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1  |  INTRODUC TION

Early histories of some small volcanoes have been established 
(Brenna et al., 2012; Németh et al., 2003) but investigations of the 
early development of large volcanoes are typically hindered by 
the burial of early products. Current understanding of a volcano's 
lifecycle are encapsulated in two, conflicting, generalizations: (1) 
Volcanoes begin erupting primitive compositions, producing evolved 
rocks over time with system evolution (Khalaf et al.,  2018; Sato 
et al., 1990); (2) Volcanoes commence with evolved lavas, and primi-
tive compositions erupt later after a stable conduit is established 
(Pánisová et al., 2018; Panter et al., 1997).

Volcanism, even that producing small (≤9  km3; Wood,  1979) 
centres in single eruptions, has complexities, with bimodal com-
positions at monogenetic centres inferred to reflect ‘failed erup-
tions’ of early batches of magma injected into different levels of 
the lithosphere without erupting (Jankovics et al.,  2015; Németh 
et al., 2003). Instead, they differentiated before being mobilized by 

mafic recharge that instigated ascent and eruption of the stored, 
more-buoyant fractionated melt; the mobilizing mafic magma fol-
lowed closely behind. Similar compositional variation and system 
behaviour have been identified in other continental volcanic fields 
(Chevrel et al.,  2016; Duda & Schmincke,  1985), and in historic 
eruptions of ‘satellite’ cones of ocean island volcanoes (e.g. Klügel 
et al., 2000).

Various continental volcanic fields (e.g. Eifel Volcanic Field, 
Germany; Trans-Mexican Volcanic Belt, Mexico; Klyuchevskoy 
Volcanic Group, Russia; Connor et al.,  2000; Jeju Island, South 
Korea; Brenna et al., 2012) began with dispersed small volcanoes, 
amidst which complex, evolved centres with mature magma plumb-
ing systems were later established. In intraplate settings, these pro-
duced a compositionally wide range of magmas above sites of peak 
mantle productivity (Brenna et al., 2012; Schmincke, 2007).

It remains unclear how these larger, more-complex volcanoes are 
born within regions of dispersed volcanism. Here, we analyse a small 
area that includes the oldest-dated rocks of the Dunedin Volcano 
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Abstract
The oldest-known rocks of the eroded Dunedin Volcano (DV), New Zealand, active 
16.0–11.0 Ma, were emplaced by penecontemporaneous explosive eruptions and in-
trusions of magmas with a remarkable range of compositions, including basanite, alkali 
basalt, trachyte and phonolite. The compositional diversity of magmas emplaced in 
rapid succession during the earliest development of the volcano signify the existence 
of a complex magmatic system and highly evolved magmas, typical of those attrib-
uted to mature magmatic systems; here it developed in concert with the volcano's 
surface eruptions. We infer that multiple deep and shallow reservoirs were suddenly 
tapped as volcanism commenced. DV repeatedly erupted the same range of magmas 
over 5 Myr, suggests that these distributed reservoirs failed to significantly integrate 
through millions of years of slow volcano growth.
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(DV), which resides among rocks of the Dunedin volcanic group 
(DVG; New Zealand) produced by small volcanoes dispersed over 
~8,000 km2 (e.g. Coombs et al., 2008; Scott et al., 2020). The com-
positional range and geometrical complexity of these early eruptive 
products, and their similarities with later ones, provide new informa-
tion about how long-lived, low-output composite volcanoes origi-
nate and develop through their lives.

1.1  |  The DV

The Miocene DV (Coombs et al.,  2008) on the SE coast of New 
Zealand (Figure 1a) is one of many intraplate volcanoes of Zealandia 
(e.g. Hoernle et al., 2006), within the wider Cenozoic SW Pacific dif-
fuse alkaline magmatic province (DAMP; Finn et al., 2005). The DV 
erupted basalt to phonolite, sporadically, over 5 Myr (16.0–11.0 Ma; 
Scott et al., 2020). Early submarine activity was explosive (Martin 
& White,  2001), with later subaerial effusive and explosive activ-
ity constructing a 25 km diameter edifice (Benson, 1968; Coombs 
et al.,  2008). Peripheral lavas extend ~20  km north of the edifice 
centre (McLeod & White, 2018). The total erupted volume is poorly 
known, though Coombs et al. (1986) inferred that 150 km3 of mate-
rial is represented by the volcano, while gravity modelling indicates 
600 km3 of magma was captured in the crust (Reilly, 1972).

The oldest-known rocks of the DV are exposed at Otapahi (Allans 
Beach; Figure 1b). Shallow submarine pyroclastic deposits (Martin & 
White, 2001, 2002) are cross-cut by dikes, one of which yielded the 
oldest Ar39/Ar40 date of 16.0 ± 0.4 Ma (Hoernle et al., 2006). About 
half a km of Cenozoic sedimentary rocks underlie the DV above a 
Mesozoic schist basement.

2  |  METHODS

Fieldwork established relative age relationships between dikes, and 
host volcaniclastic units, and to collect samples for petrographic, 
whole-rock and EMPA analyses, as well as magnetic polarity experi-
ments (full methodologies in File S1).

3  |  RESULTS

A phonolite pumice unit (Martin & White, 2002) that is crystal-poor 
at the base, transitioning to crystal-rich near the top with phe-
nocrysts of olivine, plagioclase, clinopyroxene and amphibole, hosts 

an abundance of cross-cutting diatremes and dikes (e.g. Figures S1 
and S2; Baxter & White,  submitted). Other than PLb lapillistone, 
older diatremes contain no igneous lithic clasts, strongly suggesting 
no volcanism occurred at Otapahi prior to formation of the Pumice 
Lapilli-beds (PLb). Peperites occur where dikes cut both the PLb 
(Figure 1b,c,d), and diatreme deposits.

Compositionally and texturally diverse dikes are extensively min-
gled together, forming dike complexes (Figure 1c–e; Figures S3–S5). 
Mineral assemblages, modal mineral compositions, and trace ele-
ment concentrations reveal compositional diversity of dikes mingled 
together (Figures 1d and 2; File S3). Although composition classifica-
tions range from alkaline basalt to trachyte (Figure 2a) alteration ob-
scures the true compositional range and abundance of emplacement 
events at Otapahi (Table 1). The range of immobile element ratios for 
dikes from Otapahi exceed the vast majority of Zr/Ti ratios reported 
for volcanic rocks from DV (Figure 2b). Trace elements demonstrate 
the range of compositional variability not encapsulated within rock 
classification by a TAS diagram (Figure 2c; Table 1). Among alkali ba-
salt samples, one is enriched in alkalis and incompatible trace ele-
ments compared to others sampled. Similar enrichment differences 
appear among trachytes sampled.

Petrographic textures and mineral modal abundances and as-
semblages support additional variation of dikes not captured by 
whole-rock compositions (Figures  1e and 2d). Modal abundances 
indicate the presence of a basanite dike at Otapahi, not represented 
by whole-rock major elements, as well as suggest the presence of 
altered phonolites (Figure 2d). Although major elements indicate the 
most evolved rocks in the area to be trachytes, immobile trace ele-
ment abundances and modal minerologies indicate some trachytes 

Statement of significance

Do compositionally complex volcanoes grow from simple 
beginnings, or does their complexity manifest at a very 
early age? The Dunedin Volcano (New Zealand) is the sur-
face expression of a long-lived (16–11 Ma) intraplate mag-
matic system. Magma of a remarkably wide compositional 
range was over a short time interval injected through and 
mingled with some of the earliest volcanic deposits, indi-
cating that a mature and complex magma plumbing system 
had already developed as the embryonic volcano began to 
grow.

F I G U R E  1  (a) Dunedin Volcano on the SE coast of NZ erupted diverse alkaline lavas across 5 Myr. Red stars indicate pre-volcanic 
rock exposed the closest to Otapahi (b) aerial image and superimposed photogrammetry of Otapahi, Otago peninsula. Enlargement (c) of 
headland with volcaniclastic units cut by compositionally diverse dikes mingled together or forming peperites. (d) Photo (I) and annotation 
(II) of cliffside with multiple dikes (D); dikes mingled within pumice lapilli beds (PLb) forming peperite. (III) porphyritic alkali basalt (Alk a) 
intrudes PLb with peperite (P) contact. (IV) mingling of Alk a with enriched alkali basalt, Alk B. (V) Mingled alkali basalts, cross-cut by sinuous 
trachybasalt (Trb). Hammer~40 cm. (e) Petrographic sections from four dikes mingled, Alk a (I), Alk B (II), tr (III) and Bta (IV) shown in 2C. LHS, 
cross-polarized light; RHS, plane-polarized light 
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are likely phonolites (e.g. Tr2). Immobile trace element ratios resis-
tant to modification such as Zr/Ti (Pearce & Norry,  1979) display 
one of these dikes as the most extensively fractionated from the 

DV, exceeding the range reported from other known DV phonolites 
(Figure 2b). Crystals from most of the mafic and intermediate dikes 
display disequilibrium textures and zoning. Crystals analysed from 
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different dikes display element concentration profiles of varying 
complexity (Figure 2e), especially within mafic samples.

Magnetic polarity was tested for Subunit A and B of the PLb, alkali 
basalt, basaltic trachyandesite and a trachyte dikes. All are of normal 
polarity, narrowing the date, within 40Ar/39Ar date error range, to 
within C5Cn1 (16.26–15.97 Ma) or C5Cn2 (16.40–16.30 Ma; File S1).

4  |  DISCUSSION

4.1  |  Truly early magma diversity?

Contact with pre-volcanic strata is obscured, but the lack of older 
igneous lithic fragments in the oldest diatremes, which quarried 
down to basement schist (Baxter & White,  submitted), strongly 
implies that examined rocks represent the earliest volcanic prod-
ucts. Later-formed diatremes contain igneous lithic fragments de-
rived by fragmentation of concurrently emplaced dikes (Baxter & 
White, submitted).

At Otapahi, fluidal dike margins and magma mingling form-
ing peperites with the PLb (Martin & White, 2002), indicates dike 
intruded unconsolidated pumice (Kokelaar,  1982; Skilling et al., 
2002). Successive intruding commingling of geochemically diverse 
dikes hosted within the PLb ranges from centimetre to metre scale 
(Figure  1d) demonstrates contemporaneous emplacement of mul-
tiple magmas; earlier dikes must have still been partially molten 
for mingling to occur. Dikes have been observed to cool below 
500°C 20 years after intrusion, and modelled to cool below 100°C 
within a century (Connor et al., 1997). This thermally limited time-
frame precludes derivation of the different magmas from a single 
static magma body evolving over 100–1000s of years in the crust 
(Schmincke, 2007).

Both textures and compositions indicate magmas with differ-
ent histories, implying injection of multiple batches into the area. 
Although alteration has affected major element compositions, im-
mobile trace element ratios and REE abundances (Figure 2b; Table 1) 
demonstrate Otapahi's compositional diversity is equal to the diver-
sity recorded from entire DV's sequence (Figure 2b). Detailed stud-
ies on crystals from throughout the DV history indicate persistent 
magma recharge and mixing events across the entire plumbing sys-
tem (Pontesilli et al., 2021). Magma mixing processes are inferred for 

Otapahi from chemical zoning of pumice deposit (Figure S1; Baxter 
& White, submitted), simple mixing models for intermediate compo-
sition dikes (Figure 2a), abundant disequilibrium textures and com-
plex element profiles for mafic and intermediate rock phenocrysts 
(Figure 2e). Samples enriched in alkalis and trace elements may re-
sult from parental magmas generated by smaller degrees of partial 
melting, wall-rock interactions, longer residence/evolution times, or 
some combination (Martin et al., 2010; Pontesilli et al., 2022).

4.2  |  Simultaneous accumulation, evolution and 
mobilization

It is well established that more dikes arrest than successfully erupt 
(Gudmundsson, 2002). These ‘failed eruptions’ have been argued to 
precede the formation of continental monogenetic centres (Németh 
et al., 2003), with Brenna et al., 2011 demonstrating a range of pre-
eruptive magma plumbing complexities for monogenetic volcanoes 
of Jeju Island, Korea. Modern failed eruptions are reported from rift 
settings, stratovolcanoes, monogenetic fields, and shield volcanoes 
(Calais et al., 2008; Cervelli et al., 2002). Dike advance can be im-
peded by regional and local stress regimes, crustal heterogeneities 
and lithological boundaries (Gudmundsson, 2002; Tibaldi, 2015). We 
infer accumulation of mafic magmas at the MOHO (Figure 3), and it 
is unlikely that regional stress regimes or the lithologically monoto-
nous Otago Schist inhibited ascent of these magmas to the DV; in 
the broader DVG, widely spaced and sporadic eruptions of basaltic 
magmas began at 24.8 Ma (Hoernle et al., 2006). The regional Otago 
Schist basement, an exhumed accretionary complex (Mortimer, 
2003), structurally complex with many faults, (Carter,  1988) is 
floored at 10–15 km depth by a regional decollement (Beanland & 
Berryman, 1989). As middle crust is often a ‘leaky transfer zone’ (e.g. 
Putirka,  2017) the middle crust below Dunedin probably initially 
trapped little, if any, ascending magma. Faults in the shallow crust 
can arrest dike propagation and/or divert magma to sills or other 
reservoirs (e.g. Tibaldi, 2015). Discrete pockets of stalled magmas 
at different crustal levels evolved separately (Figure 3), undergoing 
varied differentiation processes producing disparate crystal element 
profiles and geochemical characteristics of Otapahi.

Quantitative modelling of similar crystal zonation elsewhere in 
the DV places storage sites at depths of 5–14 km depth for evolved 

F I G U R E  2  (a) TAS diagram for Otapahi samples; mingled dikes in blue. Other whole-rock = grey boxes; glass = triangles; diamonds = from 
Hoernle et al., 2006; circles = from Price 1973. Background colour scale indicates the range of compositions reported from the Dunedin 
Volcano (DV). (b) Spread of samples Zr ppm vs Ti ppm. Blue circles represent whole-rock from this study, with colour scale representing 
LOI wt%. Yellow boxes = DV compositions reported by Pontesilli et al. (2021 and 2022); plus-box = compilation of DV samples from Scott 
et al., 2020, triangles = Dunedin volcanic group rocks compiled for Scott et al., 2020. (c) Rare earth element profile for whole-rock samples 
presented in this study. Normalized to primitive mantle composition (Sun & McDonough, 1989). (d) Modal mineral abundances collected 
from thinsections from Otapahi, normalized to 100% after secondary minerals (carbonate, unresolvable clay minerals) removed. Labels based 
on TAS classification. Alk = alkali basalts, tb = trachybasalt. Bta = basaltic trachyandesite, tr = trachyte. All geochemical graphs related with 
Pypl (Williams et al., 2020) (e) representative mineral profiles of plagioclase crystals from two alkali basalts, and two basaltic trachyandesites 
(BTa). Complex profiles of Alk C phenocrysts; intensely resorbed phenocrysts in Alk a are less complex. BTa (1), sample modelled as formed 
by magma mixing, profile shows more variation. Profile (2) normal zoning in BTa (2). Analyses on JEOL JXA-8230 SuperProbe electron probe 
Microanalyser (EPMA), Victoria University of Wellington, NZ 
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magmas, 16–29  km for intermediate compositions (Pontesilli 
et al., 2022), 19–30 km for high-alkali basalts which bypass the shal-
low plumbing system, while low-alkali km basalts undergo polybaric 
crystallization from the lithospheric mantle to upper crustal levels 
of the plumbing system (Pontesilli et al.,  2021). Their quantitative 
modelling of the broader volcano's plumbing system concurs with 
our qualitative inferences about the plumbing established beneath 
Otapahi, where similar diversity shows that the complex system was 
established and emplacing both alkaline, subalkaline, primitive and 
evolved rocks during the earliest stages of volcanism.

Within intraplate volcanic fields, larger, complex volcanoes 
are suggested to develop above loci of peak mantle productivity 
(Schmincke, 2007). Here, we suggest their compositional diversity may 
first develop due to multiple failed eruptions that build a substantial 
subterranean magmatic system prior to surficial volcanic activity. This 
pattern mimics at smaller temporal and spatial scales that of large long-
lived continental arcs, where similar subterranean system-building 
and evolution can precede main eruptive periods (Annen et al., 2006). 
Unlike central volcanoes of continental arcs, here there was a great 
diversity of compositions in a group of magmas that erupted nearly 
synchronously to produce some of the earliest rocks known from the 
volcano (published Ar–Ar; see compilation Scott et al., 2020). These 
compositions cover the range erupted over the remainder of the volca-
no's activity, implying that these early and diverse magmas and storage 
zones represent the template for the volcano's long-term plumbing.

Eruption of phonolite magma to form the PLb disrupted and 
destabilized a maturing magmatic system that comprised multi-
ple, primitive-to-evolved, storage zones tiered through the crust. 
Incomplete mixing drove transition of the PLb from phenocryst-poor 
phonolite glass at the base to one with mafic phenocrysts like those 
in alkali basalt dikes, carried in evolved glassy pyroclasts. The basalt-
triggered eruption from this shallow storage zone seems to have 
caused mobilization and coalescence of deeper magmas (Marzoli 
et al., 2015), perhaps by initiating a downward-propagating decom-
pression wave, as was suggested to explain deepening seismicity 
before eruption at Eyjafjallajökull in 2010 (Tarasewicz et al., 2012).

Models in which a volcano commences activity by erupting prim-
itive material (Khalaf et al., 2018; Sato et al., 1990), or with emplace-
ment of evolved lavas (Pánisová et al.,  2018; Panter et al.,  1997), 
are not appropriate for the DV. Petrography and geochemistry of 
compositionally diverse rocks emplaced penecontemporanously at 
Otapahi indicate a magmatic system that had already matured be-
fore the volcano's oldest-dated rock was emplaced.

4.3  |  Precedent set for further activity

DV marks a locus of higher mantle productivity within the low-
output DVG (McLeod & White, 2018; Scott et al., 2020). Multiple 
failed eruptions, probably controlled by structural features of the 
upper crust, developed a complex magmatic system above this 
locus. Subsequent divergence of evolution developed a diverse suite 
of early magmas, some highly evolved. Eruptions were triggered by Sa
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mixing/recharge events that destabilized the system, leading to the 
mobilization, eruption and intrusion of multiple magmas at Otapahi.

Above this zone of increased mantle productivity, magma sup-
plied more persistently and at higher rates than elsewhere in the 
DVG continued this pattern over 5  Myr, with differentiation at 
various levels in the crust (Pontesilli et al., 2021, 2022). Repeated 
eruption of the same suite of compositionally diverse magmas 
characterizes DV's history (Coombs et al., 2008). It implies the per-
sistent presence, or repeated production, of multiple, unintegrated, 
magma bodies beneath the long-lived DV. Repeated eruptions of 
the same range of magmas suggest a system of tiered reservoirs 
(Maclennan, 2019) failing to fully integrate through millions of years 
of slow volcano growth, never developing the vertical connectivity 
of a transcrustal magma system (Cashman et al., 2017). The Otapahi 
succession set the pattern for the volcano's overall evolution.

5  |  CONCLUSIONS

DV's earliest dated volcanic rocks display a remarkable compo-
sitional range, and include mingled igneous rocks from different 

magmas, emplaced pene-contemporaneously at Otapahi at different 
points in their compositional evolutions. Their rapid, successive em-
placement implies a complex magmatic system that had previously 
formed in the crust. The formation of the magmatic system involved 
multiple failed eruptions that delivered magma to different levels 
in the crust, where it underwent various differentiation processes 
over different periods of time. This same behaviour, represented at 
Otapahi, appears to have subsequently continued over millions of 
years, over which the volcano continued to produce a similar range 
of magma compositions. At this low-flux intraplate continental vol-
cano, a complex weakly interconnected magma system developed 
very early, exhibiting a style of activity that persisted for another 5 
million years.
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