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REVIEW ARTICLE

Inception of the modern North Island (New Zealand) volcanic setting:
spatio-temporal patterns of volcanism between 3.0 and 0.9 Ma
Adrian Pittari a, Marlena L. Prenticea, Oliver E. McLeod a, Elham Yousef Zadeha, Peter J. J. Kamp a,
Martin Danišíkb and Kirsty A. Vincenta

aSchool of Science, University of Waikato, Hamilton, New Zealand; bJohn de Laeter Centre, Curtin University, Perth, Australia

ABSTRACT
The modern active volcanic setting of the North Island, New Zealand, includes arc volcanism at
the young Taupo Volcanic Zone (< 350 ka) and intraplate basaltic volcanism at the Auckland
Volcanic Field (< 200 ka). These volcanic settings are markedly different in character and
origin, however, the geographic position of the arc volcanoes and intraplate fields have
migrated almost in unison across the western North Island over the last three million years.
This article reviews the characteristics and volcanic histories of central North Island volcanic
centres and fields that were active from 3.0 to 0.9 Ma, including: the silicic Tauranga and
Mangakino volcanic centres; the andesitic Pureora, Titiraupenga and Maungatautari
stratovolcanoes; the basaltic Alexandra Volcanic Group, which comprises a chain of
stratovolcanoes and an interspersed (Okete) volcanic field; and the basaltic Ngatutura and
South Auckland volcanic fields. New U-Pb zircon and (U-Th)/He zircon ages for rhyolites and
one ignimbrite in the Tauranga Volcanic Centre adds to and confirms the existing dates, as
well as confirming the overall age range for this centre. Synchronous volcanism at the
Tauranga Volcanic Centre and the Alexandra Volcanic Group is a historic marker for the
origin of the modern arc and intraplate settings.

ARTICLE HISTORY
Received 3 December 2020
Accepted 8 April 2021

KEYWORDS
Taupo Volcanic Zone;
Coromandel Volcanic Zone;
Tauranga Volcanic Centre;
Mangakino Volcanic Centre;
Alexandra Volcanic Group;
Ngatutura Volcanic Field;
South Auckland Volcanic
field; intraplate basalt; arc
volcanism

Introduction

Active volcanism of North Island, New Zealand, is
manifested as a rifted, northeast-trending, predomi-
nantly silicic volcanic arc (Taupo Volcanic Zone,
TVZ; e.g. Barker et al. 2021; Kilgour et al. 2021; Leo-
nard et al. 2021) through the centre of the island, an
andesitic volcanic centre (Taranaki; e.g. Cronin et al.
2021) in the southwest, and basaltic intraplate volcan-
ism at the Auckland Volcanic Field (AVF; e.g. Hop-
kins et al. 2021b) in the northwest. Rhyolitic caldera
volcanism associated with the central TVZ, in its cur-
rent configuration, can be traced back to the Whaka-
maru eruptions (c. 350 ka) – the beginning of the
young TVZ (Wilson et al. 1995a, 2009; Wilson and
Rowland 2016; Barker et al. 2021; Hopkins et al.
2021a; Stagpoole et al. 2021). Active andesitic strato-
volcanoes (e.g. Ruapehu, Tongariro, Taranaki) have
volcanic histories not much older than c. 300 to
200 ka (e.g. Conway et al. 2016; Pure et al. 2020; Cro-
nin et al. 2021; Leonard et al. 2021). Similarly, the AVF
dates back to at least c. 193 ka (Leonard et al. 2017;
Hopkins et al. 2021b). Before these times, the loci of
volcanic activity were markedly different to the pre-
sent day. The precursory and early TVZ arc and back-
arc/intraplate volcanic setting during the period 3.0 to
0.9 Ma is characterised by silicic arc volcanism at
centres farther west (Briggs 1986a; Briggs et al. 1993,
2005) of the modern TVZ, and basaltic volcanism

south of the AVF (Briggs et al. 1989, 1994; Smith
and Cronin 2021).

This article is predominantly a review of current
knowledge of central mainland North Island volcan-
ism during the period 3.0 to 0.9 Ma, including new
findings of the structure and configuration of the
Tauranga Volcanic Centre (TgaVC) that were first
presented by Prentice et al. (2020a). The focus is on
the spatial and temporal distribution of volcanic
centres, supported by new U-Pb zircon crystallisation
ages and (U-Th)/He zircon cooling ages for eruptives
of the TgaVC.

Radiometric dating methods

Zircon crystals were separated from host rhyolite and
ignimbrite samples using standard rock crushing,
heavy liquid (SPT) and magnetic separation methods.
For U-Pb dating, zircon crystals were mounted in
epoxy resin, ground and polished to reveal internal
sections. U-Pb ages were determined by laser ablation
inductively coupled plasma mass spectrometry (LA-
ICP-MS) in the School of Science facility at the Uni-
versity of Waikato. Analyses were carried out using
an Agilent 8900 Triple Quadrupole ICP-MS, coupled
with a Laurin Technic S155 SE ablation cell and a RES-
Olution 193 nm ArF excimer laser. Analyses were
taken with laser spot size of 20–30 μm, depending
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on crystal size, with an ablation duration of 45 s. The
GJ1 zircon standard was used as a primary reference
material together with the Temora-2 zircon as a sec-
ondary standard for age validation. Background sub-
traction and downhole fractionation correction was
performed in the Iolite™ (V3) software package
(Paton et al. 2011) using the VizualAge data reduction
scheme (Petrus and Kamber 2012) for common-Pb
correction and calculation of concordance. All operat-
ing conditions are provided in the online supplement
(Suppl. 1 at doi: 10.5281/zenodo.4646884)

The U-Pb data are reported in the online sup-
plement (Suppl. 2 at doi: 10.5281/zenodo.4646884)
for 11 samples together with three figures for each
sample that help illustrate these data, including a
probability distribution (0–25 m.y.), a radial plot and
a weighted mean plot. A radial plot is a means of illus-
trating both the age and relative error amongst grains
and was originally developed for fission track age data
(Galbraith 1988). If there are a mixture of crystal ages
in a sample data set, these will be separated between
the origin (left hand side) and the arc, which shows
age in million years. The relative error amongst the
crystal ages is illustrated by a spread from left to
right, the crystals with the least error plotting towards
the right. As a proportion of the TgaVC zircon crystals
dated are xenocrysts, most likely derived from the
sedimentary basement underlying the TgaVC, an
issue is isolation of those xenocryst crystal ages from
the primary zircon crystal ages in calculation of the
final U-Pb age of the 11 eruptives considered here.
We identified the primary zircon crystal ages by appli-
cation of the maximum likelihood estimation method
of Galbraith and Laslett (1993), as modified by Gal-
braith (2005) for U-Pb geochronology, using software
provided by Vermeesch (2018). This involved calcu-
lation of the number of modes within the data distri-
bution for each sample, which may be as many as five
modes, the age and error for which are given on the
radial plot for each sample data set. The primary crys-
tal peak (Peak 1) for each of the 11 sample data sets is
the one with the highest proportion of crystals in it
and that proportion is given as a percentage. The
number of crystals belonging to Peak 1 can then easily
be established from an age-order list of the individual
crystal ages for each sample. The respective individual
crystal age and error (2 sigma) for the Peak 1 crystals
are then input to a weighted mean calculation to
derive the crystallisation age for each of the 11 samples
analysed. The weighted mean plot gives the MSWD
(mean squared weighted deviation) number.

Zircon (U-Th)/He dating was carried out at the
John de Laeter Centre at Curtin University (Perth,
Australia) and followed the procedures described in
Danišík et al. (2020). In brief, 4He was extracted at
∼1250°C under ultra-high vacuum in an Alphachron
I instrument using a diode laser, and its volume was

measured by isotope dilution on a QMS 200 Pfeiffer
Prisma mass spectrometer. After the He measure-
ments, the crystals were spiked with 235U and 230Th,
dissolved in Parr acid digestion vessels, and analysed
by isotope dilution for 238U and 232Th, and by external
calibration for 147Sm on an Agilent 5500 ICP-MS. The
zircon (U–Th)/He ages were corrected for alpha ejec-
tion (Ft-correction) after Farley et al. (1996), whereby
homogenous distributions of U, Th, and Sm were
assumed for the crystals. The (U-Th)/He data are
reported in the online supplement (Suppl. 3 at doi:
10.5281/zenodo.4646884).

Miocene–Pliocene prelude to post-3 Ma
North Island volcanism

The earliest known arc-related volcanoes on mainland
North Island occur in Northland from around 25–23
Ma, and are associated with contemporaneous
offshore volcanic chains that have now been displaced
eastwards (Loyalty and Three Kings ridges; Herzer
and Mascle 1996; Hayward et al. 2001; Herzer et al.
2009). These older volcanic ridges, along with the Col-
ville Ridge (Figure 1) once formed the continuous
NNE-trending proto-Kermadec (Vitiaz) Arc between
Tonga and the North Island (see Mortimer et al.
2007; Herzer et al. 2011; Timm et al. 2019), related
to the development of subduction at the then-new
convergent Australian-Pacific plate boundary (Fur-
long and Kamp 2009). From this time, the relative pos-
ition of andesitic arc volcanism migrated
southeastwards from Northland to the Coromandel
Volcanic Zone (CVZ) (Herzer 1995; Wilson et al.
2008a; Seebeck et al. 2014; Wilson and Rowland 2016).
Rhyolitic volcanism initiated in the CVZ around 12
Ma and its position also migrated southeastwards
(Adams et al. 1994). Prior to volcanic activity at the
TgaVC, the youngest rhyolite-dominant volcanic
centre of the southern CVZ – just northwest of the
TgaVC – occurred c. 3.5–3.9 Ma (Briggs et al. 2005;
Vincent 2012; Julian 2016).

Slab-rollback after 6 Ma induced rifting of the
Vitiaz Arc into the Colville and Kermadec ridges
(post 4.4 Ma) and opening of the southern Havre
Trough (Figure 1; Walcott 1987; Wright et al. 2006;
Wysoczanski et al. 2010; Timm et al. 2019). The active
intra-rift, submarine Tonga-Kermadec Arc that then
formed within the Havre Trough extends southwest-
ward toward the onshore TVZ (Wright et al. 1996).

The back-arc region that developed in the wake of
the southeast migrating arc front saw the development
of lowland basins including the Hamilton Basin (e.g.
McCraw 2011), and the currently-active (since < c. 7
Ma) Hauraki Rift (Hochstein and Balance 1993), and
basaltic stratovolcanoes and fields (Figure 1). The
modern NNW-SSE onshore expression of the CVZ
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is a result of uplift adjacent to the Hauraki Rift (e.g.
Wilson and Rowland 2016).

Tauranga Volcanic Centre (TgaVC)

The TgaVC (Figure 2) is located inland of the western
Bay of Plenty region, at the southern end of the Kaimai
Range and northwest of the modern TVZ. The centre
was active from 2.95 to 1.9 Ma (Briggs et al. 1996,
2005; Leonard et al. 2010). Uplift along the Hauraki
Fault to the west of the TgaVC formed the Kaimai
Range and exposed older Coromandel Group ande-
site-dacite lavas, breccias and epiclastic deposits,
along with the dacite-rhyolite Aongatete ignimbrites
(Healy 1967; Houghton and Cuthbertson 1989). To
the south and southeast, volcanic products of the

TgaVC are buried by a succession of younger ignim-
brites and related pyroclastics that underlie the
Mamaku Plateau. These outflow ignimbrites are
associated with eruptions that occurred between
c. 1.3 and 1.0 Ma from the Mangakino Volcanic
Centre (MVC), and between 300 and 240 ka from
the Rotorua and Kapenga volcanic centres (Briggs
et al. 1996, 2005; Leonard et al. 2010). Mid-Pleistocene
–Holocene alluvial and coastal sediments of the Taur-
anga Group, and intercalated tephra beds, onlap the
northern and northeastern margin of the TgaVC.

We abandon the prior concept of two volcanic
centres (Kaimai and Tauranga; Kear 1994; Briggs
et al. 2005; Leonard et al. 2010) in this area in favour
of one (the TgaVC) that combines the 2.95–1.9 Ma
volcanic successions of both former centres and a

Figure 1. Overview map of the magma-tectonic components of the North Island showing: the rifted Havre Trough bound north-
west and southeast by the Colville and Kermadec ridges (dark red), respectively – remnants of an old volcanic arc preserved
onshore in the Coromandel Volcanic Zone (CVZ); the active continental volcanic arc (Taupo Volcanic Zone, TVZ) and its continu-
ation into the oceanic Kermadec Arc; oblique rift basins (Hamilton Basin, HB; Hauraki Rift, HR; shown in light blue); and the centres
and fields of active basaltic volcanism in the backarc region (light red). The black dotted line and stippled area is the extent of
Miocene-Pliocene andesitic volcanism associated with the CVZ and Colville Ridge. The yellow dotted line demarcates the extent of
volcanism in the back-arc region. Boxes M1-4b show the locations of maps in later figures: Ngatutura and South Auckland volcanic
fields (M1, see Figure 11), Alexandra Volcanic Group (M2, see Figure 9), Tauranga Volcanic Centre (M3, Figure 2), Mangakino Vol-
canic Centre, and Pureora, Titiraupenga and Maungatautari stratovolcanoes (M4, Figure 6 and M4b, inset to Figure 6). The TVZ rift
fault structure is based on Stagpoole et al. (2021).
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proposed graben-caldera structure (see below). The
southernmost Kaimai-Kakahu-Te Weraiti dome com-
plex (Houghton and Cuthbertson 1989; Briggs et al.
2005) and the Waiteariki Formation were excluded
from the former Tauranga Volcanic Centre and/or
defined as the separate Kaimai Volcanic Centre
(Kear 1994, Briggs et al. 2005; Leonard et al. 2010).
However, other domes in the Tauranga-Kaimai area
are not distinctly separate spatially from the Kaimai-
Kakahu-Te Weraiti dome complex (Figure 2), and
age ranges from both former volcanic centres overlap.

The combined volcanic succession of the TgaVC,
adopted here, comprises an eroded andesitic stratovol-
cano (Otawa Formation), around 17 rhyolite-rhyoda-
cite lava dome complexes (Minden Rhyolite
Subgroup), two distinct ignimbrite formations (Wait-
eariki and Papamoa formations) and a small basalt
lava flow (Matakana Formation) (Figures 2 and 3).
Furthermore, Prentice et al. (2020a) identified a
NNE-trending tectonic graben aligned with dome
lineaments and inferred a buried caldera structure –
the Omanawa Caldera – at the southern end of this
graben (Figure 2) in the location of a recognised grav-
ity anomaly, the origin of which has been uncertain
(Stagpoole et al. 2021). The TgaVC is comparable in
size and complexity to younger volcanic centres of
the Taupo Volcanic Zone (e.g. Okataina Volcanic
Centre, Nairn 2002).

A summary of existing K-Ar and 40Ar/39Ar ages,
and new zircon U-Pb and (U-Th)/He ages for the
main volcanic units of the TgaVC is given in
Table 1. The data for the new zircon geochronology
are represented graphically in Figure 4 and presented
in whole in the online supplement (Suppl. 2 and 3 at
doi: 10.5281/zenodo.4646884). The interpretation of
these new zircon ages and previously published
40Ar/39Ar ages are discussed in a section below.

The eroded remnant of the Otawa stratovolcano
comprises hornblende and pyroxene basaltic andesite
to dacite lavas and breccias (Briggs et al. 1996) cover-
ing an area of ∼35 km2 on the eastern side of the
TgaVC. This volcanism occurred during c. 2.95 to
2.54 Ma (Stipp 1968). The Matakana basalt lava flow
also erupted during this time (c. 2.7 Ma; Hollis 1995;
Briggs et al. 1996).

Many of the rhyolite and dacite domes are crystal-
rich (up to 40% phenocrysts) – with the notable excep-
tion of the crystal-poor Maunganui dome complex
(Figure 3A) and Bowentown dome (5%–6% pheno-
crysts) – and comprise quartz + plagioclase ± hornble-
nde ± orthopyroxene ± biotite (Briggs et al. 1996;
Cook 2016). Domes were grouped by mineralogy
and SiO2, K2O and Zr contents by Briggs et al.
(2005) into (i) the western Minden Peak group, (ii)
the northern Maunganui dome complex, and the east-
ern (iii) Mangatawa and (iv) Mount Misery groups
(Figure 2). The Bowentown dome has geochemical

similarities to both the Minden Peak dome and the
Maunganui dome complex, and is similar in age to
the Kakahu dome, but is spatially removed from
other domes, so its inclusion in the TgaVC is tentative.
Mapping and related petrology of the southern Te
Weraiti-Kaimai-Kakahu dome complex (Figure 3B)
remains in progress. Northeast alignments of domes
were inferred to be fault-related by Healy et al.
(1964), and associated with the buried graben struc-
ture (Prentice et al. 2020a).

The application of multiple dating methods
reinforces the 2.95–1.9 Ma age range for the TgaVC
(Briggs et al. 2005). For several individual rhyolite
domes the 40Ar/39Ar age, U-Pb zircon crystallisation
age and (U-Th)/He zircon cooling age are concordant
(Figure 5; e.g. Minden Peak and Mangatawa domes).
However, for the other domes the age uncertainties
for the three methods do not overlap, requiring closer
interpretation (e.g. Papamoa and Upuhue domes). U-
Pb and (U-Th)/He ages overlap within uncertainty
for the Kopukairua, Waitao and Waikite domes.
Relatively young U-Pb and (U-Th)/He ages for the
Kaimai dome are inconsistent with the older
40Ar/39Ar age. Whilst dome eruptions occurred
over, and define, the age range of the TgaVC, the
age data suggest that there were periods of multiple
dome growth at 2.9–2.6 Ma, 2.5–2.3 Ma and 2.2–2.1
Ma (Figure 5).

The Papamoa Formation is a northward-dipping
succession of rhyolite to dacite ignimbrites and inter-
bedded fall deposits on the eastern side of the TgaVC
(Briggs et al. 1996; Leonard et al. 2010). Hughes (1993)
identified a lower ignimbrite unit characterised by a
diversity of juvenile clast compositions ranging from
dark grey to brown andesitic clasts to white dacitic-
rhyolitic clasts (Figure 3C), and an upper ignimbrite
unit with only white dacitic-rhyolitic clasts. The
internal stratigraphy is currently under revision (M.
Namaliu, MSc thesis in preparation). The new U-Pb
zircon age (2.21 ± 0.13 Ma) for the Papamoa For-
mation is consistent with the age range of 2.4–1.9
Ma reported by Briggs et al. (2005) for these eruptives.
While the source of the Papamoa ignimbrites is yet to
be defined, it is considered to be local (Briggs et al.
2005).

The Waiteariki Formation comprises a volumi-
nous, predominantly welded, crystal-rich (average
42%) and pumice-rich (up to 20%) dacitic ignimbrite
(Figure 3D,E). It is greater than 200 m thick
(Houghton and Cuthbertson 1989), and is exposed
over much of the Whakamarama Plateau in the wes-
tern TgaVC and in a small inlier on the eastern side
of the TgaVC. Current age data for the Waiteariki
ignimbrite (Table 1) indicate that it forms one of the
last explosive eruptions of the TgaVC, and is likely
to have formed a caldera, speculated to be buried
under the Mamaku Plateau of the northwestern TVZ
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Figure 2. Simplified geological map of the Tauranga Volcanic Centre as redefined in this review highlighting the contemporary
volcanic units and structural features, and areas covered by younger pyroclastic and sedimentary deposits. The map unit distri-
butions have been modified from Edbrooke (2001), Briggs et al. (1996) and Leonard et al. (2010); additional faults and the location
of the Omanawa Caldera proposed by Prentice et al. (2020a). Mineral-geochemical dome groups of Briggs et al. (2005) are (i)
Minden Peak group, (ii) Maunganui dome complex, (iii) Mangatawa group, and (iv) Mount Misery group.
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(Houghton and Cuthbertson 1989; Prentice et al.
2020a).

Mangakino Volcanic Centre (MVC)

The MVC was active between 1.6 and 0.9 Ma and
comprises a caldera, an intra-caldera volcano-sedi-
mentary succession, peripheral rhyolite domes, and
an outflow ignimbrite succession with intercalated
fall deposits (Table 2; Figure 6). The buried 30 km-
long by 15 km-wide caldera is expressed as a low-
lying basin below the surrounding ignimbrite plateau
(Figure 7A) and has been identified as a major gravity
anomaly (Blank 1965; Stern 1979; Rogan 1982; Wilson
et al. 1984, 1995a; Wilson 1986). The depth to the
‘basement’ floor of the caldera is at least 4 km below
the surface (Rogan 1982; Wilson et al. 1984, 2008b),
and the volcanic pile within the caldera includes the
remains of an early andesite volcano, intra-caldera
ignimbrites and rhyolite lavas, and an upper
∼280 m-thick package of lacustrine sediments
(Wilson et al. 1995a; Krippner et al. 1998). Post-
MVC, >200 m-thick Whakamaru-group ignimbrites

and younger TVZ eruptives now cover the intra-cal-
dera succession.

The outflow ignimbrite succession forms dissected
plateaus, that surround uplifted basement ranges,
radially out to ∼40 km southwest and west, and up
to 70 km to the north of the caldera rim. Leonard
et al. (2010) have summarised the current strati-
graphic succession of the outflow pyroclastic succes-
sion of the MVC (Table 2; Figure 6), which was first
developed in the 1960s (Kear 1960; Martin 1961;
Blank 1965) and subsequently revised by Wilson
(1986), Houghton et al. (1987a, 1987b) and Briggs
et al. (1993). 40Ar/39Ar ages of Houghton et al.
(1995) (Table 2) are the currently accepted eruption
ages, except for the age of the Unit C ignimbrite,
which is inconsistent with its stratigraphic position.
U-Pb zircon crystallisation ages (Table 2; Brown and
Smith 2004; McCormack et al. 2009; Cooper et al.
2014) are the same (within error) as the 40Ar/39Ar
ages or older. The earliest silicic welded ignimbrite
(Unit F) is poorly exposed and its source is unknown,
so the Ngaroma Ignimbrite represents the first known
eruptive to be attributed to the MVC. Both the

Figure 3. A, Maunganui and B, Kaimai rhyolite domes at the northern and southern ends of the Tauranga Volcanic Centre,
respectively. C, One of the non-welded, pumice-rich Papamoa ignimbrite units with mixed pumice populations. D, Typical texture
of the welded Waiteariki Ignimbrite showing crystal-rich juvenile fiamme, and a crystal-rich matrix. (e) Faulted escarpment of Wait-
eariki Ignimbrite forming the 153 m high Wairere Falls.
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Figure 4. Summary of zircon geochronology data for selected rhyolite domes and ignimbrites of the Tauranga Volcanic Centre,
including: (i) relative probability distributions for LA-ICPMS U-Pb (206Pb/238U) zircon ages for all samples, except the Waiteariki
Ignimbrite (NB: zircons older than 25 Ma are list on the right of each plot); and (ii) (U-Th)/He individual zircon ages with 2σ
error bars (top left of each panel), for all samples, except the Papamoa ignimbrite; n is the number of zircons.
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Ngaroma and Unit B ignimbrites are partially welded
and extensively vapour-phase altered. Unit C ignim-
brite is also partially welded but is andesitic in
composition.

Eruptive activity at MVC from c. 1.3 to 1.0 Ma is
characterised by at least five separate explosive silicic
eruptions; three eruptions produced variably welded,
pumice- and crystal-rich ignimbrites (Ongatiti,
Ahuroa and Rocky Hill ignimbrites, Figure 7B),
and two involved initial phreatomagmatic fall depos-
its, each culminating in the emplacement of a non-
welded ignimbrite (Unit D and Kidnappers ignim-
brites). The Ongatiti (Figure 7C, >500 km3 dense
rock equivalent, DRE, Cooper and Wilson 2014;
Yousefzadeh 2020) and Kidnappers (∼1,200 km3

DRE, Cooper et al. 2012) eruptions were some of
the most voluminous eruptions of the central
North Island. The Kidnappers ignimbrite was dis-
tributed more than 190 km radially around the cal-
dera margin (Wilson et al. 1995b). Distal tephra
correlatives of the Ongatiti Ignimbrite (Oparau
tephra, Pain 1975; Horrocks 2000; Lowe et al. 2001;
Ongatiti Tephra, Alloway et al. 2004; Mildenhall
and Alloway 2008) have also been found similar dis-
tances from the caldera rim.

The final phase of explosive activity at the MVC
around 0.95 Ma is represented by a sequence of
three ignimbrites (Marshall Formation, Houghton
et al. 1987b; Briggs et al. 1993) found proximal
to the northern margin of the caldera rim.
Rhyolites of the Whakaahu Formation and a

Figure 5. Comparison of 40Ar/39Ar, U-Pb and (U-Th)/He ages
for rhyolite domes of the Tauranga Volcanic Centre.

Table 1. Volcanic stratigraphy and summary of published and new geochronological data for the Tauranga Volcanic Centre.

Geological Map Unita Eruption Deposit(s)
K/Arb

(Ma)

40Ar/39Arf

(Ma)
U-Pb zircong

(Ma)
(U-Th)/He
zircong (Ma)

Waiteariki Fm Waiteariki Ignimbrite 2.18 ± 0.15 w
2.13 ± 0.17 p

2.09 ± 0.03 2.25 ± 0.26

Papamoa Fm Papamoa ignimbrites 2.40 ± 0.02 L
1.90 ± 0.10 U

2.21 ± 0.13h

Minden Rhyolite Subgroup Otanewainuku Dome 1.95 ± 0.02*
Minden Peak Dome 1.52 ± 0.23 w 2.16 ± 0.03 2.135 ± 0.066* 2.04 ± 0.18
Puwhenua Dome 2.14 ± 0.04*
Kaimai Dome 2.86 ± 0.08 2.236 ± 0.038* 2.20 ± 0.49
Papamoa Dome 2.50 ± 0.03 2.25 ± 0.16* 2.88 ± 0.20
Waikite Dome 2.25 ± 0.10* 2.37 ± 0.12
Mangatawa Dome 2.36 ± 0.08 w

2.28 ± 0.15 p
2.39 ± 0.13 2.31 ± 0.18* 2.45 ± 0.31

Maunganui Dome 2.35 ± 0.06*
Kaikaikaroro Dome 2.39 ± 0.06*
Kopukairua Dome 2.20 2.53 ± 0.14* 2.69 ± 0.13
Upuhue Dome 2.69 ± 0.04 2.530 ± 0.089* 2.84 ± 0.17
Waitao Dome 2.64 ± 0.15* 2.71 ± 0.14
Mount Misery Dome 2.69 ± 0.03*
Bowentown Dome 2.51 ± 0.25 w

2.77 ± 0.31 p
2.89 ± 0.07c

2.83 ± 0.16* 2.55 ± 0.59

Kakahu Dome 2.87 ± 0.02*
Matakana Fm Basalt lava flow 2.7 ± 0.1d

Otawa Fm Andesitic volcano 2.95 ± 0.30e

2.54 ± 0.05e

aStratigraphic nomenclature as defined by Institute of Geological and Nuclear Sciences 1:250 000 Geological Map Series (Leonard et al. 2010), after Briggs
et al. (1996).

bExcept where specified, K-Ar ages are from Takagi (1995); w, whole rock; p, plagioclase.
cBrathwaite and Christie (1996).
dHollis (1995), Briggs et al. (1996).
eStipp (1968).
fBriggs et al. (2005); 40Ar/39Ar ages on feldspar separates are isochron ages, except italicised plateau ages (± 1σ); ages for the Lower (L) and Upper (U)
Papamoa ignimbrites as defined by Hughes (1993) and Briggs et al. (1996).

gThis study; U-Pb weighted average, corrected for common Pb (95% CI); (U-Th)/He weighted average (± 2σ).
hAt the time of writing, the internal stratigraphy of the Papamoa ignimbrite succession was under investigation.
*Preferred approximation of the eruption age for lava domes.
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small exposure near Tumai Rd (Briggs et al. 1993,
Brown 1994) (Figure 6) are the only exposed syn-
MVC domes.

Magmatic systems that produced ignimbrite-
forming eruptions from the MVC have been under-
stood from cognate granitoid lithics (Brown et al.
1998; Krippner et al. 1998), whole rock pumice,
glass and mineral chemistry (Briggs et al. 1993;
Cooper et al. 2012; Cooper and Wilson 2014) and
U-Pb zircon age spectra (Brown and Smith 2004;
McCormack et al. 2009; Cooper et al. 2014). Separ-
ate magma systems formed and evolved over a
period of 200–250 kyrs (Cooper et al. 2012, 2014)
prior to each of the major eruptions (NB: the
Rocky Hill and Kidnappers eruptions were derived
from the same magma system). Metasedimentary
crustal rock was assimilated into the forming rhyo-
lite bodies (Brown and Smith 2004; McCormack
et al. 2009). Final pre-eruptive magmas were stored

at depths of ∼4.0–6.5 km and at temperatures of
770–840°C (Cooper et al. 2012; Cooper and Wilson
2014).

Pureora and Titiraupenga stratovolcanoes

Mounts Pureora and Titiraupenga are basaltic
andesite stratovolcanoes southwest of the Manga-
kino caldera margin that are constructed on
exposed greywacke basement (Figure 6 and Figure
8A; Graham et al. 1995; Leonard et al. 2010). Pure-
ora is the larger edifice with a prominence of
approximately 450 m and diameter of 5 km; Titir-
aupenga is 350 m high with a 3–4 km diameter.
The basaltic andesite lavas at both volcanoes –
and a central plug known at Titiraupenga – are
highly porphyritic, comprised of plagioclase, clino-
pyroxene and orthopyroxene, and rare olivine and
hornblende phenocrysts (Cole and Teoh 1975;

Table 2. Volcanic stratigraphy and summary of published geochronological data for the Mangakino Volcanic Centre.

Geological Map Unita Eruption Deposit(s)
K/Ar
(Ma)

40Ar/39Ar
(Ma) U-Pb zircon (Ma) Other methods (Ma)

Marshall Fm Unit I ignimbriteb

(Marshall A and Bc)
0.95 ± 0.03k

Unit H ignimbriteb

(Kaahu ignimbritec)
Unit G ignimbriteb

Whakaahu Fm rhyolite dome 1.02 ± 0.02i

Raepahu Fm Rocky Hill ignimbrited 1.06 ± 0.09j 1.00 ± 0.05k 0.99 ± 0.04n

1.05 ± 0.02o

(1.01 ± 0.04o)
Kidnappers fall deposit and ignimbritee (Unit Eb) 0.97 ± 0.04k 1.06 ± 0.01o

(1.01 ± 0.02o)
1.01 ± 0.01p

Mangaokewa Fm Ahuroa Ignimbrited 1.18 ± 0.02k 1.30 ± 0.03n

Unit D fall deposit and ignimbriteb 1.20 ± 0.04k

Ongatiti Fm Ongatiti ignimbrited 1.25 ± 0.09j 1.21 ± 0.04k

1.32 ± 0.01l
1.31 ± 0.03m

1.29 ± 0.07n

1.32 ± 0.01o

(1.28 ± 0.02o)

1.28 ± 0.11q

1.25 ± 0.12r

Tumai Rd domef 1.27 ± 0.05i

Pouakani Fm Unit C ignimbriteg 1.68 ± 0.07k

Tolley Fm Unit B ignimbriteg 1.53 ± 0.04k

Ngaroma Fm Ngaroma ignimbriteh

(Unit Ab)
1.55 ± 0.05k 1.41 ± 0.10n

Link Fm Unit F ignimbriteb 1.60 ± 0.09j

aStratigraphic nomenclature as defined by Institute of Geological and Nuclear Sciences 1:250 000 Geological Map Series (Edbrooke 2005; Leonard et al.
2010).

bUnits A-I nomenclature after Wilson (1986) and Wilson et al. (2009).
cMarshall ignimbrites was introduced by Martin (1961), and three units (G-I) were defined by Wilson (1986); Marshall ‘A’ and ‘B’ ignimbrite(s) described by
Houghton et al. (1987a, 1987b), Gifford (1988) and Briggs et al. (1993), and Kaahu ignimbrite introduced by the latter two authors.

dOngatiti, Ahuroa and Rocky Hill ignimbrites after Martin (1961), Blank (1965), re-defined by Wilson (1986).
eKidnappers ignimbrite and fall deposit after Wilson et al. (1995b) (and references therein).
fThe location of the Tumai Road rhyodacite dome was reported in Brown (1994), and is mapped in Leonard et al. (2010) as ‘undifferentiated early Qua-
ternary rhyolite lava’.

gUnit B and C also called ‘pumice-lapilli ignimbrite’ and ‘crystal vitric-lapilli ignimbrite’ respectively by Blank (1965).
hNgaroma Ignimbrite after Martin (1961), also called Ngaroma Lenticulite by Blank (1965); Ages (excludes published ages on distal tephra correlatives,
except Oparau Tephra).

iTanaka et al. (1996) reported the age of the Tumai Rd dome as ‘unpublished Ar/Ar ages by McWilliams and Houghton’ and the age of the Whakaahu dome
as ‘unpublished K/Ar ages by Lanphere and Houghton’.

jSoengkono et al. (1992) K/Ar age on hornblende separate.
kHoughton et al. (1995) from feldspar separates (NB. these supersede 40Ar/39Ar ages that were reported in Pringle et al. 1992 and Briggs et al. 1993).
lBriggs et al. (2005) age for Ongatiti Ignimbrite near Tauranga.
mBrown and Smith (2004) SHRIMP U-Pb ages of magmatic zircons (95% CI).
nMcCormack et al. (2009) SHRIMP U-Pb ages of magmatic zircons (95% CI).
oCooper et al (2014) SHRIMP U-Pb ages of magmatic zircons (± 2 SD); both the mean age of all samples, and (in parentheses) the mean age of zircon rims
(i.e. the youngest age) are stated.

pWilson et al. (1995b) stratigraphic age based on O-isotope stages and palaeomagnetic chronology of enclosing sediments.
qLowe et al. (2001) zircon fission track age of Oparau Tephra (± 1σ).
rBlack et al. (1996) isothermal plateau fission track age on glass.

258 A. PITTARI ET AL.



Froude and Cole 1985). K-Ar ages of 1.89 ± 0.02
Ma for Titiraupenga (Stipp 1968) and 1.60 ± 0.10
Ma for Pureora (Graham et al. 1995) have been
reported.

Maungatautari stratovolcano

Mount Maungatautari is an andesitic-dacitic strato-
volcano approximately 30 km NNW of the

Figure 6. Simplified geological map of the Mangakino Volcanic Centre (MVC), highlighting the contemporary outflow ignimbrite
units of the MVC, the structural caldera boundary (red dashed line), syn- and post-MVC rhyolite domes and areas covered by
younger pyroclastic and sedimentary deposits. The Titiraupenga and Pureora andesitic volcanoes are also shown. (inset) Sim-
plified geological map of Maungatautari andesite-dacite volcano and its ring plain that is onlapped by younger MVC outflow
ignimbrite sheets. Kairangi basalt cone is also shown. The map unit distributions have been simplified from Leonard et al.
(2010), with modifications to the Maungatautari map from Prentice et al. (2020b).
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Mangakino caldera margin (Cole 1978; Briggs 1986b;
Prentice et al. 2020b). The edifice, which is around
6–8 km in diameter and has a prominence of at least
600 m, abuts the eastern side of an exposed greywacke
basement range (Figures 6 and 8B). A single K-Ar age
of 1.8 ± 0.10 Ma has been published (Robertson 1983).
Lavas and intrusive rocks include labradorite andesite,
pyroxene andesite, and hornblende andesite and
dacite. Pyroclastic successions of pumiceous and

block-and-ash flow deposits, have been exposed
locally in the summit region, and intense hydrother-
mally altered andesite occurs in the headwaters of
streams south of the summit (Briggs 1986b; Prentice
et al. 2020b). Volcaniclastic ring plain deposits
underlie the lower northern and northeastern flanks
of Maungatautari (Leonard et al. 2010), and includes
a prominent landslide scar and rock/debris avalanche
deposit (Prentice et al. 2020b). Younger ignimbrite

Figure 7. A, Low-lying basin above the now-inundated Mangakino Volcanic Centre (MVC) and the associated outflow ignimbrite
plateau beyond the western caldera margin (background, view towards west). Titiraupenga and Pureora volcanoes are shown on
the left. B, Typical MVC outflow ignimbrite succession (Ongatiti, Ahuroa and Rocky Hill ignimbrites) in the Ongatiti Valley; the
Ngaroma Ignimbrite and Unit D has also been observed in this area. C, The Ongatiti Ignimbrite – commonly used as dimension
stone – exposed in the Hinuera Quarry, ∼55 km north of the caldera margin, where it is >35 m thick.

Figure 8. A, Pureora (left background) and Titiraupenga (right background) stratovolcanoes viewed towards northwest (photo-
graph courtesy David J. Lowe). B, Maungatautari stratovolcano (background) viewed towards west; bluffs of the Rocky Hill Ignim-
brite are visible in the middleground.

260 A. PITTARI ET AL.



sheets from the MVC onlap onto the southern and
eastern lower flanks of Maungatautari.

Alexandra Volcanic Group (AlxVG)

The Alexandra Volcanic Group (AlxVG) of western
North Island comprises ∼50 km3 of mainly arc-type
basaltic lavas, pyroclastics and shallow intrusives
erupted over an area of 1000 km2. Volcanic activity
extended over a period of 1 Myr (2.74–1.60 Ma; Briggs
et al. 1989), producing approximately 50% of all basalt
erupted in the North Island in the last 17 Myr. The
AlxVG also has numerous mantle xenolith localities
(Saunders 1994; Scott 2020).

Within the AlxVG are a chain of basaltic stratovol-
canoes and small-volume cones, which, from east to
west, are Tokanui, Te Kawa, Kakepuku, Pirongia
and Karioi (Figures 9 and 10A–D). These centres
define the Alexandra volcanic lineament, a deep

crustal or slab-related volcanic alignment striking
NW-SE (300°) over 60 km (Kear 1960). Interspersed
with the chain is an intraplate basaltic volcanic field
(Okete Volcanic Formation; Briggs 1983; Briggs and
Goles 1984; Figure 10C) with at least 27 vents clus-
tered mainly in the northwest of the field. An isolated
intraplate basaltic cone of similar age (Kairangi, 2.62
± 0.17 Ma, Briggs et al. 1989) lies approximately
25 km to the west, near Maungatautari (Figure 6;
Briggs 1986b; Prentice et al. 2020b).

The field spans across the western edge of Hamilton
Basin, a major rift-related depression bound by the
Waipa Fault Zone, into highland terrain of the Karioi
horst block and down to sea level at the Tasman Coast
(Figure 9). The AlxVG is separated from older
offshore Miocene-Pliocene volcanics (see Bischoff
et al. 2020) by the Taranaki Fault, a major tectonic
boundary dislocating the Murihiku terrane from the
Taranaki Basin.

Figure 9. Simplified geological map of the Alexandra Volcanic Group (AlxVG), highlighting the alignment of major volcanic
centres and the distribution of arc and intraplate basalts. The map unit distributions have been simplified from Edbrooke
(2005), with modifications to Karioi from Goles et al. (1996) and to Pirongia and faulting around Kawhia Harbour from McLeod
et al. (2020). White circles are individual vents.
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A detailed stratigraphy of the Pirongia Volcano
was recently established by McLeod et al. (2020).
The 1:30,000 map defines six edifice-forming strati-
graphic members separated by unconformities and
several large-volume (1–3 km3) sector collapse
events. The overall formation, structure and compo-
sition of Pirongia is similar to Karioi (see Goles et al.
1996) with both volcanoes constructed from diffuse
vent systems that produced basaltic and subordinate
(basaltic-)andesitic lava compositions (Briggs and
McDonough 1990).

The AlxVG is one of only several sites globally
where arc (IAB-like, island arc basalt) and intraplate
(OIB-like, ocean island basalt) basalts (at a volume
ratio of 9:1) have erupted together from the same
vent systems. Examples of IAB-OIB intercalation

occur throughout the lower stratigraphy of Karioi
(e.g. Te Toto Gorge, Figure 10D) and elsewhere at Pir-
ongia and Kakepuku (McLeod, unpublished data).
The arc-type lavas are overwhelmingly represented
by ankaramite, a megacrystalline variant of basalt
that occurs in some South Pacific Ocean Islands (e.g.
Tahiti, Rarotonga and Samoa) but nowhere else in
mainland Zealandia.

Ngatutura (NVF) and South Auckland (SAVF)
volcanic fields

The earliest manifestation of a dispersed basaltic
intraplate field in the western North Island is the
Okete volcanic field (2.69–1.8 Ma; Briggs et al. 1989;
see above). Subsequently intraplate volcanism during

Figure 10. A, Pirongia volcano viewed towards west across the Hamilton Basin. B, Typical landscape of the summit area of Pir-
ongia, here showing the Mahaukura Bluffs with lavas and tuffs cross-cut by prominent radial dykes (background) and Ruapane
peak comprised of basaltic agglomerates, lavas and dykes. C, An intraplate basaltic tuff ring succession, overlain by a basaltic
lava associated with Karioi volcano exposed on the southwest coastline of Karioi. D, The southern wall of the Te Toto Gorge land-
slide scarp on the western flank of Karioi Volcano, which shows a succession of intercalated arc and intraplate basaltic lavas and
pyroclastics. The monolith in the foreground is an upright block that preserves the same succession.
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the Pleistocene migrated northwards, first to the Nga-
tutura Volcanic Field (NVF, 1.83–1.54 Ma; Briggs
et al. 1989), then the South Auckland Volcanic Field
(SAVF, 43 centres dated by K-Ar from 1.59–0.51
Ma; Briggs et al. 1994) (Figure 11). Smith and Cronin
(2021) suggest that these fields – along with the now-
active AVF – were formed from asthenospheric man-
tle mini-plumes triggered by mantle convection that
has been driven by the subducting slab beneath the
central North Island. Alternative models for intraplate
basaltic magmatism applied elsewhere in Zealandia
(e.g. Scott et al. 2020) are yet to be evaluated for the
NVF and SAVF.

Extensional block faulting is a prominent feature of
the NVF (Utting 1986; Briggs et al. 1990) and SAVF
(Rafferty 1977; Rosenberg 1991; Briggs et al. 1994).
The ENE-trending Waikato Fault and NNW-trending
Drury Fault, in particular, demarcate areas of different
shallow subsurface geology, which control, in part, the
style of volcanism (Figure 11). The upthrown eastern
side of the Drury Fault forms an exposed Mesozoic
(Waipapa) basement terrane, upon which the eastern-
most vents of the SAVF erupted, which are mostly
magmatic effusive centres and scoria cones. Likewise,
the upthrown southern side of the Waikato Fault
occurs as a partly exposed Mesozoic (Murihiku) ter-
rane, with a partial cover of Late Eocene to Oligocene
(Te Kuiti Group) and Miocene (Waitemata Group)
shallow marine sequences. This succession forms the
subsurface to the NVF and the southern vents of the
SAVF, which are also predominantly magmatic
centres; with a few exceptions including the largest
phreatomagmatic centre, the Onewhero tuff ring. In
contrast, phreatomagmatic centres of the SAVF are
common on the Manukau Lowlands – bound by the
downthrown sides of the Drury and Waikato faults
(Figure 11) – and are underlain by marine and estuar-
ine sands of the Pliocene Kaawa Formation, a signifi-
cant aquifer in the region. Faulting also controlled the
alignment of some vents in both volcanic fields.

The NVF comprises at least 16 volcanic centres
mostly scoria cones (Figure 12A) and lava flows of
limited hawaiite to nepheline hawaiite composition
(Utting 1986; Briggs et al. 1990). A diatreme occurs
along a coastal exposure (Figure 12B; Heming 1980;
van Niekerk 2016; Németh and Kósik 2020). Recent
K-Ar ages as old as 3.34 ± 0.06 Ma for basalt in the
same coastal section (van Niekerk 2016; Németh and
Kósik 2020), are not consistent with the known age
range of the NVF. Bischoff et al. (2020) identified a
volcanic field with a stratigraphic age of c. 3.5 Ma
around 60 km offshore (West Ngatutura), buried
within the sedimentary succession of the Taranaki
Basin; however, a magma-genetic association with
basalts in the coastal section has not been established.

The SAVF is a larger field with approximately 82
volcanic centres, including several lava shields, scoria

cones, lava flows and phreatomagmatic tuff rings,
and nested or coalesced complexes (Rafferty 1977;
Rosenberg 1991). A quarry on the lower western
flank of the Bombay lava shield has exposed a complex
of intercalated lavas, scoria cones, spatter cones and
dykes, and an upper tuff ring (Figures 11 and 12C;
Gibson 2011; Kapasi 2016) that is separated from the
lower succession by a 1–1.2 Ma distal tephra from
the TVZ (Figure 12C; Alloway et al. 2004). The largest
tuff ring in the SAVF, the Onewhero tuff ring (Figures
11 and 12D), is 2.6 km wide, and is represented by a
continuous phreatomagmatic succession (Gibson
2011). Several other tuff rings have nested scoria
cones (e.g. Barriball Rd, Ilanko 2010; Kellyville, Gib-
son 2011; Mullane 2015; Figure 11) or have alternating
phreatomagmatic-magmatic successions (e.g. Pokeno
West, Taylor 2012; Figure 11). Basalt magmas across
the SAVF occur as either of two compositions:
hypersthene normative subalkaline basalts and nephe-
line normative alkaline basalts (Rafferty and Heming
1979; Briggs et al. 1994; Group A and B of Cook
et al. 2005). There is no geochemical or temporal pat-
tern in the location of volcanic centres in either the
NVF or the SAVF. Like the AlxVG (see previous sec-
tion), both volcanic fields have several mantle xenolith
localities (Sanders 1994; Scott 2020).

Hidden volcanic centres

The range of volcanic centres and fields discussed in
the previous sections are probably an incomplete pic-
ture of mainland North Island volcanism between 3.0
and 0.9 Ma. The modern Taupo rift basin, and adja-
cent Hauraki Rift and Hamilton basins (Figure 1)
are filled with thick Pleistocene-Holocene volcano-
sedimentary successions. Approximately 6 km south-
east beyond the last exposed volcano of the AlxVG
(Tokanui, Figure 9) lies the 1.99 Ma Waikeria dacite
buried beneath the Hamilton Basin succession (Briggs
et al. 1989). The isolated occurrence of the intraplate
Kairangi cone east of the Hamilton Basin (Briggs
1986a, 1986b; Figure 6) of similar age to the AlxVG
west of the basin, further alludes to the possibility of
buried intra-basin volcanoes. The Waiteariki Ignim-
brite of the TgaVC is likely to occur at depth within
the southern Hauraki Rift Basin (Davidge 1982;
Houghton and Cuthbertson 1989).

Evidence of old ignimbrite sheets and volcanic
centres is found at the base of the central TVZ volcanic
succession within geothermal drill holes. Above the
greywacke basement within drill holes at the Kawerau
geothermal field there are ignimbrites sheets and thin
pyroclastic units contemporaneous with volcanism
both at TgaVC and MVC (Milicich et al. 2013a,
2013b). A broad andesite volcanic complex, up to
1.2 km thick, lying on greywacke basement has been
intersected in drill holes beneath the Rotokawa and
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Figure 11. Simplified geological map of the Ngatatura and South Auckland volcanic fields. The map unit distributions have been
simplified from Edbrooke (2001, 2005), with modifications based on maps presented by Rafferty (1977), Briggs et al. (1990, 1994)
and Cook et al. (2005). Abbreviations: tuff ring, TR; lava shield, LS.
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Ngatamariki geothermal fields and is likely to have
been active >∼1.9 Ma (Browne et al. 1992; McNamara
et al. 2016). An ignimbrite that lies stratigraphically
above the Rotokawa andesite has been dated within
error between 1.89 and 1.84 Ma (Eastwood et al.
2013; Chambefort et al. 2014; Milicich et al. 2020).
Beneath the Wairakei-Tauhara geothermal field ande-
site was dated at 1.65 Ma, and a rhyolite lava at 0.95
Ma (Rosenberg et al. 2020). The buried andesite volca-
nic complexes have similar ages to the exposed ande-
sitic volcanoes discussed in previous sections
(Pureora, Titiraupenga, Maungatautari).

Discussion of radiometric ages

All of the abovementioned volcanic centres and fields
have been dated radiometrically to some degree.
Enough individual eruption vents have been dated at
the TgaVC, MVC, AlxVG, NVF and SAVF to gain
an understanding of the overall duration of volcanic
activity in each of these regions. The age data also

constrain the timing of multiple silicic flare-ups in
the TgaVC and MVC, and multiple peaks of volcan-
ism in the AlxVG and SAVF. In contrast, the Pureora,
Titiraupenga and Maungatautari stratovolcanoes only
have one K-Ar age each, which limits the ability to
constrain how the timing of volcanism of these strato-
volcanoes may overlap with each other, and with the
other volcanic centres and fields.

Multiple dating methods have been applied to the
rhyolites and ignimbrites of both the TgaVC and
MVC (Figure 5; Tables 1 and 2). In nearly all cases
the published ages are condordant (e.g. Papamoa
eruptions, TgaVC; Kidnappers, Rocky Hill and Ngar-
oma eruptions, MVC). For the Ongatiti Ignimbrite
however, the 40Ar/39Ar (feldspar) and U-Pb zircon
ages are different within 2SD error (Table 2). We
accept the more recent age determinations on zircon
by U-Pb (SHRIMP) at around 1.3 Ma (Brown and
Smith 2004; McCormack et al. 2009; Cooper et al.
2014) as effectively the eruption age. In one case the
40Ar/39Ar age (1.32 ± 0.01 Ma; Briggs et al. 2005) is

Figure 12. A, Typical scoria cone in the NVF. B, Ngatutura diatreme cross-cutting Oligocene-Pliocene siltstones, sandstones and
limestones (see also Németh and Kósik 2020). C, Quarry exposure in the SAVF of a complex of lava, scoria cone and spatter cone,
overlain by a tuff ring. D, Panoramic view of the Onewhero tuff ring, the largest tuff ring of all North Island intraplate volcanic
fields.
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concordant with the U-Pb ages on zircon reported in
multiple studies, whereas the other 40Ar/39Ar age
(1.21 ± 0.04 Ma; Houghton et al. 1995) is not concor-
dant and we discount it as reflecting a real difference
between crystallisation age of zircon versus an erup-
tion/cooling age on feldspar (c.f. Cooper et al. 2014).
Basaltic centres and fields have only been dated by
the K-Ar method, except for a small number of new
40Ar/39Ar ages for Pirongia volcano (McLeod et al.
2020).

We have reported nine new U-Pb and (U-Th)/He
ages on zircon for nine rhyolite domes in the
TgaVC. In most cases, these ages are concordant
with each other except in two cases where the helium
ages are significantly older (Upuhue and Papamoa
domes, Figure 5). These exceptions contradict the
expected situation where the crystallisation age should
be older than the cooling age. In these two cases, we
accept the U-Pb zircon ages as the better approxi-
mation of the eruptive ages of those domes. Our
rationale is based on the large number of zircon crys-
tals dated by the U-Pb method and the statistical cer-
tainty this provides against the number of crystals
dated by the (U-Th)/He method.

In the case of the Upuhue dome the U-Pb and
40Ar/39Ar ages overlap and are therefore concordant.
In the case of the Papamoa dome, the U-Pb age is sig-
nificantly younger than the 40Ar/39Ar age (Figure 5),
which is also unexpected. To be consistent, we main-
tain the U-Pb zircon age as the better estimate of the
eruptive age of this dome, following the rationale
explained above. We also found that for the Kaimai
dome the U-Pb age is significantly younger than the
reported 40Ar/39Ar age and for the same reason, we
adopt here the U-Pb zircon age as the better estimate
of the eruptive age of this dome.

For the majority of domes where the U-Pb zircon
ages are either concordant with the (U-Th)/He ages
or reported 40Ar/39Ar ages, we infer that there was lit-
tle time between crystallisation of zircon and the cool-
ing of feldspar and zircon, and hence between magma-
genesis and eruption.

In each of the 10 samples for which we report U-Pb
ages on zircon, there are between 2 and 12 crystals that
have yielded ages older than the Pliocene (Figure 4;
Suppl. 2 at doi: 10.5281/zenodo.4646884). These xeno-
crystic ages range between about 29 and 400 Ma. Ages
greater about 140 Ma are consistent with detrital zir-
con U-Pb ages reported for the Waipapa Terrane
being the underlying basement to the TgaVC
(Adams et al. 2009; Milicich et al. 2021). In these
cases, there may have been a degree of lead loss during
Pliocene magma-genesis, but there is no means of
establishing this occurrence from the data at hand.
In most samples there are a few crystals with U-Pb
ages than lie between 140 and 29 Ma (Figure 4). We
interpret these ages as partial ages resulting from

certain lead loss from detrital basement zircons during
Pliocene magma-genesis, or from situations where the
width of the spot LA-ICPMS analysis spanned a core-
rim boundary, the rim having accreted during Plio-
cene magma-genesis.

Summary: spatio-temporal evolution of
North Island volcanism post-3 Ma

The 3.0 to 0.9 Ma record of North Island volcanism
reflects a southeastward migration of the volcanic
arc towards it present position in the young TVZ.
Over the same time, in the backarc region, intraplate
basaltic volcanism, which initiated at the chain volca-
noes along the Alexandra lineament, migrated north-
wards to its present position at the AVF. This spatio-
temporal evolution of volcanism is explained here in
three stages (Figure 13A–C); each represents a new
configuration of volcanic centres and fields, both in
the arc and backarc/intraplate setting.

During the first stage (c. 3.0–1.9 Ma; Figure 13A),
silicic volcanism was concentrated at the TgaVC.
The early period of activity included the andesitic
Otawa stratovolcano and early rhyolite domes; how-
ever, rhyolite volcanism became more dominant in
the later period including several ignimbrite-forming
eruptions, possibly related to the Omanawa caldera
in the south (Figure 13A). The new zircon age data
for the rhyolite domes, which adds to and, in most
cases, supports the published 40Ar/39Ar ages (Briggs
et al. 2005) suggest that dome growth was episodic.
At the same time back-arc basaltic volcanism was
focused along the stratovolcanoes and smaller cones
of the Alexandra volcanic lineament, and in the
same area the first intraplate basaltic Okete Field in
the Waikato region.

The second stage (c. 1.9–1.6 Ma, Figure 13B) is
characterised by dispersed andesitic stratovolcanoes
of the south Waikato region (Maungatautari, Pureora
and Titiraupenga, and the buried andesite lava succes-
sions in the deep TVZ), and the basaltic intraplate
activity at the NVF. The lack of a known silicic volca-
nic centre is noteworthy, although the buried 1.8 Ma
ignimbrite(s) in Rotokawa and Ngatamariki geother-
mal holes implies that silicic volcanism continued.
The third stage (c. 1.6–0.9 Ma; Figure 13C) is marked
by a new silicic flare-up focused at the MVC,
coinciding with rejuvenation of volcanism in the sum-
mit region of Pironga (AlxVG) and intraplate basaltic
volcanism further north at the SAVF.

These stages are intended to show the change in
nature and location of volcanism across central
North Island leading to the currently active young
TVZ and intraplate AVF. Whilst the andesite-rhyolite
volcanic arc has stepped to the southeast in response
to changes in the rifting regime (i.e. opening of the
Havre Trough), it is interesting to note that intraplate
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volcanism behind the arc has migrated in the opposite
direction (i.e. to the north). This spatial progression is
best-explained by the development of the Havre
Trough and dislocation of the back-arc along the
Hauraki Rift.

Stage 1 was a key milestone in the history of central
North Island volcanism, as it marks the interval when
the two major modes of volcanism – subduction-
related and intraplate – were juxtaposed at the
AlxVG. At the same time, the southeastward-
migrating volcanic arc had arrived at the location of
the TgaVC. We do not attempt to explain the
magma-genesis of the unique AlxVG volcanic setting
(see Briggs and McDonough 1990; McLeod et al.
2020), as it remains a topic in progress. Rather, we
highlight that the origins of active intraplate (AVF)
and volcanic arc (TVZ) environments of the North
Island can be best-explained by tracing back to the

volcanic setting during Stage 1. Thus, the central
North Island of New Zealand preserves a spectacular
record of changing styles of volcanism from this
time onwards.
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