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Abstract

The South Auckland volcanic field (SAVF) is situated in a continental intraplate tectonic
setting and consists of silica-undersaturated alkalic basalts that erupted from about 100
centres between 1.59 and 0.51 Ma. The basalts range in composition from basanites to
quartz tholeiites. Two basalt groups are distinguished based on their contrasting
mineralogical and geochemical characteristics: group A, a less silica-undersaturated
transitional basalt to quartz tholeiite suite; and group B, a strongly silica-undersaturated
basanite to nepheline hawaiite suite. The petrogenesis and evolution of the SAVF basalts
is examined using new data from 200 samples on mineral chemistry from electron
microprobe analyses, major and trace elements from XRF, incompatible trace elements
and REE from ICP-MS, and Sr, Nd, and Pb isotopic data from TIMS analyses.

Forsteritic olivine is the dominant phenocryst phase in each rock group (group A: Fog; -
Fog,; group B: Fogs - Fogy). Clinopyroxene is abundant and ranges from augite (Wo3s.47
Enss.so Fsjj23) in group A to diopside (Woszso Ensza Fsi0.00) in group B basalts.
Plagioclase (Ang.70) is found as a phenocryst only in group A basalts. The group A
basalts are distinguished by their low total alkalis (3.0 - 4.8 wt.%), Nb (9 — 29 ppm) and
Zr (97 - 210 ppm) abundances, and low (La/Yb)n (3.4 - 7.6), which contrast with group B
that have large total alkalis (3.3 - 7.9 wt.%), Nb (35 - 102 ppm) and Zr (194 - 491 ppm),
and (La/Yb)n (12 - 47).

The incompatible trace elements of group A lavas have characteristics indicating
derivation from an enriched upper mantle source but relatively depleted in Th, K, Nb, Ta,
and LREE with small LREE/HREE values, whereas those in group B exhibit strong trace
element affinities (i.e., large Th, Nb, Ta, and LREE abundances) with an OIB-like source.
Petrogenetic modelling suggests that the group A and B lavas evolved as discrete lineages
that do not appear to be related to a common parental magma or source. Partial melting
models indicate that < 8 % melting of a garnet-peridotite source is required to produce
primary group B magmas, whereas primary group A magmas are generated from < 11 %
melting of a spinel-peridotite source. Differentiation of basalts from each group is
dominated by olivine and clinopyroxene fractionation, and only minor plagioclase in
group A.

Both rock groups fall within a narrow range of Sr and Nd isotopic compositions (*’Sr/**Sr
= 0.70273%£19 - 0.70330+17 and €ng = + 5.97 to + 6.89) similar to the composition of
HIMU-OIB, whereas Pb isotopic compositions are unradiogenic relative to HIMU-OIB
(i.e., 2%Pb/*Pb = 18.95 - 19.33; X’Pb/*™Pb = 15.586 - 15.589; *®Pb/®Pb = 38.731 -
38.906) and range between Atlantic MORB and EMII. The group A lavas have slightly
higher 851/%Sr and ’Pb/?™Pb, lower 2Pb/**Pb and 2®*Pb/**Pb, and similar €ng Values
compared to those in group B, but there is no isotopic or geochemical evidence to suggest
that any of the lavas have been contaminated by continental crust. Therefore, the
relatively small but distinct differences in Sr and Pb isotopic compositions and similar €yq
values are considered to be source-related.

Variations in incompatible element ratios such as K/Nb and Zr/Nb indicate that the SAVF
basalts were derived from two distinct sources. Group B basalts show incompatible trace
element signatures characteristic of a LREE-enriched HIMU-OIB-like source, which can
be accounted for by recycling of subducted oceanic crust at mantle depths. In contrast, the
group A basalts have incompatible trace element affinities that are intermediate between a
HIMU and an EMII-type component that could have resulted from subduction-related
metasomatism of the subcontinental lithosphere modified by a HIMU plume. These
events may have been connected with the subduction of the Phoenix plate and plume-
related magmatism when New Zealand was at the eastern margin of the Gondwanaland
supercontinent.
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Chapter One

Introduction

1.1 Continental intraplate volcanism

Throughout the Cenozoic Era, a wide range of alkalic basaltic magmas erupted within
continental intraplate provinces worldwide. These provinces are commonly associated
with continental rifting (e.g., Paslick ez al., 1995) or lithospheric extension (e.g., Fitton et
al., 1991). The diversity of lava compositions commonly observed within these provinces
often evokes a complex petrogenetic history. Petrographic mapping, together with whole-
rock and K-Ar age data of eruptive products, and the compositions of mantle xenoliths in
the alkalic basalts, may be used to qualitatively constrain the history and evolution of
magma compositions, and to some extent the compositional characteristics of their mantle
sources. Integrated petrologic studies of primitive intraplate alkalic basalts, utilising
major and trace element and radiogenic isotope systematics, can provide a quantitative
insight into the nature of magmas parental to suites of basaltic lavas observed in
continental intraplate volcanic provinces, and the mantle source regions from which these

magmas were derived.

Generally, intraplate volcanism occurs in regions “remote” from continental or oceanic
plate boundaries and, therefore, intraplate magma petrogenesis cannot be attributed to
processes associated with either convergent or divergent margins. However, the South
Auckland volcanic field (SAVF), North Island, New Zealand, developed in a continental
setting, near an active convergent margin'. The implication of processes associated with
slab subduction and interaction with the lithospheric mantle on the compositions of

magma erupted in the SAVF has not been previously addressed.

Previous petrographic and geochemical observations, and K-Ar age data indicate that a
wide range of alkalic basaltic magmas, having contrasting compositions, erupted closely
in time and space in the SAVF (Rafferty and Heming, 1979; Briggs et al., 1994). Such
diversity strongly suggests that a variety of parental magmas generated the range of lava
compositions observed in the SAVF, rather than derivation from a discrete parental
magma (e.g., Kempton et al., 1987). This study investigates the diverse geochemical,

mineralogical, and radiogenic isotopic characteristics of these lavas, identifying

" Refer to Figs. 2.1 and 2.2 (pp. 8 and 9) for tectonic setting of New Zealand and location of SAVF and other intraplate
volcanic ficlds in the North Island. New Zealand.
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similarities and differences between the lavas of the SAVF with those from other
continental intraplate provinces and fields. These data can provide insight into (i) the
composition and evolution of the mantle source (or sources) for the SAVF basalts, (ii)
possible source modification by subduction-related components, (iii) the nature of the
primary magmas parental to the suite of SAVF basalts, and (iv) the extent to which
magmatic processes (i.e., partial melting, fractional crystallisation, assimilation/fractional
crystallisation), and post-differentiation processes (i.e., crustal contamination) have

affected the compositions of the SAVF basalts.

1.2 General background

The compositions of eruptive products in continental intraplate volcanic provinces
worldwide are predominantly alkalic basalts. Compositions may range from leucitite to
nephelinite to hawaiite to quartz-tholeiitic basalts. In addition, lavas and tephra of
phonolitic, trachytic, and peralkaline rhyolitic compositions have also been documented
together with those of alkaline association in some provinces (e.g., Coombs et al., 1986,

1996; Ewart et al., 1988). Numerous petrological studies (Table 1.1) of the mafic magmas

Table 1.1 Representative continental intraplate volcanic provinces.

Worner and Schmincke (1984b); Bednarz and
Schmincke (1990)

Wedepohl (1985, 1987)

East Eifel, Germany

Hessian Depression, Germany

Vogelsberg, Germany

Wedepohl! (1987); Jung and Masberg (1998)

Calatrava Volcanic Province, Spain
Garrotxa Volcanic Province, Spain

Cebrid and Lopez-Ruiz (1995)
Cebria et al. (2000)

Eastern China

Zhi et al. (1990); Song et al. (1990): Basu er al.
(1991); Liu er al. (1994), Zou er al. (2000)

Khorat Plateau, Thailand

Zhou and Mukasa (1997)

Vietnam

Hoang et al. (1996); Hoang and Flower (1998)

Taiwan

Chung et al. (1994; 1995)

Eastern Australia volcanic provinces

Frey et al. (1978); McDonough et al. (1985);
Ewart er al. (1988), Ewart, (1989); O'Reilly
and Zang (1995); Price et al. (1997)

Northland Volcanic Province, New Zealand

Heming (1980a.b); Huang er al. (2000)

Auckland Volcanic Province, New Zealand
(which includes the South Auckland
volcanic field)

Rafferty and Heming (1979); Briggs and Goles
(1984); Heming and Barnet (1986): Briggs et
al. (1990); Briggs and McDonough (1990):
Briggs et al. (1994); Huang et al. (1997)

from these regions provide evidence that demonstrates that despite their geographic
isolation they commonly have ocean island basalt (OIB)-like geochemical characteristics,

which suggest they are products of closely related petrogenetic processes. These studies
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however, also demonstrate that the mantle sources for these magmas typically vary on a
regional scale, and that these variations represent the mixing of two or more of the mantle

reservoir end-members; DM, HIMU, EM], or EMII® of Zindler and Hart (1986).

In the South Auckland region of North Island, New Zealand, the South Auckland
volcanic field developed in a continental setting, near an active convergent margin (see
Figs. 2.1 and 2.2, pp. 8 and 9). The eruptive products throughout the field are interpreted
as intraplate in origin (Rafferty and Heming, 1979; Smith, 1989; Briggs et al., 1994).
Volcanism in the SAVF was comparatively short lived. The field developed between 1.59
and 0.51 Ma (Briggs et al., 1994) and consists predominantly of monogenetic volcanoes.
Eruptions were either effusive or explosive (Rafferty, 1977; Rafferty and Heming, 1979;
Rosenberg, 1991) producing lavas and magmatic pyroclasts having (i) silica-
undersaturated basanite and nephelinite, and (ii) less silica-undersaturated alkali olivine-
basalt, transitional basalt, hawaiite, nepheline-hawaiite, and olivine- and quartz-tholeiitic

basalt compositions (Briggs et al., 1994).

The most comprehensive geochemical investigation of the South Auckland volcanic field
was conducted by Rafferty (1977) and is summarised in Rafferty and Heming (1979).
Rafferty and Heming (1979) divided the South Auckland volcanic field basalts into two
broad groups based on their distinct petrographic, mineralogical, and geochemical
differences: an alkalic group, which consists of basanites and nephelinites, and a
subalkalic group characterised by tholeiitic compositions. From their work, Rafferty
(1977) and Rafferty and Heming (1979) reached several notable conclusions regarding

the petrogenesis and evolution of the SAVF lavas:

1. Lavas from each group are not petrogenetically linked. They based this
interpretation on the variations in major and trace element abundances within
and between the two groups and from the presence of ultramafic xenoliths and
megacrysts observed only in the alkalic lavas.

2. The lavas that represent the alkalic and subalkalic groups were generated from
different upper mantle source regions in the low velocity zone, between 75 and
125 km depth.

3. The subalkalic lavas are derived from magmas that fractionated, in part, within
a crustal magma chamber.

4. Overall, the SAVF developed in stages, e.g., the earliest volcanoes erupted
alkalic basalts while later volcanoes erupted subalkalic compositions. This
interpretation is similar to that proposed by Heming (1980a) for the Whangarei-
Puhipuhi and Auckland volcanic fields of the North Island, New Zealand, where
the initial eruptions are characterised by small volumes of alkalic basalts (i.e.,

? Mantle reservoirs: DM = depleted mantle, HIMU = mantle with high U/Pb ratio, EM = enriched mantle.
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alkali olivine basalts) followed by voluminous subalkalic (i.e., tholeiitic)
compositions.
Since Rafferty (1977) and Rafferty and Heming (1979) reported their findings, a number
of important studies have been conducted in the SAVF (i.e., Rosenberg, 1991; Middleton,
1993; Sanders, 1994; Briggs et al., 1994).

Rosenberg (1991) described the petrographic characteristics of magmatic pyroclasts from
tuff deposits at five explosive volcanic centres within the SAVF. He identified a range of
distinct rock types that characterise the pyroclasts, i.e., nephelinite, basanite, nepheline-
hawaiite, transitional basalt, hawaiite, and olivine-tholeiitic basalt, and showed that
populations of juvenile pyroclasts at individual centres may be characterised by a discrete
rock type. Based on these observations, Rosenberg (1991) concluded that the explosive
(phreatomagmatic) centres were the result of the interaction of discrete magma batches,
of unique compositions, with aquifer-bearing strata near the surface. Rosenberg’s study
demonstrated that phreatomagmatic volcanism in the SAVF may be associated with
magmas having either alkalic or subalkalic compositions such as those described by
Rafferty and Heming (1979). However, Rosenberg’s findings contrast with those of
Rafferty and Heming who concluded that explosive volcanism in the SAVF was
restricted to magmas with alkalic compositions (e.g., basanites). In addition, he
determined that in the tuff ring of a small explosive monogenetic volcano (Barriball
volcano), there are two distinct populations of juvenile magmatic pyroclasts, (1) olivine-
tholeiitic basalt, and (2) basanite. He concluded that these clasts were derived from the

sequential eruption of distinct magma batches at separate vents within the same tuff ring.

Middleton (1993) conducted a comprehensive study on the Murihiku Terrane (the
basement rocks underlying much of the SAVF) in which he described their petrographical
and geochemical characteristics. The results of this study suggest that SAVF magmas

ascended primarily through arc-derived volcanic epiclastic sediments and metasediments.

Sanders (1994) described petrographic and mineralogical characteristics of ultramafic
mantle xenoliths found in some SAVF lavas: harzburgites, lherzolites, and wehrlites in
the ne-hawaiite lavas at Stevenson’s Quarry, and dunite, harzburgite, and lherzolite
xenoliths in the basanite lavas at Brewsters/Wilkins Quarry and Davies Quarry (see
Appendix 1 for locations). His study suggests that such xenoliths may be restricted to
lavas with alkalic compositions (e.g., basanites). Sanders (1994) concluded that the
ultramafic xenoliths in these lavas are not cognate but are accidental fragments from

either an undepleted upper mantle source or refractory residues. He also determined that
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they were derived from a metasomatised, strongly heterogeneous mantle source at

estimated P-T conditions of 15-17 kbar and 1180-1230°C, respectively.

Based on the classification scheme described in Johnson and Duggan (1989), Briggs et al.
(1994) identified nine distinct rock types in the SAVF™* (see Table 3.1, p. 31). They
provided general petrographic descriptions for each rock type, identifying contrasting
petrographic and mineralogical differences between fine-grained rocks; basanites,
nephelinites, and nepheline hawaiites, and those with coarse-grained textures; mugearites
transitional basalts, hawaiites, and olivine- and quartz-tholeiitic basalts. Briggs et al.
(1994) observed that contrasting major and trace element geochemical characteristics also

match the contrasts in petrography and mineralogy between the rock types.

Briggs er al. (1994) reported major and trace element data for 14 samples representative
of the range of lava types observed in the SAVF. They also determined 43 new K-Ar ages
of lavas from 33 selected volcanic centres throughout the field. Their reported ages are
consistent with the K-Ar ages determined by Stipp (1968), suggesting that the field
developed between 1.59 and 0.51 Ma, although one of their ages indicates that activity
may have begun as early as 2.09 Ma. Briggs et al. (1994) concluded that volcanism was
intermittent during the million-year period with two peaks of activity at 1.3 and 0.6 Ma,

and that there is no apparent systematic spatial or temporal trends in lava compositions.

1.3 Objective of study

Many models of magma petrogenesis in continental intraplate tectonic settings share two
common components: (1) the generation of partial melts of a peridotite source, and (2)
subsequent melt modification, principally by fractional crystallisation processes (e.g.,
Briggs er al., 1990; Wedepohl, 1995). While useful for showing a possible genetic link
between parent-daughter pairs along a liquid line of descent, such models do not
adequately explain the relatively small but distinct variations in the abundances of the
incompatible elements (e.g., Ba, Rb, and K), moderately incompatible elements (e.g., Nb,
Zr, Sr, Ti, and Ta), and the rare-earth elements (REE), commonly observed between
provinces. Such variations in the incompatible trace element and REE abundances are

commonly attributed to source heterogeneity (e.g., Hodder, 1988; Zhi et al., 1990), or

* Briggs et al. (1994) collected 94 lava and magmatic pyroclast samples throughout the SAVF. Each sample was made
available for this investigation. These samples contain the prefix “SA™ whereas new samples are labeled “SAB” (see
Appendix 2 for details).

* In addition to the six rock types reported in Rosenberg (1991), Briggs et al. (1994) identified alkali olivine basalt, quartz
tholeiitic basalt, and mugearite lavas.
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variable degrees of partial melting (e.g., Frey et al., 1978; Takahashi and Kushiro, 1983;
McKenzie and Bickle, 1988; Takahshi et al., 1993; Zou and Zindler, 1996), or both.
Incompatible trace element enrichment due to mantle metasomatism (e.g., McDonough et
al., 1985; Nielson and Noller, 1987; O’Reilly and Griffin, 1988; O’Reilly and Zhang,
1995; McBride, 1998; Norman, 1998) or geochemical processes in the crust-mantle
system (e.g., Green, 1995; Nakada et al., 1997) may also explain these variations. Some
magma may also be modified by assimilation/fractional-crystallisation processes (e.g.,
Thompson et al., 1986) or by a slab-derived flux mixing with the mantle (e.g., Ringwood,
1990).

The distinct diversity in the compositions of the South Auckland volcanic field basalts,
together with their close time-space relationships, and proximity to a convergent margin,
raises some key questions regarding their origin. The focus of this investigation is on the
petrogenesis and evolution of the alkalic basaltic lavas that erupted throughout the South

Auckland volcanic field. Therefore, the aims of this study are to determine;

I.  The petrographic, mineralogy, and geochemical characteristics of the South
Auckland volcanic field basalts.

2. The nature of the mantle source (or sources) of the SAVF basalts.
3.  To what extent the compositions of the SAVF basalts are source- or process-
dependent.

4. If there is a genetic link between the ranges of magma compositions erupted
throughout the field.

5. What magmatic processes are involved in their genesis and evolution?

The detailed mineralogical and major and trace element analyses presented in this
investigation document the variations in compositions between the lavas from individual,
predominantly monogenetic volcanoes, thus providing important constraints on models of
magma generation, and processes involved in their differentiation. The results of these
models are integrated with radiogenic isotope data to evaluate mantle source
characteristics and the extent to which primary magmas may have been modified by
processes associated with mantle metasomatism and interaction with the sub-continental

lithosphere and continental crust.
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2.1 Introduction

Cenozoic volcanism has been a dominant feature in the geological development of
northern North Island, New Zealand. The North Island is located toward the eastern
margin of the continental Indo-Australian plate, the boundary of which is marked by the
convergence and associated subduction of the Pacific plate (Fig. 2.1). The complex
volcanic successions observed in this region are attributed principally to processes
associated with convergent margin arc-trench systems. Since the early Miocene, the
evolution of the plate boundary has resulted in subduction-related volcanism in Northland
Peninsula and the Coromandel and Taupo Volcanic Zones (Ballance, 1976; Ballance et
al., 1982; Cole, 1986; Malpas et al., 1992) (Fig. 2.2). The geologic record from this time
however, contains distinct volcanic deposits with petrologic characteristics commonly
associated with magma generation in regions “remote” from plate margins. These
intraplate deposits® temporally overlap those derived from subduction-related processes,

but are generally spatially separate.

Most continental intraplate volcanism is associated with extensional tectonics (Turcotte
and Oxburgh, 1978). Tensional fractures in continental lithosphere provide pathways for
magma to the surface, and act as important tectonic constraints regarding the location of
intraplate volcanism (e.g., Calatrava Volcanic Province, central Spain, Cebrid and Lépez-
Ruiz, 1995; Laacher See, West Eifel, Germany, Worner and Schmincke, 1984a,b; Newer
Volcanic Province, eastern Australia, Price et al., 1997). Volcanism in the intraplate
fields of North Island may be characterised by the eruption of basaltic magmas from
numerous central vents commonly distributed over a wide area. Evaluation of the
continental crust suggests that the location of the fields and many of the vents within
them is structurally controlled. In addition, the nature of eruptions (i.e., effusive or
explosive) may be closely associated with the hydrological properties of the formations

that underlie the intraplate fields.

The South Auckland volcanic field represents one of a number of geographically isolated

and geochemically distinct fields in northern North Island that do not appear to be

5 Because all intraplate volcanic fields in the North Island developed within 200 km of the Indo-Australian/Pacific plate
boundary, the term “intraplate”, used in this and subsequent chapters, refers principally to petrological and geochemical
features of the deposits rather than a strict tectonic characterisation.
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directly linked to convergent margin processes (Fig. 2.2). Previous work on the tectonic
history of North Island, and the composition and structural evolution of the continental
lithosphere upon which the SAVF developed, is discussed with the aim of a better
understanding of (i) the temporal and spatial association of the SAVF with other volcanic
areas in North Island, (ii) the nature and location of volcanism in the field, and (iii) the

distinct geochemical characteristics of the eruptive products in the SAVF.

. . ) N »
South Auckland .
. Volcanic Field

~

Taupo
< Volcanic

North

Indo-Australian Plate
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Island

Intraplate
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' ‘ . o N L i J
g - - R 200 km
Fig. 2.1 Regional tectonic setting of New Zealand relative to the Indo-Australian and Pacific plates. The
stippled area represents subcontinental crust (after Price et al., 1999). Subduction of the Pacific plate beneath
North Island takes place along the Hikurangi Trough. The black areas illustrate the location of the South

Auckland volcanic field relative to other North Island intraplate fields and the Taupo Volcanic Zone (shaded
in grey).
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Fig. 2.2 Distribution and age-range of the intraplate volcanic fields of northern North Island (black areas)
relative to the subduction-related Northland Peninsula (Herzer, 1995, Hayward et al., 2001), the Coromandel
(Adams ez al., 1994) and Taupo Volcanic Zones (Wilson er al., 1995), and the Hauraki Rift (Black er al.,
1992). The stippled areas represent onshore regions containing subduction-related volcanic deposits. The
grey-shaded areas represent the back-arc, subduction-related, calcalkaline basaltic magma series of the
Alexandra Volcanics (Briggs er al., 1989; Briggs and McDonough, 1990), which erupted contemporaneously
with the intraplate Okete Volcanics. The boundaries and ages for the Central Volcanic Region are from Stern
(1987). The Northland province (referred to in the text) contains the Kaikohe-Bay of Islands and the
Whangarei fields. The Auckland province consists of the Auckland, South Auckland, Ngatutura, and Okete
fields. Note that in contrast to the southward trend of decreasing age of subduction-related volcanism, there is
a progressive increase in age of the Auckland, South Auckland, Ngatutura, and Okete intraplate volcanic
fields. Some data adapted from Briggs et al. (1989; Fig.1).
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2.2 General Background

Much of the volcanism in North Island is attributed to subduction-related processes —
associated predominantly with the convergence between the Indo-Australian and Pacific
plates. Since the early Miocene, large volumes of eruptive products with calc-alkaline
basaltic-andesitic-rhyolitic association were produced along the Northland Peninsula and
later in the Coromandel and Taupo Volcanic Zones® (Fig. 2.2). Currently, the boundary of
these plates is dominated by the oblique westward subduction of the Pacific plate beneath
the North Island at the Hikurangi margin, forming the Taupo-Hikurangi arc-trench system

(Cole and Lewis, 1981; Cole, 1990; Kelsey et al., 1995).

In contrast to subduction-related volcanism, volumetrically minor amounts of lava and
tephra were produced in a number of distinct, geographically isolated, intraplate volcanic
fields that comprise the Northland and Auckland intraplate volcanic provinces (Fig. 2.2).
These provinces characterise the only known intraplate volcanism in the North Island.
The Northland and Auckland provinces are located west of the Hauraki Rift (Hochstein
and Nixon, 1979; Hochstein and Ballance, 1993) behind the active volcanic front of the
Taupo Volcanic Zone and are interpreted as being situated in a back-arc continental

intraplate setting (Cole, 1986).

The Northland Volcanic Province (9.7 Ma — 1300 yr; Stipp and Thompson, 1971, Smith
et al., 1993) consists of the Kaikohe-Bay of Islands and Whangarei volcanic fields
(Heming, 1980a,b; Ashcroft, 1986). The Auckland Volcanic Province (2.69 Ma — 500 yr;
Briggs et al., 1989; Wood, 1991; Briggs et al., 1994) consists of the Okete Volcanics’
(Briggs and Goles, 1984; Briggs and McDonough, 1990); Ngatutura Volcanics (Briggs et
al., 1990); South Auckland volcanic field (Rafferty, 1977; Rafferty and Heming, 1979;
Briggs et al., 1994); and the Auckland volcanic field (Heming and Barnet, 1986; Huang
et al., 1997, 2000). Each field contains numerous relatively small-volume, predominantly
monogenetic volcanoes that produced lava flows, scoria cones, tuff rings, and maars®.
Geochemical investigations show that eruptive products in each field have predominantly

alkalic to tholeiitic compositions typical of continental intraplate volcanism’.

® The Taupo Volcanic Zone lies within the larger Central Volcanic Region (¢f. Stern, 1985, 1987).

" The Okete Volcanics is excluded in the Smith (1989) description of the Auckland province. However, Briggs ef al. (1994)
argued that based on petrologic characteristics similar to those of the other fields, the Okete Volcanics should be included
as a fourth field in the province.

® In the Northland fields, volcanic landforms are mainly scoria cones (Heming, 1980b).

0 Huang er al. (2000) argued that some of the volcanics in discrete fields (e.g.. Whangarei field) exhibit geochemical
features that suggest derivation from mantle source regions modified by subduction-related processes. See chapter 6 for a
discussion of the nature of the mantle source(s) for the South Auckland volcanic magmas.
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Volcanic activity in the Auckland Volcanic Province began during the mid-Pliocene. The
four volcanic fields in the province display an age trend with increasing distance away
from the active volcanic front of the TVZ (see Fig. 2.2). Ages range from the 2.69 - 1.80
Ma for the Okete Volcanics (Briggs et al., 1989) in the south, to 1.83 - 1.54 Ma for the
Ngatutura Volcanics (Briggs et al., 1989), 1.59 - 0.51 Ma' for the South Auckland
volcanic field (Briggs et al., 1994), and 0.14 Ma - 500 yr for the Auckland volcanic field
(Wood, 1991) in the north. Based on their ages and spatial distribution, Briggs et al.
(1994) noted that as activity waned in an individual field, the development of a new field
commenced approximately 35 to 38 km to its north. The linear nature of these fields is
similar to the intraplate fields in the South Island, New Zealand, and eastern Australia,
which are interpreted to be a response, in part, to intraplate extensional forces (Shaw,
1980; Coblentz et al., 1995). On this interpretation it could be inferred that the
localisation of volcanism in the Auckland Volcanic Province is controlled, to some
extent, by fractures in the subcontinental lithosphere. Sporli and Eastwood (1997) argued
that tensional stresses not only control the location of individual intraplate fields but also
could facilitate decompressional melting and thus the onset of volcanism. In the case of
the Auckland Volcanic Province, Sporli and Eastwood (1997) argued that the youngest
field could represent the tip of a northward-propagating lithospheric fracture. However, in
an alternative hypothesis, they proposed that each field could be the result of a northward-

propagating source along a lithosphere fracture induced during Mesozoic tectonism.

2.3 Geological Setting of the South Auckland volcanic field

The South Auckland volcanic field is located in the Auckland Volcanic Province 175 km
behind the active volcanic front of the Taupo Volcanic Zone (TVZ; Fig. 2.2). Depth
contours of the Wadati-Benioff zone, outlined by earthquake foci, show a progressive
steepening dip of the Pacific plate from the southeast to the northwest that strikes N 45° E
and dips 50° to the northwest (Adams and Ware, 1977). The SAVF lies within 50 km of
“the limit of plunging seismic activity” of the subducting Pacific plate (Briggs et al.,

1997) with the Wadati-Benioff zone projecting approximately 300 km beneath the SAVF.

The SAVF covers an area of approximately 300 km’ and principally occupies the

lowlands of the lower Waikato Valley and the Manukau Lowlands south of Auckland

' Briggs et al. (1994) reported K/Ar ages of 2.24 + 0.37 and 2.09 + 0.37 Ma for a quartz tholeiitic basalt sample. They
noted however, that this sample contains quartz xenocrysts and argued that the excess Ar due to these contaminants may
result in anomalously older ages. This sample therefore, may not be representative of a maximum age for the SAVF.
Nevertheless, Jukic (1995) reported rocks of “basaltic” composition stratigraphically older than the sedimentary Pliocene
Kaawa Formation. This suggests that volcanism in the SAVF may have begun earlier than hypothesised by Briggs er al.
(1994) with activity in the SAVF possibly coeval with volcanism in the Ngatutura and Okete volcanic fields.
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City. Volcanic deposits cover widespread areas located mainly west of the Drury Fault
and State Highway 1 (SH1)(Fig. 2.3). East of the Drury Fault, exposed volcanic deposits
cover relatively small, isolated areas (< 3 km?® in total) with volcanic centres located at
irregular intervals from Hunua Falls in the northeast to Kellyville in the south (Schofield,
1976; Rafferty, 1977; Waterhouse, 1978). The region is divided by the north-trending
Junction (Stoke’s) Magnetic Anomaly (Hunt, 1978; Hatherton et al., 1979).
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Fig. 2.3 The main structural features, K-Ar ages, and distribution of explosive and effusive centres in the
South Auckland volcanic field (after Briggs er al., 1994). Refer to Fig. 2.2 for the general location of the
SAVF.

The SAVF consists of approximately 100 predominantly monogenetic volcanic centres
(Briggs et al., 1994). The monogenetic nature and the diverse geochemical characteristics
of the magmas erupted at these vents precludes the presence of a long-lived shallow

magma reservoir beneath the field.

Forty-three K/Ar ages from 33 volcanic centres (Briggs et al., 1994) indicate two peaks

of activity at 1.3 and 0.6 Ma, with volcanism occurring intermittently throughout this
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period. The location of each of these centres together with their corresponding age is
shown in Fig. 2.3 and the age range for each rock type identified in the SAVF, except
mugearite, is illustrated in Fig. 2.4. Based on these data, Briggs et al. (1994) concluded
that there is no temporal or spatial relationship among the volcanic centres. However,
further examination of these data suggests that the majority of the “oldest” centres (i.e.,
those greater than 1.0 Ma) occur in the northeast corner of the field, principally in the
area bounded on the west by the Drury Fault and the Pokeno Fault to the south (Fig. 2.3).
Additionally, the composition of the lavas sampled in this area is predominantly
nepheline-hawaiite. These lavas exhibit distinct geochemical features unlike those from
volcanoes at other locations in the SAVF. In contrast to the “nepheline-hawaiite”

volcanoes, these later volcanoes exhibit no apparent spatial relationship relative to their

compositions.
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Fig. 2.4 Age range for each rock type erupted in the South Auckland volcanic field compiled from the K/Ar
age data of Briggs et al. (1994). bas = basanite, neph = nephelinite, nehaw = nepheline hawaiite, trans =
transitional basalt, haw = hawaiite, olth = olivine tholeiitic basalt, qzth = quartz tholeiitic basalt, aob = alkali
olivine basalt. The number below each bar represents the average age for each rock type. The number in
parentheses below each rock type represents the number of K/Ar age analyses.

Kear (1964) hypothesised that (i) volcanic centre alignment in North Island is often
closely associated with pre-existing faults, and (ii) volcanism occurs as the result of fault
dilation. This sympathetic association is best illustrated in the SAVF. Field observations
supported by air photo analysis indicate that there is a close association between the
locations of the volcanic centres throughout the field and crustal structure. Many of the

volcanic centres are located either along or adjacent to faults, or inferred extensions of
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faults, which can provide pathways for magma ascending through the upper crust.
Additionally, the linear distribution of many of the centres suggests the existence of

unmapped faults obscured by subsequent volcanic deposits.

Eruptions were either explosive or effusive (Rafferty, 1977, Rafferty and Heming, 1979;
Rosenberg, 1991). The deposits at 38 centres exhibit depositional characteristics typical
of explosive events. The explosive eruptions were principally phreatomagmatic. Evidence
for this exists in tuff deposits where clasts from aquifer-bearing Tertiary formations occur
together with juvenile magmatic pyroclasts throughout the deposit. These explosive
events probably occurred when relatively small magma batches exploited fault-induced
crustal fractures, forming feeder dykes that propagated along the faults until the magma
encountered and mixed with groundwater near the surface (e.g., Spence and Turcotte,
1985). The phreatomagmatic eruptions produced tuff rings, maars, and associated craters
that range in diameter from 0.5 to 2.6 km (Rosenberg, 1991). Craters are commonly
clustered or nested, and occasionally contain a nested scoria cone. A number of the

craters were partially filled by subsequent lava flows resulting in small lava lakes.

Sixty-two centres are characterised principally by effusive (i.e., magmatic) activity. The
effusive volcanoes generally formed small, relatively low relief shield volcanoes
indicative of Hawaiian-style volcanism. Many of the shields are characterised by uniform
slopes of less than 10° and rounded summits without a distinguishable crater. In contrast,
other shields contain steep-sided scoria cones that typically are less than 200 m in height
and 500 m in diameter, possibly the result of late-stage Strombolian activity. Field
observations supported by bore log data (Bell et al., 1991; Petch et al., 1991; Jukic, 1995)
indicate that lava flows are relatively thin, ranging from a few metres to several tens of
metres. These observations and data suggest that the thicker flows represent partially
filled paleovalleys and that lava rarely traveled more than several kilometres from their
source. Additionally, lava from effusive centres occasionally ponded in topographic lows
creating inactive lava lakes (Swanson et al., 1979) similar to those in Kilauea Iki, Alae,
and Makaopubhi craters on Kilauea volcano, Hawaii (Richter er al., 1970; Swanson et al.,
1972; Wright and Okamura, 1977; Peck, 1978). Some of these “lakes” in the SAVF,

which may exceed 70 m in thickness, have been quarried.

Exposure of the deposits from most of the centres is generally poor, and most of the
volcanic features and associated deposits have been severely eroded. The morphology of
the maars, craters, tuff rings, and scoria cones has been modified by weathering, erosion,
mass wasting, and infilling of lacustrine deposits or pyroclastic material derived from

nearby centres. However, abundant bore log data (Bell er al., 1991; Petch et al., 1991;
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Jukic, 1995) indicate a range of stratigraphic variations throughout the field that may be
attributed to eruptive products derived from one or more volcanic centres. These

variations include:

1. Continuous volcanic successions that may include intercalated lava, scoria, and
tuff. The thickness of these sequences is variable, ranging from < 20 to ~ 200 m.

2. Two or more distinct volcanic successions separated by discrete sedimentary
horizons that may include units of sandstone, siltstone, clay, and peat.

3. Alternating sequences of relatively thin volcanic and sedimentary deposits.

Bore log data suggest that many volcanoes underwent alternating episodes of magmatic
(i.e., Hawaiian) and Strombolian activity. At most centres, lava from magmatic episodes
dominates the thickness of the deposit. Field observations supported by bore log data
suggest that eruptions often occurred through older lava flows or tuff deposits. Evidence
for this has been observed in a number of tuff deposits where lava clasts and reworked
magmatic pyroclasts of contrasting whole-rock geochemical compositions occur together

in the same stratigraphic horizon, often in contact with one another.

2.4 Tectonic history and crustal evolution of the South Auckland
region

Since the Permian period, a number of depositional, erosional, and tectonic events
occurred in New Zealand that markedly influenced the geological development of the
South Auckland region. Four events in particular have affected the tectonic evolution,
crustal structure, nature of volcanism, and possibly the compositions of the magmas

erupted within the South Auckland volcanic field:

I. The mid Triassic to late Jurassic formation of the Murihiku and Waipapa
Terranes, the basement rocks underlying the South Auckland region (Sporli,
1978; Ballance and Campbell, 1993; Middleton, 1993, Mortimer and Smith-
Lyttle, 2001).

2. The Rangitata Orogeny during the late Jurassic — early Cretaceous (Waterhouse,
1978).

3. Extensional block faulting and sedimentation from late Cretaceous to the early
Miocene (Schofield, 1976, 1988; Waterhouse, 1978; Sporli, 1980).

4. The Kaikoura Orogeny during the early Miocene to recent (Waterhouse, 1978).

During the Permian to Cretaceous period the geological history of New Zealand was
marked by the deposition of predominantly terrestrial volcanic epiclastic sediments and

tuff into the forearc basin, associated with an arc-trench system, at the eastern margin of
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Gondwanaland super-continent where active subduction was taking place (Sporli and
Ballance, 1989; Ballance and Campbell, 1993). The discrete geological units deposited
during that time now comprise the distinct, fault-bounded terranes that make up much of

the basement rock of New Zealand (e.g., Bradshaw, 1989).

2.4.1 Basement terranes of the South Auckland region

The South Auckland volcanic field developed upon Triassic to Tertiary period
sedimentary rocks ubiquitous in the South Auckland region. The basement of the region
comprises two distinct terranes that represent contrasting sedimentary lithofacies. The
Murihiku Terrane is predominant west of the Drury Fault, and underlies most of the
SAVF. The Waipapa Terrane extends from the eastern margin of the SAVF east to the
Firth of Thames (Mortimer and Smith-Lyttle, 2001) (Fig 2.5).

The Murihiku Terrane

The Murihiku Terrane (MT) is a 9 to >15 km thick sequence of volcanic epiclastic
detritus and tuffs (Ballance and Campbell, 1993). Lithologies of the MT are moderately
fossiliferous and include predominant marine siltstones, sandstones, and mudstones with
subordinate conglomerates and minor argillite, greywacke, and andesitic to rhyolitic vitric
and crystal tuffs (Schofield, 1976, 1988; Middleton, 1993). The MT developed within a
forearc basin at the eastern margin of Gondwanaland associated with a convergent arc-
trench system (Sporli, 1978; Middleton, 1993). Ballance and Campbell (1993) determined
that deposition began prior to mid Triassic time and the youngest rocks were deposited in
the late Jurassic. However, based on fission track age data Kamp and Liddell (2000)
concluded that deposition of volcaniclastic sequences continued into the Cretaceous (e.g.,
100 Ma). The sediments have undergone low-grade metamorphism and subsequent
deformation resulting in large, open, regional-scale anticlines and synclines (Bradshaw,
1989; Kamp and Liddell, 2000). Formations that comprise the MT crop out as a north-
trending belt at the southwestern margin of the SAVF (Fig. 2.4).

The Dun Mountain Ophiolite Belt (Maitai Terrane) separates the MT from the Waipapa
Terrane (Mortimer and Smith-Lyttle, 2001). Field evidence suggests that Maitai Terrane
rocks are not exposed in the SAVF, although they have been detected geophysically in
the subsurface as the Junction (Stoke’s) Magnetic Anomaly (Hatherton and Sibson, 1970;
Hunt, 1978; Hatherton et al., 1979).
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Fig. 2.5 Geological map of part of the South Auckland Region illustrating the Murihiku and Waipapa Terranes relative to the South Auckland volcanic field
(adapted from Rosenberg, 1991). The Drury Fault separates the Murihiku Terrane, which crops out southwest of the SAVF, from the Waipapa Terrane located east
of the Fault (see Mortimer and Smith-Lyttle, 2001, for the regional distribution of each Terrane). The faults in the southern part of the map (e.g., Pukekawa Fault)

are adapted from Waterhouse (1978).
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The Waipapa Terrane

The Waipapa Terrane (WT), with a minimum thickness of 6 km (Schofield, 1976),
represents a sequence of Triassic-Jurassic, mainly volcaniclastic sediments dominated by
abundant mudstones (Waterhouse, 1978; Middleton, 1993). The WT developed as an
accretionary prism having an intra-oceanic volcanic-arc origin (Middleton, 1993). The
rocks have been tightly folded and faulted and crop out as a north-trending belt at the
eastern margin of the SAVF (Fig. 2.5).

The original geographic relationship between the Murihiku and Waipapa terranes is
unknown. However, Ballance and Campbell (1993) determined that part of the Murihiku

Terrane’s deformation history includes suturing to “adjacent terranes”.

2.4.2  Orogenic events affecting the South Auckland region

The Rangitata Orogeny

During the late Jurassic, the transition observed in the Murihiku Terrane, from the
alternating sequences of geosynclinal (forearc basin) marine deposits to predominantly
terrestrial sediments, is associated with the beginning of the Rangitata Orogeny
(Waterhouse, 1978). The Rangitata Orogeny represents a main period of fault activity
affecting the crustal structure of the South Auckland region. Horizontal compression was
dominant during the Rangitata Orogeny (Schofield, 1976). The sediments were thrust
westward resulting in major north-striking faults such as the Wairoa and Drury Faults
(see Fig. 2.3). These faults are subparallel to the north-northwest regional strike of the

Murihiku Terrane.

Following the Rangitata Orogeny, New Zealand separated from Gondwanaland,
eventually becoming part of the eastern margin of the continental Indo-Australian plate.
From late Cretaceous to the end of the Oligocene, oblique extension accompanied by
block faulting was the predominant fault style in New Zealand, marked by fault
reactivation and uplift during a major “tectonic pulse” in the late Oligocene (Weissel et
al., 1977, Sporli, 1980). During the late Cretaceous and Palaeocene, deformation
associated with the Rangitata Orogeny was followed by intense erosion of the uplifted
basement rocks. A regional unconformity separates the Murihiku and Waipapa terrane
basement rocks from Tertiary sedimentary rocks, marking this period of erosion. The

basal Te Pake Sandstone of the Murihiku’s Newcastle Group is the erosional remnant
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from this time and forms the basement of the region now occupied by the majority of the
SAVF (Waterhouse, 1978). This period of erosion was followed by renewed
sedimentation during the Tertiary Period, accompanied by continued extension-related

block faulting.

The Kaikoura Orogeny

The Kaikoura Orogeny, a predominantly tensional tectonic event, is dominated by block-
faulting, uplift, and fault reactivation (Brothers, 1975). The fault patterns observed in the
South Auckland region today were developed primarily during the main phases of the

Kaikoura Orogeny in the early-mid Miocene (Waterhouse, 1978).

During the Kaikoura Orogeny, Rangitata orogenic thrust faults were reactivated as high-
angle normal faults. Additionally, two opposing stress fields developed; a NE-directed,
principal horizontal stress believed to be a relic from the Rangitata Orogeny, and a NW-
directed, principal horizontal stress that developed during the Kaikoura Orogeny
(Schofield, 1978). Two distinct fault geometries developed in the South Auckland region
(Fig. 2.3). The region north of the Waikato Fault is dominated by high angle normal
faults (e.g., Waikato, Pokeno, and Waiuku Faults) that generally trend perpendicular to
the NNW-striking Drury Fault, forming a rectangular grid pattern (Schofield, 1976, 1988;
Sporli, 1980). In contrast, south of the Waikato Fault, NNE-striking high-angle normal
faults (e.g., Ponganui and Pukekawa Faults) truncate numerous smaller scale normal
faults at approximately 30° to 45° producing a distinct NNW- to ENE-striking rhombic
block-fault pattern (Waterhouse, 1978; Sporli, 1980). The rhombic geometry, described
by Sporli (1980), is interpreted to be the result of a “NNE directed transcurrent dextral
shear applied to normal faults associated with block faulting” produced during sporadic

Cretaceous deformation (Pilaar and Wakefield, 1978).

2.4.3 The influence of Tertiary deposits and water

The distribution of subsurface water throughout the SAVF had a major influence on the
eruption style at many of the centres. Magma interaction with groundwater reservoirs
resulted in phreatomagmatic eruptions and the subsequent formation of tuff rings and

maars.

Tertiary deposits — marine and estuarine sandstones and siltstones, volcanic deposits, and
unconsolidated terrestrial sediments — are widespread throughout SAVF and form a

relatively thin veneer (i.e., < 500 m) upon the basement rocks. A number of Tertiary
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formations have hydrogeological properties favourable for aquifer development (Bell et
al., 1991; Petch er al., 1991). Most of the phreatomagmatic centres are located in the
Manukau Lowlands, a down-faulted block north of the Waikato River, bounded on the
east by the Drury Fault and the Waikato Fault to the south, and infilled with Tertiary
sediments (Fig. 2.3). Rosenberg (1991) determined that some of the phreatomagmatic
centres north of the Waikato Fault are the result of magma interaction with the aquifer-
bearing Pliocene Kaawa Formation (Henderson and Grange, 1926), which occurs
approximately 100 to 200 m below the surface. Additionally, field observations indicate
that the Oligocene Ahirau Sandstone Member (Nelson pers. comm., 2000) of the Glen
Massey Formation in the Te Kuiti Group (White and Waterhouse, 1993) is probably an
aquifer-bearing strata. Evidence for this exists in the tuff deposit at Bombay Quarry

where clasts of Ahirau Sandstone occur throughout the deposit.

2.4.4 Tectonics and intraplate magmatism

The linear nature of the four volcanic fields in the Auckland province suggests a
correlation between intraplate magmatism and within-plate stress fields induced, to some
extent, by the Rangitata and Kaikoura orogenies. In addition, the structure of the
continental lithosphere and magmatic processes within the asthenosphere could act as
important tectonic and geochemical constraints in the petrogenesis and evolution of
magmas in tectonic environments such as the SAVF. For example, if faults originally
under compression during the Rangitata Orogeny were subsequently opened and
propagated as tensional faults during the Kaikoura Orogeny, as Schofield (1976)
suggested, then this would allow fracturing through the subcontinental lithosphere, thus
providing a triggering mechanism (e.g., decompression) required for mantle upwelling,
partial melting, and subsequent magma generation in the asthenosphere. This suggests
that intraplate stress fields and associated fault reactivation control the sites of alkalic
volcanism in the subcontinental lithosphere, although it does not provide an explanation
for the regular spacing of volcanic fields such as those observed in the Auckland

province.

Weertman (1971) proposed that magma in the asthenosphere could nucleate cracks in the
lithosphere provided that the lithosphere is in tension. Ascending magma could dilate and
propagate pre-existing near-surface fractures provided that magma fluid pressure exceeds
the least principal in situ stress component and the tensile strength of the country rock
(e.g., Spence and Turcotte, 1985; Cas, 1989). Spence and Turcotte (1985) determined that

magma-driven crack propagation through the lithosphere is limited by magma viscosity
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and assuming a constant rate of injection, calculated that propagation rates of up to
0.25ms™ for cracks up to 2 m in width are possible. In the case of the SAVF, the close
association between volcanic centres and tensional, tectonic-related faults indicates a
correlation between alkalic magmatism, tectonism, and the reactivation of lithospheric
shear zones. This tectonic regime allows for the rapid ascent of magma through the
lithosphere and upper crust to the surface without significant contamination, or

interaction with the crust''.

2.5 Spatial and temporal association of the North Island
intraplate fields

Duncan and McDougall (1989) argued that since 43 Ma the Indo-Australian plate has
moved northwards relative to a mantle-fixed reference frame. However, there is no spatial
or temporal evidence to suggest that volcanism in each province or field of the North
Island may be attributed to a stationary magma source (hot spot). Hot-spot volcanism of
the style attributed to the development of island chains, e.g., the Hawaiian Islands
(Duncan and Clague, 1985) or an age-progressive linear distribution of continental
intraplate volcanic fields, e.g., eastern Australia (Duncan and McDougall, 1989), requires
a progressive southward decrease in age of the individual volcanic fields of the North
Island. Although the oldest intraplate-derived deposits are found in the Kaikohe — Bay of
Islands field of the Northland province (~ 10 Ma), 150 - 250 km north of the Auckland
province, during the last 2.24 m.y. volcanism in each province has been coeval.
Furthermore, in the Auckland province the linear distribution of volcanism exhibits an
increasing age trend southward from the Auckland volcanic field to the Okete Volcanics
(see Fig. 2.2). This trend contrasts with the decreasing age trend that would be expected
from the northerly movement of the Indo-Australian plate passing over a stationary

mantle source.

Hodder (1984) proposed that the relationship between the linear nature and age trend of
the four volcanic fields in the Auckland province and the apparent direction of rifting of
the Hauraki Rift as evidence that these fields developed as a response to membrane
stresses (e.g., Turcotte and Oxburgh, 1976) associated with development of the Hauraki
Rift. Alternatively, Briggs et al. (1994) hypothesised that such an age trend may be a
response to the beginning of subduction related to the southerly propagation of the

converging Indo-Australian/Pacific plate boundary, southeast of the province.

"' The role of the continental lithosphere and crust in magma composition is discussed in Chapter 6.
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2.6 Models for North Island intraplate volcanism

A number of models have been proposed to explain: (i) the spatial distribution of the
intraplate fields of northern North Island, New Zealand, (ii) the geochemical
characteristics of the basaltic magmas that erupted within them, and (iii) the nature of the
mantle source regions from which these magmas were derived. These models are
summarised below to provide a context for comparison with the new model proposed in
this investigation for the South Auckland volcanic field'2. Each model generally has a

number of common features:

1. Two distinct magma types erupted in each field; silica-undersaturated alkalic and
less undersaturated subalkalic basalts'?.

2. Magmas were derived predominantly from an enriched OIB-like source region in

- the asthenospheric upper mantle within the low-velocity zone (LVZ) — located
beneath North Island at depths between 75 and 125 km (Mooney, 1970) — rather
than deep-seated mantle plumes. Available Pb isotopic data indicate that the
magmas are significantly less radiogenic than HIMU OIB.

3. Magma was generated as discrete batches, the result of progressive melting of
ascending mantle diapirs.

4. There is no geochemical evidence to suggest that crustal contamination occurred
on a large scale, although quartz xenocrysts and xenoliths from sedimentary
country rock have been identified in rocks from each field.

5. With the exception of the Whangarei-Puhipuhi field in the Northland Volcanic
Province, there is no geochemical evidence that suggests the source regions for
the intraplate basalts of North Island have been modified by convergent margin
processes despite their relative close proximity to mantle regions modified by
such processes. However, this has not been conclusively demonstrated for the
SAVF basalts.

2.6.1 Northland Volcanic Province — Kaikohe-Bay of Islands and Whangarei-
Puhipubhi fields

Heming (1980a) identified an overall temporal trend in basalt compositions in the
Whangarei-Puhipuhi field (WHP) marked by the initial eruption of small volumes of
alkalic basalts (i.e., alkali ol-basalts) followed by voluminous subalkalic (i.e., tholeiitic)
compositions. He concluded that this trend could result from the progressive melting of a
discrete mantle diapir beneath the field, rather than the fractional crystallisation of a

common parent magma. In contrast to the WHP, there is no temporal correlation between

'* Petrogenetic models for the SAVF are presented in Chapter 6.
"* The Ngatutura Basalts, located ~ 35 km south of the SAVF (Fig. 2.2), consists entirely of alkalic compositions (Briggs et
al., 1990).
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the alkalic and subalkalic basalts of the Kaikohe-Bay of Islands field (KBI). Based on (i)
this observation, (ii) the large range in ages for the KBI alkalic basalts (i.e., ~ 10 m.y.; see
also Smith et al., 1993), and (iii) the relatively large volume of magma erupted in the
KBI, i.e., ~ 15 - 20 km’, compared with the ~ 6 — 10 km® erupted in the WHP, Heming
(1980a, b) argued that there was probably more than one diapiric upwelling event beneath
the KBI. Despite the temporal differences in magma evolution between fields, Heming
(1980a) concluded that for each field the alkalic magmas represent relatively small degree
melts, i.e., ~ 4 %, which segregated at ~ 60 km depth, and that the subalkalic magmas
were derived by larger degrees of melting, i.e., 15 — 20%, which segregated at ~ 40 km
depth.

Heming (1980b) argued that the diapirs formed as the result of convection within a
mantle wedge behind an island arc and that the oldest volcanism in the Northland
Volcanic Province (i.e., ~ 10 m.y.) was due to mantle convection behind the NNW-
trending Coromandel Arc, in association with Pacific plate subduction beneath the
Northland Peninsula during the Miocene. In addition, Heming (1980b) proposed that the
relatively recent volcanism in the KBI, i.e., 1300 — 1800 years bp, is the consequence of
convection within the mantle wedge associated with the NNE-trending Taupo-Hikurangi
arc-trench system, adjacent to the Taupo Volcanic Zone approximately 400 km southeast
of the KBI. In an alternative hypothesis, Hodder (1984) used major and trace element
discrimination diagrams to argue that the KBI and WHP basalts have geochemical
characteristics consistent with continental rift magmatism. He concluded that the “recent”
lavas in these fields may be associated directly with the Hauraki Rift (see Fig. 2.2) and
that the “older” basalts may be linked either to a Miocene analogue to the Hauraki Rift or

a back-arc basin of a former island arc.

Huang ez al. (2000) identified distinct, spatially separate mantle sources for the KBI and
WHP fields, located at > 50 km and < 50 km depth respectively. They concluded that
although each source has similar Sr and Nd isotopic compositions, LREE abundances,
and relatively low LREE/HREE values, the KBI source was modified by “within-plate
processes” producing basalts with OIB-like trace element -characteristics and
comparatively large LILE/HFSE values and Pb isotopic ratios relative to those of the
WHP. In contrast, the WHP source was modified by processes associated with Pacific
plate subduction beneath the Coromandel Arc prior to the onset of intraplate volcanism,
i.e., 30 — 15 Ma. Lavas derived from this source have large negative Nb anomalies and Pb
isotopic ratios similar to those of TVZ and Kermadec Island Arc basalts (see also Gamble

et al., 1990, 1993). Huang et al. (2000) argued that the comparable REE characteristics of



Chapter 2 Geological Background 24

the KBI and WHP basalts suggest that each source had similar mineral assemblages
during melting and that their relatively low LREE/HREE values, i.e., La/Yb ~ 2.8 — 8.4,
indicate that melting took place at depths shallower than the garnet stability field (e.g., <
20 kbar; 60 km). Huang et al. (2000) estimated the degree of partial melting to be in the
range ~ 5 — 20 %, presumably the lower values referring to the alkalic and the higher
values to the subalkalic magmas, and at depths similar to those estimated by Heming
(1980a).

2.6.2 Auckland volcanic field

The Auckland volcanic field basalts exhibit an overall temporal compositional trend
comparable to that of the WHP (Heming, 1980a) marked by early eruptions of small
volumes of silica-undersaturated alkalic compositions (e.g., basanites and alkali ol-
basalts) followed by large volumes of less undersaturated subalkalic compositions (e.g.,
transitional and tholeiitic basalts). As with the WHP, Heming and Barnet (1986)
concluded that the range of compositions of the Auckland basalts is a function of the
degree of partial melting of a discrete ascending diapir and depth of melt segregation.
Huang et al. (1997) cited the relatively large Ce/Pb, Nb/Ce, and U/Pb values of the
alkalic magmas as evidence for a HIMU signature in their source. They suggested that
this signature could be the result of dehydration processes associated with the subduction
of oceanic crust into a relatively shallow region of the mantle (e.g., < 150 km), rather than
the influence of a deep-seated mantle plume. In addition, they argued that the HIMU
signature is relatively “young” and could evolve to HIMU OIB in 500 my. Huang e al.
(2000) argued that the similarity in isotopic compositions and OIB-like trace element
features exhibited by the KBI and Auckland rocks reflect similar enrichment processes,

i.e., subducting oceanic crust into the LVZ (see Huang et al., 1997).

As with the recent volcanism in the KBI field, Heming (1980b) argued that volcanism in
the Auckland field is the result of convection within the mantle wedge associated with the
NNE-trending Taupo-Hikurangi arc-trench system. However, noting the elliptical
boundary defined by the outer-most centres in the Auckland field and the tectonic
relationship between the ellipse and the Junction Magnetic Anomaly, Sporli and
Eastwood (1997) argued that the source for these volcanoes may be either (i) a small
elliptical mantle dome rising in the lithosphere where pressure release melting occurs in
the upper parts of the dome, or (ii) a flat elliptical area within the upper mantle where

decompression melting occurs due to extension-related tensional stresses.
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Huang er al. (2000) noted that because Sm/YD is sensitive to the presence or absence of
residual garnet, the relatively large values of Sm/Yb (i.e., 3.4 — 6.5) in the Auckland rocks
compared to those of the KBI (Sm/Yb = 1.1 — 2.4) is indicative that they were derived
from a garnet-bearing source, and therefore were generated at depths greater than those of
the KBI. Their model implies a spatial relationship between contrasting mantle source
regions for the KBI, WHP, and Auckland fields that allows relatively deep mantle-
derived intraplate magmas (e.g., the Auckland basalts) to rise to the surface unaffected by

shallow level subduction-related processes.

Huang et al. (1997) estimated that the degree of partial melting of the alkalic magmas
from the Auckland field ranged from 0.6 % — 4 %. They also determined that the melting
rates were relatively low, ie., 2 x 10° to 3 x 10* kg m™ yr', and suggested that the
peridotite matrix remained in the melt zone for a relatively long period, i.e., 0.5 — 1.0 my.
Heming (1986) argued that the progressive decrease in the incompatible trace elements
(e.g., Ba, Rb, Sr, and Zr) with increasing degrees of silica undersaturation is the result of
increasing degrees of partial melting of the mantle source rather than large-scale
fractional crystallisation of a common parent magma. However, Heming (1986) and
Huang et al. (1997) noted that some olivine fractionation must have occurred to account
for some of the more silica-undersaturated compositions. The degree of partial melting
for the subalkalic magmas in the Auckland field is not given in the studies mentioned
here but based on the estimates of Heming (1980a) for similar rock types from the KBI

and WHP, probably ranges up to 20%.

2.6.3 Okete Volcanics

The Okete volcanics are part of the Alexandra Volcanic Group (Briggs and Goles, 1984)
and spatially and temporally overlap subduction-related volcanics within the Group. As
with the other intraplate fields of northern North Island, Briggs and Goles (1984)
recognised a temporal change in the composition of the magmas erupted throughout the
field, from silica-undersaturated basanites and alkali ol-basalts to less undersaturated
hawaiites. They concluded that the decrease in silica undersaturation could be the result
of the progressive melting of ascending mantle diapirs. However, unlike the petrogenetic
models discussed for the Northland and Auckland fields, they argued that the progressive
depletion in compatible and incompatible trace elements concomitant with decreasing
silica undersaturation was the result of a combination of variable degrees of partial

melting, followed by fractional crystallisation, possibly under polybaric conditions.



Chapter 2 Geological Background 26

Briggs and Goles (1984) determined that the degree of partial melting ranged from 5 %
for the basanites to 15 % for the hawaiites, and the degree of fractional crystallisation
ranged from 5 % for the basanites to 25 % for the hawaiites, with olivine and
clinopyroxene the fractionating phases. Based on the relatively large values of (Ce/Yb)y
of the basanites [(Ce/Yb)n = 9.0 — 11.0] compared to those of the hawaiites [(Ce/Yb)y =
2.8 — 4.8] they argued that partial melting took place in the presence of residual garnet at
pressures > 20 kbar (e.g., > 60 km), the minimum pressure stability of garnet. The HREE
enrichment exhibited by the hawaiites indicates that with increasing degrees of partial
melting, garnet was completely consumed, within the limit of a garnet stability zone of

the upper mantle.

Briggs and Goles (1984) also noted that the positive €yg values of the Okete basalts

indicate that their source region had been recently enriched. Although the nature of the
enrichment process remains uncertain, Briggs and McDonough (1990) argued that the
OIB-like isotopic compositions and distinct incompatible trace element ratios (i.e., Ta/Yb
~ 1.6, TW/Yb ~ 2.5, Ba/La ~ 11, Ba/Nb ~ 10; see Briggs and Goles (1984) for trace
element data) ruled out subduction-related enrichment processes. Briggs and Goles
(1984) proposed that diapiric upwelling was the result of a convecting mantle wedge, but
that the distinct geochemical trends of the Okete basalts compared to those of the other
fields could be due to the relatively close proximity of their source to the TVZ where
mantle convection may be more vigorous than elsewhere. Briggs and McDonough (1990)
argued that the generation of the Okete magmas could have occurred within the
underlying continental lithospheric mantle at pressures > 20 kbar or at the base of the

lithosphere previously enriched by low-degree melts percolating upwards from the LVZ.

2.6.4 Ngatutura Basalts

The Ngatutura Basalts (Briggs et al., 1990) are characterised by their restricted range of
alkalic compositions, and unlike the basalts from the other fields, there is no apparent
time-related compositional trend. The Ngatutura Basalts consist of ne-hawaiite and
hawaiite lavas, each of which has OIB-like trace element characteristics (e.g., enrichment
in LILE, HFSE, and LREE). Although there is a strong overlap in major and trace
element compositions, the ne-hawaiites are slightly more differentiated than the
hawaiites. Collectively, there is a general trend of increasing incompatible trace element
concentrations with decreasing MgO contents. Because of this, Briggs et al. (1990)

argued that fractional crystallisation was the dominant magmatic process involved in the



Chapter 2 Geological Background 27

evolution of these lavas as opposed to variable degrees of partial melting, which would

result in the systematic decrease in incompatible element concentrations.

Briggs et al. (1990) argued that the relatively large (Ce/Yb)y values for the ne-hawaiites
(i.e., 12.8 — 14.6) and hawaiites (i.e., 9.8 — 11.7) and similar REE patterns on chondrite-
normalised plots indicated that garnet was a residual phase during the partial melting
required to produce their parental magmas. They concluded that the magmas were
derived from a LREE-enriched source in the LVZ. The nature of source enrichment for
the Ngatutura Basalts remains poorly understood. Briggs ef al. (1990) suggested that the
enrichment could have involved a MORB source metasomatised by low-degree, silica-
undersaturated melts ascending from the LVZ, a process similar to that inferred by Briggs

and McDonough (1990) for the Okete Volcanics,

Although the Ngatutura field lies ~ 300 km above the subducting Pacific oceanic
lithosphere, Briggs et al. (1990) found no geochemical evidence to suggest that the source
for the magmas was modified by a slab-related component. They concluded that
convection above the subducting slab probably carried slab-contaminated mantle down to
deeper levels that were transferred beneath the alkalic magma source region (75 — 120

km). They further argued that (p. 68):

“It is also unlikely that there was any upward migration of contaminated mantle
rising as plumes above the slab that extended throughout the mantle wedge.
Instead, the extent of slab-contaminated mantle must be confined to a more limited
region immediately overlying the subducted slab”.

2.6.5 South Auckland volcanic field

As with the petrogenetic models proposed for most of the other North Island intraplate
fields, Rafferty and Heming (1979) argued that volcanism in the South Auckland volcanic
field is characterised by the sequential eruption of relatively small volumes of alkalic
magma followed by larger volumes of subalkalic magma. They proposed that each
magma type could be derived from the progressive melting of a mantle peridotite diapir
ascending within the LVZ, and that the subalkalic magmas are the product of larger
degrees of partial melting than the alkalic magmas. Rafferty and Heming (1979) and
Heming (1980b) cited the relative depletion in the incompatible elements Ba, Rb, Sr, and
Zr in the subalkalic group lavas compared to those in the alkalic group as evidence for
this, and concluded that the lavas from each group are not related by a common

differentiation process.
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Unlike the models proposed for the WHP in Northland and Auckland fields, Rafferty and
Heming (1979) and Heming (1980b) concluded that the alkalic and subalkalic lavas
represent deep- and shallow-level differentiates respectively, each derived from distinct
parent magmas generated from discrete mantle diapirs. Alternatively, Hodder (1984)
argued that the South Auckland basalts have geochemical characteristics representative of
“contaminated” magmas having a rift association and proposed that this association is
possibly due to the positioning of the Hauraki Rift on top of a mantle swell that initiated
rifting and the onset of intraplate volcanism. However, Rafferty and Heming (1979) and
Heming (1980b) argued that melting for the alkalic magmas occurred at approximately 80
km depth (27 kbar), and based on the presence of megacrysts of the high-pressure phases,
olivine, clinopyroxene, and kaersutite, Rafferty and Heming (1979) concluded that the
alkalic magmas differentiated near their source. Because Rafferty and Heming (1979) and
Heming (1980b) considered the subalkalic magmas to be the result of relatively large
degrees of partial melting, they argued that the diapirs from which they were derived
originated lower in the LVZ. The onset of melting at such depths apparently provides the
time required for larger degrees of melting to occur as the diapirs ascend through the
mantle. The relative low density of such melts would allow them to rise further into the

lower mantle, thus segregating at between 30 and 45 km depth.

2.7 Summary

The South Auckland volcanic field is one of a number of spatially and temporally distinct
intraplate volcanic fields in northern North Island, New Zealand, that developed near a
convergent margin in association with the subduction of the Pacific plate beneath the
Indo-Australian plate. Intraplate volcanism commenced approximately 10 Ma in the
Kaikohe-Bay of Islands field of the Northland province and continued intermittently until
the recent eruptions in the Auckland volcanic field about 500 years ago. K-Ar age data
suggest that volcanism in the SAVF occurred between 0.51 and 1.59 Ma, although bore-
log data indicate that volcanic activity may have been coeval with the older fields (e.g., >

2 m.y.) to the south of the SAVF.

The geologic history of the South Auckland region dates to the mid Triassic to late
Jurassic. During this time, the basement rocks of the region — the Murihiku and Waipapa
Terranes — formed at the eastern margin of Gondwanaland. These terranes were
subsequently folded and faulted during the Rangitata and Kaikoura orogenic events
beginning in the late Jurassic. Although there is no good agreement as to the cause of the

onset of volcanism in the SAVF, or the other intraplate fields in North Island, a plausible
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scenario is that deep fractures in these terranes allow for the rapid ascent of mantle-
derived melts to the surface in the SAVF without significant contamination. In addition,
the fault geometry and distribution of the volcanic centres, either along or adjacent to
faults, in the SAVF suggests that much of the volcanism is structurally controlled. Many
of the faults in the region can be attributed to the main phases of the Kaikoura Orogeny in

the early to mid Miocene.

The models for intraplate volcanism in North Island suggest that generally two distinct
magma types, alkaline and subalkaline, erupted in each field. These magmas are derived
principally from an OIB-like source region in the low-velocity zone between 75 and 125
km depth and were generated as small batches from an ascending mantle diapir. These
batches ascended rapidly through the crust, erupting from numerous central vents that are
distributed over a wide area. This scenario is apparent in the SAVF, where approximately
100 predominantly monogenetic volcanoes erupted over a 300 km® area. Most models
infer that small volumes of alkalic magma erupted first, followed later by larger volumes
of subalkalic magma. However, K-Ar age data from the SAVF basalts indicate that there

is no temporal correlation among the various magma types erupted throughout the field.

The nature of volcanism in the SAVF (i.e., magmatic or phreatomagmatic) was
influenced by the hydrogeological properties of the Tertiary sediments deposited
throughout the South Auckland region, and by the localised fault style. Thirty-eight of the
100 centres are considered phreatomagmatic. The majority of the phreatomagmatic
centres are located in the Manukau Lowlands, an area dominated by down-faulted block
faults where aquifer-bearing Tertiary formations were preserved. The explosive eruptions
most likely occurred when small magma batches exploited crustal fractures until the
magma encountered and mixed with groundwater near the surface. Activity at the
magmatic centres was dominated by Hawaiian-style eruptions that produced relatively

thin lava flows and scoria cones.
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Chapter Three
Petrography of the SAVF Basalts

3.1 Introduction

Numerous petrological studies of basaltic lavas from continental intraplate volcanic
provinces (see Table 1.1; p.2) indicate that they are products of magmas that have
undergone a complex crystallisation history. Thin section analyses reveal that such lavas
have extremely variable petrography and show that complete, or near complete,
crystallisation is a feature common to most continental intraplate basalts. The variety of
phenocryst phases, e.g., olivine, pyroxene, feldspar, and relatively small quantities or
absence of glass in these lavas suggests that they were derived from magmas that

crystallised nearly continuously en route to the surface.

The data acquired from a petrographic investigation may contribute to a better
understanding of processes involved in the evolution of basaltic magmas and help
validate the results of models reliant on mineral chemical and geochemical data.
Generally, phenocrysts represent crystallisation during an early period of magma
evolution, whereas microphenocrysts, groundmass phases, and matrix material document
the final stages of cooling and crystallisation (Shelley, 1993). The presence of xenoliths
and xenocrysts not in equilibrium with their host rock suggest possible assimilation of
exotic material and by inference, modification in the geochemistry and mineralogy of the
host magma. Alternatively, the absence of this material may (i) be indicative of total
assimilation and consequently, significant magma contamination, or (ii) indicate that no
assimilation has occurred. Therefore, documentation of variations in the type and
abundance of megacrysts, phenocrysts, xenoliths, xenocrysts, and the groundmass phases,
together with their textural features is an important component of an integrated

petrological study.

Petrographic and whole-rock geochemical analyses'* indicate that a broad range of alkalic
basaltic lavas erupted throughout the South Auckland volcanic field. Based on these
differences the SAVF lavas can be divided into two groups. In this chapter, the lavas that
comprise each group are classified and a general petrographic description for each group

is given. Detailed petrographic descriptions of each lava type are given in Appendix 2,

" Whole-rock geochemistry is discussed in Chapter 5.
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with emphasis on the petrographic differences between the various lava types within each

group. These petrographic distinctions are supported by relevant modal mineralogy data.

3.2 Rock classification

The basalts of the SAVF examined in this investigation are classified based on their
CIPW normative compositions according to the classification scheme described in
Johnson and Duggan (1989). Normative composition criteria used for classification
purposes are summarised in Table 3.1. Based on these criteria the SAVF lavas are alkali
olivine-basalts (alkali ol-basalts), transitional basalts, hawaiites, olivine-tholeiitic basalts'’
(ol-tholeiitic basalts), quartz-tholeiitic basalts'® (qz-tholeiitic basalts), nephelinites,
basanites, nepheline-hawaiites (ne-hawaiites), and mugearites. CIPW normative

compositions for selected SAVF samples are given in Appendix 4, Tables A4.1and A4.2.

Table 3.1 Summary of normative mineralogy criteria for SAVF basaltic
rock classification (adapted from Johnson and Duggan, 1989). Normative
values are in volume %.

Rock type Normative mineral criteria

basanite > 5% ne, > 5% Ab, An/(An + Ab) > 50
nephelinite > 5% ne, <5% Ab, ne > Ic, An/(An + Ab) > 50
ne-hawaiite > 5% ne, <5% Ab, 30 - 50% An/(An + Ab)
mugearite < 5% ne, 10 - 30% An/(An + Ab)

alkali ol-basalt < 5% ne, An/(An + Ab) > 30

transitional basalt < 10% hy, An/(An + Ab) > 50

hawaiite < 10% hy, 30 - 50% An/(An + Ab)
ol-tholeiitic basalt ~ |> 10% hy without normative qz

qz-tholeiitic basalt  |> 10% hy with normative qz

ne, nepheline; hy, hypersthene, Ic, leucite; An, anorthite; Ab, albite; qz, quartz

The Johnson and Duggan scheme was used because its classification provides distinct
rock names for a range of mafic, intermediate, and felsic rock types, which reflects
variations in their whole-rock geochemistry and avoids confusion with rock types from
other tectonic associations. This contrasts with classification schemes such as TUGS (Le
Bas et al., 1986) and TAS (Le Maitre et al., 1989), or the nomenclature of Cox et al.
(1979), which group volcanic rocks into broad categories, e.g., basalt, trachybasalt, etc.,
based on their SiO, wt% vs. total alkalies (K,O + Na,O wt%) relationship. In addition,
the Johnson and Duggan scheme allows direct comparison of the petrology, mineralogy,
and major and trace element and isotope geochemistry between the SAVF basalts with

those from other intraplate fields that have used this scheme, e.g., 700 samples from

'* The ol-tholeiitic and qz-tholeiitic basalts from the SAVF contain Ca-rich clinopyroxene phenocrysts together with olivine
in the groundmass. These features contrast those of the tholeiitic basalts defined by the TAS classification scheme (La
Maitre er al., 1989), which contain Ca-poor pyroxene phenocrysts and no olivine in the groundmass.
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intraplate fields in the North Island, South Island, and the Sub-Antarctic and Chatham

Islands, New Zealand, and 2700 samples from the intraplate provinces of eastern

Australia (see Johnson, 1989, for a summary of these data).

3.3 SAVF rock groups

The SAVF basalts have been previously categorised by Rafferty and Heming (1979) as
members of either an alkalic or subalkalic group. Rocks were assigned to their respective
group based on their location in the SiO; vs. total alkalies plot, as defined by MacDonald
and Katsura (1964) and Irvine and Baragar (1971).

In recognition of the notable differences in petrography, normative mineralogy, and
geochemistry exhibited by the SAVF basalts, they may be divided into two new groups
(A and B). Group A consists of alkali ol-basalts'®, transitional basalts, hawaiites, ol-
tholeiitic basalts, and qz-tholeiitic basalts. They tend to be hypersthene normative (except
for the alkali ol-basalts) and have subalkalic compositions and petrographic features
similar to rocks in the subalkalic group of Rafferty and Heming (1979). Additionally, the
group A rocks are distinguished from those in group B by their relatively small high field
strength elements (HFSE) abundances, e.g., Nb (9 — 29 ppm) and Zr (97 — 219 ppm).

The group B rocks consist of alkali ol-basalts, nephelinites, basanites, ne-hawaiites, and
mugearites. Group B rocks tend to be nepheline normative (except for the mugearites)
and have alkalic compositions and petrographic features similar to rocks in the alkalic
group of Rafferty and Heming (1979). Furthermore, the group B rocks have
comparatively large HFSE abundances, e.g., Nb (35 — 102 ppm) and Zr (194 — 491 ppm).
Normative mineralogy compositions and Nb and Zr abundances for groups A and B are
summarised in Table 3.2. Generalised petrographic descriptions for each rock group are
given in section 3.5.

Table 3.2. Summarised normative nepheline and hypersthene compositions and Nb and Zr abundances for
each group A and B rock type, South Auckland volcanic field.

Group A Group B
Rock type  trans aob haw ol-th qz-th bas neph ne-haw  mug aob
nepheline - 02-32 - - - 51-176 141-230 24-207 - 02-47
hypersthene 2.5 - 9.8 - 0.1-96 10.1-21.6 48-242 - - - 1.1
trace elements (ppm)
Nb 10-23 16-29 9-23 9-26 10- 19 38-80 55-102 54-89 35 35-65
Zr 97-194 130-219 110-198 103-151 124-154| 194-436 281 -469 315-491 253 238-410

trans = transitional basalts; haw = hawaiites: ol-th = ol-tholeiitic basalts; qz-th = qz-tholeiitic basalts; bas = basanites; neph
= nephelinites; ne-haw = ne-hawaiites; mug = mugearites: aob = alkali ol-basalts

'® The alkali ol-basalts have been divided into each group based on their contrasting geochemical and petrographic
characteristics.
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3.4 Definition of terms

The terms megacryst, phenocryst, microphenocryst, and microlite are used to describe the
relative size of the principal mineral phases and groundmass crystals in the SAVF basalts.
Since megacryst, phenocryst, microphenocryst are not formally defined (Shelley, 1993),
in this study megacrysts are > 1.5 mm, phenocrysts are 500 um — 1.5 mm, and
microphenocrysts are 100 um — 500 pm in length along their longest axis when viewed in
thin section. Microlites, primarily needle-like crystals of plagioclase and apatite in the
SAVF rocks, generally range up to 100 wm. The terms lath and tabular (see MacKenzie et
al., 1982, p.20) generally apply to groundmass clinopyroxene and plagioclase. However,
some group A lavas contain tabular plagioclase phenocrysts and microphenocrysts, and

microphenocryst-sized laths of clinopyroxene occur in many group B lavas.

3.4.1 Megacrysts

Many group A and B lavas contain olivine and clinopyroxene megacrysts. Shelley (1993)
suggested that most megacrysts are actually xenocrysts that are in disequilibrium, both
geochemically and texturally, with their host magma. However, based on textural
evidence that suggests crystal-host rock equilibrium and electron microprobe analyses,
which often show similar compositions among megacryst and phenocryst populations
within the same sample, many megacrysts in the SAVF basalts appear to be crystals that

are merely larger versions of their phenocryst-sized counterparts.

3.4.2 Xenocrysts

The apparent state of equilibrium of a number of megacrysts in the SAVF samples
suggests they had sufficient time to grow into large crystals, e.g., > 3 mm. Alternatively,
these “megacrysts” could be cognate material (xenocrysts) related to the same cycle of
magma generation as the erupted magma. It is, however, difficult to make this distinction
in some SAVF samples. In contrast, Sanders (1994) cited the resorbed crystal margins
(e.g., rounded sponge-like boundaries) in contact with the host magma as textural
evidence for a xenocrystic origin for many of the larger olivine crystals observed in some

ne-hawaiite and basanite lavas in the SAVF.
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3.4.3 Xenoliths

The SAVF lavas often contain xenoliths (up to 7 mm) that may be completely exotic
material (e.g., country rock) ripped off conduit walls, or restite material from a mantle
source region. Rafferty (1977), Rafferty and Heming (1979), and Rosenberg (1991)
observed quartzose and feldspathic xenoliths in most SAVF rock types. Sanders (1994)
determined that the ultramafic xenoliths in SAVF lavas, observed principally in samples
from the group B rocks, are derived from an upper mantle source. He cited the presence
of orthopyroxene phenocrysts and olivine megacrysts that displayed metamorphic

textures (e.g., kink-bands) as evidence for their mantle origin.

3.5 Petrography and modal mineralogy

General petrographic descriptions for the group A and B rocks and modal mineralogy are
summarised in Table 3.3 and presented in sections 3.5.1 and 3.5.2 respectively. Detailed
petrographic descriptions for each rock type from groups A and B, together with the
modal abundance of each phenocryst phase'’, major groundmass phases, and vesicles of
selected samples are given in Appendix 2 sections A2.1.1 to A2.1.5 for the group A rocks
and A2.2.1 to A2.2.5 for those in group B. Modal mineralogy data for each sample from
each rock type from groups A and B used in this investigation are given in Appendix 3,

Tables A3.1 and A3.2 respectively.

3.5.1 General petrographic descriptions of the Group A lavas — alkali ol-basalts,
transitional basalts, hawaiites, ol-tholeiitic basalts, and qz-tholeiitic basalts

Hand specimens of the group A lavas typically range from light to medium grey, tend to
be relatively coarse-grained, and slightly to moderately vesicular. Generally, vesicles tend
to be small, e.g., << 1 mm, although larger vesicles occur in some samples, but they are
usually a minor component of the total rock volume. Olivine megacrysts and phenocrysts
are conspicuous and range up to 3 mm. Feldspar and clinopyroxene phenocrysts are less

apparent. Xenocrysts and xenoliths are rare.

In thin section, olivine megacrysts and phenocrysts are generally subhedral and
frequently skeletal and embayed. Although large crystals may form at low rates of

undercooling (Shelley, 1993), a large number of these crystals in the SAVF basalts have

"7 The term “phenocrysts” collectively includes megacrysts. phenocrysts, and microphenocrysts, when referring to the
modal mineralogy of specific rock types or groups.



Table 3.3 Summarised petrographic characteristics and modal abundances of the main phenocryst and groundmass phases of each group A and B rock type, South Auckland volcanic field.

Group A Group B

Rock type Alkali Transitional Hawaiites Ol-tholeiitic Qz-tholeiitic Alkali Basanites Nephelinites Ne-hawaiites Mugearite

ol-basalts basalts basalts basalts ol-basalts

(n=28) (n=14) (n=29) (n=34) (n=4) (n=4) (n=33) (n=13) (n=9) (n=1)
Texture porph-glom porph-glom-vitro  porph-glom porph-holo porph-holo porph-hypo porph-glom porph-hyalo- porph-holo porph-holo

holo hypo-holo holo hypo-holo hypo
Phenocrysts/ ol(<1-15) ol (2-15) ol (2-17) ol (tr—-17) ol(<1-15) ol (3-13) ol (5-21) ol (6 - 16) ol (2-12) ol (18)
(modal cpx (< 1-8) cpx (tr—2) cpx (tr—10) cpx (tr — 8) cpx (< 1-3) cpx (4 -11) cpx (2-20) cpx (<1-5) cpx (tr — 10) cpx (4)
abundance) plag (<1 -12) plag (tr - 11) plag (tr - 21) plag (tr - 21) plag (tr - 2) plag (tr - 2) plag (tr) plag (nil) plag (tr) plag (3)

mag (< 1-4) mag (tr - 5) mag (tr — 7) mag (tr — 3) mag (tr) mag (tr) mag (tr - 2) mag (tr—1) mag (tr) mag (tr)

ilm (tr) ilm (tr) ilm(tr-1) ilm (tr - 2) ilm (tr) ilm (nil) ilm (nil) ilm (nil) ilm (nil) ilm (nil)
Groundmass coarse-grained fine to coarse fine to coarse medium- coarse fine to coarse coarse -grained  fine-grained coarse -grained fine to medium  course-grained
texture intergranular grained grained grained grained intergranular hyalopilitic- hyalopilitic- grained intergranular

hyalopilitic- intergranular intersertal- intergranular intersertal- intersertal- intersertal-
intergranular intergranular intergranular intergranular intergranular
poikilitic

Groundmass ol(2-5) ol (tr - 5) ol (tr-3) ol(2-9) ol(1-2) ol (6 -10) ol (tr — 8) ol (tr — 4) ol (nil - 2) ol (tr)
phases/ cpx (21 -39) cpx (13 -25) cpx (27 - 40) cpx (10 - 25) cpx (37 - 45) cpx (24 - 34) cpx (28 - 55) cpx (39-61) cpx (14 - 38) cpx (16)
(modal plag (49 - 69) plag (53 -69) plag (51 -63) plag (34 - 62) plag (48 — 53) plag (42 -59) plag (9 -52) plag (10 - 30) plag (35-61)  plag (74)
abundance) mag (2 -8) mag (3 - 10) mag (3 - 14) mag (2 -31) mag (tr - 3) mag (7 - 16) mag (10 - 25) mag (10 -19) mag (7 - 24) mag (3)

ilm (1 - 5) ilm (tr — 4) ilm (nil - 3) ilm (tr - 7) ilm (4 - 6) ilm (nil) ilm (nil) ilm (nil) ilm (nil) ilm (5)

apatite (tr — 2) apatite (nil) apatite (nil) apatite (nil) apatite (tr — 2) apatite (tr) apatite (tr) apatite (nil - tr) apatite (tr) apatite (tr)

carbonate (nil) carbonate (nil) carbonate (nil) carbonate (nil - 7) carbonate (nil —2) | carbonate (nil)  carbonate (nil)  carbonate (nil) carbonate (nil)  carbonate (nil)

glass (nil) glass (nil - 19) glass (nil) glass (nil - 51) glass (nil ) glass (nil — tr) glass (nil - 35)  glass (tr — 33) glass (nil - 22)  glass (nil )
Xenoliths nil nil present nil nil present present nil present nil

porph = porphyritic; glom = glomeroporphyritic; holo = holocrystalline; hypo = hypocrystalline; vitro = vitrophyric; ol = olivine; cpx = clinopyroxene; plag = plagioclase; mag = titanomagnetite; ilm = ilmenite; tr =

trace amounts observed; n = number of samples analysed
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textures that suggest a possible xenocrystic origin or derivation from disaggregated
olivine-bearing xenoliths. Evidence for this includes: (i) crystals that exhibit
disequilibrium textures, e.g., crystal margins partially sheathed with clinopyroxene grains
and microphenocrysts (Helz, 1987; Aspen et al., 1990), and (ii) crystals that indicate
partial melting or partial dissolution has occurred, or a mantle origin, e.g., deeply incised,
rounded embayments with severely corroded margins or kink-band metamorphic textures
(Tsuchiyama, 1986; Shelley, 1993).

Some of the larger olivine crystals in the alkali ol-basalts and ol-tholeiitic basalts have
relatively large angular cavities imparting a shattered appearance. Pearce et al. (1987) and
Shelley (1993) suggested that olivine phenocrysts may “shatter” during an eruption due to
rapidly expanding gas or magma trapped in the crystal. In addition, olivine from each
rock type often exhibits iddingsite or bowlingite alteration depending on the state of
oxidation. In some samples each form of alteration was observed, which varies from
slight alteration along rims and fractures to completely altered crystals, especially
microphenocrysts and groundmass crystals. Occasionally, phenocrysts occur with
interiors extensively altered to iddingsite and unaltered rims suggesting that they have
been overgrown by fresh olivine (Shelley, 1993). Some phenocrysts are compositionally
zoned. These zones can be identified optically by abrupt changes in interference colours
between the crystal’s rim and adjacent core'®. Crystals in many samples, especially those
from the alkali ol-basalts, transitional basalts, and hawaiites contain, < 50 um, blocky Cr-

titanomagnetite inclusions'”.

Clinopyroxene is generally subhedral, colourless, pale green, or pale greenish brown to
light brown. Some crystals in the alkali ol-basalts and transitional basalts have strong
purple margins, indicative of relatively large Ti contents (Deer et al., 1992). Margins such
as these are commonly observed in the titaniferous clinopyroxenes in most group B rocks
but are uncharacteristic for the majority of clinopyroxenes in the group A rocks.
Occasionally, phenocrysts have irregular margins, some with rare aegerine-augite rims,
and partially resorbed interiors, indicative of crystal-melt disequilibrium (Shelley, 1993).
Many megacrysts and phenocrysts contain relatively small, e.g., < 50 pum, titanomagnetite
inclusions, rare Cr-titanomagnetite inclusions, and other unidentified opaque and clear
inclusions. In many crystals, the great abundance of these inclusions results in a sieve-

textured core. Orthopyroxene was not observed in thin-section in any group A samples.

'® Large numbers of olivine phenocrysts in the group A rocks are compositionally zoned. However, such zoning is not
commonly observed in thin section and is detectable only by electron microprobe analyses (see section 4.4.2 for details).

'% Cr-titanomagnetite, in the ulvospinel-chromite series, was identified by electron microprobe analyses (see sections 4.3.1
and 4.3.2 for details).
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Plagioclase typically occurs as relatively large prismatic phenocrysts and less frequently
as tabular microphenocrysts. Megacrysts are rare. Variations in crystal size, shape, and
density suggest variations in nucleation, growth, diffusion, and cooling rates (e.g., Marsh,
1988; Cashman and Marsh, 1988; Cashman, 1993). A minor number of phenocrysts and
microphenocrysts, especially those in the alkali ol-basalts and hawaiites, have distinct
marginal zones or oscillatory zoning, possibly the result of crystal recycling or magma
mixing (e.g., Nixon and Pearce, 1987; Pearce et al., 1987). Some phenocrysts have
partially resorbed cores mantled with “fresh” plagioclase. These features are analogous to
those described by O’Brien et al. (1988) for clinopyroxene xenocrysts, considered to be
the result of magma mixing. Plagioclase in all samples contains small (e.g., < 20 um)

apatite inclusions.

Olivine, clinopyroxene, and plagioclase phenocrysts and microphenocrysts often occur in
monomineralic and polymineralic glomeroporphyritic clusters up to 6 mm across. Olivine
clusters are often composed of rounded subhedral or anhedral phenocrysts and
microphenocrysts that may consist of as few as four crystals. Clinopyroxene clusters
consist of assemblages of subhedral and anhedral phenocrysts and microphenocrysts that
are typically interlocked or intergrown resulting in gabbroic texture. Many of these
clusters have morphologies similar to those of non-euhedral olivine aggregates,
documented by Helz (1987) in Kilauea Iki lava lake formed during the 1959 eruption.
Helz (1987) attributed the formation of such aggregates to slow cooling during periods of
quiescence between eruption episodes. In contrast, other clusters have corroded margins
lined with opaque reaction products and crystals with partially resorbed interiors. These
features indicate crystal-melt disequilibrium and suggest a possible exotic origin or
derivation from a disaggregated, partially melted xenolith (Shelley, 1993). Plagioclase
clusters often consist of aggregates of radiating prismatic crystals. Clusters of this nature

are generally restricted to the group A lavas.

Groundmass textures range from relatively fine- to very coarse-grained, and vary from
hyalopilitic to intersertal to intergranular. All phases that occur as phenocrysts and
microphenocrysts occur in the groundmass. Plagioclase is ubiquitous in all samples with
subordinate clinopyroxene and minor titanomagnetite and ilmenite. Olivine is generally
present in minor amounts and is often completely altered to iddingsite. Granular and
skeletal opaques, apatite microlites, and rare sulphide minerals, are additional

groundmass phases.

Patchy areas, veins, and amygdales of secondary minerals such as zeolites, chlorite, and

carbonate occur in many samples. In addition, a large number of samples have areas
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containing clots of granular clinopyroxene, interpreted as partially or completely resorbed
quartzose xenoliths (or xenocrysts). Partially resorbed quartz, feldspar, olivine, and
clinopyroxene xenoliths (or xenocrysts) commonly with reaction rims of granular

clinopyroxene occur in minor amounts. Fresh glass is rare.

3.5.2 General petrographic descriptions of the Group B lavas — basanites,
nephelinites, ne-hawaiites, alkali ol-basalts, and mugearites

Hand specimens of the group B rocks range from dark grey to black, are typically slightly
vesicular, and have textures that range from very fine-grained to relatively coarse-
grained. All group B rocks are finer-grained than those in group A. Vesicles tend to be
small, e.g., << 1 mm in diameter. Some larger vesicles are filled with zeolite or
carbonate. Olivine megacrysts and phenocrysts are conspicuous and often range up to 3
mm across. In some samples, olivine is altered to iddingsite. Pyroxene phenocrysts are
identifiable in some of the coarser-grained samples. Xenocrysts and xenoliths are rare,

observed only in basanite and ne-hawaiite samples.

In thin section, the group B lavas are porphyritic and generally contain few vesicles.
Crystallinity ranges from hyalocrystalline to hypocrystalline to holocrystalline. The main
mineral phases are olivine and titaniferous clinopyroxene. Plagioclase and the Fe-Ti-

oxides are generally restricted to the groundmass.

Olivine is the predominant phenocryst phase in each group B rock type, commonly
occurring with subordinate clinopyroxene. Phenocrysts are typically euhedral or
subhedral 6-sided crystals that are often embayed. Olivine megacrysts occur less
frequently than in the group A lavas, and are either subhedral or elongate, typically
embayed, and often skeletal. In most samples, a large number of phenocrysts have
textures indicative of crystal-melt disequilibrium similar to those observed in the group A
rocks. In addition, the group B olivines may also have partially resorbed interiors and
deeply incised corroded margins mantled by relatively thin, e.g., < 10 um, assemblages
that may include black devitrified glass, opaque granular crystals, and clinopyroxene

grains. As with the group A rocks, these features suggest a possible exotic origin.

Olivine phenocrysts are commonly compositionally zoned, identifiable in thin section by
contrasts in core-rim interference colours. However, most zones are identifiable only by
electron microprobe analyses (see section 4.4.2 for details). Iddingsite and bowlingite

alteration tends to be less extensive than in the group A olivines.
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Clinopyroxene is purplish-brown and titaniferous. Megacrysts and phenocrysts are rare.
Ti-clinopyroxene crystals are typically 6- and 8-sided microphenocrysts that often have
strong purple margins, indicative of comparatively large Ti contents in the rim relative to
the adjacent core (Deer et al., 1992). Occasionally, these crystals have complex
compositional zones, a feature that may be indicative of magma mixing (Clarke et al.,
1986; Helz, 1987; O’Brien et al., 1988). Prismatic phenocrysts and microphenocrysts
occur in some samples and are often the dominant crystal habit. These crystals are often

twinned and have distinct sector zones. Titanomagnetite inclusions® are common.

Many samples in each rock type, except mugearite, contain populations of clinopyroxene
crystals that have partially resorbed interiors with numerous opaque and clear inclusions
and groundmass-filled cavities resulting in sieve-textured cores surrounded by distinct
marginal zones. In addition, some samples contain bimodal populations of crystals with
partially resorbed interiors together with unaltered crystals, suggesting variable
crystallisation conditions. Orthopyroxene was not observed in thin-section in any group B

samples.

Plagioclase phenocrysts are rare and generally restricted to the alkali ol-basalts and the
mugearite sample (SA88). In other rock types, plagioclase is generally restricted to the

groundmass. Titanomagnetite occurs as rare, relatively small microphenocrysts.

All group B rock types contain either olivine and Ti-clinopyroxene monomineralic
clusters or polymineralic clusters of these minerals. All cluster types are less common and
typically much smaller than those in the group A rocks and generally occur in quantities
insufficient for the sample to be considered glomeroporphyritic. However, as with the
group A clusters, those in the group B rocks commonly have disequilibrium textures, e.g.,
corroded margins and occasionally kink-band metamorphic textures, which suggests

possibly exotic origin.

Olivine clusters generally occur as relatively open or skeletal aggregates that generally
consist of less than five crystals. In contrast to those in group A, olivine clusters in the
group B rocks typically consist of euhedral or subhedral 6-sided phenocrysts and
microphenocrysts often with glass trapped between crystals. These crystals often appear
to have parallel crystallographic axes, inferred from similar interference colours.
Schwindinger et al. (1983) and Schwindinger and Anderson (1989) suggested that

aggregates such as these form by synneusis — “the swimming together of crystals” in a

* Subsequent electron microprobe analyses indicated that some titanomagnetite inclusions are Cr-titanomagnetite (see
section 4.7.2 for details).
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liquid-rich magma®. Helz (1987) documented similar morphologies for olivine
aggregates in the Kilauea Iki lava lake. She argued that the aggregates formed in the
presence of abundant melt in Kilauea’s summit reservoir. Clinopyroxene clusters are
relatively small, e.g., < 2 mm across, and generally consist of fewer than six euhedral to

subhedral microphenocrysts.

Groundmass textures range from very fine-grained to relatively coarse-grained and vary
from hyalopilitic to intersertal to intergranular. A number of samples show a combination
of these textures. All phases present as phenocrysts and microphenocrysts occur in the
groundmass. In many samples, these minerals occur in a devitrified glassy matrix.
Plagioclase is often abundant and the dominant phase in most basanites and alkali ol-
basalts, occurring as relatively thin laths, microlites, and interstitial pools. In contrast,
plagioclase is often absent or rare in some nephelinites and ne-hawaiites. Nepheline®
occurs as small, untwinned laths, and interstitial pools in each rock type except
mugearite. Potassium feldspar™ occurs in a minor number of samples, primarily in the

basanites, ne-hawaiites, and the mugearite, either as short laths or interstitial pools.

Titaniferous clinopyroxene is abundant and the dominant groundmass phase in a number
of samples, especially those from the nephelinites and ne-hawaiites. It typically occurs as
6-sided euhedral and subhedral crystals and also as relatively short laths often with

titanomagnetite inclusions.

Titanomagnetite is relatively abundant and ubiquitous in all lava types. Skeletal opaques
are less common but are abundant in some samples and commonly occur in areas
containing devitrified glass. Apatite and rare pyrrhotite are additional groundmass phases.
Patchy areas, veins, and amygdales of chlorite, carbonate, and smectite occur as
secondary phases. Some samples of each rock type contain patchy areas of dark brown

devitrified glass.

3.6 Discussion and summary

The South Auckland volcanic field lavas are divided into two broad groups (A and B)
based on differences in petrography and mineralogy that are marked by distinct

geochemical features. The group A lavas are predominantly subalkalic, hypersthene

*! The concept of synneusis suggests that two or more crystals, suspended in magma, become annealed to each other - with
parallel crystallographic axes. They subsequently continue to grow as a distinct crystal unit.

** In thin section, nepheline is commonly indistinguishable from plagioclase and is identifiable only by electron microprobe
analyses. Therefore its relative abundance in the groundmass is uncertain.

** In thin section, potassium feldspar is commonly indistinguishable from plagioclase and is identifiable only by electron
microprobe analyses. Therefore its relative abundance in the groundmass is uncertain.
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normative, and have relatively small Nb and Zr abundances. Rock types in group A
include; alkali ol-basalts, transitional basalts, hawaiites, ol-tholeiitic basalts, and qz-
tholeiitic basalts. In contrast, the group B lavas are typically alkalic, nepheline normative,
and have comparatively large Nb and Zr abundances. Rock types in group B include;

nephelinites, basanites, ne-hawaiites, alkali ol-basalts, and mugearite.

The group A lavas are typically coarse-grained and consist predominantly of the mineral
assemblage: olivine + clinopyroxene + plagioclase * titanomagnetite + ilmenite. The
group B lavas are comparatively fine-grained and consist of olivine + titaniferous
clinopyroxene. In addition to these distinctions, the lavas in each group exhibit variations
in the type, abundance, and textures of the main phenocryst phases (i) among the lavas
within each group, (ii) between samples of the same rock type, and (iii) frequently

between individual mineral phases within the same sample.

Perhaps one of the most important features of the SAVF rocks is the disequilibrium
texture exhibited by many olivine and clinopyroxene megacrysts, phenocrysts, and
microphenocrysts in samples from each rock type. Olivine, the dominant phenocryst
phase in each rock type, and clinopyroxene crystals often display textural evidence of
reaction with their host magma. Olivine may have rounded or corroded crystal margins.
These margins are often lined with opaque reaction products or mantled with

clinopyroxene crystals, indicative of olivine — melt disequilibrium.

Clinopyroxene phenocrysts and microphenocrysts, especially those in the group B rocks,
commonly exhibit resorption textures. In the group B rocks, many of these crystals have
distinct zones at their margins. These features may be indicative of magma mixing (e.g.,
O’ Brien et al, 1988), although complex compositional zoning was not readily observed
in thin section in the clinopyroxenes from the SAVF rocks. In addition, some samples
contain a bimodal population of clinopyroxene — those with and those without resorbed
interiors. Mixed populations such as these may be indicative of disequilibrium
crystallisation conditions and that clinopyroxenes crystallised near continuously as

magma ascended to the surface (Shelley, 1993).

The diverse textures of group A and B rocks represent crystallisation conditions that may
include disequilibrium crystallisation and varying degrees of undercooling, which in turn
affect variations in nucleation, diffusion and crystal growth rates. The minimum amount
of glass, common intergranular groundmass textures, and the absence of quench textures,
such as swallow-tailed plagioclase, indicates that the SAVF lavas probably ascended to

the surface at rates sufficient for near complete crystallisation to occur. However, the
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partially resorbed cores and distinct marginal zones in many clinopyroxenes from the
group B rocks suggest that complete equilibrium was not reached during crystallisation.
Shelley (1993) noted that this occurs most frequently during rapid crystallisation.
Additionally, the occurrence of skeletal olivine in a large number of samples suggests

higher degrees of undercooling for some magmas from each rock group.

The documentation of the type and nature of crystal clusters, xenocrysts, and xenoliths in
the group A and B rocks is important to the development of a practical petrogenetic
model for the SAVF magmas. Monomineralic and polymineralic clusters of olivine,
clinopyroxene, and plagioclase phenocrysts and microphenocrysts are common in many
samples from each rock type. The mechanism by which these clusters occur is uncertain.
However, many olivine clusters in the group B rocks are similar to those in Hawaiian
lavas considered by Helz (1987) to have formed by synneusis in liquid-rich reservoirs.
Alternatively, many glomeroporphyritic clusters may be cognate xenoliths. Their textures
often suggest crystal-melt equilibrium. Therefore, they may represent crystal cumulates
derived from the same or closely related magma. In contrast, some olivine and
clinopyroxene clusters exhibit textures indicative of a mantle origin, e.g., corroded
margins with reaction products and kink-band metamorphic textures. Although the
presence of xenoliths in some of the SAVF samples suggest that processes such as
fractional crystallisation may have played a limited role in their evolution, their
occurrence does not preclude fractionation prior to xenolith entrainment (Kempton et al.,
1987). Some phenocrysts with disequilibrium textures may have been derived from
disaggregated xenoliths. This suggests that xenolith melting or dissolution occurred and
by inference, partial xenolith assimilation (e.g., Tsuchiyama, 1986). Alternatively, the
absence of xenoliths in some samples suggest either total assimilation of all xenoliths or

that no xenoliths were incorporated into the magma during its ascent to the surface.

Some xenoliths are clearly exotic material. They commonly have quartz or
quartzofeldspathic compositions and have margins sheathed with reaction products such
as pyroxene. Clots of clinopyroxene grains are also observed in many samples, especially
those from the group B rocks. Although these xenoliths and clots are not apparently
abundant, their occurrence indicates that material of high silica content has been

completely or nearly completely incorporated into the melt.
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4.1 Introduction

The petrology of the South Auckland volcanic field consists of silica-undersaturated
basaltic lavas with compositions that range from basanite to qz-tholeiitic basalt. The main
phenocryst phases contained within these rocks include olivine, clinopyroxene, and
plagioclase feldspar. The main accessory minerals include nepheline, K-feldspar,
titanomagnetite, and ilmenite — occurring primarily as groundmass phases, and chromian

titanomagnetite — found predominantly as inclusions in olivine.

Rafferty and Heming (1979) described the mineral chemistry of a variety of the alkalic
and subalkalic rocks found in the SAVF and documented their diverse mineral chemical
characteristics. Rafferty and Heming (1979) also used plagioclase geothermometry to

constrain the range of temperatures over which the subalkalic lavas crystallised.

Building on the work of Rafferty and Heming (1979), new mineral chemical data from
over 1800 electron microprobe analyses are reported in this chapter. These data provide
quantitative mineral chemical information, which characterise the petrologic relationships
between group A and B lavas. The data are also used to characterise and constrain pre-
eruptive crystallisation conditions such as temperature, pressure, oxygen fugacity, and
mineral-liquid equilibria of the discrete magma batches that erupted throughout the

SAVF.

Volcanic fields in other continental intraplate tectonic environments commonly contain a
range of basaltic rock types similar to those erupted in the SAVF (e.g., Coombs and
Wilkinson, 1969; Duda and Schmincke, 1978; Frey et al., 1978; Briggs and Goles, 1984;
Ewart et al., 1988; Ewart, 1989; Weaver and Smith, 1989; Briggs et al., 1990; Zhi et al.,
1990). The distinctive geochemical features of these lavas are commonly attributed to one
or more of a range of magmatic processes combined with variable source characteristics.
As a component of an integrated petrogenetic model, precise analyses of mineral
compositions may be used to constrain the extent to which magmatic processes, such as
fractional crystallisation, may have been factors in the genesis and evolution of the

diverse range of magmas that erupted throughout the SAVF. This chapter presents an
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extensive mineral chemical database for each rock type from groups A and B that may be

used in petrogenetic models (see Chapter 6).

4.2 Methodology

Chemical compositions of phenocryst”, microphenocryst, and groundmass crystals from
26 group A and 26 group B rock samples were obtained using the University of
Auckland’s electron microprobe (see Appendix 5 for analytical procedures, operating
conditions, and precision estimates). All analyses are presented in Appendix 6, Tables

A6.1 to A6.39. Sample selection was based on the following criteria:

1. A minimum of three representative samples were chosen from each rock
type in groups A and B. Where possible, samples were chosen from a
range of geochemical compositions for each rock type, based on whole-
rock geochemistry, e.g., variation in 100Mg/(Mg + Fe2+)(wh0,e.mck) values,
spatial distribution, and age.

2. Each sample must contain relatively large modal abundances of
phenocrysts and microphenocrysts (modal analyses for each sample are
summarised in Appendix 3). Because one of the objectives of this
chapter is to characterise the crystallisation conditions of the mineral
phases, only unaltered euhedral and subhedral phenocrysts and
microphenocrysts were probed. These crystals are considered to have
core compositions that most likely represent equilibrium crystallisation
conditions.

4.3 Summary of mineral assemblages

4.3.1 Group A rocks

Forsteritic olivine, clinopyroxene, and plagioclase occur as phenocrysts in each group A
rock type; transitional basalt, hawaiite, ol-tholeiitic basalt, qz-tholeiitic basalt, and alkali
ol-basalt. A summary of the mineral assemblages and groundmass phases that occur in
each rock type is presented in Table 4.1. Generally, olivine (Fos,.s9) is the principal
mineral phase in all rock types from group A. Plagioclase (Ans;.3s) is dominant in a small
number of alkali ol-basalt, transitional basalt, hawaiite, and ol-tholeiitic basalt samples,

but is uncommon or absent in other samples of these rock types. The plagioclase in all

*As the relative size of megacrysts, phenocrysts, microphenocrysts, and groundmass crystals have not been formally
defined (e.g., Shelley, 1993), in this and subsequent chapters, the term “phenocryst” is used to refer to crystals that range in
size from megacryst (i.e., > 1.5 mm) to phenocryst (i.e., 500 um to 1.5 mm) unless specified otherwise (see section 3.4 for
details).
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rock types contains small (e.g., < 20 um) apatite inclusions. Clinopyroxene (Wo47.36Ens,.
16Fs37.11) is often subordinate to plagioclase, and is occasionally absent as a phenocryst
phase in a number of transitional basalt and ol-tholeiitic basalt samples. Titanomagnetite
and ilmenite are found principally as groundmass phases in the group A rocks, although
rare microphenocrysts of these minerals have been identified in samples from each group

A rock type.

Groundmass mineralogy is similar to that of the phenocryst assemblages — dominated by
either olivine (Fos.2,) or plagioclase (Ans,. 7). Clinopyroxene is often abundant but is
typically subordinate to olivine and plagioclase. Clinopyroxene compositions are
principally augite but range to pigeonite in some ol-tholeiitic and qgz-tholeiitic basalt
samples. Titanomagnetite is present in the groundmass of all rock types. Ilmenite is less
common and occurs primarily in the hawaiites and ol-tholeiitic basalts. Apatite is an

additional groundmass phase occurring as small, needle-like crystals.

True chromian spinel (Cr-spinel), in the magnesiochromite-chromite series (Deer et al.,
1992, p. 560), such as those described by Allan et al. (1988) for MORB-type lavas,
Dungan (1987) for hybrid tholeiitic basaltic lavas, Ewart (1989) for alkalic basaltic lavas,
and Clynne and Borg (1997) for primitive tholeiitic and calc-alkaline lavas, was not
identified in thin-section or by electron microprobe analyses in any of the group A rocks.
However, chromian titanomagnetite (Cr-titanomagnetite; in the ulvospinel-chromite
series) is relatively common in some of the transitional basalt, hawaiite, ol-tholeiitic
basalt, and alkali ol-basalt samples occurring principally as small (e.g., < 50 um)

inclusions within the cores of olivine phenocrysts.

Table 4.1 Summary of phenocryst assemblages and groundmass phases of group A rock types, South
Auckland volcanic field. Ph = phenocryst, Gm = groundmass, n = number of samples

Rock type n | Olivine Clinopyroxene Feldspars E;Z:Z;i te Ilmenite m‘g;; Inclusions
transitional 3 Ph: Ph: augite Ph: Ansp.61 Gm Gm Gm: Cr-titano-
basalt Fogo.76 Gm: augite Gm: Anyays apatite magnetite;
Gm: apatite
Fore.43
hawaiite 4 Ph: Ph: augite Ph: Any.50 Gm Gm Gm: Cr-titano-
Fos».61 Gm: augite Gm: Aneo.17 apatite magnetite;
Gm: Gm: rare apatite
Fosg.2, anorthoclase
ol- Il Ph: Ph: augite Ph: Ang.35 Gm Gm Gm: apatite
tholeiitic Fog,.so Gm: augite to Gm: Anyy.27 apatite
basalt Gm: pigeonite Gm: rare
Fore.n1 anorthoclase,
sanidine
qz- 3 Ph: Ph: augite Ph: Angg.ss Gm Gm Gm: apatite
tholeiitic Fog2.74 Gm: augite to Gm: Ange.31 apatite
basalt Gm:Fog, pigeonite
alkali S Ph: Ph: augite Ph: Anyie7 Gm Gm Gm: Cr-titano-
ol-basalt Foso.3 Gm: augite Gm: Anggo. i3 apatite  magnetite:
Gm: apatite
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4.3.2 Group B rocks

Olivine and titaniferous, Ca-rich clinopyroxene are the dominant phenocryst phases in
each group B rock type: basanite, nephelinite, ne-hawaiite, mugearite, and alkali ol-
basalt. All olivine is forsteritic (Fog,¢) and is the principal phenocryst phase in the
nephelinites, ne-hawaiites, and the only mugearite sample, SA88. Olivine is occasionally
subordinate to clinopyroxene (Wos,.42Engs.33Fs20.10) in the basanites and alkali ol-basalts.
Plagioclase (An;3.4) occurs as rare microphenocrysts, primarily in the alkali ol-basalts
and mugearite. The phenocryst assemblages and groundmass phases that occur in each

rock type in group B are summarised in Table 4.2.

Table 4.2 Summary of phenocryst assemblages and groundmass phases of group B rock types, South
Auckland volcanic field.

Ph = phenocryst, Gm = groundmass, n = number of samples. Ol = olivine, Cpx = clinopyroxene, Ti-mag =
titanomagnetite, Ilm = ilmenite.

Rock type n Ol Cpx Feldspar Felds- Ti-mag Ilm Minor | Inclusions
pathoid phases
basanite 13 Ph: Ph: Ph: Ang.eo Gm: Gm Gm: Cr-titano-
Fogs.es  diopside Gm: nepheline apatite  magnetite
Gm: Al'l%.ze
diopside Ors9.27
nephelinite S Ph: Ph: Ph: rare Gm: Gm Gm: Cr-titano-
Fosszo  diopside Gm: nepheline apatite magnetite
Gm: Al‘lsz.n
diOpSidC 0]'30.14
ne-hawaiite 4 Ph: Ph: Ph: rare Gm: Gm Gm:
Fosses  diopside Gm: nepheline apatite
Gm: Ango.2s
diopside Orsg.17
mugearite 1 Ph: Ph: Ph: Anys.40 Gm Gm Gm: apatite
Fosi.co  diopside Gm: apatite
Gm: Anes.gg
diopside Or3s.19
alkali 3 Ph: Ph: Ph: Ang>.s7; Gm: Gm Gm: Cr-titano-
ol-basalt Fog:es  diopside Gm: nepheline apatite  magnetite;
Gm: Ang3.2 apatite
diopside

Groundmass minerals are predominantly feldspar and clinopyroxene. A variety of
plagioclase species (Angg.26) is common in all rock types, though labradorite tends to be
the predominant composition. Some basanites, nephelinites, and ne-hawaiites and the
mugearite contain a broad range of feldspar compositions, from calcic plagioclase to
alkali feldspar compositions (Ory.14) in the series anorthoclase - high potassium sanidine.
Clinopyroxene crystals commonly have a restricted range of diopside compositions.

Apatite is an additional groundmass phase occurring as small needle-like crystals.

Nepheline occurs in samples from each rock type in group B except mugearite. However,
it is identifiable only by the use of the electron microprobe and therefore its relative
abundance in the groundmass is uncertain. Titanomagnetite is ubiquitous and abundant in

the groundmass of all group B rocks, and occasionally occurs as small (e.g., < 50 um),
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blocky inclusions in clinopyroxene and olivine. Ilmenite is notably absent in all group B

rock types, except mugearite.

As with the group A rocks, true Cr-spinel was not identified in any of the samples from
the group B rocks. However, Cr-titanomagnetite is relatively common occurring typically
as small (e.g., < 50 um) inclusions in the cores of olivine phenocrysts and to a lesser
extent, in the cores and along rims of titaniferous clinopyroxene phenocrysts and
microphenocrysts. Cr-bearing titanomagnetite (defined in this study as containing less
than 1 wt. % Cr,0s) occurs as discrete groundmass grains in some samples from each

group B rock type, except mugearite.

4.4 Olivine

Olivine is commonly the dominant phenocryst phase in all SAVF lava samples (see
Appendix 3, Tables A3.1 and A3.2 for complete modal analyses of all SAVF samples).
The abundance of olivine phenocrysts typically varies considerably between samples of
the same rock type (Table 4.3). Olivine crystals in each rock type within groups A and B
display a range of morphologies with individual samples generally containing a variety of
crystal forms and sizes that may reflect crystallisation at different degrees of subcooling
(e.g., Donaldson, 1976; Maalge, 1982; Helz, 1987). Generally, olivine occurs as rare
subhedral megacrysts, abundant subhedral phenocrysts and microphenocrysts, and
anhedral groundmass crystals in the group A rocks. In the group B rocks, olivine occurs
as rare subhedral megacrysts, abundant euhedral and subhedral phenocrysts and
microphenocrysts, and rare anhedral groundmass grains. In the most primitive group A
rock types (e.g., transitional basalts, hawaiite, and alkali ol-basalts) and all group B rocks,
except mugearite, some olivine megacrysts and phenocrysts contain inclusions of Cr-
titanomagnetite and rare granular titanomagnetite. Groundmass olivine is present in all
rock types, although it is more common in group A rocks, including the gz-tholeiitic

basalts.

Olivine phenocryst core compositions® span a relatively broad, continuous range that

varies from Fog, | to Fosg ¢ in group A, and Foy, g to Fosg ¢ in group B rocks (see Tables 4.1

* Olivine is generally very susceptible to alteration. Olivine crystals with iddingsite alteration along rims and crystal
margins are common in all SAVF rock types. Many rock samples contain crystals with cores that have iddingsite
overgrowth. Iddingsite can form at the vapour-rich top of a magma column prior to eruption, during post-eruptive deuteric
alteration, and possibly during post-deposition weathering (Shelley, 1993). However, samples selected for this study
generally contain large populations of unaltered-olivine. Therefore, only these crystals were selected for mineral chemistry
analysis.
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and 4.2). Rims and groundmass crystals range from Fosg 4 to Fo,; 3 in group A, and rims

in group B from Fos93 to Foy,9. Representative analyses of olivine from each rock type

in groups A and B are given in Tables 4.4 and 4.5 respectively (see Appendix 6, Tables
A6.1 to A6.5 and A6.20 to A6.24 for complete analyses). A histogram of 102 group A

and 122 group B olivine phenocryst and microphenocryst core analyses (Fig. 4.1)

illustrates the extensive overlap in the range of compositions between each rock group.

Table 4.3 Summary of the modal abundance of olivine phenocrysts and microphenocrysts in selected
South Auckland volcanic field basalts sampled from each rock type within group A and B lavas. Modal
abundances based on 1000 point counts. n = number of samples counted

Group A Group B
modal abundance modal abundance

Rock type max | min | mean n Rock type max | min | mean n

transitional 14.8 2.0 54 15 basanite 21.2 5.2 129 34
basalt

hawaiite 17.2 1.6 8.4 29 nephelinite 16.0 6.0 94 14
ol-tholeiitic 16.6 0.2 8.8 35 ne-hawaiite 12.0 2.4 5.6 11
basalt

qz-tholeiitic 14.8 0.8 89 4 alkali ol-basalt 13.0 0.8 6.9 4
basalt

alkali ol-basalt 14.8 0.8 7.6 7 mugearite 18.0 - - 1

Table 4.4 Representative electron microprobe analyses of group A olivines, South Auckland volcanic field.

n.d. = not detected. C = core, R

=rim.

Rock type alkali ol-basalt transitional basalt hawaiite ol-tholeiitic basalt gz-tholeiitic basalt
Sample SA17 | SA33 SA07  [SA13] SAB151 [SA20] SA36  [SABISI SA76
Analysis 140 141 1711 | 1904 1906 571 | 197 198 1879 800 80l 183 124 125 132
C R C C R C C R C C R C C R C
SiO. 3875 3574 36.70 | 38.74 35.17 39.27|39.31 34.89 39.70( 39.27 36.34 36.12 |39.53 38.34 38.50
AlLO, 0.28 - - - - - - 043 053 - 030 - - 029 -
Cr.0; n.d n.d n.d - 345 nd | nd nd - nd nd n.d nd nd n.d
"FeO 2346 37.22 3242 | 18.60 40.42 21.04f20.07 36.56 30.93| 18.35 38.12 33.36 |17.27 22.18 23.50
MnO - 042 050 | 026 0.22 - 1032 052 027]026 031 042 [0.26 0.27 032
MgO 3798 26.18 30.77 | 41.25 18.75 38.47|40.48 25.27 26.96{ 42.11 23.52 2890 [42.34 39.09 38.11
CaO 028 045 038 | 023 058 0.24] 024 038 024] 016 035 028 |021 020 0.27
Total 100.75 100.01 100.77[ 99.08 98.99 99.02/100.42 98.05 98.63/100.15 98.94 99.08 |99.61 100.37 100.70
Number of ions on the basis of 4 oxygen
Si 0.997 0.997 0.992 | 0.994 1.072 1.035|1.000 0.994 1.130] 1.000 1.040 0.998 |1.001 0.974 0.994
Al 0.008 - - - - - - 0014 - - 0.010 - - 0.009 -
Cr - - - - 0.138 - - - - - - - - -
Fe* 0.505 0.869 0.733 ] 0.399 1.030 0.464]| 0.427 0.871 0.736/ 0.391 0.912 0.771 ]0.366 0.471 0.507
Mn - 0.010 0.012 ] 0.006 0.006 - |0.007 0.012 0.006(0.006 0.008 0.010 |0.006 0.006 0.007
Mg 1.457 1.089 1.240 | 1.577 0.852 1.512[1.535 1.072 1.144]1.599 1.004 1.191 [1.598 1.481 1.466
Ca 0.008 0.014 0.011 [ 0.006 0.019 0.007) 0.007 0.012 0.007| 0.004 0.011 0.008 |0.006 0.006 0.008
End-member composition
Fo 743 553 625 | 796 451 765] 78.0 548 606| 80.1 522 604 |B8l.1 756 74.0

* Groundmass olivine was not analysed in the group B samples because these crystals occur predominantly in the
devitrified glassy matrix, characteristic of most group B samples. Electron microprobe analyses yielded spurious results as
glass composition was commonly incorporated into the results of the olivine analyses.
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Table 4.5 Representative electron microprobe analyses of group B olivines, South Auckland volcanic field.
n.d. = not detected. C = core, R = rim.

Rock alkali ol-basalt basanite nephelinite ne-hawaiite mugearite
type
Sample SAB207 SA54 | SABI79 ([SA27 SA28 SABI113 SA29 SA65 SA88
Analysis 1602 1603 1695 | 217 218 1336|1435 1436 238 154 155 1536 | 492 493 57
C R C C R C C R C C R C C R C
SiO, 39.46 37.58 36.27 |39.89 36.11 36.46]|37.69 35.72 37.99 |38.15 35.30 37.17 {39.68 39.51 36.40
AlLO; - - - - - 040 - - - - - - 0.28 0.60 -
Cr,0, nd. nd n.d. nd. nd nd | nd nd n.d. nd. nd nd |nd nd n.d.
FeO 14.94 30.72 30.07 |15.78 34.42 30.09]/24.54 3232 2549 |26.16 37.17 29.65 {17.61 18.99 34.36
MnO - 062 049 (022 058 082|032 094 043 046 098 043 - - 0.48
MgO 44.09 28.70 31.77 |43.80 28.03 30.76/36.35 29.32 35.29 |35.47 25.71 32.88 |42.11 40.89 28.76
CaO 0.19 120 040 | 024 0.57 043|040 0.61 0.52 038 0.57 032|024 024 041
Total 98.68 98.82 99.00 |99.93 99.71 98.96(99.30 98.91 99.72 [100.62 99.73 100.45]99.92 100.23 100.41
Number of ions on the basis of 4 oxygen
Si 1.004 1.057 0.988 |0.999 0.998 1.007]0.995 0.990 1.002 | 0.999 0.992 0.994 |1.007 1.006 0.996
Al - - - - - 0.013] - - - - - - ]0.008 0.018 -
Cr - - - - - - - - - - - - - - -
Fe** 0.318 0.723 0.685 |0.330 0.795 0.695/0.542 0.749 0.562 | 0.573 0.874 0.663 10.374 0.404 0.786
Mn 0.000 0.015 0.011 [0.005 0.014 0.019/0.007 0.022 0.010 |0.010 0.023 0.010] - - 0.011
Mg 1.672 1.204 1.290 [1.636 1.154 1.267|1.430 1.211 1.387 | 1.384 1.078 1.311 |1.593 1551 1.174
Ca 0.005 0.036 0.012 |0.006 0.017 0.013/0.011 0.018 0.015 [0.011 0.017 0.009 |0.006 0.006 0.012
End-member composition
Fo 840 620 649 |83.0 588 639|723 61.1 708 704 546 66.1 |81.0 793 59.5
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Fig 4.1 Range of forsterite content of olivine phenocryst and microphenocryst cores
from selected (A) group A and (B) group B lavas in the SAVF.
n = number of olivine cores analysed.
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Individual rock types within each group exhibit a diverse range of olivine phenocryst and
microphenocryst core compositions (Fig. 4.2). There is a noticeable difference in the
relative distribution of Fo contents between many of the different rock types. For
example, the ol-tholeiitic basalts (group A) and basanites (group B) have a larger
proportion of Fo-rich (e.g., > Foss) crystals than other rock types in their respective
groups. Additionally, some basanite and ol-tholeiitic basalt samples have populations of
comparatively small phenocrysts and microphenocrysts that tend to have relatively lower
forsteritic cores (e.g., < Foss). In contrast to the basanites and ol-tholeiitic basalts, the ne-
hawaiites have phenocrysts with core compositions that are predominantly less forsteritic

(e.g., < Foss) than those of the other group A and B lavas.

Olivine phenocryst compositions in the hawaiites (group A) span a similar range to those
in the ne-hawaiites (group B). This feature is analogous to the olivine compositions in the
hawaiite and ne-hawaiite lavas of the Ngatutura Basalts, New Zealand (Briggs et al.
1990). In contrast, the majority of olivine phenocrysts in the hawaiites and basanites have
notably dissimilar ranges of compositions, a feature comparable to olivine phenocrysts

from similar rocks in the Okete Volcanics, New Zealand (Briggs and Goles, 1984).

4.4.1 Minor elements MnO and CaO

Concentrations of the minor elements MnO and CaO in olivine cores from each rock type
in groups A and B generally show a negative correlation with forsterite content (Figs. 4.3
and 4.4). In group A, MnO increases to 0.50 wt. % as forsterite content decreases from
Fos, to Fosg, with all rock types showing considerable scatter (Fig 4.3A). In group B,
MnO shows a stronger correlation with Fo content increasing to 0.82 wt. % over the same
range of decreasing Fo content (Fig 4.3B). In a large number of olivines in basanites,
MnO increases weakly from 0.21 to 0.30 wt. % as forsterite contents vary from Fog, to
Fos9. In contrast, CaO increases markedly from 0.22 to 0.41 wt. % (Fig. 4.4B) for the

same change in Fo content.

Overall, the CaO concentration in olivine cores is highly variable, although there is a
crude trend of increasing CaO with decreasing Fo content (Fig 4.4). All rock types in
group A show considerable scatter over the range of CaO content 0.16 to 0.42 wt. % (Fig.
4.4A). CaO concentrations in olivines from group B rocks are scattered over the range
0.17 to 0.52 wt. % (Fig. 4.4B). Some nephelinite samples contain olivines that show a
negative correlation with Fo content along a trend subparallel to that of many phenocryst

cores in basanites.
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4.4.2 Olivine phenocryst zoning patterns

Olivine found in natural volcanic systems is generally compositionally zoned. Zoned
olivine crystals may be the result of either (1) temporal changes in magma composition
(i.e., crystallisation at decreasing temperatures, e.g., subcooling; Corrigan, 1982; Helz,
1987), or (2) the diffusive cation exchange of Fe**, Mg, Ca, and Mn ions between olivine
phenocrysts and basaltic melts (e.g., Watson, 1977; Maalge and Hansen, 1982; Jurewicz
and Watson; 1988b; Kohn and Schofield, 1994).

Normal compositional zoning is characteristic of most olivine megacrysts and relatively
large phenocrysts in all SAVF rock types. Generally, these crystals consist of
comparatively large, Mg-rich cores, and relatively thin, (e.g., < 150 pm) Fe-rich rims.
The rims are rarely prominent in thin-section, usually identifiable only by an abrupt
change in rim interference colour. Furthermore, in thin-section, phenocrysts do not
exhibit apparent textural features, such as distinctive alternating bands, that would
suggest they have complex compositional zoning such as those described by Clark et al.

(1986) for magmatic olivines.

Clark et al. (1986) demonstrated that fine oscillatory zones in olivine, indiscernible in
normal polished thin-sections, could be detected and subsequently analysed by using the
Nomarski imaging technique with HCl-etched surfaces of olivines in polished thin-
sections. Their study details relatively small changes in MgO (e.g., ~ 1 wt. %) and FeO
(e.g., > 2 wt. %) content over comparatively small distances (e.g., < 200 um) within a
crystal’s interior. Zones such as these may exist in the cores of phenocrysts of the
selected SAVF rock samples. Changes in Fo content of up to 4 mol. % Fo over several
hundred microns within phenocrysts cores were observed in a number of randomly

selected crystals.

Intricate compositional zones such as those described by Clark et al. (1986) may provide
important insights into an individual phenocryst’s complex crystallisation history.
However, such fine zoning in SAVF olivines is not the focus of this investigation. The
important observation in the SAVF olivines is the zoning defined by contrasts between
core and rim compositions. In each rock type, except the qz-tholeiitic basalts, the
decrease in rim Fo content, relative to adjacent cores, is often large, resulting in strong
compositional zones that are commonly the same width around the entire crystal. The
measured decrease in Fo content of phenocryst rims, relative to cores, typically exceeds
10% with averages between 5.5 + 0.9 and 14.0 £ 4.3% Fo in group A and 7.3 £ 4.4 to
15.6 + 8.8% in the group B samples, except for mugearite SA88 (Table 4.6). However,
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decreases as large as 43.1% Fo occur, with the strongest zoned phenocryst
(Fo%ys — Fo',) observed in transitional basalt sample SA07.
Table 4.6 Range of percent decrease of Fo content in rims relative to cores of normally zoned phenocrysts in

group A and B lavas. Max and min values were excluded from mean calculations to reduce bias potentially
caused by extreme values. n = number of core-rim pairs analysed. Mean values = + 1 standard deviation.

Group A Group B
Rock type % Fo dgcrease Rock type % Fo deprease
n | max | min | mean n_| max | min | mean

transitional basalt 10 43.1 2.1 10.1 £7.3 | basanite 47 29.0 0.4 11.0%59
hawaiite 11 295 84 140143 nephelinite 17 15.0 1.5 73144
ol-tholeiitic basalt 34 34.7 2.1 13.6 £ 8.4 | ne-hawaiite 8 224 3.1 109+25
qz-tholeiitic basalt 6 6.5 4.6 55+0.9 | alkali ol-basalt 11 26.5 0.9 156+88
alkali ol-basalt 12 25.4 47 12.0 £ 4.5 | mugearite 3 309 22 2410

Most rock types contain populations of relatively large phenocrysts that have strong,
normal compositional zoning, though some samples contain large phenocrysts that are
unzoned or weakly zoned (e.g., alkali ol-basalt; SAB188). In addition to these, small
unzoned to weak normally zoned crystals are widespread in all rock types and commonly
occur together with normally zoned crystals in individual samples. Reversed zoned
crystals occur in a number of samples, although they are rare and their zoning is always

weak, with rims typically < 2 mol. % Fo greater than the adjacent cores.

Some samples contain olivine phenocrysts with core compositions that vary only slightly
from crystal to crystal, and have similar core and rim compositions. These features are
indicative of olivine-liquid equilibrium (Helz, 1987). In contrast, other samples may
contain populations of olivine phenocrysts that have core-rim pairs that span a wide range
of Fo content, and similar core Fo contents but very different rim compositions. Each of
these features is characteristic of olivine-liquid disequilibrium, which may suggest that
for each magma batch erupted in the SAVF, olivine crystallised under a range of P-T-fo,
conditions (e.g., Maalge and Hansen, 1982). Alternatively, olivine-liquid disequilibrium
may be the result of magma mixing either prior to or during an eruption (e.g., Dungan,

1987; Helz, 1987).

Compositions of selected phenocryst cores and core-rim pairs for each rock type in
groups A and B are shown in Fig. 4.5. Phenocryst compositions are mainly between Fogs
and Foys for all samples (see also Fig. 4.2). Although not statistically proven in this study,
visual observations of probed crystals suggest that there is an apparent correlation
between crystal size and core composition. Crystals having Fo contents less than Fogs
tend to be comparatively small unzoned or weakly zoned phenocrysts or
microphenocrysts. These crystals generally have relatively homogeneous cores with
smaller Fo content than those of the larger phenocrysts that may occur in the same

sample.
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MnO and CaO zoning

A majority of olivine phenocrysts in the lavas from both rock groups are compositionally
zoned in the minor elements, MnO and CaO. Such zoning may provide information
regarding the evolution of magma systems during olivine crystallisation, especially the
importance of melt composition in controlling the partitioning of these elements between
olivine and its host magma (Watson, 1977; Jurewicz and Watson, 1988a; Kohn and
Schofield, 1994; Libourel, 1999). In both rock groups, most phenocrysts are reversely
zoned with rims richer in MnO and CaO than their cores. However, there is no obvious
correlation between core-rim MnO and CaO concentrations and the extent to which the
same crystals may be zoned relative to Fo content. Some crystals (predominantly in group
A lavas) are either unzoned or have relatively weak MnO and CaO normal zoning.
Additionally, the distribution of MnO and CaO between cores and rims is often complex
from crystal to crystal in a number of group A samples. For example, phenocrysts with
MnO-rich rims may have CaO-rich cores. Other phenocrysts may have MnO-rich cores
and CaO-rich rims (see Appendix 6, Tables A6.1 to A6.5 for these and other core-rim

combinations).

In contrast to group A olivines, olivine phenocrysts in most group B rock samples are
predominantly reversely zoned in MnO and CaO. Additionally, olivines in group B
samples tend to have larger contrasts between cores and rims in each of these elements
than their group A counterparts, with strong MnO and CaO core to rim enrichment trends
up to 0.62 wt. % MnO and 0.84 wt. % CaO in individual phenocrysts. The comparatively
large CaO enrichment in the group B phenocryst rims relative to those in group A rocks is
consistent with the observations of Stormer (1973) for olivines in highly alkaline,

undersaturated nephelinites and more siliceous Hawaiian tholeiites.

4.4.3  Olivine phenocryst — host rock relations

The rock samples used for mineral chemistry investigations in this study have whole-rock
compositions with 100Mg/(Mg + Fe**) values that range from 47 to 68, although the
majority of samples in both rock groups have values > 60 (Tables 4.7 and 4.8; p.59).
Generally, samples with values of 100Mg/(Mg + Fe*) > 60 tend to contain olivine
phenocrysts with core compositions in the range Fog, to Foss. In contrast, rock samples
with smaller 100Mg/(Mg + Fe®*) values, especially those in group B, commonly contain
olivine phenocrysts that are relatively less forsteritic (e.g., < Fos;) than their larger

100Mg/(Mg + Fe**) value counterparts. Overall, olivine phenocryst core compositions in
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group A and B rocks generally show a positive correlation with the whole-rock

100Mg/(Mg + Fe**) values of their respective host rock (Fig. 4.6).
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Fig. 4.6 Forsterite contents of olivine phenocryst cores vs. whole-rock 100Mg/(Mg + Fe?*) values in
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recorded for phenocryst cores in each sample (Fo,,; Tables 4.7 and 4.8). Filled symbols are the average
compositions of phenocryst cores from the same sample (Fo,,.,; Tables 4.7 and 4.8). Curves for

K

ol-melt
dpe- Mg

values 0.26, 0.30, and 0.36 are derived from the distribution coefficient equation of Roeder and

Emslie (1970), described in the text. Note: symbols for the group A rocks and group B alkali ol-basalt
and mugearite are different to those in Figs. 4.7 and 4.8.
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Table 4.7 Maximum and mean forsterite content for olivine cores in selected samples from each group A rock
type, and the corresponding host rock 100Mg/(Mg + Fe**) values. Partition coefficients, K, for Fe** and Mg are
derived from Eq. I in Roeder and Emslie (1970) and Ca from Eq. 13 in Libourel (1999), described in the text. n =
number of core analyses per sample. Mean values = + 1 standard deviation.

Group A
host rock
100& Kol—rnclt ol-melt
Rock type Sample n FOmax FOmen (Mg + Fe?*) dpe-vg T2DEC Kag, range
SA17 3 75.1 737+16 61 0.52-0.61 0.113-0.123
alkali SAL8 3 78.7 76.6+2.8 60 0.40 - 0.54 0.094-0.116
ol-basalt SA19 3 73.6 73.3£0.2 55 0.43-0.44 0.097-0.120
SA33 3 79.6 738+9.8 64 0.46 - 1.06 0.094-0.199
SAB162 4 71.9 71.5+0.2 53 0.44 — 0.45 0.078-0.124
" SA07 3 79.6 78.8+0.7 58 0.36 - 0.39 0.088-0.120
g:s";'t“""a‘ SA10 5 79.7 778415 61 0.40 - 0.48 0.101-0.164
SA13 5 79.7 77.9+25 64 0.45 - 0.63 0.088-0.143
SA20 3 69.1 643+4.4 54 0.53-0.78 0.146-0.189
hawaiite SA32 4 73.8 723469 63 0.60 — 0.85 0.120-0.227
SABI51 3 78.1 73.1+7.8 61 0.43-0.86 0.097-0.157
SAB163 3 722 70.6+2.2 51 0.40 — 0.48 0.105-0.128
SA36 7 80.5 77.0£4.2 61 0.38 - 0.68 0.071-0.142
SA80 3 80.7 77235 64 0.42-0.62 0.077-0.121
SAB152 3 79.4 782+ 1.7 63 0.44-0.52 0.095-0.105
SAB169 5 72.6 69.2+5.7 58 0.52-0.81 0.089-0.207
oltholeiitic  SABI70 6 80.3 79.1+ 1.0 62 0.40 - 0.47 0.089-0.131
basalt SABI71 7 78.5 73.1£36 61 0.44-0.78 0.122-0.142
SABI172 3 80.7 78.6+3.5 60 0.37-0.52 0.085-0.148
SABI173 5 79.6 72467 62 0.41-0.94 0.106-0.158
SAB174 7 80.6 76.6 2.2 62 0.39-0.57 0.091-0.155
SABI181 4 77.6 73.1+7.1 64 0.51-1.14 0.100-0.185
SAB187 3 80.5 68.4+11.1 65 0.46 - 1.34 0.109-0.202
qz-tholeiitic  SA76 3 813 788+ 4.1 59 0.33-051 0.087-0.131
basalt SA77 3 82.1 80.8 + 2.1 60 0.32-0.41 0.081-0.117

Table 4.8 Maximum and mean forsterite content for olivine cores in selected samples from each group B rock
type, and the corresponding host rock 100Mg/(Mg + Fe**) values. Partition coefficients, K, for Fe** and Mg are
derived from Eq. 1 in Roeder and Emslie (1970) and Ca from Eq. 13 in Libourel (1999), described in the text. n =
number of core analyses per sample. Mean values = + | standard deviation.

Group B
host rock
ﬂ ol-melt ol-melt
Rock type Sample n FOmax FOmean (Mg + Fe2t) K dpe-mg range ch:. range
SA2I 4 76.2 749+ 1.0 62 0.51-0.58 0.064-0.107
SA28 3 72.3 71.7+1.3 s3 0.43 - 0.48 0.095-0.115
nephelinite  SASI 5 717 76.1£0.9 56 0.36 - 0.42 0.049-0.088
SABI113 4 81.8 772453 64 0.39-0.71 0.055-0.169
SABI135 3 83.2 82.0+2.0 61 0.31 -0.40 0.049-0.069
SAB178 3 84.3 82.0+2.1 63 0.31 -0.42 0.065-0.079
SA02 4 78.3 757t 2.1 58 0.38 -0.49 0.052-0.096
B SA25 4 71.8 71.4£0.5 51 0.41 -0.43 0.085-0.113
ne-hawaiite g9 3 72.9 70.3 £ 2.6 48 0.35-0.44 0.072-0.128
SA65 6 68.1 67.3+0.7 47 0.41 - 0.45 0.077-0.141
SA12 4 82.9 819407 61 0.32-0.36 0.051-0.076
SA27 7 73.9 70.7 3.7 52 0.38 - 0.60 0.066-0.153
SA37 8 84.6 81.7+24 65 0.36 - 0.54 0.061-0.112
SAB102 4 83.0 81.8+1.2 62 0.33-0.39 0.055-0.077
SABI11 5 83.7 747452 63 0.33-0.71 0.072-0.106
basanite SAB128 4 80.1 77.1£3.2 63 0.42-0.63 0.064-0.124
SABI17S 7 85.2 79.7+4.9 65 0.32-0.71 0.052-0.130
SAB176 5 83.0 81.0+1.8 66 0.39-0.53 0.071-0.099
SAB177 7 84.5 81.7+2.2 64 0.32-0.47 0.066-0.093
SABI179 4 83.0 79.8+3.7 68 0.43-0.71 0.072-0.130
SAB180 3 84.6 82.8+1.6 66 0.36 — 0.45 0.083-0.084
SAB204 5 84.8 81.3+2.3 65 0.34 - 0.49 0.071-0.093
mugearite SA88 4 810  704+11.3 55 0.29 - 0.83 0.118-0.302
alkali SAS4 4 82.7 76.1£85 57 028-0.71 0.084-0.200
oL basalt SAB188 5 91.8 88.7+9.6 63 0.15 - 0.40 0.000-0.090
SAB207 7 84.0 77.1£5.1 64 0.34 - 0.80 0.062-0.156
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4.4.4 Olivine - liquid equilibrium

Magnesium and iron partitioning between olivine and host rock

Experimental studies by Roeder and Emslie (1970) show that the distribution coefficient
(K,), relating the partitioning of Mg and Fe** between olivine and a basaltic liquid, can be

estimated from the empirical equation

ol-melt _ (X,?Jo) (X)I;ii:o
d = L FOJ 7 MO~
e T XES) (XBho)

where X represents the mole fraction of FeO and MgO?. From their olivine-liquid
equilibrium experiments, Roeder and Emslie (1970) demonstrated that the distribution

coefficient that best represents the partitioning of Mg and Fe** between olivine in

equilibrium with most basaltic liquid compositions is KS'F'":" = 0.30. Their studies
e-Mg

however, also show that K, values for which olivine and liquid may coexist in
equilibrium range from Kf,:::‘= 0.26 to 0.36. These values have been reproduced in
subsequent experimental studies for a variety of natural and synthetic source
compositions (e.g., Cl chondrite, Sp-lherzolite, MORB-Pyrolite), e.g., Takahashi and

Kushiro (1983), Gee and Sack (1988), Kinzler and Grove (1992), Trgnnes et al. (1992),
Herzberg and Zhang (1996), Robinson et al. (1998). Collectively, these studies show that

K:’,L'"::‘ values principally range from 0.26 to 0.36 for pressures between 1 atm and 14
GPa. This pressure range encompasses that estimated by Heming (1980b) at which
melting occurred beneath the SAVF within the low velocity zone (i.e., 1.4 to 2.5 GPa).

Therefore, by comparing calculated Kf,';":" values for phenocryst core compositions in
- Mg

the SAVF samples with the “best fit” K° ™" = 0.30 curve of Roeder and Emslie (1970),

dFe -Mg

2+

phenocryst-host-rock pairs can be tested for equilibration with respect to Mg and Fe

partitioning.

Calculated distribution coefficients, K,'}'F""::' , for selected SAVF samples range from 0.32

to 1.34 for group A (Table 4.7) and 0.15 to 0.83 for group B samples (Table 4.8). In the

7 KSL:{':: can also be expressed in terms of the Mg/(Mg + Fe™) value of the liquid (Mg") and Fo content of olivine

Mg}, (1 - Fo)
crystallising in the liquid where K:}'F:'_';" = -g]"‘—"-
¢ Fo(l - Mg“q )
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group A rocks, the majority of samples contain olivine phenocrysts with Fo content
smaller than may be expected from their host rock 100Mg/(Mg + Fe*) value, inferred

from crystal populations where maximum Fo contents (Fon.,) and average core

compositions (FOpe,n) are smaller than those predicted by the Kf’,:f’:" = 0.36 curve (Fig.

4.6A). This suggests that the analysed phenocrysts, and by inference possibly most
phenocrysts in the sample, are poorly equilibrated. These olivines are comparable to those
from similar rock types (e.g., quartz and olivine + hypersthene normative basalts) from
eastern Australia (see Ewart, 1989; Fig. 5.3.1A; p. 198). Ewart (1989) proposed that the
occurrence of olivine insufficiently magnesian for their host rock 100Mg/(Mg + Fe**)
value could be due to the resorption of more forsteritic olivine that formed during early
crystallisation, olivine accumulation, or non-equilibrium crystallisation under subcooling

conditions. Only five samples contain olivines that plot within the range of equilibrium

Kj’,:'::‘ values (0.26 to 0.36). Of these, only transitional basalt SAO7 and qz-tholeiitic

basalt SA77 contain olivine populations that have Foy,,, compositions within the range of

equilibrium Kf,';"::‘ values, suggesting phenocryst—host-rock equilibrium for the majority

of olivines in the sample.

Figure 4.6A shows that in a number of group A host rocks with values of 100Mg/(Mg +
Fe®) in the range 59 to 66, the Fo,,, values for olivine phenocryst cores remain relatively

constant. Over this range, phenocrysts from host rocks with smaller|00Mg/(Mg + Fe**)
values (e.g., < 62) tend to plot near the high-value K;'F'"::‘ curve (i.e., Kf,';"::‘: 0.36).
Conversely, phenocrysts from host rocks that have values of 100Mg/(Mg + Fe™) > 62

tend to have values of K;';":" > 0.36. These trends are comparable to those observed by
e -Mg

Dungan (1987) for the tholeiitic lavas of the Servilleta Basalts in the Taos Plateau
volcanic field, New Mexico. Dungan (1987) concluded that such trends might be
indicative of populations of phenocrysts in hybrid lavas, the result of the mixing of mafic

parent magmas.

The majority of group B samples contain olivines with core compositions in equilibrium
with their host rock over a range of 100Mg/(Mg + Fe®") values. However, these crystals
commonly occur together with populations of “non-equilibrium” phenocrysts (Fig. 4.6B),
a feature comparable to that of the nepheline normative basalts from eastern Australia
(see Ewart, 1989; Fig. 5.3.1B; p. 198). In the case of SAVF olivines, this observation
most likely reflects: (1) the presence of unzoned or weakly zoned phenocrysts and

microphenocrysts in these samples, which typically have smaller Fo contents than their
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larger, normally zoned phenocryst counterparts, and (2) the presence of olivines of very
different core compositions in the same sample. Heltz (1987) emphasised the importance
of mixed populations of normally zoned, reversely zoned, and unzoned phenocrysts as an

indicator of crystal disequilibrium in the 1959 Kilauea Iki, Hawaii, lavas.

Phenocryst-host-rock equilibrium for the majority of olivines in basanites SA12 and

SAB102 and nephelinites SAB135 and SAB178 is inferred based on Fop,, compositions

within the range of equilibrium K:’,'F'"::‘ values shown in Fig. 4.6B. In addition, a number

of group B samples (predominantly basanites) plot either along or near the “best fit”

equilibrium curve K;L‘"::‘ =0.30 (Fig. 4.6B), suggesting that these phenocrysts formed as
equilibrium near-liquidus phases in magmas having their host rock compositions.

In contrast, alkali ol-basalt SAB 188 contains olivine phenocrysts more magnesian (FOmean

= 89) than may be expected for the 100Mg/(Mg + Fe**) value of their host rock (63)
indicated by values of Kf,:"::’ < 0.26. Gee and Sack (1988) reported similar

K:’,L_f'::‘ values (i.e., 0.17 — 0.25) in their experimental study of natural melilite nephelinite
lavas. They concluded that K;'F‘"::' is a function of the silica activity of the host rock

where K;L’":" increases with decreasing degrees of Si-undersaturation. Later
- Mg

experiments (e.g., Herzberg and Zhang, 1996) however, demonstrate that there is little

correlation between K:’,L_":" and highly Si-undersaturated to less Si-undersaturated
e -Mg

compositions. Ewart (1989) argued that crystals with K:’,:':g"< 0.26 might be relict

olivines initially in equilibrium with their peridotite source in the region of melt

segregation, or disaggregated olivine-bearing xenoliths.

Ca partitioning between olivine and host rock
Ca is an important minor element in magmatic olivines because:

1. Ca partitioning coefficients may be used to determine whether olivines are
equilibrated with their host magma.

2. Experimental studies have determined that below 20kbar, temperature,
pressure, and oxygen fugacity (fo,) have no direct influences on Ca
partitioning (e.g., Simkin and Smith, 1970; Ferguson, 1978; Watson, 1979;
Jurewicz and Watson, 1988a; Libourel, 1999). Therefore, for most basaltic
magma compositions, Ca systematics are useful for interpreting the
environment of olivine crystallisation and equilibration.
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3. The CaO concentration in olivine is highly dependent on (i) the Fo content
of olivine, (ii) the CaO content in the host melt, and (iii) the amount of Al,
Na, K, and Fe* present in the coexisting melt (Libourel, 1999). Therefore,
CaO concentrations in equilibrated olivines may provide important
information about melt compositions during progressive olivine
crystallisation and subsequent magma differentiation.

The dependence of CaO concentration on forsterite content in olivine is well documented
(e.g., Watson, 1979; Jurewicz and Watson, 1988a; Libourel, 1999). The overall trend,
albeit weak, of increasing CaO with decreasing Fo shown in Fig. 4.4 (p.53) indicates that
the CaO concentration in olivine from each rock type is dependent, in part, on the Fo
content of the olivine. However, the large scatter of CaO in olivine relative to Fo content
suggests that factors other than Fe** and Mg activity must have influenced Ca solubility.
The results of equilibrium experiments of Libourel (1999) for Ca partitioning in olivine-
liquid pairs can be used to test naturally occurring SAVF olivine—host-rock pairs for

equilibration.

Partition coefficients of Ca between olivines and their host rock were obtained by using
the empirical equation (Eq.13) of Libourel (1999):
ol-melt Ol-melt melt
D*co = Xco /a%*co
which accounts for the effect of melt composition on the observed Ca variations in

olivine.

The calculated D* g';g‘ " values for olivine cores obtained by this equation range from

0.071 to 0.227 for group A (Table 4.7) and 0.049 to 0.301 for group B (Table 4.8). The

range of D* %~™" values for both groups overlap the Ca partitioning equilibrium values
g Ca0 group p p g¢eq

determined by Libourel (1999) for iron-poor (Type I) and iron-rich (Type II) chondrites
(Fig. 4.7). A large number of group A olivine cores correlate with Type II equilibrium
values. In contrast, many group B olivine cores have equilibrium values similar to those

of Type I chondrites, suggesting possible source differences for group A and B melts.

Values of D* 2 ™" positively correlate with Kf,:_";" for group A and B olivines, with a

majority of group A and a large number of group B cores falling outside the fields of
equilibrium for Fe**-Mg and Ca (Fig. 4.7). This suggests that olivine—host-rock
disequilibrium conditions occur for many olivines from each group, not only with respect
to Fe**-Mg partitioning (see Fig. 4.6), but also with Ca partitioning. The data illustrated in

Fig. 4.7 also show that the extent of disequilibrium varies not only between the two rock
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groups but also between samples of the same rock type and, by inference, from
phenocryst to phenocryst within the same sample. This observation together with those
illustrated in Fig. 4.6 suggests that most of the SAVF host rocks are too magnesian to be

in equilibrium with the majority of their olivine phenocrysts.
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Fig. 4.7 KZL:'_";'; vs. D*¥~, o  diagram for olivine phenocryst cores in (A) group A and (B) group B rock

samples®. Horizontal fields represents the range of D* g‘:gt " for equilibrated olivines in Type I and II

ol-melt

chondrites (from Libourel, 1999). The vertical field represents the range of K,,F‘_Mg

for olivine-liquid

equilibrium in basaltic melts (from Roeder and Emslie, 1970).

* The CaO content of four olivine crystals analysed in group B alkali ol-basalt sample SAB188 was below the detection
limits of the electron microprobe and therefore were excluded from the sample set used in Fig. 4.7. These crystals have
notably large Fo content (e.g., > Fogs).
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Crystallisation temperature estimates

Crystallisation temperatures for olivine can be estimated based on the amount of Ca in
olivine normalised to Fog, (Jurewicz and Watson, 1988a). Most olivine phenocrysts in the
group A and B rock types crystallised between 1250 and 1350°C (Fig. 4.8). These
temperatures are comparable to those calculated by Ewart (1989) for olivine in similar

rock types from eastern Australia (see Ewart, 1989, Fig. 5.3.31B, p. 218).

Ewart (1989) noted that olivine temperatures generally correlate positively with the
degree of silica undersaturation of their host rock. Olivines with the highest crystallisation
temperature tend to occur in the more Si-undersaturated basalts (e.g., basanites and
nephelinites) whereas, those with lower crystallisation temperatures were from less Si-
undersaturated host rocks (e.g., qz-tholeiitic basalts), which generally have more evolved

compositions inferred by their relatively small 100Mg/(Mg + Fe**) values.

Although some of the less undersaturated samples in groups A and B shown in Fig.4.8
contain olivine with among the lowest crystallisation temperatures (i.e., group A alkali ol-
basalt SAB162, SiO, = 48.38 wt.%; group B ne-hawaiite SA02, SiO, = 46.33 wt.%) of
their respective groups, the temperature—host-rock correlation described by Ewart (1989)

is not apparent in the SAVF basalts.

Some samples from each group A rock type with 100Mg/(Mg + Fe™) < 60 contain
olivine with among the lowest crystallisation temperatures (~ 1250°C or less; Fig. 4.8A)

whereas SAB188 [100Mg/(Mg + Fe**) = 63] from group B also contains olivine with low

crystallisation temperatures (Fig. 4.8B). The Kz:_";" values for these samples however,

indicate olivine/melt disequilibrium (see section 4.4.4.), which suggests incorporation of
olivine of exotic origin, e.g., xenocrysts or disaggregated olivine-bearing xenoliths, or

possibly magma mixing. In contrast, SA02, SA29, and SA54 [100Mg/(Mg + Fe’") = 48,
58, and 57 respectively] from group B each contain low-temperature olivine (T <
1250°C). Their Kf,';_":" values indicate crystal/melt equilibrium for at least some olivine
in these samples, which suggests a possible low-temperature, low-pressure crystallisation
environment. In addition, SAB175 [100Mg/(Mg + Fe’*) = 65] also contains low-

temperature olivine in equilibrium. This may be due to crystal formation in a low-

temperature, high-pressure environment.
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Fig. 4.8 Diagram of CaOgyMgO x (10%) for olivine vs. molar CaO/MgO for coexisting melt (host rock)
referred to in the text. CaOgq represents the CaO content of olivine cores normalised to Fogq (after Jurewicz
and Watson, 1988a). The isotherms are from Jurewicz and Watson (1988a) and contain an original error
estimated to be + 10°C. Clynne and Borg (1997) estimated that the average error attributed to transcribing the

isotherms onto a similar graph to be + 25°C. Selected samples and their corresponding 100Mg/(Mg + Fe

2+)

values (in parentheses) illustrated the relationship between crystallisation temperatures and 100Mg/(Mg +
Fe?*) values, referred to in the text.
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4.5 Clinopyroxene

Clinopyroxene is widespread in all South Auckland volcanic field lavas. Occasionally,
clinopyroxene is more abundant than olivine in individual samples, primarily in basanites.
The abundance of clinopyroxene in all SAVF rock types varies considerably. The modal
abundance data given in Table 4.9 for selected samples of each rock type shows that
clinopyroxene phenocrysts and microphenocrysts are rare in some samples, most notably
the transitional basalts, hawaiites, ol-tholeiitic basalts, and ne-hawaiites, and relatively
abundant in other samples of the same rock type. This variation indicates that the modal
abundance of clinopyroxene in individual samples is independent of host rock
composition and therefore, doe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>