 20.5 49.4 0.260 232 27.1 55.0 6.50 
AVF-923 24.9 14861 264 76.1 21.2 21.1 515 21.0 49.4 0.255 234 28.3 55.4 6.81 
AVF-924 22.4 15400 256 64.4 20.4 23.2 589 20.9 59.6 0.288 262 34.8 70.1 8.12 
AVF-921 25.4 15601 261 64.2 21.6 19.4 519 21.7 47.6 0.246 226 27.4 56.1 6.87 
CRATER HILL 
AVF-311 24.5 14375 253 76.4 21.9 17.1 518 22.1 42.0 0.295 195 25.4 51.5 6.18 
AVF-313 22.2 13613 241 71.0 20.3 14.9 484 20.0 39.8 0.181 184 23.4 47.1 5.70 
MT EDEN 
AVF-739 23.4 11609 215 75.5 19.8 11.6 394 20.1 27.3 0.223 142 17.1 35.8 4.49 
AVF-741 24.6 11659 208 72.5 19.6 10.6 369 19.1 23.1 0.175 119 14.5 31.4 3.96 
AVF-744 24.3 12592 215 79.3 20.8 14.1 441 21.2 34.5 0.286 171 20.5 42.1 5.21 
AVF-747 24.8 12065 211 73.3 20.3 11.8 402 20.5 28.2 0.201 149 17.3 36.0 4.51 
AVF-750 23.0 11600 210 72.0 19.1 11.0 380 19.1 27.4 0.176 138 16.5 33.8 4.23 
PUPUKE 
AVF-131 20.5 14237 212 77.9 22.2 14.7 570 22.3 46.0 0.249 196 30.2 61.9 7.28 
AVF-135 20.6 16207 227 69.2 24.1 20.6 692 24.2 63.2 0.342 265 41.5 83.2 9.77 
AVF-109 20.2 15325 218 57.8 21.7 17.9 622 21.1 53.7 0.273 248 35.8 70.5 8.56 
AVF-142 22.2 16989 216 74.1 23.2 21.1 579 21.1 46.1 0.400 270 31.4 63.6 7.66 
AVF-194 21.6 15280 224 72.0 22.1 15.8 603 21.0 43.6 0.327 218 29.3 58.5 7.18 
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Appendix 4: Trace element analyses of primitive samples analysed by solution ICP-MS (continued) 

Sample Nd146 Sm147 Eu153 Gd157 Tb159 Dy163 Ho165 Er166 Tm169 Yb172 Lu175 Hf178 Ta181 Pb208 Th232 U238 
RANGITOTO contd. 
Ra-AN-86 16.8 4.13 1.40 4.35 0.667 3.86 0.720 1.94 0.268 1.57 0.231 3.08 1.10 2.14 1.72 0.538 
Ra-AN-75 17.2 4.11 1.42 4.36 0.680 3.93 0.744 2.00 0.270 1.65 0.232 3.10 1.12 3.34 1.76 0.556 
Ra-AN-77 15.5 3.91 1.36 4.19 0.663 3.89 0.733 1.94 0.268 1.64 0.234 3.05 0.84 1.93 1.30 0.435 
Ra-AN-53a 26.7 5.84 1.94 5.77 0.841 4.50 0.793 2.02 0.262 1.54 0.208 4.13 2.61 2.16 3.19 0.965 
Ra-AN-60 26.3 6.28 2.10 6.33 0.950 5.30 0.965 2.51 0.335 2.00 0.282 4.54 2.36 2.22 3.01 0.967 
MOTUKOREA contd. 
AVF-563 31.4 6.44 2.23 6.25 0.827 4.56 0.814 2.12 0.256 1.45 0.208 3.97 3.53 4.22 4.33 1.13 
AVF-569 32.8 6.73 2.14 6.67 0.907 4.74 0.830 2.28 0.276 1.56 0.203 4.62 3.72 2.33 4.14 1.11 
AVF-564 38.1 7.63 2.50 7.34 0.958 5.22 0.935 2.41 0.278 1.84 0.236 4.87 4.14 2.96 4.93 1.34 
AVF-565 33.6 6.76 2.18 6.80 0.885 4.96 0.876 2.19 0.265 1.58 0.213 4.74 3.90 7.33 4.30 1.02 
AVF-566 34.9 6.75 2.24 7.16 0.959 4.90 0.940 2.33 0.280 1.82 0.239 4.60 3.99 8.27 4.55 1.17 
MT WELLINGTON contd. 
AVF-907 26.6 5.74 1.85 5.50 0.782 4.17 0.736 1.91 0.250 1.42 0.193 3.91 2.64 1.84 3.07 0.943 
AVF-908 27.4 5.63 1.86 5.45 0.795 4.25 0.744 1.91 0.248 1.44 0.196 3.99 2.79 1.95 3.12 0.960 
AVF-923 27.7 5.84 1.90 5.67 0.807 4.31 0.756 1.93 0.251 1.47 0.209 4.05 2.82 1.87 3.18 0.965 
AVF-924 33.4 6.61 2.12 6.24 0.861 4.42 0.754 1.91 0.237 1.37 0.185 4.52 3.30 2.07 3.82 1.17 
AVF-921 28.6 6.14 2.04 6.03 0.862 4.68 0.819 2.09 0.269 1.57 0.216 4.46 2.77 1.78 3.16 0.983 
CRATER HILL contd. 
AVF-311 25.7 5.65 1.91 5.67 0.827 4.49 0.797 2.08 0.281 1.62 0.228 4.18 2.67 2.25 2.94 0.927 
AVF-313 24.0 5.30 1.77 5.19 0.747 4.06 0.723 1.85 0.247 1.40 0.195 3.78 2.49 2.00 2.69 0.855 
MT EDEN contd. 
AVF-739 19.9 4.54 1.61 4.73 0.725 4.05 0.737 1.95 0.262 1.57 0.221 3.38 1.64 1.70 1.97 0.616 
AVF-741 17.2 4.15 1.39 4.24 0.653 3.59 0.671 1.80 0.245 1.44 0.207 2.99 1.26 1.58 1.56 0.510 
AVF-744 22.2 5.08 1.70 5.04 0.754 4.25 0.753 1.94 0.266 1.55 0.221 3.53 1.93 1.60 2.35 0.744 
AVF-747 19.7 4.67 1.58 4.74 0.723 4.02 0.726 1.95 0.264 1.56 0.222 3.31 1.58 1.67 1.97 0.618 
AVF-750 18.1 4.26 1.45 4.35 0.656 3.63 0.674 1.74 0.239 1.41 0.198 3.02 1.50 1.56 1.84 0.585 
PUPUKE contd. 
AVF-131 29.8 6.38 2.08 6.16 0.862 4.61 0.803 2.03 0.255 1.47 0.205 4.48 2.51 2.33 3.41 0.956 
AVF-135 39.6 7.98 2.57 7.58 1.045 5.30 0.894 2.23 0.283 1.60 0.221 5.55 3.62 3.10 4.91 1.54 
AVF-109 33.4 6.88 2.29 6.80 0.912 4.59 0.774 1.92 0.240 1.31 0.186 4.60 3.28 2.33 4.35 1.15 
AVF-142 30.8 6.54 2.09 6.63 0.867 4.60 0.800 1.97 0.235 1.37 0.216 4.42 2.98 2.47 3.58 1.00 
AVF-194 30.0 6.21 2.12 6.68 0.880 4.49 0.816 2.10 0.238 1.45 0.199 4.33 2.92 2.05 3.45 0.947 
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Appendix 4: Trace element analyses of primitive samples analysed by solution ICP-MS (continued) 

 Sc45 Ti47 V51 Cu63 Ga71 Rb85 Sr88 Y89 Nb93 Cs133 Ba137 La139 Ce140 Pr141 
PUKETUTU 
AVF-880 22.0 17216 259 64.9 21.4 22.3 674 22.4 59.6 0.292 295 36.9 75.0 8.87 
AVF-885 23.9 18814 270 52.9 22.6 19.0 624 21.8 54.5 0.279 250 31.9 63.8 8.12 
AVF-887 22.9 17150 263 62.3 21.1 23.4 636 21.4 58.8 0.301 286 36.9 73.9 8.97 
AVF-888 22.1 17129 256 21.0 21.8 13.4 649 20.4 61.0 0.173 277 37.1 73.0 8.80 
AVF-889 21.6 16828 250 20.6 21.3 12.5 644 21.9 58.0 0.274 299 36.5 71.7 8.70 
WIRI 
AVF-330 23.9 16259 274 70.4 21.7 18.7 594 21.2 49.1 0.281 247 29.3 59.3 7.16 
AVF-331 24.3 16569 274 67.5 22.6 19.4 598 22.7 54.9 0.278 256 30.2 63.3 7.70 
AVF-333 22.4 16091 257 75.5 21.2 15.7 524 20.7 45.5 0.217 159 26.4 52.3 6.64 
AVF-337 22.3 15766 273 65.9 21.3 18.5 555 21.3 48.9 0.238 236 28.7 57.6 7.23 
AVF-338 22.7 15975 271 62.1 21.9 17.7 570 20.5 49.9 0.256 247 30.0 60.3 7.44 
OUTHWAITE PARK 
AVF-644 22.5 16706 290 72.7 21.5 17.1 653 21.7 59.7 0.309 280 36.7 70.5 8.39 
AVF-647 23.2 16903 287 69.2 22.8 17.0 646 22.1 62.7 0.251 279 38.1 73.4 8.76 
AVF-648 22.6 16200 278 73.0 22.4 10.8 580 21.1 61.7 0.129 287 37.6 70.6 8.82 
AVF-652 22.3 16775 290 62.2 22.9 10.0 634 22.6 63.1 0.125 277 37.1 72.2 8.74 
PURCHAS HILL 
AVF-902 19.5 16909 230 59.7 23.3 31.7 970 26.6 92.6 0.327 369 63.8 124 14.09 
AVF-904 19.7 16847 238 33.9 23.2 28.2 940 26.6 90.6 0.324 378 64.3 120 13.94 
AVF-905 20.4 16519 234 65.5 23.5 33.6 958 26.6 90.9 0.477 371 64.5 122 13.90 
AVF-906 20.1 16531 227 67.2 23.3 24.0 915 25.9 87.0 0.416 360 60.5 117 13.40 
AVF-913 20.5 17024 244 69.3 23.1 29.9 925 26.2 87.3 0.363 369 60.7 118 13.42 
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Appendix 4: Trace element analyses of primitive samples analysed by solution ICP-MS (continued) 

 Nd146 Sm147 Eu153 Gd157 Tb159 Dy163 Ho165 Er166 Tm169 Yb172 Lu175 Hf178 Ta181 Pb208 Th232 U238 
PUKETUTU contd. 
AVF-880 35.2 6.92 2.34 7.06 0.921 4.65 0.809 2.06 0.253 1.50 0.201 4.90 3.82 2.22 4.48 1.25 
AVF-885 33.8 6.78 2.40 6.89 0.914 4.66 0.866 2.09 0.256 1.60 0.212 4.69 3.46 1.84 3.73 1.08 
AVF-887 35.0 6.99 2.29 7.13 0.869 4.61 0.823 2.00 0.270 1.49 0.203 4.76 3.55 1.96 4.20 1.22 
AVF-888 34.2 6.86 2.15 6.65 0.903 4.83 0.812 2.18 0.261 1.44 0.190 4.96 3.77 1.14 4.22 1.18 
AVF-889 34.6 7.08 2.21 6.83 0.905 4.74 0.800 1.96 0.236 1.36 0.193 4.52 3.69 1.34 4.40 1.25 
WIRI contd. 
AVF-330 30.4 6.32 2.11 6.58 0.818 4.48 0.774 2.05 0.239 1.49 0.204 4.38 3.32 2.02 3.41 0.960 
AVF-331 32.1 6.74 2.26 6.62 0.878 4.64 0.834 2.19 0.261 1.58 0.214 4.51 3.58 2.14 3.72 1.03 
AVF-333 29.5 6.00 2.19 6.00 0.855 4.70 0.837 2.11 0.277 1.54 0.222 4.01 2.82 2.13 3.44 0.920 
AVF-337 28.9 6.36 1.96 6.09 0.825 4.44 0.748 1.97 0.238 1.49 0.206 4.15 3.17 1.93 3.41 0.926 
AVF-338 31.3 6.32 2.15 6.58 0.838 4.45 0.801 1.95 0.262 1.48 0.199 4.34 3.28 1.91 3.68 0.978 
OUTHWAITE PARK contd. 
AVF-644 34.8 6.98 2.30 6.97 0.930 4.70 0.779 1.95 0.244 1.41 0.181 4.42 3.67 2.36 4.52 1.25 
AVF-647 37.0 7.69 2.45 7.29 0.941 5.11 0.865 2.23 0.245 1.44 0.210 4.71 3.82 3.46 4.60 1.23 
AVF-648 34.5 7.14 2.32 6.61 0.892 4.78 0.804 2.10 0.236 1.37 0.175 4.92 3.73 2.15 4.36 1.21 
AVF-652 35.3 7.34 2.32 7.30 0.946 4.81 0.840 2.03 0.253 1.42 0.199 4.60 3.79 2.33 4.52 1.21 
PURCHAS HILL contd. 
AVF-902 55.2 10.32 3.19 9.36 1.191 5.84 0.958 2.30 0.277 1.52 0.199 6.02 4.71 2.64 6.63 2.10 
AVF-904 54.4 10.02 3.14 9.11 1.184 5.74 0.951 2.28 0.269 1.48 0.193 5.96 4.74 3.48 6.58 2.10 
AVF-905 55.6 10.40 3.16 9.24 1.179 5.74 0.945 2.28 0.274 1.48 0.197 5.92 4.78 0.50 6.57 2.09 
AVF-906 51.9 9.70 3.05 8.82 1.142 5.55 0.919 2.22 0.266 1.47 0.188 5.76 4.52 0.68 6.24 1.98 
AVF-913 53.7 10.21 3.12 8.91 1.174 5.83 0.961 2.29 0.282 1.54 0.197 5.96 4.72 3.28 6.40 2.06 
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Appendix 5: Sr-Nd-Pb and U-Th-Ra isotopic analyses 

Sr-Nd-Pb isotopic analyses 

Sample Volcano 87Sr/86Sr 
87Sr/86Sr 

error 
143Nd/144Nd 

143Nd/144N
d error 

206Pb/204Pb 
206Pb/204Pb 

error 
207Pb/204Pb 

207Pb/204Pb 
error 

208Pb/204Pb 
208Pb/204Pb 

error 
AVF-109 Pupuke 0.702771 0.000020 0.512948 0.000008 19.3251 0.0011 15.5832 0.0011 38.8916 0.0032 
AVF-136 Pupuke 0.702786 0.000019 0.512931 0.000013 19.3470 0.0013 15.6032 0.0011 38.9585 0.0028 
AVF-227 Mt Richmond 0.702727 0.000021 0.512956 0.000010 19.2856 0.0016 15.5882 0.0015 38.8602 0.0041 
AVF-328 Wiri 0.702805 0.000021 0.512956 0.000009 19.2189 0.0010 15.5790 0.0010 38.7952 0.0024 
AVF-338 Wiri 0.702787 0.000018 0.512949 0.000014 19.2247 0.0010 15.5758 0.0009 38.7906 0.0020 
AVF-366 Otara 0.702836 0.000018 0.512943 0.000009 19.2824 0.0010 15.5900 0.0008 38.8792 0.0021 
AVF-369 Otara 0.702794 0.000023 0.512944 0.000012 19.1639 0.0011 15.5939 0.0009 38.8170 0.0023 
AVF-757 Three Kings 0.702769 0.000015 0.512949 0.000010 19.2976 0.0016 15.5924 0.0014 38.8860 0.0034 
AVF-784 Three Kings 0.702756 0.000019 0.512939 0.000014 19.2931 0.0011 15.5819 0.0009 38.8551 0.0024 
AVF-874 Mt Richmond 0.702774 0.000030 0.512942 0.000009 19.2607 0.0012 15.5872 0.0011 38.8490 0.0027 
AVF-882 Puketutu 0.702735 0.000037   19.3184 0.0013 15.5860 0.0011 38.8863 0.0028 
AVF-885 Puketutu 0.702756 0.000018 0.512955 0.000009 19.2816 0.0013 15.5799 0.0011 38.8389 0.0026 
AVF-889 Puketutu 0.702758 0.000019 0.512945 0.000009 19.3298 0.0014 15.5948 0.0060 38.9176 0.0032 
AVF-891 Puketutu 0.702764 0.000019 0.512956 0.000009 19.2508 0.0010 15.5831 0.0009 38.8270 0.0023 
AVF-902 Purchas Hill 0.702710 0.000020 0.512942 0.000008 19.4119 0.0011 15.5989 0.0009 38.9851 0.0024 
AVF-910 Mt Wellington 0.702764 0.000015 0.512944 0.000009 19.3061 0.0011 15.5930 0.0011 38.8974 0.0026 
AVF-915 Purchas Hill 0.702798 0.000020 0.512941 0.000010 19.2155 0.0014 15.6074 0.0013 38.8832 0.0034 
AVF-920 Purchas Hill 0.702721 0.000021 0.512945 0.000011 19.4160 0.0011 15.6067 0.0009 39.0092 0.0024 
AVF-925 Mt Wellington 0.702824 0.000021 0.512946 0.000011 19.2930 0.0012 15.5824 0.0009 38.8575 0.0025 
AVF-926 Mt Wellington           
AVF-928 Mt Wellington 0.702801 0.000018 0.512944 0.000012 19.3056 0.0014 15.6123 0.0011 38.9514 0.0025 
AVF-929 Taylor's Hill 0.702748 0.000020 0.512958 0.000012 19.3164 0.0014 15.5921 0.0011 38.8927 0.0028 
AVF-930 Taylor's Hill 0.702736 0.000020 0.512941 0.000010 19.3079 0.0020 15.5744 0.0021 38.8453 0.0027 
AVF-932 Motukorea     19.3294 0.0015 15.5999 0.0012 38.9487 0.0034 
AVF-933 Motukorea     19.2966 0.0011 15.6051 0.0009 38.9338 0.0022 
AVF-938 Motukorea     19.1582 0.0011 15.5976 0.0010 38.7995 0.0024 
AVF-939 Motukorea     19.3390 0.0019 15.6043 0.0015 38.9584 0.0039 
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Appendix 5: Sr-Nd-Pb and U-Th-Ra isotopic analyses (continued) 

Sample Volcano 87Sr/86Sr 
87Sr/86Sr 

error 
143Nd/144Nd 

143Nd/144Nd 
error 

206Pb/204Pb 
206Pb/204Pb 

error 
207Pb/204Pb 

207Pb/204Pb 
error 

208Pb/204Pb 
208Pb/204Pb 

error 
AVF-942 Motukorea     19.2502 0.0012 15.6020 0.0011 38.8857 0.0026 
AVF-945 Motukorea     19.1822 0.0015 15.5997 0.0014 38.8299 0.0034 
AVF-946 Motukorea     19.2981 0.0014 15.6019 0.0012 38.9233 0.0031 
AVF-947 Motukorea     19.3001 0.0013 15.6038 0.0011 38.9292 0.0028 
AVF-949 Motukorea     19.3549 0.0021 15.5946 0.0017 38.9422 0.0045 
AVF-950 Motukorea     19.3083 0.0014 15.5898 0.0012 38.8911 0.0028 
AVF-951 Motukorea     19.2282 0.0015 15.5930 0.0013 38.8472 0.0032 
AVF-953 Motukorea     19.2529 0.0019 15.5941 0.0016 38.8592 0.0039 
AVF-954 Motukorea     19.2495 0.0022 15.6039 0.0019 38.8906 0.0047 
AVF-958 Motukorea     19.3033 0.0013 15.6022 0.0011 38.9318 0.0028 
AVF-961 Motukorea     19.3598 0.0012 15.5910 0.0010 38.9304 0.0023 
AVF-962 Motukorea     19.3298 0.0012 15.5889 0.0010 38.9064 0.0026 
AVF-964 Motukorea     19.3301 0.0013 15.5947 0.0012 38.9222 0.0028 
Mo-An-4 Rangitoto 1 0.703026 0.000003 0.512963 0.000002       
Mo-An-8 Rangitoto 1 0.702967 0.000003 0.512942 0.000007 19.1680 0.0011 15.6058 0.0010 38.8436 0.0026 
Ra-AN-
50 Rangitoto 2 0.703125 0.000004 0.512931 0.000004 19.0389 0.0013 15.6117 0.0060 38.7811 0.0028 

Ra-AN-
53a Rangitoto 1 0.702857 0.000004 0.512942 0.000003 19.2242 0.0014 15.5940 0.0013 38.8448 0.0032 

Ra-AN-
60 Rangitoto 1 0.702919 0.000004 0.512971 0.000005 19.1526 0.0013 15.5938 0.0013 38.7946 0.0032 

Ra-AN-
79 Rangitoto 2   0.512325 0.000005       
Ra-AN-
85 Rangitoto 2 0.703114 0.000003 0.512948 0.000003 19.0619 0.0013 15.6105 0.0012 38.7898 0.0033 
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Appendix 5: Sr-Nd-Pb and U-Th-Ra isotopic analyses (continued) 

U-Th-Ra isotopic analyses 

Sample Volcano (230Th/232Th) (230Th/232Th) 
error (238U/232Th) (238U/232Th) 

error (230Th/238U) (230Th/238U) 
error (226Ra/230Th) (226Ra/230Th) 

error 
AVF-902 Purchas Hill 1.380 0.004 0.945 0.002 1.460 0.002   
AVF-906 Purchas Hill 1.360 0.007 0.939 0.001 1.405 0.005   
AVF-910 Mt Wellington 1.331 0.006 0.937 0.002 1.420 0.002   
AVF-915 Purchas Hill 1.368 0.003 0.861 0.002 1.588 0.002   
AVF-925 Mt Wellington 1.328 0.004 0.924 0.001 1.438 0.001   
AVF-926 Mt Wellington 1.331 0.005 0.926 0.001 1.437 0.002   
AVF-928 Mt Wellington 1.342 0.005 0.955 0.002 1.406 0.002   
Mo-An-4 Rangitoto 1 1.248 0.002 0.857 0.001 1.456 0.003 1.155 0.004 
Mo-An-8 Rangitoto 1 1.246 0.005 0.898 0.002 1.388 0.007 1.387 0.005 
Ra-AN-50 Rangitoto 2 1.140 0.002 1.020 0.001 1.120 0.003 1.909 0.254 
Ra-AN-53a Rangitoto 1 1.262 0.002 0.914 0.001 1.380 0.003 1.319 0.006 
Ra-AN-60 Rangitoto 1 1.243 0.003 0.951 0.001 1.307 0.003 1.342 0.018 
Ra-AN-79 Rangitoto 2 1.155 0.002 1.039 0.001 1.112 0.003 2.012 0.023 
Ra-AN-85 Rangitoto 2 1.163 0.002 0.955 0.001 1.219 0.003 1.566 0.013 

 

 
 

Appendix 6: BCR-2G standard analyses from LA-ICP-MS (see disc) 
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Appendix 7: Standard data from solution ICP-MS 

1) BHVO-2 standards for solution vs. LA ICP-MS test (May 2011) measured on the Agilent quadrupole ICP-MS (4 digestions) 

 A 1 A 2 A 3 A 4 B 1 B 2 B 3 B 4 B 5 C 1 C 2 C 3 D 1 D 2 
Sc45 31.1 31.6 31.1 31.7 31.3 31.2 31.2 31.3 31.3 31.7 31.9 31.2 32.0 31.5 
Ti47 15865 16067 15534 15386 11320 11333 11255 11179 11095 12969 12958 16247 15931 15858 
V51 317 316 314 314 310 308 309 309 310 309 313 315 319 316 
Cr53 246 251 252 252 251 246 252 255 249 264 281 276 266 276 
Co59 44.5 44.7 44.0 44.2 44.2 43.7 43.6 44.0 44.0 43.9 44.9 44.1 43.9 44.4 
Ni60 116 119 117 119 118 118 117 120 118 116 126 121 116 125 
Cu63 136 138 137 137 136 136 136 136 137 134 136 135 144 146 
Zn66 103 103 101 103 99.0 98.1 100 98.3 101 99.1 101 102 99.0 101 
Ga71 22.2 22.2 22.0 22.2 22.2 22.1 22.0 22.2 22.3 21.6 22.3 22.0 21.8 22.1 
Rb85 9.23 9.23 8.99 9.07 9.30 9.22 9.13 9.20 9.18 8.92 9.27 9.02 9.13 9.22 
Sr86 398 399 392 401 396 396 396 401 394 388 402 398 389 401 
Y89 27.0 27.2 26.4 26.6 27.4 26.8 26.9 26.7 26.4 26.0 27.1 26.6 26.7 26.8 
Zr90 168 169 166 169 167 167 166 168 168 164 169 166 166 167 
Nb93 139 134 133 134 6.23 6.02 20.4 6.39 2.44 4.33 4.43 19.2 16.9 16.7 
Cs133 0.093 0.094 0.091 0.091 0.091 0.093 0.091 0.093 0.094 0.089 0.090 0.090 0.104 0.098 
Ba137 132 133 129 133 133 131 131 132 132 135 133 129 133 133 
La139 15.2 15.2 15.2 15.1 15.3 15.2 15.1 15.2 15.1 15.1 15.2 15.0 15.4 15.5 
Ce140 37.8 38.3 37.2 37.6 37.9 37.6 37.9 38.0 37.7 38.0 37.5 36.8 37.5 37.8 
Pr141 5.20 5.26 5.14 5.24 5.23 5.21 5.19 5.22 5.25 5.25 5.29 5.20 5.28 5.34 
Nd146 24.3 24.9 24.3 24.6 24.3 24.6 24.1 24.7 24.6 24.3 24.7 24.4 24.7 24.7 
Sm147 6.02 6.08 5.94 5.95 6.03 6.01 6.10 5.86 6.01 6.15 6.17 6.04 6.07 6.14 
Eu151 1.99 2.03 1.99 2.04 1.99 2.02 2.02 2.03 2.04 2.00 2.05 1.99 2.00 2.07 
Gd157 6.05 6.21 6.15 6.07 6.08 6.03 6.13 6.11 6.18 6.09 6.11 5.97 6.07 6.20 
Tb159 0.929 0.934 0.935 0.936 0.934 0.938 0.936 0.937 0.941 0.942 0.955 0.942 0.947 0.968 
Dy163 5.28 5.27 5.28 5.33 5.35 5.23 5.30 5.29 5.38 5.25 5.30 5.29 5.28 5.37 
Ho165 0.953 0.961 0.949 0.964 0.953 0.961 0.966 0.950 0.976 0.958 0.970 0.959 0.956 0.982 
Er166 2.52 2.52 2.50 2.55 2.49 2.48 2.51 2.57 2.55 2.52 2.53 2.52 2.51 2.52 
Tm169 0.342 0.338 0.339 0.343 0.336 0.340 0.341 0.338 0.338 0.342 0.333 0.334 0.344 0.341 
Yb172 1.97 1.99 1.96 1.99 1.95 1.99 1.98 1.98 2.00 1.98 2.00 1.99 2.00 2.03 
Lu175 0.286 0.279 0.274 0.285 0.279 0.283 0.273 0.269 0.280 0.269 0.290 0.274 0.274 0.278 
Hf178 4.36 4.39 4.31 4.36 4.35 4.35 4.33 4.36 4.36 4.35 4.39 4.34 4.38 4.40 
Ta181 81.6 76.7 74.3 116 4.76 3.04 3.40 2.90 4.50 0.201 0.212 1.09 0.707 0.66 
Pb208 1.57 1.58 1.52 1.55 1.87 1.91 1.91 1.89 1.88 1.63 1.62 1.58 1.32 1.34 
Th232 1.14 1.17 1.16 1.16 1.14 1.15 1.17 1.16 1.18 1.23 1.21 1.20 1.21 1.25 
U238 0.406 0.419 0.410 0.419 0.414 0.408 0.418 0.413 0.421 0.417 0.422 0.412 0.421 0.421 
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Appendix 7: Standard data from solution ICP-MS (continued) 

 
2) BHVO-2 standards for primitive sample subset (analysed October and December 2011) 

Measured on the Agilent quadrupole ICP-MS (1 digestion) Element 2* 

 A 1 A 2 A 3 A 4 A 5 A 6 A 7 C B 
Sc45 32.6 32.1 31.2 31.8 31.8 31.9 32.2 32.0 31.2 
Ti47 16565 16682 16554 16248 16537 16439 16450 16294 15777 
V51 333 329 321 321 319 320 327 325 304 
Cr53 243 246 236 243 241 240 235 285 274 
Co59 45.1 45.5 45.0 44.7 44.0 45.8 45.7 45.4 43.7 
Ni60 122 120 117 118 117 114 118 117 116 
Cu63 136 137 131 131 136 138 139 125 123 
Zn66 102 105 101 101 101 102 103 85.0 79.3 
Ga71 22.7 22.6 21.6 22.0 22.2 22.2 22.6 22.4 21.9 
Rb85 9.28 9.37 8.87 8.94 9.04 9.26 9.34 9.28 8.82 
Sr86 407 411 393 393 395 402 402 387 402 
Y89 27.2 27.9 26.5 26.6 27.0 27.3 27.3 25.6 24.9 
Zr90 173 175 167 167 167 169 171 168 166 
Zr91 171 176 166 166 172 172 173 173 167 
Nb93 19.2 19.5 18.3 18.5 18.7 19.0 19.4 17.3 17.4 
Mo95 4.29 4.43 4.17 4.22 4.19 4.38 4.32 3.60 3.88 
Cs133 0.095 0.100 0.091 0.092 0.094 0.100 0.098 0.099 0.097 
Ba137 130 135 124 123 125 129 130 134 131 
La139 15.6 16.0 14.8 14.8 14.9 15.5 15.5 15.5 14.8 
Ce140 38.1 38.9 35.6 36.0 36.8 37.5 38.4 37.3 36.8 
Pr141 5.38 5.49 5.14 5.13 5.15 5.32 5.40 5.28 5.35 
Nd146 24.9 25.6 23.6 23.8 24.3 24.8 25.3 24.4 24.1 
Sm147 6.28 6.34 5.97 5.95 6.05 6.11 6.24 5.82 5.75 
Eu151 2.06 2.15 2.00 1.97 2.01 2.08 2.08 2.02 1.94 
Eu153 2.02 2.08 1.94 1.94 1.97 2.02 2.03 2.08 2.05 
Gd157 6.27 6.46 5.98 5.98 6.11 6.35 6.30 6.45 5.97 
Tb159 0.980 0.985 0.905 0.906 0.938 0.958 0.965 0.903 0.933 
Dy163 5.46 5.58 5.16 5.15 5.24 5.40 5.48 5.32 5.11 
Ho165 0.985 1.007 0.941 0.946 0.966 0.985 0.988 0.975 0.941 
Er166 2.59 2.69 2.47 2.47 2.52 2.57 2.59 2.39 2.54 
Tm169 0.354 0.365 0.338 0.330 0.341 0.350 0.351 0.332 0.319 
Yb172 2.06 2.11 1.95 1.95 1.96 2.08 2.03 1.93 1.84 
Lu175 0.286 0.291 0.268 0.273 0.278 0.278 0.281 0.262 0.257 
Hf178 4.52 4.68 4.27 4.28 4.39 4.53 4.53 4.34 4.43 
Ta181 1.11 1.14 1.04 1.05 1.07 1.11 1.12 1.13 0.93 
Pb208 1.67 1.75 1.61 1.60 1.64 1.66 1.68 1.58 1.42 
Th232 1.19 1.25 1.13 1.11 1.14 1.19 1.20 1.26 1.22 
U238 0.423 0.440 0.404 0.400 0.405 0.437 0.426 0.388 0.399 
 
* 2 digestions measured on the Element 2 sector field ICP-MS. See Section 2.5.2.2, Chapter 2 
for details 
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Appendix 8: Sr-Nd-Pb and U-Th-Ra isotope standard data 

 

1) Sr isotopes: analysed in one session August 2011 

 

 

 

 

 

2) Nd isotopes: analysed in one session October 2011 

1 digestion of BCR-2 

 1 2 3 4 5 6 7 
143Nd/144Nd 0.5126185 0.5126169 0.5126112 0.512613 0.512604 0.512610 0.512601 

internal error 1.77E-05 8.51E-06 9.55E-06 9.45E-06 1.17E-05 1.30E-05 1.14E-05 
 

 

3) Pb isotopes: analysed in October 2010 and October 2011 

October 2010: 3 digestions of JB-2 

 A 1 A 2 B 1 B 2 C 1 C 2 C 3 
208Pb/204Pb 38.2743 38.2798 38.2834 38.2722 38.2734 38.2807 38.2729 

2 sigma 0.0000 0.0035 0.0011 0.0030 0.0024 0.0027 0.0029 
207Pb/204Pb 15.5612 15.5630 15.5632 15.5601 15.5607 15.5626 15.5605 

2 sigma 0.0000 0.0012 0.0005 0.0011 0.0010 0.0011 0.0011 
206Pb/204Pb 18.3419 18.3437 18.3447 18.3408 18.3420 18.3437 18.3418 

2 sigma 0.0000 0.0012 0.0005 0.0012 0.0011 0.0013 0.0011 
 

5th October 2011: 3 digestions of JB-2 

 A 1 A 2 A 3 B 1 B 2 B 3 C 1 C 2 C 3 
208Pb/204Pb 38.2715 38.2725 38.2678 38.2708 38.2665 38.2806 38.2671 38.2740 38.2756 

2 sigma 0.0041 0.0031 0.0026 0.0040 0.0028 0.0030 0.0035 0.0030 0.0025 
207Pb/204Pb 15.5601 15.5611 15.5588 15.5599 15.5600 15.5631 15.5592 15.5617 15.5616 

2 sigma 0.0015 0.0012 0.0011 0.0014 0.0011 0.0013 0.0013 0.0012 0.0011 
206Pb/204Pb 18.3402 18.3419 18.3396 18.3417 18.3361 18.3440 18.3398 18.3423 18.3417 

2 sigma 0.0016 0.0013 0.0012 0.0015 0.0013 0.0013 0.0014 0.0013 0.0012 
 

1 digestion of BHVO-2 

 1 2 3 
87Sr/86Sr 0.703471 0.703474 0.703459 

internal error 18 21 19 
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Appendix 8: Sr-Nd-Pb and U-Th-Ra isotope standard data (continued) 

 

3) (Pb isotopic standards continued) 

10th October 2011: 1 digestion of JB-2 

 1 2 3 4 5 
208Pb/204Pb 38.2727 38.2713 38.2851 38.2744 38.2742 

2 sigma 0.0041 0.0029 0.0027 0.0031 0.0029 
207Pb/204Pb 15.5613 15.5605 15.565 15.5619 15.5614 

2 sigma 0.0015 0.0011 0.0011 0.0012 0.0011 
206Pb/204Pb 18.3393 18.3395 18.3427 18.3403 18.3390 

2 sigma 0.0015 0.0012 0.0012 0.0013 0.0012 
 

 

4) U-Th-Ra isotopes: Analysed November 2008 and July 2010 

2 digestions of TML-3 

 2008 2010 

(230Th/232Th) 1.088 1.082 

2 sigma 0.002 0.004 

(238U/232Th) - 1.071 

2 sigma - 0.004 

(230Th/238U) 1.007 1.010 

2 sigma 0.003 0.003 

(226Ra/230Th) 1.002 - 

2 sigma 0.006 - 
 

 

 

 

Appendix 9: Full details and parameters of melting models used in Chapter 4 (see disc) 
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Appendix 10: Descriptions of the tuff sequence at Motukorea 

 
 Southeast Crater Bay Northwest Crater Bay 

Upper 
scoriaceous unit 
(At top of log after 
section break due 
to vegetation 
growth) 

Thickness: ~10m up to soil surface; 
~planar contact with upper tuff 
sequence 

Thickness: ~8m up to soil surface; 
unit drapes over upper tuff sequence 

Structure: Massive throughout 
section 

Structure: Massive throughout section 

Sorting: Very poor, ~1cm lapilli up 
to ~70cm blocks 

Sorting: Very poor, ~1cm lapilli up to 
~70cm blocks 

Juveniles: Occur as lapilli and large 
vesicular blocks with chilled 
margins. Many blocks are 
plastically deformed and elongated 

Juveniles: Occur as lapilli and large 
vesicular blocks with chilled margins. 
Many blocks are plastically deformed 
and elongated 

Lithics: None Lithics: None 

Upper tuff 
sequence 
S18-30 in Log 1 
B5-S30 in Log 2 

Thickness: S18-30 is ~10m high. 
Split into three sections: lower: 
S18-19 fine grained, planar with 
bombs; middle: S20-23 rhythmic 
fall layers separated by fine ash 
beds; upper: S24-30 fine grained 
planer beds interspersed with two 
coarse fall layers 

Thickness: B3-15 (S18-30) is ~9.5m 
high. Lower, middle and upper 
sections in eastern section far less 
distinct in western cliff. Juvenile 
abundance increases upwards 
 
 
 

Structure: Planar beds at base, 
with straight horizontal contacts. 
Dune/cross bedded ash layers 
between rhythmic fall layers. Some 
dune/cross beds in upper section, 
mostly planar beds 

Structure: Mostly planar beds, except 
in coarser fall layers (B14 and 16, 
correlating with S28 and 30). Many 
contacts are undulatory or chaotic. 
Beds follow sags from bombs. Well 
bedded in fine ash layers 

Sorting: Poor in lower section, very 
good in middle fall layers, poor in 
upper section with some sorting in 
larger fall layers (S28 and S30) 
 

Sorting: Generally very poor/chaotic 
sorting. Juvenile-rich parts of B8-9 
correlating with rhythmic layering in 
middle section of eastern log are 
better sorted but still contain a large 
variety of clast size 

Juveniles: Appear as small bombs 
in lower section, then make up the 
majority of the subsequent rhythmic 
fall layers, then become sparser 
until the two fall units at the top of 
the section (S28 and S30) 

Juveniles: Very abundant. Generally 
ragged clasts/cauliflower bombs. 
Large variety in size (some up to 
40cm). Abundance dies out 
somewhat around B9 (ash layers) 
where there are many juvenile bomb 
sags 

Lithics: Generally few. Some larger 
lithic bombs in lower section, none 
in following rhythmic fall layers, 
lithics appear again in S24, die out 
in ashy layers, then appear again in 
the two coarse fall layer at the top 
of the section (S28 and S30) 

Lithics: Vary largely in size (some 
very large ~40cm), and are abundant 
throughout whole section. Many are 
plastically deformed, and show sags 
and   direction of fall as well as flow 
(e.g. B8). P.v.c. abundant throughout 
section 
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Appendix 10: Descriptions of the tuff sequence at Motukorea (continued) 

 

 Southeast Crater Bay Northwest Crater Bay 

Mid scoriaceous 
unit  
S17 in Log 1 
B4 in Log 2 

Thickness ~0.5m thick, extending 
to ~2m thick further to east 

Thickness ~0.75m thick 
 

Structure: Massive, horizontal 
contacts with lower and upper units 

Structure: Massive and chaotic, 
undulating contacts with lower and 
upper units 

Sorting: Well sorted 1cm clasts 
(some up to 7cm) 

Sorting: Fair sorting although greater 
variety in clast size than in southeast 
section 

Juveniles: Majority of unit; 
Smoother, less vesicular than lower 
beds 

Juveniles: Majority of unit; Some 
large cauliflower bombs (1-15cm) 

Lithics: Very few, ~1-2cm, 
Waitemata sandstone 

Lithics: Few but some larger (~15cm), 
including some P.v.c 

Lower tuff 
sequence 
S1-16 in Log 1 
B1-3 in Log 2 
 
 

 

 

 

Thickness : S1-16 is ~8.5m high 
 
 
 

Thickness: Lower part of this section 
is not exposed. B1-3 (S12-16) is 
~3.5m high – this is approximately the 
same height as that part correlated in 
the eastern section 

Structure: Most contacts are 
relatively horizontal. Bedding is 
predominately planar in the bottom 
2m, then from S6 onwards dune 
and cross bedding is prolific up to 
S17, with the exception of the 1m 
section at S9 where bedding 
returns to planar. Fine ash in S16 
shows planar bedding 

Structure: Contacts more 
undulating/wavy than in eastern 
section. Bedding is planar where 
visible and disrupted by large 
bombs/lithics which in parts sag down 
layers 
 

Sorting: Is variable throughout 
section, but generally poor, 
improving at S15, and good in the 
rhythmic fall layers of S16 

Sorting: Variable throughout section, 
generally poor in juvenile-rich layers 
such as B3 
 

Juveniles: Bombs are present 
throughout the section and tend to 
be fractured rather than plastically 
deformed. Some very large (e.g. 
S15 ~25cm). Few sags 

Juveniles: Larger, more ragged-
looking bombs (up to 35cm) than in 
southeast section. Present throughout 
whole section. More abundant bomb 
sags 

Lithics: Large in bottom 2m 
(~20cm), some plastically deformed 
but no visible sags. Over the next 
3m few are seen, but at S13-4 
large lithics plastically deformed by 
the addition of water are seen; 
lithics then become rarer up to S17 

Lithics: Large (~20cm) and abundant 
in bottom 1.5m. Fewer seen than in 
the east. Many show plastic 
deformation as well as directional 
indicators (e.g. B2) 
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