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Abstract  Supereruptions (>10'° kg & 450 km? of ejected
magma) have received much attention because of the chal-
lenges in explaining how and over what time intervals such
large volumes of magma are accumulated, stored and erupted.
However, the processes that follow supereruptions, particu-
larly those focused around magmatic recovery, are less fully
documented. We present major and trace-element data from
whole-rock, glass and mineral samples from eruptive prod-
ucts from Taupo volcano, New Zealand, to investigate how
the host magmatic system reestablished and evolved follow-
ing the Oruanui supereruption at 25.4 ka. Taupo’s young erup-
tive units are precisely constrained chronostratigraphically,
providing uniquely fine-scale temporal snapshots of a post-
supereruption magmatic system. After only ~5 kyr of quies-
cence following the Oruanui eruption, Taupo erupted three
small volume (~0.1 km?) dacitic pyroclastic units from 20.5
to 17 ka, followed by another ~5-kyr-year time break, and then
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eruption of 25 rhyolitic units starting at ~12 ka. The dacites
show strongly zoned minerals and wide variations in melt-
inclusion compositions, consistent with early magma mixing
followed by periods of cooling and crystallisation at depths of
>8 km, overlapping spatially with the inferred basal parts of
the older Oruanui silicic mush system. The dacites reflect the
first products of a new silicic system, as most of the Oruanui
magmatic root zone was significantly modified in composition
or effectively destroyed by influxes of hot mafic magmas fol-
lowing caldera collapse. The first rhyolites erupted between
12 and 10 ka formed through shallow (4-5 km depth) cool-
ing and fractionation of melts from a source similar in com-
position to that generating the earlier dacites, with overlapping
compositions for melt inclusions and crystal cores between
the two magma types. For the successively younger rhyolite
units, temporal changes in melt chemistry and mineral phase
stability are observed, which reflect the development, sta-
bilisation and maturation of a new, probably unitary, silicic
mush system. This new mush system was closely linked to,
and sometimes physically interacted with, underlying mafic
melts of similar composition to those involved in the Oruanui
supereruption. From the inferred depths of magma storage
and geographical extent of vent sites, we consider that a large
silicic mush system (>200 km? and possibly up to 1000 km® in
volume) is now established at Taupo and is capable of feeding
a new episode or cycle of volcanism at any stage in the future.

Keywords Supereruption - Taupo Volcanic Zone -
Caldera - Rhyolite - Taupo volcano
Introduction

Supereruptions are defined as those that eject >10'° kg
(or ~450 km®) of magma, equivalent to >1000 km® of
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pyroclastic material (see Miller and Wark 2008 for over-
view), and are often interpreted to result from a unique
set of circumstances that lead to the accumulation and
mobilisation of large amounts of magma (Caricchi et al.
2014; Malfait et al. 2014). It is now widely regarded that
significant volumes of partly molten crystal-rich mush are
required to generate the huge volumes of melt(s) required
for supereruptions (Bachmann and Bergantz 2004, 2008;
Hildreth 2004; Glazner et al. 2004; Wilson et al. 20006;
Hildreth and Wilson 2007; Lipman 2007; Girard and Stix
2009; Wilson and Charlier 2009; Allan 2013; Lipman and
Bachmann 2015). Such studies often highlight the crucial
interplay of this evolved crystal mush with a deeper-seated
feeder system of less evolved mafic melts and their crys-
talline products (Hildreth 1981). This feeder system not
only supplies a heat source and fractionation products to
the base of the magma reservoir, but may also affect the
longevity and stability of the overlying mush system (Hil-
dreth 2004; Bachmann and Bergantz 2008). The evacua-
tion of supereruptive volumes of magma from a chamber
will then undoubtedly have significant effects on the deeper
subvolcanic reservoir, as well as the overall regional struc-
ture of the crust. Questions then arise as to how, and on
what timescales, the host magmatic system rebuilds and
evolves following a supereruption. For example, how does
the catastrophic release of vast amounts of magma affect
the structure of the magmatic system as a whole [i.e. the
melt-dominant zone, crystal mush zone and crustal reser-
voir of Hildreth and Wilson (2007)] and the chemical com-
position of the melts it produces? How long does it take for
the magmatic system to reestablish to the point where erup-
tions resume? Such questions are central to understanding
the dynamics of supervolcanoes and for building a frame-
work for future hazard assessments.

One of the biggest challenges in assessing supervolcanic
recovery processes is the scarcity of detail about activity
that occurred immediately post-supereruption in the geo-
logical record. This scarcity may arise from the lack of
long-term preservation of smaller eruptive units bracketing
a supereruption. In older examples, the uncertainties of the
methods employed to date eruptions are often larger than
the interval between eruptions (e.g. 10°~10° years using
YOAr/*Ar or U-Pb systematics: Simon et al. 2014). Having
a record of magmatic activity through closely spaced erup-
tions coupled with preservation of their products is critical
for tracing the immediate post-supereruption reorganisation
of a magmatic system.

Located in the central North Island of New Zealand,
Taupo volcano provides a unique opportunity to investigate
the dynamics of both pre- and post-supereruption magmatic
systems because of its young age, high eruptive frequency
and the high degree of preservation of its eruptive prod-
ucts. The young eruptive history of Taupo is exceptionally
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well constrained by field stratigraphy, radiocarbon dating
and correlation with other young tephras from the Taupo
Volcanic Zone (TVZ) (Wilson 1993; Wilson et al. 2009).
Taupo’s caldera was primarily formed in the catastrophic
25.4 ka Oruanui event, the world’s youngest supereruption,
which evacuated >530 km? of magma (>1100 km? of pyro-
clastic material) (Wilson 2001; Wilson et al. 2006; Van-
dergoes et al. 2013; Allan 2013; Allan et al. 2012, 2013;
Fig. 1). U-Th disequilibrium model-age contrasts between
zircons extracted from the precursor ‘Oruanui-type’ mag-
mas and those from the Oruanui magma itself (Wilson and
Charlier 2009) and element diffusion modelling (Allan
et al. 2013) indicate that although the broader Oruanui
mush source likely developed over tens of thousands of
years, the eruptible melt-dominant magma body was accu-
mulated in 3000 years or less. The Oruanui juvenile mate-
rial was >99 % rhyolite, with a minor (<1 %) component
of mafic magmas (Sutton et al. 1995; Wilson et al. 2006).
Investigation of pumice compositions has shown that there
was a complex range of rhyolite melts involved, with a
dominant high-silica rhyolite (HSR), minor amounts of a
low-silica rhyolite (LSR) and traces of an independent bio-
tite-bearing (BtB) magma introduced via syneruptive dik-
ing from the contemporaneous NE dome magmatic system
(Wilson et al. 2006; Allan et al. 2012; Allan 2013; Fig. 1a).
In addition, crystals and melts from Quaternary intrusions
and Mesozoic greywacke metasediments were incorporated
into the melt-dominant magma body during its growth (Liu
et al. 2006; Charlier et al. 2008).

Despite evacuating a large volume of magma during
the Oruanui eruption, Taupo resumed erupting after only
~5 kyr, albeit on a smaller scale. There have been 28 erup-
tions following the Oruanui, 25 of which occurred in the
last 12 kyr, with the largest at 232 = 5 AD (Wilson 1993;
Hogg et al. 2012; Fig. 1; Table 1). The first post-Oruanui
eruptions (21-17 ka) were dacitic and erupted from the
northern segment of the Oruanui caldera (units W,
and A). The remaining eruptions are clustered into three
temporally and chemically distinct rhyolitic subgroups
(SG1-3), erupted from multiple vents in discrete peri-
ods from 11.8 to 9.95 ka (SG1: units B-E), 7.05-2.75 ka
(SG2: units F-W) and 2.15-1.8 ka (SG3: units X-Z) (Sut-
ton et al. 1995, 2000; Fig. 1; Table 1). Taupo’s magmatic
system demonstrably underwent significant changes fol-
lowing the supereruption. For example, contrasting zircon
ages for the Oruanui and post-Oruanui magmas suggests
that the system underwent significant heating, thermally
resetting the chronological history of the magmatic sys-
tem (Charlier et al. 2005, 2010; Barker et al. 2014).
However, questions remain as to how and when the rhy-
olite-generating magmatic system was reestablished fol-
lowing the Oruanui eruption (e.g. Sutton et al. 2000). In
particular, how did the mush system and deeper root zone
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Fig. 1 Regional setting, structural features and eruptive history of
Taupo volcano in the Taupo Volcanic Zone (TVZ), New Zealand
(map inset) (modified from Wilson and Charlier 2009). a Map of
Lake Taupo (blue outline) and surrounding structural and volcanic
features. Lineations are young NNE-SSW surface faults. Thick black
line with double arrow represents the Taupo Fault Belt rift axis from
Rowland et al. (2010). The horizontal black dashed line marks the
arbitrary boundary between Taupo (T) and Maroa (M) volcanoes,
and the brown dotted line represents the inferred Whakamaru cal-
dera boundary (Wilson et al. 1986). The Oruanui structural caldera,
subsequent caldera collapse (grey regions) and approximate vent
areas for the first four phases of the Oruanui eruption are from Wil-
son (2001). The NE dome system and pre-Oruanui vent sites are after

(including the inferred underlying mafic feeder system)
adjust, recover and chemically evolve to start producing
new suites of dacite and rhyolite eruptives? What are the
modern components of the magma reservoir and where
are they located?

Here, we address these questions through a study of
magma chemistry for the 28 post-Oruanui eruptions. Major
and trace-element compositions of whole rock, glass and
minerals from pyroclasts and lava are used to constrain pro-
cesses involved in Taupo’s post-supereruption reconstruc-
tion to the latest eruption only ~1800 years ago. This study
demonstrates how Taupo’s magmatic system was reestab-
lished and then evolved at multiple critical stages, to build
a new unitary silicic mush system that most recently fed

Wilson and Charlier (2009). Inferred vent sites for the post-Oruanui
eruptions with implied uncertainty of vent locations (circle around
symbol) are modified from Wilson (1993). Coloured tie lines join-
ing post-Oruanui vent sites represent shifting vent locations within
single eruptions. Note the shift in vent site between the Q2 dacite and
post-Oruanui rhyolites, and the cluster of vent sites near the eastern
lake shore, especially for the SG3 eruptions. b Eruptive history of the
Taupo—Maroa area over the past 60 ka with approximate volumes of
erupted magma shown on a log scale. Magma volumes are shown as
dense rock equivalent (DRE). Eruptive ages and volume estimates are
from Wilson et al. (2009), Wilson and Charlier (2009) and references
therein. The Oruanui eruption age is from Vandergoes et al. (2013)

one of the largest and most energetic Holocene eruptions
on Earth.

Eruptive stratigraphy and sampling

The onset of modern explosive activity at Taupo com-
menced shortly after the Rotoiti eruption (~60 ka) from the
nearby Okataina volcano (Wilson et al. 1995). The period
between ~60 and 25 ka was dominated by small pyroclastic
eruptions from vents now mostly concealed beneath Lake
Taupo, interspersed with a series of small but chemically
distinct eruptions from Maroa volcano to the north (Wilson
et al. 1995; Sutton et al. 1995; Wilson and Charlier 2009;
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Table 1 Summary of post-Oruanui (<25.4 ka) eruptive stratigraphy from Taupo volcano (modified from Wilson 1993)

Eruption unit

Published names Calibrated age Volume

Eruption and deposit characteristics

Material sampled

(years BP) (km?®)
Oruanui 25.400 >1100 Supereruption, formed modern caldera  See Wilson et al. (2006), Allan (2013)
formation outline for separate study
Wk 20.500 0.05 Small, dry open vent switching to wet,  Pumice lapilli, with isolated clasts up
possible lava dome to ~5 cm
Q* 18.800 0.1 Plinian fall unit, open vent, dry switch- Pumice lapilli and isolated blocks up to
ing to wet activity ~10 cm
A* 17,000 0.01 Small wet event accompanying lava Coarse ash to fine pumice lapilli. Bulk
extrusion sample only
B* Karapiti Tephra 11,800 1.4 Bilobate fall deposit, multiple styles, Subunits B1 and B3
vent sites and layers
Subunit B1* 0.23 Mostly dry erupted, non-bedded plinian Pumice lapilli, with isolated clasts up
fall to ~5 cm
Subunit B2 0.1 High lithic content, vent moving NE n/a
from B1
Subunit B3* 0.15 Poorly bedded, inverse graded, only Pumice lapilli and isolated blocks up to
exposed in north 10 cm
Subunit B4 0.82 Two vents possibly active together, n/a
possible lava extrusion
C* Poronui Tephra 11,400 0.75 Plinian fall deposit, multiple layers Subunit C1
reflecting variable power
Subunit C1* 0.55 Inverse grading, increasing lithics, vent Pumice lapilli and isolated blocks up to
slumping 10 cm
Subunit C2 0.2 Weak explosive activity, possible lava  n/a
extrusion
D* 11,380 0.2 Fall deposit accompanying lava dome  Lava from dome. Fine lapilli fall
extrusion on land equivalent, bulk sample only
E* Opepe Tephra 9950 4.8 Large complex eruption, multiple vents  Subunits E1 and E3
and layers
Subunit E1* 1 Dry fall, erupted from western vent. Pumice lapilli, with isolated clasts up
Fluctuating vigour to ~5 cm
Subunit E2 0.15 Erupted 9 km East of El, inverse n/a
graded thin fall layer
Subunit E3* 1.95 Powerful voluminous dry Plinian event, Pumice blocks, large individual clasts
becoming episodic up to 20 cm
Subunit E4 1.5 Poorly bedded and poorly sorted fall n/a
unit, water flushed
Subunit E5 0.2 Ignimbrite unit (column collapse), n/a
reached ~20 km from vent
F* 7050 0.12 Fall unit, dense material. Inferred Lava from dome. Fine lapilli fall equiva-
Motutaiko Is. dome forming lent, bulk sample only
G* Motutere Tephra 6650 0.5 Fall unit, decreasing power and variable Subunit G1
water interaction
Subunit G1* 0.2 Plinian pumice fall, increasing vigour, ~ Pumice lapilli and isolated blocks up to
well sorted 10 cm
Subunit G2 0.3 Water flushed and weakened, wet activ- n/a
ity. Lava extrusion.
H* Motutere Tephra 6050 0.2 Open vent plinian fall unit followed by ~ Subunit H1
wet activity and lava
Subunit H1* 0.1 Well sorted pumice fall deposit, normal  Fine pumice lapilli. Bulk sample only
grading
Subunit H2 0.1 Increasing wet activity accompanied by n/a
lava extrusion
I* Hinemaiaia 5950 0.02 Small, wet-erupted poorly vesicular Coarse ash. Glass sample only

Tephra

magma, lava extrusion
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Table 1 continued

Eruption unit Published names Calibrated age Volume Eruption and deposit characteristics Material sampled
(years BP) (km?®)
J* Hinemaiaia 5370 0.02 Small, wet-erupted poorly vesicular Coarse ash. Glass sample only
Tephra magma, lava extrusion
K* Hinemaiaia 5350 0.35 Complexly bedded fall unit Subunit K2
Tephra
Subunit K1 0.13 Variable bedding, water flushed, pos- n/a
sible lava extrusion
Subunit K2* 0.22 More open vent than K1, wet-erupted Pumice lapilli and isolated blocks up to
with fine ash 10 cm
L* Hinemaiaia 5300 0.07 Small wet eruption involving moder- Obsidian lava. Fine lapilli fall equiva-
Tephra ately vesicular magma lent, bulk sample only
M* Hinemaiaia 5250 0.2 Mainly dry activity, accompanied by Pumice lapilli. Bulk sample only
Tephra lava extrusion
N* Hinemaiaia 4850 0.15 Mixed eruption of wet and dry activity, Pumice lapilli. Bulk sample only
Tephra possible lava dome
o* Hinemaiaia 4800 0.05 Moderately powerful, small size, pos-  Pumice lapilli, with isolated clasts up
Tephra sible lava extrusion to ~5 cm
p* Hinemaiaia 4750 0.05 Very-poorly sorted fall with accompa-  Fine pumice lapilli and obsidian chips.
Tephra nying lava extrusion Bulk sample only
Q* Hinemaiaia 4550 0.15 Similar to O, moderately powerful and  Fine pumice lapilli. Bulk sample only
Tephra possible lava extrusion
R* Hinemaiaia 4450 0.05 Small, weak fall eruption, open vent, Fine pumice lapilli. Bulk sample only
Tephra dry becoming wet
S* Waimihia Tephra 3550 16.9 Very large dry plinian fall eruption. Subunits S1 and S2
Mixed magma
Subunit S1*  Waimihia plinian 8.2 Fall unit of almost purely white rhyolite Pumice blocks with very large
pumice pumice individual clasts up to 30 cm
Subunit S2* Waimihia plinian 7.9 Fall unit with increasing amounts of Pumice lapilli and blocks, scoria clasts,
pumice rhyodacite and scoria mixed streaky clasts
Subunit S3* Waimihia ignim- 0.8 Non-welded ignimbrite reaching n/a
brite ~20 km from vent
T* 3200 0.08 Wet explosive activity possibly accom-  Fine pumice lapilli and obsidian chips.
panying lava extrusion Bulk sample only
U* Whakaipo 2850 0.2 Water flushed wet-erupted fall, possible Pumice lapilli and obsidian, with
Tephra lava extrusion isolated clasts up to ~5 cm
Vi Whakaipo 2800 0.8 Complex and episodic, spasmodic Pumice lapilli, with isolated clasts up
Tephra magma supply and extrusion to ~5 cm
W 2750 0.23 Very weak explosive activity, water Subunit W2
interaction and lava dome
Subunit W1 n/a Very fine ash bed, no material coarser n/a
than ash
Subunit n/a Poorly sorted with ash, lapilli, blocks. ~ Pumice lapilli and obsidian clast, bulk
W2* Pumices and obsidian sample only
X* Mapara Tephra 2150 0.8 Complex episodic eruption, variable Subunits X1 and X2
vigour and external water
Subunit X1* n/a Least water flushed, normal graded, Pumice lapilli, with isolated clasts up
foreign lithics to ~5 cm
Subunit X2* n/a Variably water flushed, thickest part of ~ Pumice lapilli, with isolated clasts up
deposit to ~5 cm
Subunit X3 n/a Increasing obsidian, explosive activity = n/a
with lava extrusion
Y* Taupo tephra 1718 45 (105) Voluminous eruption with multiple Subunits Y1 through Y5 and Y7
(232 £ 5AD) vents and caldera collapse
Subunit Y1* Initial ash 0.05 Minor wet activity, comparable to Basal bulk lapilli and large isolated

Hinemaiaia eruption styles

blocks up to ~30 cm
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Table 1 continued

Eruption unit Published names Calibrated age Volume Eruption and deposit characteristics Material sampled
(years BP) (km?®)
Subunit Y2* Hatepe plinian 2.5 Mostly uniform well sorted plinian fall Pumice lapilli and blocks up 30 cm
pumice deposit. Minor flushing throughout stratigraphy
Subunit Y3* Hatepe ash 1.9 Vigorous wet activity, juvenile obsidian. Pumice lapilli and blocks up 10 cm
Water gullying throughout stratigraphy
Subunit Y4* Rotongaio ash 1.1 3- to 4-week break, wet-erupted fine Pumice lapilli and obsidian chips. Bulk
ash, water flushed sample only
Subunit Y5* Taupo plinian 7.7 Dry voluminous fall event, high erup- ~ Pumice blocks up to ~15 cm throughout
pumice tion rate, dry deposited stratigraphy
Subunit Y6* Early ignimbrite 1.5 Ignimbrite generated and deposited n/a
flow units synchronously with Y5
Subunit Y7* Taupo ignimbrite 30 Climactic ignimbrite unit, single flow, =~ Large pumice blocks up to 1 m, variable
violent caldera collapse vesicle textures
7* Floated giant ~1700 0.28 Subaqueous lava dome extrusion, pas-  Floated lava blocks, pumiceous dome

pumices

sive floating pumices

and mafic inclusions

Published names from Froggatt and Lowe (1990). Ages from Wilson (1993) a combination of '“C ages from material in layers/palacosols and
loosely constrained by older/younger deposits (underlined). Age of Oruanui is from Vandergoes et al. (2013), and age of Taupo is from Hogg
et al. (2012). Given volumes are estimates for the amount of erupted material. Unit Y total volume (in brackets) given for the sum of the subunits
as well as the volume of material now buried beneath Lake Taupo (from Wilson and Walker 1985). Wet and dry eruption types refer to eruptive
style and fragmentation mechanism due to the interaction with external water (see Wilson 1993 for details). Water flushed deposit types have
been modified or reworked by rain

* Units sampled for this study. For units D, F and L, both in situ lavas and inferred pyroclastic fall equivalents were sampled. ‘Bulk sample only’

refers to samples where multiple pumices had to be used to obtain enough material for analytical work

Fig. 1a). Early tephrochronological studies proposed nine
post-Oruanui (<25 ka) tephra formations (Baumgart 1954;
Healy 1964; Vucetich and Pullar 1973; Froggatt and Lowe
1990); however, after reexamination and reinterpretation of
Taupo’s post-Oruanui stratigraphy (Wilson 1993), 28 erup-
tions that vary widely in their eruptive sizes and styles were
identified and dated (Fig. 1b; Table 1). For convenience,
the 28 eruptions and their accompanying products were
labelled by letter, with the two oldest denoted by the Greek
letters W and 2 and the remainder labelled from oldest to
youngest as A through Z. These 28 eruptions were grouped
into four subgroups based on broad chemical variations
with time (Sutton et al. 1995, 2000; Fig. 1b).

Samples used in this study were collected within the
eruptive stratigraphic framework of Wilson (1993) utilising
the reference and type localities therein. Additional sam-
ple locations were found, having been exposed by mod-
ern infrastructural developments in the Taupo region. The
largest and freshest juvenile materials from each eruption
were collected for chemical analysis (Table 1). For erup-
tions that experienced a significant change in eruptive style
or vent location, multiple phases of the eruptive sequence
were sampled to monitor for compositional variations dur-
ing single events. For subaerial eruptions D (Acacia Bay
Dome), F (Motutaiko Island) and L. (White Cliffs dome),
both fragments of lava and the inferred fall unit equiva-
lents were sampled for comparison. As Unit S (Waimihia)
has been recorded as having multiple magma compositions

@ Springer

and mixed pumices (Blake et al. 1992; Sutton et al. 1995),
end-member rhyolitic pumice, grey hybrid rhyodacite pum-
ice and discrete mafic clasts were collected for analysis.
In addition, basaltic scoria from the nearby monogenetic
Waimarino volcano, inferred by Hackett (1985) to be post-
Oruanui in age, was sampled for comparison with Oru-
anui and post-Oruanui mafic compositions (Fig. 1a). Gra-
ham and Hackett (1987) described the Waimarino basalt
in the context of andesite petrogenesis at Ruapehu vol-
cano, ~40 km to the SW, but here it is compared directly
to magmatism at Taupo due to its geographical proximity
(Fig. 1a).

Analytical techniques

Due to widely varying eruptive sizes and levels of expo-
sure, not all post-Oruanui deposits contained material
appropriate for all types of chemical analysis (Table 1).
For large explosive eruptions (e.g. units S and Y), abun-
dant large lapilli or blocks could be sampled through strati-
graphic sequences with enough material obtainable from
single clasts for analysis. However, for smaller eruptive
units such as the ‘Hinemaiaia Tephra’ sequence (Table 1),
material available was generally too small for single-clast
analyses and multiple lapilli of similar appearance and size
were concentrated by sieving and combined for whole-rock
analysis. In the smallest deposits (e.g. units I and J), only
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medium to coarse ash could be sampled, which was picked
under a binocular microscope to ensure only juvenile mate-
rial was selected for analysis.

Prior to processing, samples were repeatedly rinsed,
scrubbed and then washed in an ultrasonic bath to remove
adhering fine ash or lithic material. A final rinse was made
in Milli-Q water (>18.2 M) before oven drying at 110 °C.
Lapilli or block-sized material was coarsely crushed with
a Boyd crusher and then split into two equal portions: one
portion was sieved and crushed to <2 mm, and the other
portion was reserved for whole-rock powdering in an agate
Tema. Large crystals were picked from the mineral-glass
fraction, and the remaining material was passed through
heavy liquids at a density of 2.4-2.5 g/cm® to separate
groundmass glass from minerals. Minerals were picked
under a binocular microscope and mounted into epoxy
resin pucks which were polished to expose the crystal
cores. For volatile analysis, plagioclase crystals with large
melt inclusions were picked and mounted in crystal bond
epoxy and prepared as doubly polished wafers using the
methods of von Aulock et al. (2014). The glass fraction was
sieved to 250 um, repeatedly rinsed in Milli-Q water and
then checked under a microscope for purity.

Whole-rock powders were analysed for major ele-
ments by X-ray fluorescence (XRF) at the Open Uni-
versity, UK, using the methods of Ramsey et al. (1995).
Approximate 2 standard deviation (2SD) analytical preci-
sions determined by replicate analyses of the same stand-
ards for elements are generally <1-3 relative % (Online
Resource 1). Trace-element analyses of both whole-rock
and glass separates were carried out by solution induc-
tively coupled plasma mass spectrometry (ICP-MS),
using a Thermo Scientific Element2 sector-field ICPMS
at Victoria University of Wellington. Total procedural
blanks were within background levels on all measured
elements. Abundances of individual trace elements were
calculated by external normalisation relative to a brack-
eting standard (BHVO-2), which was prepared and ana-
lysed under identical conditions to the samples. Approxi-
mate 2 SD analytical precisions derived from 19 replicate
analyses of a secondary standard (BCR-2) are <6-7 rela-
tive % for most trace elements (exceptions are Li, Cr, Cs
and Pb at <20 % and Ni, Cu, Nb, Mo, Ta, W at >20 %)
(Online Resource 2), with accuracies also <+6-7 %
(most are <+1-2 %), apart from Cu at <20 % and Ta at
~25 %. Replicate analyses of an internal Taupo pumice
secondary standard have 2 SD precisions <6-7 relative %
with similar exceptions to BCR-2.

Major-element analyses of mineral and glass sam-
ples were undertaken on a JEOL JXA 8230 electron
probe microanalyser (EPMA) at Victoria University of

Wellington using wavelength dispersive spectrometry tech-
niques. Operating conditions were 15 kV with 20 nA cur-
rent for pyroxene and Fe-Ti oxides, 12 nA for amphibole
and plagioclase and 8 nA with a defocused 10-pm beam for
glass with reduced count times for Na to minimise alkali
loss. Calibrated international standards were analysed as
unknowns to monitor instrumental drift as well as the pre-
cision and accuracy of the analyses. Approximate 2 SD
precisions calculated from repeated analyses of calibrated
standards are generally <5 relative % for oxides that occur
in concentrations of >1 wt% (Online Resource 3). Amphi-
bole and clinopyroxene trace-element compositions were
measured in situ using a New Wave deep UV laser (193 nm
solid state) coupled to an Agilent 7500CS ICP-MS at Victo-
ria University of Wellington using **Ca for secondary data
normalisation (Pearce et al. 1996), the concentration of
which had previously been determined to +5 % by EPMA.
Abundances of individual trace elements for 35-pm spot
sizes were calculated relative to bracketing standards BCR-
2G or NIST 612. Approximate 2 SD precision and accu-
racy of replicate analyses is <10 % for most trace elements
(Online Resource 4).

H,O0, OH™ and CO, concentrations in plagioclase-
hosted melt inclusions were determined by Fourier trans-
form infrared spectroscopy (FTIR) using a Varian FTS
Stingray 7000 Micro Image Analyser at the Japan Agency
for Marine-Earth Science and Technology (JAMSTEC).
Replicate analyses (n = 3-5) of each inclusion included the
collection of both reflection and transmission FTIR spec-
tra (Online Resource 5). Spectra were collected across the
near- and mid-IR ranges (8300-800 cm™!) using a heated
ceramic (globar) source and a KBr beamsplitter. Back-
ground and sample spectra were collected with 512 scans at
8 cm™! resolution, using 20- to 100-um? spot sizes. Back-
grounds were taken on a gold-coated disc for reflection and
through a KBr disc for transmission. Interference fringes
on reflectance spectra were used to determine the beam-
path, or inclusion thickness at each analytical spot (Tamic
et al. 2001; Wysoczanski and Tani 2006; Nichols and
Wysoczanski 2007; von Aulock et al. 2014) using a refrac-
tive index of 1.48 (Okumura et al. 2003). Absorbance peak
heights were determined from transmission spectra using
Varian Win-IR Pro software (v3.3.1.014) and converted to
concentrations using the Beer—Lambert law. Parameters
included the reflectance-determined thicknesses, a nomi-
nal rhyolite density of 2.3 g cm™ (Okumura et al. 2003)
and the following molar absorptivities: 1.86 mol cm™
for molecular H,0O (H,0,,,,) at 5200 cm™~" (Thinger et al.
1994); 1.50 mol cm™" for OH- at 4500 cm™" (Thinger et al.
1994); and 1214 mol cm™! for CO,,; at 2350 cm™~! (Beh-
rens et al. 2004).
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Results
Mineralogy

The post-Oruanui eruptive products contain a limited
range of mineral phases that vary systematically between
eruption subgroups (Table 2). The first-erupted dacitic
units contain the highest concentration of crystals (~25
wt%), with dominant plagioclase, then orthopyroxene,
clinopyroxene, ilmenite and magnetite. Unit A has slightly
lower crystal contents (~17 % wt%); however, we consider
this to reflect the fine grain size of the sample collected
(Table 1), where the tephra is not representative of the bulk
magma due to crystal-glass separation during syneruptive
fragmentation and deposition (e.g. Wolff 1985). Apatite
and sulphide inclusions are common in the dacite crystals,
as previously reported by Sutton et al. (2000) and Gelman
et al. (2013). Crystals are often clustered in large glom-
erocrysts that can reach up to 2 cm in diameter. Individual
crystals are typically 1-2 mm in size, but can reach up to
1 cm long. In contrast, the first rhyolites in SG1 (units B
and C) are generally crystal poor (<5-7 wt%; Table 2).
The mineral assemblage is similar to that of the dacites,
but with only minor clinopyroxene, and also minor amphi-
bole. Glomerocrysts are rare, and minerals are typically
euhedral to subhedral <1- to 2-mm single crystals. For
later eruptions in SG1 (units D and E), clinopyroxene
and amphibole become rare, and are found in only trace
amounts in Unit E where they are small (<1 mm), and
notably subhedral to anhedral. Lava from the Unit D dome
has a slightly higher crystal content (~8 wt%), with more
glomerocrysts and microlite-rich glass. For the remaining
eruptions in SG2 and SG3, all pumices and lavas are gen-
erally crystal poor (typically <5 wt%), with mineral phases
restricted to plagioclase, orthopyroxene, ilmenite, mag-
netite and apatite. Clinopyroxene is found only in scoria
clasts, mafic inclusions or mixed streaky pumices in Unit
S and eruption Z, along with plagioclase, orthopyroxene,
magnetite, ilmenite and minor olivine and amphibole
(Table 2).

Whole-rock major-element compositions

The major-element compositional spectrum of pumice,
lava and mafic clasts spans a wide overall SiO, range,
broadly similar to the Oruanui eruption products (Fig. 2a;
Table 3). Mafic clasts and inclusions from eruptions S,
Y and Z have similar major-element compositions to the
Oruanui tholeiitic basaltic—andesite to andesite clasts and
differ from the Waimarino basalt which instead follows a
similar trend to the Oruanui calcalkaline clasts (Fig. 2a;
Wilson et al. 2006; Allan 2013). The post-Oruanui dac-
ites have compositions between those of mafic clasts and
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the rhyolitic pumices, within a relatively narrow compo-
sitional range at ~65 % SiO,, with only Unit A trending
towards higher SiO, due to the higher proportion of glass
in the material sampled. The SG1 eruptions form separate
linear trends to other post-Oruanui eruptions on major-ele-
ment variation diagrams. The first SG1 eruption (Unit B)
has the most evolved bulk composition, and the last erup-
tion (Unit E) has the least evolved bulk composition, in
agreement with observed changes in mineralogy (Fig. 2b;
Table 3). SG1 compositions do not vary significantly with
vent position and are indistinguishable between eruptive
subunits that experienced a geographical shift in vent site
(e.g. BI-B3 and E1-E3: Wilson 1993). SG2 rhyolites have
slightly higher SiO, than SG1 rhyolites and fall on distinct
linear trends for many elements, most notably MnO, Na,O
and CaO, and with higher FeO/MgO. In addition, some
clasts from Unit S have slightly lower SiO, and were noted
as being mixed grey pumices or streaky pumices. SG3 rhy-
olites fall on similar linear trends to the SG2 rhyolites but
with lower SiO, and FeO/MgO ratios and higher TiO, and
MnO.

Whole-rock trace-element compositions

Trace-element concentrations of Unit S and eruption Z
mafic clasts confirm their close affinity to the Oruanui
tholeiite mafic clasts, with mixed pumices and grey
streaky pumices lying on a mixing trend between the
mafic clasts and rhyolite pumices, as also observed for the
Oruanui by Wilson et al. (2006) (Fig. 3a; Table 3). Rare
earth element (REE) patterns for Unit S mafic clasts are
identical to a subgroup of the tholeiitic Oruanui mafics
(Fig. 3b). However, the Oruanui tholeiitic suite also con-
tains a population of clasts with significantly lower REE
concentrations as well as positive Eu anomalies, indica-
tive of primitive melts with extensive plagioclase accumu-
lation (Allan 2013). Post-Oruanui rhyolite trace-element
compositions differ from the Oruanui HSR, generally
having slightly higher Sr and Zr and also lower light-
REE enrichments (Table 3; Fig. 3a). The REE patterns of
the post-Oruanui dacites are broadly parallel to the later
erupted rhyolites, with SG2 and SG3 rhyolites showing
the most enrichment (Fig. 3b).

At a finer scale, there are small yet significant varia-
tions in trace-element concentrations in the post-Oruanui
eruptions over time (Fig. 4; Table 3). Offsets in compat-
ible trace elements such as Sr and V are consistent with the
dacites being less evolved and having higher crystal con-
tents than the SG1 rhyolites. Within the rhyolite subgroups,
the largest variation is between the SG1 and SG2 rhyolites,
with an increase in Zn, Zr and Sc and a slight decrease in
La/Sm and Yb/Gd. Towards the end of SG2, units U-W
show an overall decrease in most compatible elements
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Table 2 Mineralogy of post-Oruanui eruptive units

Unit  Age (ka) Mineral Dominant mineral phases Mineral compositional range and average crystal rim compositions (in
content  present (in order of relative italics where determined)
(Wt%) abundance)

Plag An. % Opx Mg# Cpx Mg# Mnt Ilm
Dacites
v 20.5 29 Plag, Opx, Cpx, Mnt, Ilm 51-92 (58 +£4) 58-74(60+2) 67-86(70+4) 36-38 79-83
Q 18.8 27 Plag, Opx, Cpx, Mnt, Ilm 42-83 (57 £4) 56-71(59+2) 61-75(67+4) 3541 80-83
A 17 17* Plag, Opx, Cpx, Mnt, Ilm 48-86 (57 £4) 55-66(60+2) 67-75(70£3) 36-39 80-83
Subgroup 1 rhyolites
Bl 11.8 5 Plag, Opx, Cpx, Mnt, Ilm, Amp 39-86 (45 +5) 38-61(45+5) 53-69(59+4) 3840 88-91
B3 11.8 5 Plag, Opx, Cpx, Mnt, Ilm, Amp 36-85 (44 £ 4) 44-63 (46 £4) 55-68 (59 +4) 3840 87-89
C 114 7 Plag, Opx, Cpx, Mnt, Ilm, Amp 38-74 (43 +4) 43-71(47£3) 54-65(57+4) 37-39 87-89
Diva 11.4 7 Plag, Opx, Mnt, Ilm, trace Cpx + Amp  38-82 (43 £ 5) 44-65(48+£3) 57-67(59+3) 35-37 86-88
Diephra 114 6* Plag, Opx, Mnt, Ilm, trace Cpx 37-85(45+5) 43-64(45+t4) 57-70(61 +£3) 36-39 86-89
El 10 3 Plag, Opx, Mnt, Ilm, trace Cpx + Amp  35-85 (43 +3) 44-63 (46 +2) 55-70(61 £6) 38-39 87-88
E3 10 4 Plag, Opx, Mnt, Ilm, trace Cpx + Amp  40-81 (44 £ 6) 44-64 (46 +£2) 56-79 (60 £6) 38-39 87-88
Subgroup 2 rhyolites
Flava 7.1 7 Plag, Opx, Mnt, Ilm 32-48(38+3) 41-59(46+£2) nl/a 41-42  88-90
Fiephra 7.1 7* Plag, Opx, Mnt, Ilm 41-57 (43 +2) 43-56(46+1) n/a 37-39 87-89
G 6.7 4 Plag, Opx, Mnt, I[lm 38-55(40+1) 45-59(47+1) nl/a 38-39 87-88
H 6.1 5 Plag, Opx, Mnt, Ilm 39-53 (42 +5) 44-59(46+£3) nla 38-39 87-89
K 54 5 Plag, Opx, Mnt, Ilm 34-71(42+4) 38-55(45+1) nl/a 39-40 88-91
Lisva 53 4 Plag, Opx, Mnt, Ilm 3546 (40 £ 3) 43-53(45+2) n/a n/d n/d
Liephra 53 3% Plag, Opx, Mnt, I[Im 39-48 (43 +3) 43-54(45+1) n/a 3841 87-88
M 53 3 Plag, Opx, Mnt, I[lm 35-59 (41 +£2) 44-59(46+£3) nl/a 38-40 87-89
N 4.9 3 Plag, Opx, Mnt, I[Im 38-86(42+5) 43-53(45+2) nl/a 39-41 87-89
(0} 4.8 4 Plag, Opx, Mnt, I[lm 34-52 (43 +£3) 42-58(44+2) nl/a 37-41 87-89
P 4.8 3% Plag, Opx, Mnt, Ilm 39-55(41+3) 41-52(44+£2) n/a 3841 87-89
Q 4.6 2.5% Plag, Opx, Mnt, Ilm 39-64 (40 + 1) 41-54(45+1) nla 4042 88-89
R 4.5 3% Plag, Opx, Mnt, [Im 37-54 (41 £4) 39-52(44+1) n/a 4041 87-88
S 3.6 4.5 Plag, Opx, Mnt, IIm 38-45(42+2) 42-53(44+1) n/a 41-42  88-89
Sereys 36 4.5 Plag, Opx, Mnt, Ilm, Cpx, Amp, Ol 38-80 43-57 61-75 37-42  74-89
Spafic 36 n/d Plag, Opx, Ol, Cpx, Mnt, Ilm, Amp 42-95 56-72 52-84 36-38 74-77
T 32 5.5% Plag, Opx, Mnt, I[lm 35-54 (40 +£2) 39-52(44+2) n/a 41-42  88-89
U 2.9 6 Plag, Opx, Mnt, Ilm 33-50(36 £2) 41-50(43+£2) n/a 4143 89-90
A% 2.8 7 Plag, Opx, Mnt, Ilm 32-52(36 £4) 38-61(41+£3) nl/a 41-43  89-91
w 2.8 5.5 Plag, Opx, Mnt, [Im 31-51(39+5) 37-55(43+£3) n/a 4043 89-91
Subgroup 3 rhyolites
X 2.2 4 Plag, Opx, Mnt, I[Im 39-61 (44 +£3) 43-59(50+1) n/a 37-38 86-87
Y1 1.8 3 Plag, Opx, Mnt, I[Im 39-51(45+2) 43-59(50+1) n/a 38-39 86-88
Y3 1.8 2.5 Plag, Opx, Mnt, Ilm 39-61 (45+3) 44-57(50=+2) n/a 3840 85-89
Y6 1.8 2.5 Plag, Opx, Mnt, Ilm 39-69 (46 +4) 43-68 (50+2) n/a 37-38 86-88
Z 1.8 5.5 Plag, Opx, Mnt, [lm 39-81 (46 +4) 45-61(51+£2) nl/a 4042 88-89
Z 1.8 n/d Plag, Opx, Olivine, Mnt 38-99 46-74 n/a n/a n/a

‘mafic

Mineral contents calculated by heavy liquid glass and mineral separation. Mineral compositions determined by electron probe microanalyser
(EPMA). For plagioclase feldspar (Plag), anorthite content (An) = 100*(Ca/Ca + Na + K). For orthopyroxene (Opx) and clinopyroxene (Cpx),
magnesium number (Mg#) = 100*(Mg/Mg + Fe + Mn). All amphibole (Amp) is magnesiohornblende. Magnetite (Mnt) and Ilmenite (Ilm)
compositions calculated by methods of Lepage (2003). Mineral compositional ranges include all EPMA analyses of multiple zones within multi-
ple crystals (see Online Resource 3 for raw data). Crystal rim compositions (shown in ifalics) on euhedral shaped grains are inferred to represent
the final stages of crystal growth and hence equilibrium composition with the final melt. Crystal concentrations marked with * are from coarse
ash or fine lapilli samples and therefore are not deemed to be fully representative of the magma (see text for discussion)
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Fig. 2 Selected major-element variation diagrams for eruptive mate-
rial from Taupo and Waimarino. a Full compositional range of pum-
ice, lava and scoria. Oruanui data are from Wilson et al. (2006) and
Allan (2013). The grey boundaries on the FeO*/MgO plot are from
Arculus (2003) and the black line marks the discriminant boundary
from Miyashiro (1974). b Enlargement of regions marked by dashed

and the highest Rb/Sr ratios, indicating they are the most
evolved compositions in the post-Oruanui sequence. The
SG2 to SG3 transition then marks the onset of an opposite
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boxes in (a) with symbols representing eruptions by subgroup. Oru-
anui pumice types were identified by Allan (2013); HSR high-silica
rhyolite, LSR low-silica rhyolite, BtB biotite bearing. All values are
recalculated based on oxide totals normalised to 100 %. See Online
Resource 1 for raw data, original totals and standards

trend with an increase in concentrations of most compat-
ible elements and significantly lower Rb/Sr ratios (Fig. 4;
Table 3).
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Table 3 Representative major- and trace-element compositions of post-Oruanui eruptive units

Unit

v Q A B1 C D (L) D () E3 F (L) F@® G

Sample P2163A P2112A P2147 P2116C P2142A R837 P2144 P2148E P2256 P2256A P2115A

Age BP 20,500 18,800 17,000 11,800 11,400 11,380 11,380 9950 7050 7050 6650
Major elements (wt%)

Sio, 64.00 64.89 68.55 74.24 73.42 72.39 74.65 73.94 74.78 74.86 74.58
TiO, 0.84 0.83 0.70 0.27 0.28 0.33 0.25 0.27 0.24 0.26 0.26
Al,O4 16.77 16.18 14.86 13.67 14.26 14.34 13.47 14.01 13.24 13.30 13.50
Fe,04 6.34 6.20 4.87 241 2.53 2.77 227 245 2.37 2.26 2.37
MnO 0.113 0.112 0.096 0.060 0.067 0.068 0.059 0.067 0.085 0.079 0.081
MgO 1.74 1.78 1.18 0.32 0.35 0.47 0.28 0.31 0.25 0.26 0.28
CaO 4.60 4.38 3.46 1.90 2.08 2.47 1.81 1.89 1.49 1.54 1.62
Na,O 3.76 3.72 3.94 4.25 4.25 4.42 4.30 4.28 4.61 4.56 4.49
K,O 1.74 1.81 221 2.84 2.72 2.67 2.87 2.74 2.86 2.85 2.77
P,04 0.089 0.095 0.140 0.041 0.045 0.071 0.037 0.039 0.063 0.031 0.041
LOI 2.98 3.01 3.07 3.38 3.71 0.7 2.71 3.56 0.33 1.3 3.28
Total 100.25 100.35 100.46 99.53 100.18 100.23 100.19 99.72 100.11 99.42 100.66
Trace elements (ppm)

Li 23.4 24.7 28.0 32.7 36.6 40.5 355 48.3 22.1 433 325
Sc 20.8 18.1 14.6 9.0 10.2 9.8 9.3 10.3 11.4 10.7 11.0
\'% 127 125 76.7 9.38 11.6 16.4 8.76 7.83 2.18 2.98 3.12
Cr 11.3 9.82 9.62 7.67 4.16 6.74 7.53 26.1 9.20 2.23 4.64
Ni 10.9 10.0 8.71 8.49 7.77 4.63 7.27 1.00 9.74 0.16 8.72
Cu 3.40 5.09 343 2.07 2.18 3.07 2.07 1.76 1.75 1.24 1.63
Zn 82 87 74 53 58 61 55 57 71 67 69
Ga 20.7 18.6 17.8 15.8 17.3 16.4 17.2 17.0 17.2 17.7 16.6
Rb 66 63 76 98 106 95 112 106 102 109 102
Sr 258 237 196 135 159 169 142 154 131 141 145
Y 24.5 21.7 27.7 29.5 323 28.6 31.3 329 32.6 33.0 335
Zr 202 180 218 190 205 195 211 216 213 226 216
Nb 7.79 7.66 8.71 8.20 9.31 8.71 9.10 8.46 9.83 9.25 9.89
Cs 2.89 3.00 3.64 4.31 4.50 4.28 4.53 5.53 4.11 5.65 4.12
Ba 466 432 490 598 671 585 654 646 641 648 622
La 18.6 16.8 20.3 222 244 22.8 254 25.1 24.9 26.0 25.0
Ce 45.4 42.1 43.1 474 53.1 49.2 53.8 54.3 54.1 54.0 56.2
Pr 4.55 4.22 5.26 5.64 6.28 5.83 6.33 6.31 6.43 6.53 6.50
Nd 18.3 17.2 21.1 214 23.3 23.3 24.5 24.5 24.8 25.4 26.0
Sm 4.19 3.82 4.62 4.74 5.00 4.84 5.21 5.43 5.55 5.67 5.56
Eu 1.17 1.09 1.13 0.99 1.17 1.18 1.11 1.10 1.28 1.28 1.26
Gd 4.27 3.83 4.98 4.83 5.37 5.03 5.37 5.92 5.59 5.79 5.72
Tb 0.66 0.58 0.77 0.77 0.81 0.82 0.86 0.86 0.83 0.89 0.92
Dy 4.27 3.79 4.78 491 5.37 5.08 5.30 5.46 5.77 5.55 5.68
Ho 0.88 0.78 0.93 0.98 1.13 1.07 1.10 1.17 1.09 1.16 1.16
Er 2.56 241 2.78 3.21 3.33 3.20 3.37 3.38 3.34 341 3.62
Tm 0.40 0.34 0.44 0.48 0.50 0.48 0.51 0.51 0.53 0.52 0.54
Yb 2.62 242 3.06 3.07 3.23 3.02 3.33 3.52 3.56 3.48 3.38
Lu 0.41 0.37 0.44 0.47 0.50 0.48 0.52 0.55 0.52 0.52 0.56
Hf 5.38 4.63 553 5.36 5.71 5.25 5.67 6.04 5.77 6.06 5.86
Pb 10.8 11.7 21.7 15.4 16.4 12.0 15.5 18.6 12.5 21.2 17.4
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Table 3 continued

Unit

v Q A Bl C D (L) D (b E3 F(@L) F(t) G
Th 8.1 7.1 7.7 10.3 11.0 10.9 11.2 11.7 10.7 11.1 11.1
U 1.62 1.57 1.85 2.38 2.52 2.39 2.65 2.68 2.53 2.51 2.54
Rb/Sr 0.26 0.26 0.39 0.73 0.67 0.56 0.79 0.69 0.78 0.77 0.70
Eu/Eu* 0.84 0.87 0.72 0.63 0.69 0.73 0.64 0.59 0.70 0.68 0.68

Unit

H K L L) L M N o P Q R S
Sample P2132 P2206A  R602 P2137 P2171 P2170 P2169A  P2168A  P2136 P2114 P2209
Age BP 6050 5350 5300 5300 5250 4850 4800 4750 4550 4450 3550
Major elements (wt%)
SiO, 75.12 74.70 75.01 74.71 75.28 75.07 74.38 75.11 75.22 74.71 74.82
TiO, 0.23 0.24 0.25 0.26 0.24 0.24 0.26 0.24 0.23 0.25 0.24
Al,O4 13.27 13.55 13.11 13.21 13.03 13.13 13.47 13.13 13.07 13.40 13.29
Fe,04 224 2.26 2.30 2.40 223 2.27 242 2.31 2.26 2.34 2.35
MnO 0.079 0.082 0.084 0.086 0.082 0.084 0.089 0.083 0.083 0.084 0.087
MgO 0.24 0.24 0.25 0.26 0.24 0.24 0.30 0.24 0.22 0.25 0.23
CaO 1.48 1.55 1.49 1.58 1.45 1.55 1.63 1.49 1.45 1.50 1.50
Na,O 4.47 4.50 4.61 4.64 4.55 4.56 4.61 4.54 4.55 4.61 4.55
K,0 2.83 2.82 2.85 2.81 2.87 2.81 2.80 2.83 2.87 2.82 2.88
P205 0.035 0.048 0.041 0.034 0.032 0.036 0.044 0.033 0.031 0.041 0.044
LOI 342 3.23 0.45 1.1 2.67 2.22 2.26 1.91 1.4 2.75 2.87
Total 100.38 100.05 99.87 100.63 100.28 100.65 99.95 100.44 100.30 99.71 99.75
Trace elements (ppm)
Li 34.1 40.2 41.2 39.8 43.7 40.1 443 36.1 35.7 40.0 389
Sc 10.3 10.7 11.0 11.6 11.0 10.8 11.7 10.8 10.9 11.0 11.0
v 2.35 2.26 191 2.17 1.83 1.74 245 1.82 1.54 2.07 1.79
Cr 3.55 3.69 2.56 0.25 2.35 4.34 3.19 0.32 0.31 1.85 5.48
Ni 0.31 0.75 0.14 0.06 0.24 0.20 0.37 0.45 0.23 0.29 0.22
Cu 1.25 1.52 1.13 1.05 1.34 1.24 1.37 1.15 1.17 1.84 1.36
Zn 62 68 68 72 69 67 76 68 69 68 70
Ga 15.7 16.8 16.1 17.6 17.2 16.0 16.7 16.2 16.0 16.5 16.9
Rb 101 105 104 107 110 104 108 106 103 102 104
Sr 127 140 130 147 133 138 156 136 125 135 135
Y 32.2 32.9 33.2 33.6 34.5 32.6 34.8 333 324 332 32.7
Zr 203 212 213 225 221 213 226 222 218 223 220
Nb 7.96 9.08 9.07 11.99 9.23 8.92 8.90 8.46 8.40 8.46 11.18
Cs 541 5.58 5.28 4.95 5.71 5.05 5.00 5.54 5.39 5.19 4.96
Ba 620 631 633 629 665 602 658 642 622 630 620
La 24.7 25.6 25.6 25.3 26.6 24.6 26.8 25.7 25.4 25.5 25.1
Ce 52.7 53.0 54.7 53.1 56.1 514 57.1 55.4 54.5 54.6 55.7
Pr 6.25 6.57 6.53 6.53 6.81 6.04 6.86 6.56 6.42 6.51 6.65
Nd 24.5 253 25.6 25.7 25.9 244 26.3 25.1 24.6 25.6 26.1
Sm 5.28 5.59 5.35 5.38 5.64 5.25 5.77 5.53 543 5.61 5.61
Eu 1.19 1.23 1.24 1.27 1.29 1.26 1.35 1.27 1.21 1.29 1.22
Gd 5.72 6.06 5.59 5.74 6.15 5.53 6.32 6.36 5.88 6.24 5.83
Tb 0.84 0.87 0.86 0.86 0.90 0.83 0.93 0.89 0.86 0.91 0.87
Dy 5.30 5.59 5.56 5.57 5.77 5.11 5.77 5.60 5.47 5.67 5.47

@ Springer



Contrib Mineral Petrol (2015) 170:5 Page 130f40 5

Table 3 continued

Unit

H K L (L) L (t) M N (0] P Q R S
Ho 1.13 1.13 1.13 1.15 1.19 1.06 1.23 1.19 1.15 1.19 1.16
Er 3.36 3.30 3.46 3.45 3.51 3.20 3.57 3.49 3.34 3.46 3.38
Tm 0.51 0.51 0.52 0.51 0.54 0.48 0.54 0.53 0.51 0.53 0.51
Yb 3.38 3.45 3.38 3.44 3.62 3.18 3.59 3.50 341 3.51 3.57
Lu 0.52 0.51 0.52 0.52 0.53 0.48 0.55 0.53 0.52 0.53 0.51
Hf 5.58 5.54 5.80 5.92 5.88 5.32 6.03 5.95 5.79 6.05 5.91
Pb 16.9 20.6 20.6 24.1 21.5 194 19.3 17.2 16.6 17.5 234
Th 10.8 11.0 10.8 10.7 11.5 9.9 11.2 10.9 10.6 10.9 10.7
U 241 2.46 2.49 2.43 2.57 2.23 2.48 2.52 242 2.48 2.39
Rb/Sr 0.79 0.75 0.80 0.73 0.83 0.75 0.69 0.78 0.82 0.76 0.77
Eu/Eu* 0.66 0.65 0.69 0.70 0.67 0.71 0.68 0.68 0.66 0.67 0.65

Unit

S mafic T U v w X Y1 Y3 Y7 Z Wai

Sample P2202A  P2149A  P2150A  P2161A  P2155B  P2157A  P2119 P2293 P2287 P2173A R334

Age BP 3550 3200 2850 2800 2750 2150 1718 1718 1718 ~1700 <25,400
Major elements (Wt%)

Si0, 55.57 74.77 74.76 74.71 75.06 74.21 74.38 74.02 73.99 73.53 52.75
TiO, 1.78 0.26 0.25 0.25 0.24 0.28 0.28 0.29 0.29 0.32 0.47
Al Oy 15.99 13.35 13.34 13.32 13.11 13.48 13.45 13.57 13.53 13.67 12.69
Fe,04 9.90 2.36 2.34 2.35 2.28 2.51 243 2.51 2.55 2.67 8.95
MnO 0.184 0.086 0.085 0.089 0.086 0.095 0.094 0.094 0.095 0.099 0.151
MgO 3.79 0.25 0.24 0.26 0.23 0.34 0.31 0.34 0.35 0.39 12.92
CaO 7.34 1.52 1.52 1.54 1.41 1.73 1.65 1.74 1.74 1.87 9.82
Na,O 3.60 4.53 4.55 4.56 4.60 4.55 4.53 4.63 4.59 4.62 1.71
K,0 1.04 2.85 2.88 2.88 2.94 2.76 2.83 2.76 2.80 2.75 0.44
P,04 0.795 0.036 0.038 0.043 0.042 0.053 0.052 0.056 0.061 0.080 0.078
LOI 1.01 2.15 2.34 2.6 0.42 2.71 2.04 2.88 3.29 0.82 0.14
Total 99.02 99.32 98.90 99.14 99.00 99.56 99.20 99.81 99.79 99.49 99.96
Trace elements (ppm)

Li 15.3 442 423 33.6 33.7 43.2 40.8 43.1 35.8 33.7 8.6
Sc 31.1 11.5 11.5 10.2 10.1 11.3 114 11.6 11.7 11.7 342
v 154 2.28 2.17 1.43 1.73 1.72 2.01 2.18 3.41 3.73 203
Cr 13.9 2.30 1.90 2.34 2.69 1.96 1.92 3.40 16.5 4.63 745
Ni 10.3 0.15 0.12 0.20 0.26 0.17 0.19 0.13 0.22 0.32 302
Cu 2.49 1.76 1.23 1.03 1.47 1.58 1.56 1.09 1.45 1.16 39.2
Zn 104 71 72 65 63 72 72 75 74 74 70
Ga 20.4 17.1 16.8 15.1 15.2 16.9 16.8 17.6 16.7 16.6 13.6
Rb 33 108 105 96 100 104 103 104 101 94 11

Sr 342 146 142 122 121 173 164 174 168 163 328
Y 249 34.5 34.6 31.0 31.5 34.7 343 349 33.7 31.5 114
Zr 96 229 210 189 188 232 231 232 223 209 39
Nb 5.33 9.84 9.75 7.72 7.95 9.73 12.65 4.02 12.47 7.95 224
Cs 1.67 5.12 5.19 5.05 5.23 5.26 4.85 4.08 4.84 4.91 0.62
Ba 253 658 650 571 588 637 621 611 615 578 106
La 13.8 26.4 26.9 23.8 24.3 27.0 25.9 25.9 26.1 24.0 5.8
Ce 323 57.2 56.8 51.2 52.7 58.2 55.0 55.7 553 52.4 11.9
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Table 3 continued

Unit

S mafic T U \% W X Y1 Y3 Y7 Z Wai
Pr 4.32 6.70 6.76 6.02 6.16 7.16 6.54 6.55 6.70 6.30 1.53
Nd 19.3 27.0 26.2 234 23.9 27.1 26.1 26.7 26.4 24.6 6.5
Sm 4.68 5.76 5.73 5.06 5.20 6.02 5.46 5.90 5.58 5.36 1.56
Eu 1.58 1.30 1.32 1.14 1.17 1.38 1.26 1.33 1.35 1.31 0.51
Gd 4.81 6.28 6.01 5.48 5.57 6.51 5.75 5.93 5.92 5.94 1.76
Tb 0.74 0.92 0.92 0.81 0.84 0.96 0.87 0.94 0.91 0.87 0.29
Dy 4.49 5.68 5.90 5.15 5.21 6.05 5.55 5.88 5.75 5.36 1.96
Ho 0.91 1.18 1.24 1.08 1.11 1.26 1.16 1.24 1.19 1.13 0.43
Er 2.54 3.59 3.60 3.14 3.27 3.60 3.55 3.74 3.48 3.30 1.25
Tm 0.37 0.55 0.54 0.47 0.50 0.57 0.52 0.55 0.53 0.51 0.19
Yb 2.27 3.64 3.57 3.12 3.26 3.81 3.40 3.70 3.42 3.32 1.23
Lu 0.34 0.54 0.55 0.48 0.49 0.56 0.52 0.58 0.52 0.50 0.19
Hf 2.64 6.17 5.82 4.97 5.17 6.32 5.99 6.26 6.02 5.56 1.20
Pb 9.7 22.1 22.7 15.5 16.6 23.1 21.5 21.1 224 16.0 3.0
Th 3.8 11.4 11.2 9.6 10.2 11.2 10.7 11.0 10.8 9.8 1.6
U 0.84 2.57 2.50 2.18 2.27 2.60 2.38 2.53 2.36 2.20 0.40
Rb/Sr 0.10 0.74 0.74 0.79 0.82 0.60 0.63 0.60 0.60 0.58 0.03
Euw/Eu* 1.02 0.66 0.69 0.66 0.66 0.67 0.69 0.69 0.72 0.71 0.94

Oxide abundances normalised to 100 % on a volatile-free basis, with original analytical totals and LOI given. Eruption ages are given in years
before present (BP) and sourced from Wilson (1993) and Hogg et al. (2012). Units denoted with (L) are lavas and (t) are tephras for the corre-
sponding unit. Wai is Waimarino basalt. See Online Resource 1 and 2 for raw data, original totals and standards

Glass and melt-inclusion compositions

Crystals from the dacite units contain abundant pristine
melt inclusions up to 100 um, with compositions between
~68 and 76 wt% SiO, (Fig. 5a). In contrast, glass sel-
vedges on the corresponding crystals have a relatively
narrow range of 72-75 wt% SiO,. Melt inclusions in SG1
crystals are less common and typically much smaller (10—
30 pum), but overlap in composition with dacite glass sel-
vedges (<75 wt% SiO,) and extend towards more evolved
SG1 glass selvedge compositions (~75-77.5 wt% SiO,)
(Fig. 5b). SG1 glass compositions are similar to those
of Oruanui plagioclase melt inclusions (Allan 2013), but
are generally not as evolved as the Oruanui HSR pum-
ice glass. SG2 melt inclusions and glass selvedges have
a comparatively narrow range of compositions, and melt
inclusions with <75 wt% SiO, are relatively rare (Fig. 6a,
b). There are no measureable differences in glass chem-
istry within the SG2 rhyolites until the latest units (U, V
and W) which have the highest SiO, contents of all post-
Oruanui eruption glasses. SG3 units X and Y, in contrast,
show a decrease in glass selvedge SiO, to ~75 wt%, but
with melt-inclusion compositions that overlap with earlier
units. Eruption Z glass forms a distinct high-SiO, geo-
chemical field, but this is considered to reflect late-stage
plagioclase and pyroxene microlite growth during lava

@ Springer

degassing, resulting in interstitial melt with higher SiO,
(e.g. Lipman 1965).

Glass trace-element compositions were analysed in par-
allel with whole-rock samples to assess the effects of dif-
fering crystal contents and phases between eruption groups
and to investigate the evolution of the melt phase through
time (Fig. 4). Dacite glass separates are significantly more
evolved than their corresponding whole-rock composi-
tions but are identical for the three eruption units (\W, €2,
A). Glass compositional variations from the rhyolite sub-
groups (SG1-3) generally parallel trends seen in whole-
rock chemistry. The major exception is for SG1 rhyolites
where the glass Sr concentration is significantly lower than
the whole rock, likely due to high Sr abundances in pla-
gioclase. As a result, the whole-rock and glass Rb/Sr trends
from SG1 to SG2 rhyolites show opposite trends (Fig. 4).

Crystal chemistry and compositional zoning

Crystals in the dacites display a range of zoning from
strongly resorbed with mottled cores followed by normal
zoning, to completely unzoned (Fig. 7). However, crystal
rims almost always converge towards a common and rela-
tively narrow compositional range (Table 2). The composi-
tion of strongly zoned cores and interior zones of the dacite
crystals overlap with high-enstatite (En) clinopyroxene (up
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Fig. 3 Trace-element concentrations for Oruanui and post-Oruanui
pumices and mafic clasts. a Selected trace-element variation diagrams
versus MgO. Oruanui data are from Wilson et al. (2006) and Allan
(2013). b REE patterns normalised to chondrite (Palme and Beer
1993). Oruanui tholeiitic and calcalkaline mafic clasts (bottom) are
from Allan (2013). See Online Resource 2 for raw data

to Enyg: Fig. 8a), orthopyroxene (up to En,: Fig. 9a, b) and
high-anorthite (An) plagioclase cores (up to Ang,: Fig. 10a,
b) from the Oruanui mafic clasts (Allan 2013). In compari-
son, the crystals from SG1 units B-D typically display less
pronounced compositional zoning with textures dominated
by normal and oscillatory zoning (Fig. 7). Pyroxene core
compositions from units B-D largely overlap with the com-
positional field of dacite crystal rims (Figs. 8b, 9c) and
orthopyroxenes continue the unique low-MnO composi-
tional trend that is distinctive from Oruanui orthopyroxenes
(Allan 2013). Unit E pyroxene compositions tend to occur
as two subgroups with an additional higher-MnO popula-
tion (Figs. 8c, 9d). SG1 plagioclases have a wide overall
range of compositions with common high-An cores and
interior zones (up to Angs), overgrown by low-An rims
clustered at <Ans, with only a few crystals displaying
reverse zoning (Figs. 7c, 10c, d).

Strong zonation is much less common in SG2 crys-
tals, with many grains showing either minor normal zon-
ing, oscillatory zoning or no zoning (Figs. 7, 9e,f, 10e,f;
Table 2). Crystal rim compositions are broadly similar to
those observed in SGI rhyolites with plagioclase having
slightly lower An values. Unit S mafic clasts show a wide
range of crystal compositions, with rims and interior zones
overlapping with dacite crystal compositions (Figs. 8d,
9f, 10f). A subset of plagioclase cores and unzoned crys-
tals in Unit S mafic clasts are >Any, (Fig. 10f), and oli-
vine crystals are dominantly unzoned and Fog; ¢s (Online
Resource 3). Notably, younger SG2 units following Unit
S have the most evolved crystal compositions in the post-
Oruanui sequence, with plagioclase as low as Anj; and
orthopyroxene as low as Ens; (Table 2; Figs. 9f, 10f). The
SG2 orthopyroxene compositions follow a distinctly dif-
ferent trend to those in SG1, having higher concentrations
of MnO at any given En concentration (Fig. 9e, f). SG3
crystals display contrasting zonation to those in SG2, with
both plagioclase and orthopyroxene dominantly displaying
reverse zoning, with a minor population of normally zoned
or unzoned crystals (Fig. 7). These patterns are reflected in
the crystal compositions, with cores derived from either a
low-An, low-En reversely zoned population of crystals or a
high-An, high-En normally zoned population (Figs. 9g, h,
10g, h). Crystal rims have distinctly higher-An (~Ans,) and
higher-En (~Eny,s) than SG2 or SG1 (Table 2). Eruption Z
mafic inclusions contain crystals of a primitive origin with
unzoned plagioclase up to Angg (Fig. 10h) and olivine up to
Fog, (Online Resource 3).

Fe-Ti oxide compositions change systematically
between the dacites and rhyolites and also within and
between the rhyolite subgroups (Fig. 11a). Magnetite and
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Fig. 4 Trace-element compositions of bulk pumices and lavas (large
filled symbols) compared to pure glass separates (small open symbols)
from the post-Oruanui eruptions versus time. 2 SD analytical uncer-
tainties are from repeated analyses of a Taupo ignimbrite secondary
standard, but not shown for V or Rb/Sr as it is approximately the size

ilmenite compositions mirror the trends seen in orthopyrox-
ene where there is an increase in MnO between the SG1
and SG2/SG3 rhyolites. Accompanying such trends, mag-
netite and ilmenite MgO concentrations decrease signifi-
cantly from the dacites to the SG1 rhyolites, stay constant
throughout most of SG2, and then slowly decrease in the
later SG2 eruptions before increasing in SG3. Amphibole
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of the symbols. Dashed arrows indicate the inferred direction of melt
evolution with crystallisation or dissolution of the observed mineral
phases through time. See text for discussion and Online Resource 2
for raw data and standards

(where present) shows a limited compositional range in
units B and C, overlapping broadly in its major and trace-
element composition with Oruanui amphiboles (Fig. 12).
However, amphibole found in trace amounts in units D
and E shows a much wider compositional range, similar to
those from the Oruanui LSR or mafic clasts, and ground-
mass amphibole from Unit S mafic clasts. Due to their
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Fig. 5 Major-element variation diagrams showing the compositions
of melt inclusions (open symbols) and glass selvedges (filled symbols)
from plagioclase and pyroxenes from a dacite units W, 2 and A and
b SG1 units B-E. Oruanui glass (filled rectangles) and melt-inclusion

scarcity, anhedral appearance and range of compositions,
the Unit D and Unit E amphiboles are considered to be
xenocrystic.

Intensive parameters
Temperatures

Mineral-mineral and mineral-melt geothermometers have
been applied, as appropriate for each eruption (Table 4;
Figs. 11, 12, 13). Where available, multiple model cali-
brations or varied sensitive parameters were used, such as
H,O content of the melt, to provide a full range of realis-
tic estimates. In general, the models provide reasonably
consistent temperatures (generally £30 °C) with several
trends immediately identifiable. The most obvious feature
is the large increase in model temperatures of >100 °C
between the Oruanui HSR magma (Allan 2013) and the
post-Oruanui dacites. The inferred magma temperature
then drops significantly (by >50 °C) for the post-Oruanui
rhyolites of SG1 (Table 4; Fig. 13). Demarcation of tem-
perature trends within the post-Oruanui rhyolites is ham-
pered by the wide range of temperature outputs between
the models used, even for different models based on the
same crystal phases. For example, the Ghiorso and Evans
(2008) Fe-Ti oxide model consistently gives the high-
est temperature estimates which are 20-40 °C higher
than the Sauerzapf et al. (2008) model or any other

SiO, (wt. %)

data (open rectangles) are from Allan (2013). Dashed boxes in (a)
refer to the enlarged areas shown in (b). All data are normalised to
100 % on a volatile-free basis. Raw data and standards are presented
in Online Resource 3

available mineral-mineral or mineral-melt equilibrium-
based model. In this study, we note also that Fe—Ti oxide
temperature estimates for the Taupo magmas are sen-
sitive to the EPMA method used. As reported by Evans
et al. (2006), use of synthetic-oxide calibrations of Ti
(rutile) and Fe (haematite) results in total offsets of TiO,
by +1 % and FeO of as much as —2 % between natural
ilmenites analysed by microprobe versus wet chemical
techniques. In our study, similar discrepancies were expe-
rienced as we were unable to replicate natural standards
when calibrating EPMA analyses using synthetic oxides.
Evans et al. (2006) suggest that this may be the result of
a problem with the microprobe matrix correction, and
therefore, they corrected their experimental data [used
to calibrate the Ghiorso and Evans (2008) model] by the
observed offset to account for the discrepancy. Interest-
ingly, the issues with Fe-Ti oxide calibration result in
temperature discrepancies of 20-30 °C between the two
calibration procedures, despite both models resulting in
reasonable analytical totals of ~99-101 %. This discrep-
ancy is, however, still within the uncertainty of the Fe—Ti
oxide model used (estimated to be on the order of ~50 °C:
Ghiorso and Evans 2008) and within the natural variabil-
ity of the Fe—Ti oxide compositions measured (denoted by
42 SD values in Table 4).

Despite variations in the model results, relative differ-
ences between temperature estimates are consistent and
align with the observed variations in mineral compositions
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Fig. 6 Major-element variation diagrams showing the compositions
of melt inclusions (open symbols) and glass selvedges (filled symbols)
from plagioclase and pyroxenes from a SG2 units F-R, b SG2 units
S—-W and ¢ SG3 units X, Y and eruption Z. Only matrix glass was
analysed for units I and J as they were too fine grained to obtain reli-

and zonation patterns. Consequently, rather than using
absolute temperatures, which are largely subject to the
model used and the particular analytical approach, we
express the variation between the eruptions as a rela-
tive temperature difference (AT) relative to the average
Oruanui HSR temperatures presented in Allan (2013)
using Plag-melt, OPX-melt, amphibole thermometry and
recalibrated Fe-Ti oxide temperatures (Fig. 13). For the
dacites, AT is ~115-140 °C using the Fe-Ti oxide mod-
els and ~80-105 °C using the Plag- and OPX-melt mod-
els (Fig. 13). The AT then drops for the SG1 rhyolites to
~50-65 °C using the Fe-Ti oxide models and ~20-30 °C
using the Plag- and OPX-melt models, as well as for the
Ridolfi et al. (2010) amphibole thermometer (Fig. 13). The
SG2 magmas show two contrasting trends. Using the Fe—
Ti oxide models, temperature estimates mildly increase
over time to AT of ~60-80 °C, but then decrease in units
U, V and W. The Plag- and OPX-melt model temperatures
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SiO, (wt. %)

able mineral separates. Oruanui selvedge glass and melt-inclusion
data are from Allan (2013). All data are normalised to 100 % on a
volatile-free basis and raw data and standards are presented in Online
Resource 3

for SG2, in contrast, stay constant through time and then
AT reduces to <20 °C for units U, V and W. These con-
trasting model results may result from the increase in MnO
in SG2 ilmenites, as the Fe-Ti thermometry models are
sensitive to the MnTiO; mol fraction (Ghiorso and Evans
2008). The SG3 rhyolites then show a significant increase
in AT to ~70-80 °C using the Fe-Ti oxide models and
~40-60 °C using the Plag- and OPX-melt models (Fig. 13),
in agreement with trends observed in pumice and mineral
chemistry. Temperatures calculated from rare equilibrium
Fe-Ti oxide pairs (after Bacon and Hirschmann 1988)
from mafic samples return bimodal temperature estimates
centred around 980 and 850 °C, with the lower tempera-
ture estimates reflecting inherited Fe-Ti oxides from the
rhyolites. The higher-temperature estimates are consistent
with amphibole and 2-pyroxene thermometry on the same
samples (Table 4) and cover a similar range to the Oruanui
mafic magmas (Allan 2013).
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(a) Clinopyroxene

SG2 | UnitY

Fig. 7 Representative back-scattered electron (BSE) images and
compositions of the main mineral types identified in each of the post-
Oruanui subgroups. a Clinopyroxene from the dacites and SG1 rhyo-
lites showing variation in enstatite (En) contents (En % = 100*[Mg/
(Ca + Mg + >_Fe)]) through time, and the change from large euhe-
dral grains in the dacites and first SG1 eruptions (units ¥ and C) to
small anhedral crystals in the later SG1 eruption (units D and E). Red
dots denote the approximate probe spot locations with their corre-

Oxygen fugacities

Similar to temperature estimates, Fe-Ti oxide oxygen
fugacity estimates also vary with the oxybarometry model
applied. In particular, the model of Sauerzapf et al. (2008)
consistently gives oxygen fugacity estimates that are higher
by ~0.4 log units compared to the model of Ghiorso and
Evans (2008). In both models, the oxygen fugacity of the
dacites is the highest, being well above the NNO buffer
(Fig. 11). The rhyolites are more reduced, being either
slightly above or on the NNO buffer (Sauerzapf et al. 2008),

(c) Plagioclase

809°C
128 MPa
¥ax
19°C

804:C 162 MPa

\ 143 MPa

842°C
177 MPa

sponding compositions. b Orthopyroxene from each subunit showing
variation in En content and crystal zonation through time. ¢ Plagio-
clase from each subunit showing variation in anorthite (An) content
(An % = 100*[Ca/(Ca + Na + K)]) and crystal zonation. d Amphi-
bole from the SG1 eruptions showing the change in crystal size and
intensive parameters calculated using Ridolfi et al. (2010). Red circles
represent approximate LA-ICPMS spot locations. White scale bars
are 100 pm in all images

or slightly below or on the NNO buffer (Ghiorso and Evans
2008). The SG2 rhyolites have the most reduced oxygen
fugacities, which drop below the NNO buffer for units T-W.
The SG3 rhyolite units X and Y then shift back above the
NNO buffer and are the least reduced units observed in the
rhyolite subgroups. The oxygen fugacity estimated from
the amphibole oxybarometer of Ridolfi et al. (2010) is also
typically higher than that observed for the Fe—Ti oxides, by
0.2-0.8 log units. In general, the post-Oruanui rhyolites are
more reduced than both the Oruanui HSR and LSR, despite
having a similar temperature range to the latter.
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MnO (wt. %)

Fig. 8 Variation diagrams showing the composition of zones within
clinopyroxene from a post-Oruanui dacites and Oruanui mafic clasts
(the latter from Allan 2013), b SG1 units B-D, ¢ Unit E and d Unit S
mafic clasts. Large arrows indicate general direction of normal crys-
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Melt volatile content

Melt inclusions were abundant within plagioclase from the
dacites and display a range of compositions (Figs. 5a, 7c).
The large size (up to 100 um) and number of melt inclu-
sions within single crystals allowed for multiple inclusions
to be analysed several times for volatile concentrations by

@ Springer

Clinopyroxene En. %

Clinopyroxene En. %

tal core to rim compositional zoning. Enstatite content (En %) calcu-
lated as 100*(Mg/(Ca + Mg + >_Fe)). See Online Resource 3 for raw
data and standards

FTIR. In most cases, the plagioclase melt inclusions have
leaked during decompression and ascent as reflected by
the low H,O and CO, contents (Online Resource 5). How-
ever, some inclusions gave multiple analyses of >5 wt%
H,O0, despite with low CO, values (<50 ppm). We therefore
consider that these inclusions give a minimum estimate of
the volatile concentrations in the dacites. Such values are
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Orthopyroxene En. %

Fig. 9 Variation diagrams showing the composition of zones within
orthopyroxene from a Oruanui rhyolites and mafics (Allan et al.
2013), b post-Oruanui dacites, ¢ SG1 units B-D, d SG1 Unit E, e
SG2 units F-R, f SG2 units S—W and mafic clasts from Unit S, g SG3
units X-Y and h SG3 eruption Z lava and mafic inclusions. Large
arrows indicate the general direction of crystal core to rim compo-
sitional change. Enstatite content (En %) calculated as 100*(Mg/
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(Ca + Mg + >_Fe)). Oruanui data from a are shown as small open
rectangles in b-h. Note the contrasting compositions between the
SG2 and SG3 orthopyroxenes and the SG1 orthopyroxenes, and the
change from normal zoning with low-En rims in SG2 to dominantly
reverse zoning with high-En rims in the SG3 eruptions. See Online
Resource 3 for raw data and standards
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Fig. 10 Variation diagrams showing the composition of zones within
plagioclase from a Oruanui rhyolite types and mafics (Allan 2013),
b post-Oruanui dacites, ¢ SG1 units B-D, d SG1 Unit E, e SG2 units
F-R, f SG2 units S—W and mafic clasts from Unit S, g SG3 units
X-Y and h SG3 eruption Z lava and mafic inclusions. Plagioclase
anorthite content (An %) calculated as 100*(Ca/(Ca + Na + K)),

in broad agreement with estimates using the plagioclase
hydrometer of Putirka (2008) which also gives high H,O
contents of ~4.5 wt% at 900 °C (Table 4).
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Plagioclase An. %

Orthoclase content (Or %) calculated as 100*(K/(Ca + Na + K)).
Note the change from normal zoning with low-An rims in SG2 to
dominantly reverse zoning with high-An rims in the SG3 eruptions.
Other details are as in Fig. 9. See Online Resource 3 for raw data and
standards

Melt inclusions are much smaller and far less common
in the post-Oruanui rhyolites. Their volatile contents were
not investigated in this study, but are reported for Unit Y
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Table 4 Temperature estimates calculated from mineral-mineral and mineral-melt equilibrium models

Unit Age (ka) Fe-Ti oxide temperatures (°C) 2-PX CPX-melt Plag-melt OPX-melt

Oruanui G&E 08 Sz 08 A&L 88 45%H,0 55% 45%H,0 55%
HSR 254 796 + 44 771 £ 18 n/d n/a n/a 807 + 4 787 +4 7935 785+ 5
LSR 254 840 + 44 809 +33 n/d n/a n/a 861 =8 842 £ 8 848 + 11 839 + 10

Dacites G&E 08 Sz 08 A&L 88 45%H,0 55% 45%H,0 55%
v 20.5 938 +£20(7) 896419 905+ 13 907 £ 18 (15) 886+ 10(17) 889 +4(42) 865+4 890+3(11) 880+£3
Q 18.8 943 £16(12) 903 £ 14 911+ 11 911 £22(37) 891 +10(35) 894 +4(331) 870+3 894 +5(40) 885+5
A 17 930+ 18 (14) 890+ 16 900+ 13 905+ 15(12) 890+ 14 (14) 891 +3(38) 865+3 899+6(13) 890+5

SG1 G&E 08 Sz 08 A&L 88 45%H,0 55% 45%H,0 55%
B 11.8 846 +26(22) 823+ 18 836 £22 832+22(28) 803 +£14(27) 835+5(19) 813+5 8I12+6(45 805+6
C 114 849+ 19(6) 824+ 14 839+16 837+ 18(15) 794 £25(16) 835+4(9) 8l14+4 817+6(17) 809 +5
Diva 11.4 847+ 12(6) 818+ 10 840+ 10 842+ 16(14) 803+ 11(14) 838+4(29) 817+4 825+3(14) 8173
Diephra 114 850 37 (10) 823 +27 840+£29 826+34(5) 803+£6(5) 835+ 6(12) 814+6 813+5(9) 805+5
E 10 861 = 11(17) 832+8 850+9 821+18(29) 810£17(36) 839+3(24) 817+3 820+3(34) 812+3

SG2 G&E 08 Sz 08 A&L 88 45%H,0 55% 45%H,0 55%
Fa 7.1 859 £22(7) 840+£15 845+ 19 n/a n/a n/d n/d 826 £3(29) 818+3
Fephra  7-1 858 +18(9) 831+14 847+14 n/a n/a 836+2(14) 812+2 827+3(19) 819+3
G 6.7 861 =14 (13) 833+ 10 849+ 10 n/a n/a 830+2(4) 808+2 819+3(20) 811+3
H 6.1 860 =24 (11) 835+ 16 848 +£21 n/a n/a 830+4(9) 808+4 822+3(20) 814+3
K 5.4 849 + 37 (13) 829+23 838 £31 n/a n/a 832+4(29) 810+4 826+2(29) 818+2
Liphra  3-3 874+ 19(7) 845+ 16 858+t 15 n/a n/a 838 +4(19) 816 +4 824+3(17) 816+3
M 5.3 864 +20(9) 838+14 851+£16 n/a n/a 832 +3(18) 811+3 821+4(21) 813+4
N 4.9 876 £19(9) 848+ 15 860+ 14 n/a n/a 830+4(18) 808 +4 826+3(26) 818+3
(0] 4.8 862 +34(12) 838 £30 850+24 n/a n/a 828 £2(16) 806 +2 816 +3(25) 808 +3
P 4.8 870 £ 28 (6) 844 +22 854422 n/a n/a 832+2(25) 810+2 826+2(24) 818+2
Q 4.6 869 £ 14(7) 845+ 11 854+ 11 n/a n/a 832+5(21) 811 +5 825+3(25) 817+3
R 4.5 876 £ 12(7) 850+9 859+10 n/a n/a 832 +4(20) 810+4 825+3(18) 817+3
S 3.6 874 £ 15(14) 850+ 10 857+12 n/a n/a 834 +3(25) 812+3 826+2(23) 818+2
Smafic  3-6 1019 £ 18(7) 973 £20 947+13 986+33(7) n/a n/a n/a n/a n/a
T 32 876 + 7 (6) 852+ 6 859+14 n/a n/a 819+4(19) 798 +4 821+3(28) 813+3
U 2.9 863 +16(10) 844 +7 8483+ 14 n/a n/a 817 £3(18) 796 +2 816+4(23) 808 +4
v 2.8 853+ 15(12) 837+8 839+13 n/a n/a 815+ 5(11) 794+5 813+5(16) 805+5
w 2.8 851 £15(7) 836+9 837+14 n/a n/a 814 £4(15) 793+4 813+£6(24) 806+ 6

SG3 G&E 08 Sz 08 A&L 88 45%H,0 55% 45%H,0 55%
X 22 878 £ 15(8) 848+ 12 863 +£11 n/a n/a 848 =4 (20) 825+4 849+2(18) 8402
Y 1.8 879 £23(16) 850+ 16 865+ 18 n/a n/a 850+3(49) 828+3 852+3(60) 843 +2
zZ 1.8 871 £23(11) 850+ 10 856+ 14 n/a n/a 850+ 3(24) 827+3 852+£3(24) 844+3

Fe-Ti oxide temperature estimates are from either touching magnetite-ilmenite pairs or coexisting oxide pairs on the same crystal or glomero-
cryst using the models of Ghiorso and Evans (2008) (G&E), Sauerzapf et al. (2008) (Sz) and Andersen and Lindsley (1988) (A&L). All mag-
netite—ilmenite pairs satisfied the Mg—Mn partitioning test of Bacon and Hirschmann (1988). Temperatures from matched mineral—glass pairs
fall within the equilibrium criterion for each thermometer as outlined by Putirka (2008), with clinopyroxene being an exception likely due to the
equations not adequately accounting for partitioning of Fe?* relative to Fe>* in pyroxene (Gelman et al. 2013). Water in plagioclase—liquid and
orthopyroxene-liquid thermometers from Putirka (2008) is shown for both 4.5 and 5.5 wt% H,O for comparison. Clinopyroxene-liquid ther-
mometer is shown for 5 wt% H,O only. Pressures were set at 100 MPa for the rhyolites and 200 MPa for the dacites for the mineral-melt ther-
mometers. Number of temperature estimates shown for each thermometer in brackets, uncertainty is 2 SD. Oruanui HSR and LSR data are from
Allan (2013) and Wilson et al. (2006), with recalibrated Fe-Ti oxide compositions based on the normalisation technique of Evans et al. (2006).
n/a not available, n/d not determined
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Fig. 11 Compositions of Fe-Ti oxides and intensive parameter esti-
mates from the post-Oruanui dacites and rhyolite subgroups. Arrows
indicate trends linking the eruptions through time. a Variations in
MgO and MnO in magnetite between the subgroups through time.
Similar broad trends are also reflected in the composition of ilmenite
(see Table 4 and Online Resource 3, Table 2). b Temperature and fO,
[plotted as log,, fO, relative to the Ni-NiO oxygen buffer of O’Neill
and Pownceby (1993)] estimates calculated from matched magnet-
ite and ilmenite pairs using the Fe-Ti exchange-based thermometer
of Sauerzapf et al. (2008). Only coexisting Fe—Ti oxide pairs (either
sharing a common boundary or occurring together in the same phe-
nocryst) were used to ensure textural equilibrium (Blundy and Cash-
man 2008). Fe-Ti pairs were also tested for equilibrium using the
Mg/Mn partitioning test from Bacon and Hirschmann (1988)

in Dunbar et al. (1989a) and Dunbar and Kyle (1993).
Water content estimates have been made using amphi-
bole hygrometry for the SGI rhyolites and plagioclase
hygrometry for the remaining eruptions. The amphibole
model of Ridolfi et al. (2010) yields an H,O estimate of
~5-6.5 wt% for units B-E (Fig. 12), similar to the upper
range of volatile estimates for the Oruanui HSR (Liu et al.
2006; Allan et al. 2012; Allan 2013) and in line with the
plagioclase hygrometer of Putirka (2008) at magma tem-
peratures of <820 °C (Table 4). For the SG2-SG3 erup-
tions, higher-temperature estimates from Fe-Ti oxides
are more consistent with lower melt H,O contents of <5
wt%, in agreement with changes in observed mineral
phases, and volatile concentrations in plagioclase-hosted
melt inclusions from Unit Y measured by ion micro-
probe and FTIR (Dunbar and Kyle 1993; Saunders 2009,
respectively).
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Pressure

Two methods have been used to estimate the crystallisa-
tion pressures for the post-Oruanui magmas. First, the
amphibole barometer of Ridolfi et al. (2010) yields model
pressures for SG1 rhyolites that are similar to the pres-
sure range determined for Oruanui magmas (Fig. 12).
Unzoned amphiboles in units B and C yield model pres-
sures of ~100-150 MPa, similar to those in the Oruanui
HSR amphiboles and consistent with pressures calculated
from Oruanui quartz-hosted melt inclusions (Liu et al.
2006). The inferred xenocrystic amphiboles from the early
SG1 units give model values that overlap with the Oruanui
LSR and mafic amphiboles, reflecting their likely deeper
source. Groundmass amphibole from Unit S mafic clasts
yield pressure estimates of >250 MPa, corresponding to the
highest pressures inferred from Oruanui mafic amphiboles
(Allan 2013). However, these high-pressure estimates may
be considered less reliable using the Ridolfi et al. (2010)
barometer as they could alternatively reflect strong com-
positional shifts or temperature changes with magma mix-
ing (e.g. Coombs et al. 2013; Erdmann et al. 2014). Satu-
ration pressures (Py,0) calculated for the few dacite melt
inclusions with high H,O are ~200 MPa at 900 °C (Online
Resource 5; Newman and Lowenstern 2002) and are con-
sidered to be minima as the low CO, values suggest that
leakage has occurred during decompression. If CO, levels
are assumed to be similar to those observed in quartz melt
inclusions from the Oruanui (>100 ppm: Liu et al. 2006),
Py estimates increase to >220 MPa. Such pressures are
equivalent to depths of >8 km in the TVZ crust and are
intermediate in value between the amphibole barometry
estimates for the shallower SG1 rhyolites (4—6 km) and
deeper mafic clasts (>10 km) (Fig. 12a). For comparative
purposes, pressures calculated for Oruanui melt inclusions
are typically 120-150 MPa (Liu et al. 2006) and <150 MPa
for the Taupo ignimbrite (Unit Y), the latter using a water
content of 4.3 wt% at temperatures of 850 °C (Dunbar and
Kyle 1993; Saunders 2009). Slightly higher pressures of
150-200 MPa have been calculated for the Taupo ignim-
brite using rhyolite melts geobarometery, based on quartz—
feldspar-melt equilibrium pressures (Bégué et al. 2014).
However, we did not find phenocrystic quartz in any of the
eruptive phases of the Taupo (Unit Y) eruption or any of the
other post-Oruanui eruptions (Table 2).

Discussion

The trends identified in whole-rock, glass and mineral
compositions from the post-Oruanui eruptions highlight
not only broad changes in erupted magma chemistries in
the aftermath of the Oruanui supereruption, but also subtle,
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Fig. 12 Variation diagrams showing a intensive parameter estimates
and b trace-element compositions for post-Oruanui amphiboles (this
study) and the Oruanui magma-type amphiboles from Allan (2013).

yet important changes in the host magmatic system over
short time intervals. Sutton et al. (1995, 2000) observed
stepwise compositional changes between, and limited vari-
ation within, three separate rhyolitic subgroups and inter-
preted these changes to reflect petrogenetically distinct
magmatic systems. We build upon their interpretations to
consider what processes generated the observed changes in
composition, with implications for the structure of Taupo’s
post-supereruption magmatic system through time.

Comparisons between Oruanui and post-Oruanui
magma compositions

The huge volume of the Oruanui melt-dominant magma
body, the implicit consequential size of the underlying
mush system (Allan 2013), and the geographical superpo-
sition of vents for the Oruanui and post-Oruanui eruptions
(Fig. 1) make it likely that residual melts or crystals from
the Oruanui system should occur in the post-supereruptive
environment. Such an inference applies whether Oruanui
compositions are represented by specific whole-rock, melt
or mineral compositional trends or contribute to unique
mixing trends with any newly generated melts. The field of
Oruanui rhyolite compositions, however, does not appear
to be explicitly represented in the post-Oruanui eruptions,
which instead show several key contrasts:
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Temperatures, pressures and melt H,O estimates were made using the
Ridolfi et al. (2010) model with 2 SD error bars shown for the range
of compositions. See Online Resources 3 and 4 for raw data

1. Mineral compositions differ significantly from the
Oruanui, with unique compositional trends in orthopy-
roxene MnO content for the dacites and SG1 rhyolites,
and plagioclase does not overlap in composition with
low-An Oruanui plagioclase (Figs. 9, 10).

2. Whole-rock and glass compositions follow separate
linear trends on many major and trace-element varia-
tion diagrams (Figs. 2, 3), with post-Oruanui whole-
rock compositions not reaching the high-silica values
of the Oruanui HSR. Both groundmass and melt-inclu-
sion glasses in the post-Oruanui eruptives are chemi-
cally distinctive, only rarely chemically overlapping
with the high-silica Oruanui glass (Figs. 5, 6).

3. The post-Oruanui magmas are distinctly more radio-
genic than the Oruanui magmas with 8’Sr/*Sr > 0.7059
(Sutton et al. 1995) and no signs of any mixing rela-
tionship.

4. The post-Oruanui magmas experienced different crys-
tallisation conditions to the Oruanui magmas, as they
developed under significantly hotter and more reduc-
ing conditions, but at similar inferred depths within the
crust (Figs. 11, 12, 13; Table 4).

Barker et al. (2014) showed that the post-Oruanui mag-

mas inherited very few Oruanui-aged zircons (<12 %
within uncertainty) and suggested that the Oruanui
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Fig. 13 Variations in magmatic temperature estimates for selected
mineral-mineral and mineral-melt equilibrium models for erup-
tions from Taupo volcano through time. Temperatures for the Oruanui
HSR and LSR are from Allan (2013) and Wilson et al. (2006), with
recalibrated Fe-Ti oxide compositions based on the normalisation
technique of Evans et al. (2006). Fe-Ti oxide temperature estimates
are either from touching magnetite-ilmenite pairs or from coexisting
oxide pairs on the same crystal or glomerocryst using the models of
Ghiorso and Evans (2008) (G&E), Andersen and Lindsley (1988)
(A&L) and Sauerzapf et al. (2008) (Sz). All pairs satisfied the Mg—
Mn partitioning test of Bacon and Hirschmann (1988). Temperatures

magmatic system was chronologically reset through ther-
mally induced dissolution of zircon. Here, we extend this
interpretation to suggest that the wider mush system expe-
rienced a significant shift in temperature and storage condi-
tions to the extent that little or no chemical evidence of the
Oruanui magmatic system survived to be imparted to the
post-Oruanui magmatic system.

Widespread thermal modification of the post-Oruanui
magmatic system requires a significant heat source. As
shown by quantitative field constraints, mafic magma intru-
sion into crystalline silicic mush can have significant effects
on the structure and thermal stability of magma reservoirs
and can result in large-scale overturn (Bain et al. 2013). Hot
mafic magmas of two compositional lineages are recorded as
discrete pyroclasts and as inclusions in pumice from the Oru-
anui eruption (Sutton et al. 1995; Wilson et al. 2006; Allan
2013). The total volume of mafic magma erupted in the Oru-
anui (3—5 km?: Wilson et al. 2006) is considered to repre-
sent only a minor portion of the mafic melts involved in the
parental magmatic system. Here, it is inferred that the huge
decompression caused by the evacuation of >530 km® of
Oruanui rhyolite resulted in widespread mafic magma influx
and heating of any remaining melt body or crystalline resi-
due in the immediate post-supereruptive environment. Syn-
chronous changes in storage conditions are supported by the
relative shift in 87Sr/%°Sr ratios, where the more radiogenic
post-Oruanui magmas are consistent with increased melting
and assimilation of country rock, most plausibly Mesozoic
greywacke (Sutton et al. 1995, 2000; Charlier et al. 2010).
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from matched mineral-glass pairs satisfy the equilibrium criterion for
each thermometer as outlined by Putirka (2008), with the exception
of clinopyroxene likely due to the equations inadequately accounting
for partitioning of Fe?* relative to Fe* in pyroxene (Gelman et al.
2013). Water in plagioclase-liquid and orthopyroxene-liquid ther-
mometers from Putirka (2008) is shown for both 4.5 and 5.5 wt%
H,O0 for comparison. Clinopyroxene-liquid thermometer is shown for
5 wt% H,0 only. Pressures were set at 100 MPa for the rhyolites and
200 MPa for the dacites for the mineral-melt thermometers. See text
for discussion

In contrast to the differences noted for silicic compo-
sitions, post-Oruanui mafic materials, analysed as dis-
crete clasts from Unit S and mafic inclusions in pumice
from Unit Y and eruption Z, have whole-rock major and
trace-element compositions which overlap with the Oru-
anui tholeiitic mafic clasts (Figs. 2, 3; Allan 2013). These
observations highlight that although the Oruanui and
post-Oruanui silicic melts are significantly different, the
deeper-derived mafic magmas appear to have remained the
same. However, the contrast between post-Oruanui mafic
compositions and the primitive calcalkaline Waimarino
basalt erupted <20 km to the south during this time period
(Fig. 1a) suggests that there may be pronounced contrast in
mafic melt chemistry and sources across geographical dis-
tances of <30 km. Alternatively, these contrasts may reflect
differences in crystal fractionation paths, crystal accumula-
tion, mixing and filtering action in the crust due to largely
different crustal structures and plumbing systems, as dem-
onstrated in the broader trends in basalt chemistry across
the TVZ (Gamble et al. 1990, 1993).

Post-supereruption reorganisation and reconstruction
of Taupo’s magmatic system

Origin and significance of the ~21-17 ka dacites
The post-Oruanui dacites are hotter, more oxidised and

relatively more crystal rich than the later rhyolites of SG1-
3, with a wide range in crystal core and melt-inclusion
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Fig. 14 Representative BSE images and compositional profiles of
plagioclase from the post-Oruanui dacites showing variation in anor-
thite (An) from core to rim, with approximate probe spot locations
shown by red dots with their corresponding compositions. Multiple

compositions accompanying a comparatively narrow range
in crystal rim and matrix glass compositions (Figs. 5, 8,
9). Charlier et al. (2010) showed that Unit 2 was strongly
zircon undersaturated and yet contained minor amounts
of euhedral xenocrystic zircons, the U-Pb age spectrum
of which was used to link the grains to greywacke coun-
try rock and intrusions dating from the 350 ka Whakamaru
eruption. Such observations provide unequivocal evidence
for open-system dacite melt genesis involving some pro-
portion of assimilated crustal material, with the crustal
source needing to melt to the point of disintegration to
liberate individual zircons (Charlier et al. 2010). Gelman
et al. (2013) proposed that crustal involvement and zircon
incorporation were due to down-temperature evolution of
a mid-to-lower crustal dacite magma via fractional crys-
tallisation with some minor late assimilation. Our min-
eral compositions for all three dacite units match those of
Unit 2 analysed by Gelman et al. (2013) where crystal rim
compositions are relatively restricted and most of the crys-
tal cargo appears to be in equilibrium with the host melt
(Table 4). However, the wide range of crystal core textures,
compositions and melt-inclusion compositions in the dac-
ites suggest that there were periods of significant mineral—
melt disequilibrium (Figs. 5, 7, 14). Such observations
raise questions as to whether the dacite compositions at
Taupo were formed solely through down-temperature frac-
tional crystallisation from a less evolved basaltic parent or
whether mixing processes also played an important role.

% An.

% An.

high-An resorption zones (res) are inferred to represent dissolution
resulting from recharge and mixing with hotter or less evolved mafic
melts

In considering the origin of the dacites, two key vari-
ables are important:

1. The depths and conditions of crystallisation. Assum-
ing a crustal density of 2.65 g/cm?, pressures estimates
from Unit Q melt inclusions of ~200-220 MPa equate
to depths of ~7.5-9 km (Online Resource 5). These are
deeper than those calculated from Oruanui melt inclu-
sions (4-6.5 km: Liu et al. 2006), but corresponds to
estimates for depths of the Oruanui mush body from
amphibole barometry (Allan et al. 2013) and low resis-
tivity zones, interpreted as partially molten bodies,
in an area north of Taupo (Heise et al. 2010). Simi-
lar depths for intermediate composition mush zones
are also reported for Okataina volcanic centre in the
TVZ (Shane et al. 2007, 2008; Smith et al. 2010; Cole
et al. 2014). Rim compositions of Taupo dacite plagio-
clase (~Ang) are consistent with experimental studies
of plagioclase in similar composition melts at Py,0
>180 MPa at 900 °C, a melt fraction of ~0.8 and 5.5
wt% H,0 (Fig. 10 of Cashman and Blundy 2013).
Melt-inclusion pressures are therefore considered to
reflect the final storage conditions of the dacites, con-
sistent with plagioclase rim compositions. However,
high-An cores and resorbed internal boundaries in
plagioclase also either highlight a history of the dac-
ites at significantly higher pressures and tempera-
tures or more plausibly reflect interaction with and/or
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inheritance of crystals from hotter, less evolved melts
(Fig. 14). The pressure range of 300-700 MPa (equiva-
lent to depths of 11-26 km) used for modelling by Gel-
man et al. (2013) is not consistent, however, with either
the observed compositional range of plagioclase or
the crustal structure of the TVZ, where there is a rapid
transition at 15 km depth to heavily intruded mafic
lower crust (Harrison and White 2006). Even mafic
compositions erupted from Taupo rarely yield barom-
etry estimates of >400 MPa (Fig. 12; Allan 2013).

2. The compositions of parental magmas or assimilates.
Four starting compositions are considered to be plausi-
ble for modelling AFC or partial melting processes in
genesis of the dacites. First, if the dacites were gener-
ated through fractionation from a basaltic or basal-
tic—andesite parent, then the most appropriate starting
composition is likely to be similar to the Oruanui mafic
clasts. However, the mafic clasts range in composition
and themselves reflect differentiation and/or mixing
processes, with the tholeiitic clasts notably approaching
the composition of the dacites (Wilson et al. 2006; Allan
2013; Figs. 2, 3). Second, a greywacke parent or assim-
ilant could be considered as a source, which would
explain the elevated ’Sr/*°Sr values and zircon age
spectrum (Graham et al. 1992, 1995; Sutton et al. 2000;
Charlier et al. 2010). The isotopic ranges, bulk compo-
sition and mineralogy of the dacites, however, preclude
a source purely from the melting of greywacke (Con-
rad et al. 1988). Third, a Whakamaru plutonic residue
could be involved given the geographical overlapping
of the caldera margins (Fig. 1a; Wilson et al. 1986).
Whakamaru magmas have broadly similar whole-rock
and isotopic compositions to the Oruanui and post-Oru-
anui magmas, and small amounts of assimilation would
be difficult to identify, except through zircon inherit-
ance (Charlier et al. 2010; Barker et al. 2014). Fourth,
mixing with Oruanui mush compositions could have
occurred, given the apparent depths at which the dacites
were stored. However, as with the Whakamaru source,
significant levels of melting or assimilation immedi-
ately prior to eruption would likely result in inheritance
of Oruanui crystal cores and xenocrystic melt inclu-
sions. Oruanui crystal compositions and Oruanui-aged
zircons in the dacites and SG1 rhyolite magmas occur
only in minor proportions (<5 %: Charlier et al. 2010;
Barker et al. 2014). If Oruanui residues were important
in the genesis of dacite magmas, all direct evidence for
this source has been overprinted.

Given the parameters and scenarios outlined above, we
consider it most plausible that the dacites were sourced from
a region spatially overlapping with the base of the proto-
Oruanui mush system, at depths of >~8 km (Allan 2013),
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similar to that documented by Millet et al. (2014) for dacites
erupted from nearby Tauhara volcano (Fig. 1a). The Oru-
anui crystal mush would, from its mineralogical character-
istics, provide a logical level at which ascending mafic mag-
mas would pond due to density contrasts. Newly incoming
mafic melts stalling and differentiating at this level would
heat the proto-Oruanui system and drive widespread ther-
mal dissolution of Oruanui-sourced crystal phases such as
zircon. Bulk compositions of the dacites can be generated
for some elements by ~40-50 % mixing between Oruanui
rhyolite and a low SiO, tholeiitic end-member (Fig. 15a).
However, the dacite compositions do not fall on Oruanui
mixing trends for elements such as Zr or P (Fig. 3a), which
are decoupled and characteristic of crystal fractionation
involving apatite, but not zircon (Lee and Bachmann 2014).
Although mixing clearly occurred at some point in their
early history (Fig. 14), the majority of the post-Oruanui
dacite mineral rims are in equilibrium with their host melt
and show evidence for extensive crystallisation to evolved
compositions (Fig. 14; Gelman et al. 2013). Indeed, dacite
compositions can be modelled by perfect fractional crystal-
lisation from the most primitive Oruanui tholeiitic compo-
sitions, through ~60 % crystallisation (Sutton et al. 2000),
but they must have additionally incorporated significant
amounts of more radiogenic material at some point in order
to achieve elevated 8’Sr/*°Sr values.

Establishment of the (new?) silicic mush system
from <17 ka

After ~5 ka of quiescence following the post-Oruanui dac-
ite eruptions, Taupo resumed erupting with the SG1 rhyo-
lites, with three features genetically linking them to the
earlier dacites (Sutton et al. 2000). First, the mineralogies
of the dacites and SGI1 rhyolites are similar, with crys-
tal compositions forming continuous chemical trends and
with SG1 crystal core compositions overlapping with those
of dacite rims and interiors (Figs. 8, 9, 10). Second, dacite
glass compositions lie on a trend intermediate to the dac-
ite whole-rock and SG1 rhyolites (Fig. 4), while some melt
inclusions from the SGI rhyolites overlap compositionally
with dacite glass selvedges (Fig. 5). Third, the dacites and
SG1 rhyolites have similar ¥’Sr/**Sr values, with only a
slight increase, which can be explained by incorporation of
~2-5 % extra greywacke melt (Sutton et al. 2000). The rhy-
olites are significantly more reduced than the dacites, but
this is not surprising given the differing intensive param-
eters, mineralogy, crystal compositions and the presence
of pyrrhotite inclusions in the dacites, which indicate sul-
phide precipitation that could significantly affect degassing
dynamics (e.g. Burgisser and Scaillet 2007).

The dacite whole-rock and dacite glass compositions can
be linked by ~30-35 wt% fractional crystallisation using
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Fig. 15 Selected major and trace-element variation diagrams show-
ing the inferred chemical evolution pathways of post-Oruanui mag-
mas with fractional crystallisation and/or magma mixing. a Fractional
crystallisation (FC) path (dotted black line) linking the 2 dacite
whole-rock composition with dacite glass and rhyolite whole-rock
compositions through >30 % crystallisation. Magma mixing trend
(grey line) between the Oruanui HSR and the Oruanui tholeiite sco-
ria from Wilson et al. (2006) is shown for an alternative origin of the
dacite magmas. Mingled pumices refer to Oruanui pumices showing
physical evidence for mixing. b Fractional crystallisation path linking
the €2 dacite glass composition with the SG1 rhyolite whole-rock and
glass compositions. A representative whole-rock (filled symbol) and
glass (open symbol) compositional pair are shown for each subgroup

Si0, (wt. %)

for reference. Mixing vectors (green and blue arrows) refer to the
compositional change inferred with the dissolution of the observed
mineral phases, with tick marks at 2 % increments. Note the elevated
MnO and Y resulting from the dissolution of clinopyroxene and/or
amphibole. Dashed black FC arrow represents the potential evolution
path of the SG2 and SG3 magmas after post-SG1 dissolution. Min-
eral partition coefficients calculated from mineral rim-glass pairs for
amphibole and clinopyroxene are from this study and Allan (2013)
for orthopyroxene. Plagioclase Sr partition coefficients calculated
using Blundy and Wood (1991) for Any; for the dacites and Any, for
the rhyolites at 900 and 840 °C, respectively. Models performed using
PETROMODELER program from Ersoy (2013). See text for discus-
sion
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Fig. 16 Comparison between magmatic conditions for the post-
Oruanui magmas and experimental results for phase equilibria from
a Conrad et al. (1988) for average TVZ dacites at high pressures (10
kbars) and b Coombs and Gardner (2001) for rhyolites from Katmai
at 4 wt% H,0. The inferred conditions for the post-Oruanui magmas
are shown by filled stars within an ellipse representing the approxi-

the outermost rim compositions of the crystal phases (Sut-
ton et al. 2000; Fig. 15a). Some elements (e.g. Sr, Ti) do
not fit the model, likely due to slight enrichments through
resorbed or inherited high-An or high-En crystal cores. With
further fractionation of the dacite glass by ~5 wt%, using
mineral phases of the SGI1 rhyolites, the whole-rock SG1
rhyolite compositions can be achieved, and with 10-15 %
fractionation, the SG1 rhyolite glass compositions can be
reached (Fig. 15b). The degree of crystallisation required
to chemically link the dacite whole-rock and rhyolite melt
compositions approaches ~50 %, which we infer to corre-
spond with an important stage in the evolution of the mag-
matic system. At crystallinity levels of >50 %, the magma
is likely to reach rheological locking point and form a rigid
mush (e.g. Marsh 1981; Vigneresse et al. 1996; Bachmann
and Bergantz 2008; Dufek and Bachmann 2010; Deering
et al. 2011). The dacite magmas are therefore interpreted to
represent a forerunner or pre-mush snapshots of the newly
established and genetically linked rhyolite-generating sys-
tem, which cooled in the time period between eruption of
the dacites and SGI rhyolites. A subpopulation of zircons
in the post-Oruanui rhyolites have ages clustering at ~16 ka,
implying that parts of the magmatic system were evolved
enough to crystallise zircon during this time (Barker et al.
2014). By 12 ka, it is apparent that a significant volume of
silicic mush had rebuilt, with relatively uniform magma
chemistries being erupted from geographically dispersed
vents (Fig. 1). The rhyolite-producing magmatic system at
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et al. (2013) for comparison, where quartz is only stable in the shal-
lowest region of the Oruanui magma reservoir

Taupo rebuilt itself in only ~10 kyr following the supererup-
tion and had moved into a new cycle of eruptions only ~13.5
kyr after the Oruanui event.

The strong connection between the dacites and SGI1
rhyolites is also reflected in the appearance of amphibole,
indicating lower pressures and changing conditions in the
magmatic system. Recent studies have shown that caution
must be taken when using Al concentrations in amphibole
(Ridolfi et al. 2010) as a proxy for crystallisation pressure
alone (Coombs et al. 2013; Shane and Smith 2013; Erdmann
et al. 2014). However, model pressures of 100—-150 MPa
from amphibole in units B and C match values from Oru-
anui HSR amphibole rims, which in turn are in agreement
with volatile saturation pressures from Oruanui quartz-
hosted melt inclusions (Fig. 12; Liu et al. 2006; Allan et al.
2012). In addition, the majority of amphiboles from units
B and C are unzoned and euhedral, with little to no differ-
ence in composition between their cores and rims (Fig. 7d).
The appearance of euhedral amphibole in SG1 is considered
to reflect changing mineral stability in the early magmatic
system (Fig. 16). In such a case, the dacites were likely too
hot for amphibole or quartz to crystallise but were able to
crystallise plagioclase, clinopyroxene and orthopyroxene, in
agreement with experimental studies (Fig. 16a; Conrad et al.
1988), albeit conducted at much higher pressures than those
considered likely for the post-Oruanui dacites. Experimen-
tal studies on rhyolites of broadly similar composition to
Taupo (Coombs and Gardner 2001) are consistent with the
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observed mineralogy changes at 12 ka, where the early SG1
magmas had cooled sufficiently and moved to lower pres-
sures to enter the amphibole stability field (Fig. 16b). Crys-
tal fractionation paths between the dacites and SG1 rhyo-
lites require amphibole crystallisation to explain the trends
observed in amphibole-compatible elements such as Y and
Mn (Fig. 15b). The younger SG1 (and SG2/SG3) erup-
tions then moved out of the amphibole stability field again,
by either a slight temperature increase (Table 4; Fig. 16b)
or H,O decrease (e.g. Dall’Agnol et al. 1999; Klimm et al.
2003). Notably, in the experimental studies of Conrad et al.
(1988), clinopyroxene stability is closely aligned with that
of amphibole and the two only appear stable in a relatively
narrow compositional window (Fig. 16a). The coincidental
appearance and disappearance of these two phases from the
SG1 rhyolites can therefore be explained by minor changes
in the conditions of crystallisation in the shallow silicic
magmatic system during this time.

Relationships between the temporally separated rhyolitic
subgroups <10 ka

The SG2 (7.1-2.7 ka) and SG3 (2.2 ka to present) rhyo-
lites are chemically distinct in comparison with the Oru-
anui and SG1 rhyolites (Figs. 2, 4). The apparent shift in
compositions from SG1 to SG2 was interpreted by Sutton
et al. (2000) to mean that a change in magma source was
required in the intervening ~3-kyr period. Such interpreta-
tions have major implications for inferred magma storage
times and repose intervals between eruption groups. Did
the SG2 and SG3 magmas originate from different mag-
matic systems at different positions and depths within the
crust (cf. Sutton et al. 1995; Smith et al. 2005) or could
they instead have come from the same source as the SG1
magmas but with changing conditions of crystallisation?

Changes in whole-rock and glass chemistry within the
SGI rhyolites and between the SG1 and SG2 rhyolites are
accompanied by changes in mineralogy, indicating that
phase stability may play a role in the observed chemical
shifts. In comparison with the earlier SG1 eruptions, Unit E
(last of the SG1 eruptions) has lower whole-rock CaO con-
centrations, with higher MnO, as well as subtle differences
in trace-element concentrations such as Zn, Zr, Sc and Y
(Figs. 2, 4). In addition, the compositions of key mineral
phases diverge from the trends seen in the earlier units B
and C (Figs. 8, 9, 10, 11). Unit E has compositions trend-
ing towards the SG2 rhyolites, in line with the observed
changes in crystal chemistry. The first of the SG2 erup-
tions then have significantly higher MnO, Na,O, Zn, Zr, Y,
Sc and lower CaO, La/Sm and Yb/Gd (Figs. 2, 3, 4). How-
ever, changes in these elements and elemental ratios can
be explained by two processes that do not require a drastic
change in source between SG1 and SG2:

Dissolution of amphibole and/or clinopyroxene due to
changing intrinsic conditions. If the magma moved out
of the amphibole and/or clinopyroxene stability fields
between SG1 and SG2, several elements would be lib-
erated by dissolution, or not sequestered by growth, of
these mineral phases (Fig. 15b). For example, trace-
element analysis of crystal rims and glass separates for
the SG1 rhyolites allows calculation of amphibole-melt
partition coefficients of Dy, = 8, Dy = 9, Dg, = 60,
D, = 5 and Dyrgr = 5-10, and clinopyroxene-melt
partition coefficients of Dy, = 12, Dy = 3, Dy, = 50,
D, = 3 and Dyrgg = 2-4 (Online Resource 4). Lib-
eration into, or retention of, these compatible elements
in the melt phase between subgroups and prior to crys-
tal-melt segregation could then help explain stepwise
shifts in trace-element compositions (Fig. 15b). Shift-
ing melt compositions are also reflected in differences
in orthopyroxene compositions through time. Orthopy-
roxene-melt partition coefficients of Dy, remain con-
stant between SG1 and SG2 at ~25-30, but there is
~20-30 % relative increase in MnO concentrations in
both SG2 orthopyroxene (Fig. 9c—e) and whole-rock
compositions (Fig. 2b). This stepwise increase could
be achieved through dissolution alone if the original
source contained <5 % clinopyroxene or <7 % amphi-
bole (or a combination of both: Fig. 15b). Similar com-
positional shifts can be achieved for other elements
compatible in amphibole and clinopyroxene such asY,
Sc and Zn through <5 % dissolution.

Changes in crystal zonation, plagioclase crystallisa-
tion and maturation of the mush system. Many of the
whole-rock compositional trends can be explained by
variable degrees of enrichment through inherited crys-
tal cores from precursor magmas. SG1 magmas, for
example, have a high proportion of crystals with high-
An or high-En cores (Figs. 9, 10). Even though the
pumices are generally crystal poor (<7 wt%: Table 2),
minor enrichments in highly compatible trace elements
such as Sr and V can be explained by inheritance of
high-An plagioclase and high-En pyroxene cores,
respectively (Fig. 4). Crystal inheritance is much less
common in the SG2 eruption products, interpreted to
reflect a physical disconnect between the new rhy-
olite-producing and the precursor dacite-producing
magmatic systems (Figs. 9, 10). We infer that this
change is likely due to maturation and thickening of
the mush system with cooling and extensive crystalli-
sation between eruption groups reflected in the zircon
model-age spectra (Barker et al. 2014). The observed
changes in CaO and Na,O can then be explained by
further crystallisation of a mineral assemblage domi-
nated by plagioclase and orthopyroxene, consistent
with a slight decrease in plagioclase An contents, espe-
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cially towards the end of the SG2 eruptions (Table 2;
Fig. 15b). For SG3 rhyolites, the opposite is true, with
melt compositions more consistent with the dissolu-
tion of the observed crystal phases and accompanying
increases in most highly compatible elements (Figs. 2,
3, 4). Mineral compositional zoning and thermometry
suggest that between the SG2 and SG3 eruptions the
magmatic system underwent significant heating, result-
ing in partial mineral disequilibrium, dissolution and a
corresponding shift in melt compositions (Figs. 9, 10,
11, 15b). The connection between subgroups remains
evident through similar melt-inclusion compositions
(Fig. 6) and reversely zoned SG3 minerals which have
core compositions overlapping with corresponding
mineral phases from the final SG2 eruptions (Figs. 9g,
h, 10g, h).

Summary of Taupo’s magmatic system through time

Given the geographically overlapping vent sites (Fig. 1),
we suggest that the post-Oruanui eruptives were tapped
from a common and likely unitary mush system which
changed and evolved through a series of stages as reflected
in eruptive products as summarised below:

1.

25.4 ka: Evacuation of the Oruanui magmatic system
(Fig. 17a). Prior to the Oruanui eruption, there was
a thermally and compositionally zoned crystal-rich
mush body that developed over tens of thousands
of years, likely spanning a large portion of the crust
from 3.5 to ~10 km depth (Liu et al. 2006; Wilson
et al. 2006; Allan 2013). The top of this mush body
was quartz bearing and the roots quartz free. The
crystal-poor HSR melt-dominant body was then
rapidly formed (over <3000 years) via melt extrac-
tion from the Oruanui mush, as inferred from zir-
con model-age spectra (Wilson and Charlier 2009),
and compositional zoning relationships in Oruanui
amphibole and orthopyroxene crystals (Allan et al.
2013). The uniformity of model temperatures at
~790 °C (Fig. 13) indicates that immediately prior
to eruption the melt-dominant body was uniform in
composition due to vigorous mixing and lacked any
significant thermal gradient (Wilson et al. 2006;
Allan 2013). We infer from the presence of two line-
ages of mafic magmas in the Oruanui eruption and
the lack of Oruanui compositions in the post-25.4 ka
eruptive sequence that the Oruanui mush source was
modified beyond recognition by immediate post-
supereruption intrusion of hot mafic magmas. Such
an inference is consistent with the small proportion
of Oruanui-aged zircons found in the post-Oruanui
rhyolites (Barker et al. 2014).
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~21-17 ka: Generation and eruption of the post-Oru-
anui dacites (Fig. 17b). The higher temperatures, less
evolved compositions and inferred depths of storage
for the dacites reflect unusual conditions in the early
post-Oruanui environment. Mineral zonation patterns
are consistent with early episodes of magma mixing,
heating and disequilibrium followed by down-temper-
ature fractional crystallisation plus continuing minor
assimilation of greywacke country rock and Quater-
nary plutonic material of Whakamaru age (Charlier
et al. 2010). Given the >8 km equilibration depth of
the dacite magmas, the residual Oruanui source region
may have had a structural influence on where the dacite
magmas lodged and may have also contributed mate-
rial and/or melt through early magma mixing, but any
evidence for large-scale inheritance (including zir-
cons) was overprinted. The consistency in the glass and
mineral chemistries and similar conditions of storage
between the three dacite magmas highlight that their
generation processes were repetitive in Taupo’s early
post-supereruptive environment. Although the dacites
appear to have erupted only from the northern region
of the Oruanui caldera, it is inferred that similar melt
compositions were widespread throughout Taupo’s
magmatic system, as reflected by the close affinity of
the dacites with the SG1 magmas which were erupted
from more widely distributed vents (Fig. 1a). Given the
close temporal relationship of the dacites with a nearby
rhyolite eruption at ~16 ka (Puketarata), we speculate
that this renewal of activity may reflect rifting, particu-
larly for Puketarata as its vents form a lineament that
lie along a major fault structure (Fig. 1a; Brooker et al.
1993; Leonard et al. 2010).

12—-10 ka: Eruption of the SG1 rhyolites (Fig. 17c). The
first-erupted SG1 rhyolites show evidence for exten-
sive crystallisation at depths as shallow as 4-5 km,
with subordinate amphibole reflecting temperatures
of <~850 °C and high-melt H,O content of ~5.5 wt%.
Minor changes in temperature and/or melt H,O con-
tents within the SG1 eruptive period possibly resulted
in changes in mineral stability following the eruption
of units B and C. Eruptions that show evidence for a
change in vent site (e.g. Unit E) do not show signifi-
cant variability in pumice compositions, indicating that
the rhyolite-forming magmatic system likely spanned a
significant area across the Oruanui collapse structure.
The only unit sourced from the northern Taupo region
(Acacia Bay dome: Unit D) is similar in composition
to the other SG1 rhyolites, but shows further evidence
for assimilation of Whakamaru-aged plutonic mate-
rial (Barker et al. 2014). In addition, the positioning
of vents along linear structures aligned or coinciden-
tal with modern faults indicates that the local tectonic
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Fig. 17 Schematic illustration of the inferred structural changes in
Taupo’s magmatic system from a the Oruanui magmatic system from
Allan (2013) at ~25.4 ka, b the post-supereruption dacite eruptions
from ~21 to 16 ka and c the first rhyolite eruptions (SG1) at ~12 ka.
The depth of the melt-dominant lenses and mush zones are inferred
from amphibole barometry using Ridolfi et al. (2010), melt-inclusion
Pyyyo data from Liu et al. (2006), and this study. Vent sites are from

stress regime may play an important role in determin-
ing where the eruptions vented (Rowland et al. 2010;
Fig. 1a). The SG1 rhyolites notably coincide with a
period of vigorous andesitic volcanism and regional
rifting in the southern TVZ (Kohn and Topping 1978;
Nairn et al. 1998), and volcanism at Taupo during the
SGI time period may similarly have been influenced
by rifting (Rowland et al. 2010).

Caldera collapse

Oruanui source melt & mush zone
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Wilson (1993, 2001); coloured tie lines indicate a syneruptive shift
in vent site. The horizontal extent of the magmatic system is inferred
from the shape of the Oruanui collapse structure from Davy and
Caldwell (1998) and subsequent vent site positions. The lateral con-
tinuity of the melt-dominant bodies and mush zones and the exact
depth of mafic magma intrusion and ponding are largely unknown.
See text for discussion

4. 7-2.8 ka: Eruption of the SG2 rhyolites (Fig. 18a).
During the ~3-kyr period between the SG1 and SG2
eruptions, the magmatic system underwent widespread
dissolution of amphibole and clinopyroxene and then
crystallisation of a mineral assemblage limited to pla-
gioclase, orthopyroxene, apatite and Fe-Ti oxides.
The SG2 rhyolites reflect a more established magmatic
system with less evidence for parental dacitic or mafic
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Fig. 18 Schematic illustration of the inferred structural changes in
Taupo’s magmatic system from a the SG2 eruptions from ~7 to 2.8 ka
and b the lead into the SG3 eruptions at ~2.2 ka. The black dotted
and dashed regions refer to scenarios used to estimate the horizontal
extent of the modern silicic mush system as indicated by vent spacing

melts in inherited crystal cores or melt inclusions. The
largest SG2 eruption at 3.5 ka (Unit S) shows evidence
for mafic magma intrusion with discrete mafic clasts
and mixed pumices (Blake et al. 1992). However,
there is no evidence in the subsequent SG2 eruptions
for widespread interaction with mafic magma through
strong mineral disequilibrium textures or abrupt com-
positional shifts, despite geographically overlapping
vent sites. The final eruptions of SG2 (units U-W), in
contrast, show evidence for further cooling and crystal-
lisation of the mush system.

5. 2.2-1.8 ka: Eruption of the SG3 rhyolites (Fig. 18b).
At some point during the ~600-year period between
SG2 and SG3 eruptions, the silicic magmatic system
underwent significant heating (>30—40 °C increase in
magma temperatures) and mineral dissolution as shown
by mineral zonation and shifting melt compositions.
Notably, the SG3 magmas have the lowest 8’Sr/%°Sr of
all post-Oruanui rhyolites (Sutton et al. 2000), inferred
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of previous eruptions (see text for discussion). The red shaded area
refers to the area of 232 AD (Unit Y) caldera collapse as indicated by
gravity anomalies (Davy and Caldwell 1998). Other details are as in
Fig. 17

(following Knesel et al. 1999) to reflect increased
mafic magma recharge through time. These observa-
tions are in line with the shift in temperature, trace-
element compositions and crystal zonation. No direct
evidence has been found in this study for mafic interac-
tion with the Unit X magma. However, the rare pres-
ence of small mafic inclusions in pumices from Unit' Y
and dome carapace pumiceous blocks from eruption Z
suggests that mafic magmas were probably the cause
of the heating trends seen in Unit X. The rapid heat-
ing of Taupo’s magmatic system during this time may
also have led to the exceptionally large eruption vol-
ume of UnitY in the post-Oruanui sequence. Eruption
Y resulted in further caldera collapse in the northeast
part of Lake Taupo (Davy and Caldwell 1998). Follow-
ing eruption Y, Taupo’s magmatic system once again
experienced an influx of hot mafic material as indicated
by mafic inclusions and crystals of a primitive origin in
the eruption Z dome carapace pumices.
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The contemporary magmatic system

The two most recent eruptions from Taupo at 232 + 5 AD
(Unit Y) and lava extrusions of eruption Z shortly thereaf-
ter (collectively the ‘Taupo eruption’ of Wilson and Walker
1985) comprise the largest eruptive volume in the post-Oru-
anui sequence, releasing >35 km? magma and further desta-
bilising the magmatic system. Important questions arise
from the size and nature of this latest activity with regard to
future activity and monitoring at Taupo. For example, did
the associated caldera collapse change the structure of the
mush system? Was the Taupo eruption large enough for the
volcano to now require a long period of magmatic recovery
and volcanic quiescence or is the system capable of erupt-
ing in its present state?

The uniform chemistry and mineralogy within single
eruptions (Dunbar et al. 1989b; Sutton et al. 1995; this
paper) indicate that the crystal-poor rhyolites erupted from
Taupo were assembled as largely unzoned melt-dominant
bodies prior to eruption. The key processes occurring
within an eruptive cycle must therefore include the effec-
tive extraction of melt from the crystal mush and its rapid
eruption before cooling and (re-)crystallisation occur.
Therefore, the size of the melt-bearing mush system is a
critical factor in regard to the impact of a single eruption on
the potential for future productivity and behaviour.

To provide a first-order estimate for the potential size
of the modern silicic magma system, we provide the fol-
lowing simplified scenario. For an area of 200-300 km?
(as estimated from the distribution of Oruanui vents and
associated caldera collapse), the 530 km?® Oruanui melt-
dominant body (assuming a uniform thickness) is estimated
to have been ~1.5-2.5 km thick. This estimate is in accord
with the range of model pressures from melt inclusions
and amphibole compositions (Liu et al. 2006; Allan et al.
2013; Fig. 17a). An even larger volume of crystal mush is
then required below the melt-dominant body to >8-10 km
depth, which in turn is buffered and heated by deeper-
derived mafic magmas. From the evidence provided here,
the silicic mush system was extensively rebuilt in the post-
supereruptive environment. The newly rebuilt system likely
extends over similar depths to the Oruanui system from at
least 8 km (given the depth estimates for the dacite units) to
~5 km depth as inferred from the calculated storage depths
of the SG1 rhyolites. The question that then arises is: over
what horizontal extent does this zone of hot mush material
span, and how much extractible melt is potentially avail-
able for eruption? We consider two hypothetical scenarios
for the modern structure of Taupo’s magmatic system:

1. The melt-generating mush system has reestablished
to a similar horizontal extent observed in the pre-Oru-
anui system. The post-Oruanui vents are spaced over

an area of ~280-330 km? assuming the minimum area
encompassed by a quadrilateral or ellipsoidal shape,
respectively (Fig. 18b). Neither of these estimates
account for the additional extent of the Oruanui col-
lapse structure and are therefore considered as minima.
If the mush system has an assumed thickness of ~3 km
(from ~5 to 8 km depth), a volume of melt-bearing
material of >800—-1000 km® can therefore be implied.
Assuming the mush had a minimum crystallinity of
~50 %, 35 km? of crystal-poor rhyolite magma erupted
in Unit Y represents only a relatively minor proportion
(~7-10 %) of melt present in the silicic system at the
time of eruption.

2. The horizontal extent of the rebuilt post-Oruanui mush
is much smaller than the Oruanui system, and the vent
spacing does not reflect the true width of the modern
system, but instead has been exaggerated by lateral
transport of magma to the vents where it was erupted.
Such processes are demonstrated to have occurred at
Taupo (Wilson and Charlier 2009; Allan et al. 2012)
and are seen in the alignment of vent sites in some
post-Oruanui eruptions (Wilson 1993; Houghton et al.
2010). However, in these examples, magma transports
through diking occurred in a NNE-SSW direction,
perpendicular to the direction of extension in TVZ
rifting. In contrast, many of the vents at Taupo are
linked across opposite directions (Fig. 1a) and so we
consider a scenario of extensive lateral transport to be
less likely. The minimum area of collapse associated
with the eruption of Unit Y is estimated to be ~70—
80 km? from residual gravity anomalies (Davy and
Caldwell 1998; Fig. 18b). We therefore infer a mini-
mum volume estimate for the pre-Unit Y mush system
of ~200-250 km® assuming a mush thickness of 3 km.
Again, 35 km® of melt could be readily extracted
from this volume of mush assuming a crystallinity of
~50 %.

While our volume estimates are in need of confirmation
by geophysical imaging, they are consistent with the trends
in eruptive volume and areas in which recent unrest has
occurred. Historic unrest episodes at Taupo in 1982—1983
have been linked to magma intrusion at ~8 km depth (Smith
et al. 2007; cf. Fig. 18b). Smith et al. (2007) linked the sub-
sequent subsidence measured along the northern shoreline
of Lake Taupo to inferred ‘dewatering’ of >2.5 km? of mel,
notably a larger volume than most of the post-Oruanui
eruptions. These inferences imply that magma bodies are
being generated or emplaced even into historic times, but
have not (yet?) erupted, raising issues of what controls
periods of unrest versus eruption at Taupo and what addi-
tional factors will push Taupo into its next phase of erup-
tive activity.
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Taupo’s post-supereruptive behaviour: typical or
unique in a global context?

Can the post-Oruanui behaviour of Taupo be considered
typical for worldwide examples of post-caldera magmatic
systems, or does it arise from the hyperactive eruptive
behaviour and large inferred magma flux for this volcano
(Wilson et al. 2009)? Part of the issue with comparing
Taupo’s post-supereruptive behaviour with worldwide
examples is the uniqueness of having such a large volume
eruption combined with the exceptionally frequent occur-
rence of smaller eruptions and preservation of their prod-
ucts. There were only ~5000 years between the Oruanui
eruption and the first dacite eruption, a gap that is within the
uncertainties of the age determinations of many worldwide
Quaternary large silicic eruptions. At Valles caldera, New
Mexico, the 1.25 Ma Bandelier eruption was rapidly fol-
lowed by large-scale structural resurgence and post-caldera
volcanism with low-silica rhyolite ring plain domes erupt-
ing 27 £ 27 kyr after the eruption (Phillips et al. 2007).
For the 767 ka Bishop Tuff eruption at Long Valley, the
post-caldera environment was dominated by both volumi-
nous magmatic (>100 km3) and structural resurgence. Hil-
dreth (2004) considered that the post-Bishop early rhyolites
(751 £ 16-652 + 14 ka: Mankinen et al. 1986) reflected
crystal-poor melts drawn from a similar but largely reor-
ganised mush source to the Bishop but with limited physi-
cal interaction with deeper mafic magmas. The 161 ka Kos
Plateau Tuff eruption at Kos—Nisyros led to decompres-
sion-induced crystallisation within the remaining mush
pile, and subsequent eruptions were hotter, drier and more
reduced, likely resulting from mafic recharge (Bachmann
et al. 2012). In contrast, post-caldera activity at Yellow-
stone following the 639 + 2 ka Lava Creek Tuff eruption
was dominated by structural resurgence, then longer-term
(hundreds of thousands of years) magma replenishment
and recycling of modified and hydrothermally altered cal-
dera fill or mush with the eruption of small volume domes
from 516 to 473 ka (Bindeman et al. 2001; Girard and Stix
2009). At another extreme, post-caldera activity may be
expressed by a switch in magmatic expression. At Aira cal-
dera, for example, following the >400 km® caldera-forming
event at 22 ka, the large andesitic cone Sakurijima began
to grow <10 kyr later on the southern caldera rim and has
been the main focus of activity to the modern day (Aramaki
1984).

In the context of other large silicic magmatic systems,
Taupo’s apparent post-caldera recovery time and rate of
renewed volcanism are exceptionally rapid. However, to
what extent this rapidity is unmatched elsewhere, either
due to the absence of immediately post-caldera eruptions,
non-preservation of their products or uncertainties with age
resolution, remains unclear. The examples of post-caldera
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chronologies cited above are from lavas, whereas condi-
tions at Taupo have yielded an overwhelmingly pyroclastic
record, represented beyond the caldera-filling lake. There is
a wide range of post-caldera behaviour observed, distinc-
tive to each setting worldwide. Controlling variables may
include (but are not limited to) magma supply rate, the size
of the pre-caldera mush body and what proportion was
erupted, the tectonic setting and stress state of the crust,
magmatic system structure and components, heat flow in
the crust and eruption triggers. In the TVZ, Taupo’s rapid
post-caldera recovery may simply be a direct consequence
of its high magma flux (Wilson et al. 2009). Worldwide,
large-scale eruptions invariably act to modify the magmatic
system structure, with post-caldera reorganisation resulting
in an influx of new magma which can accompany structural
and/or magmatic resurgence. Notably, structural resur-
gence is not observed at Taupo, again reflecting a feedback
response between magma injection (inflation) and exten-
sional tectonics so that surface uplift on short timescales is
followed by subsidence on longer timescales (Manville and
Wilson 2003; Ellis et al. 2007).

Large silicic magma reservoirs are often considered to
result from longevity of magmatic episodes and gradual
thermomechanical evolution over timescales of hundreds
of thousands to millions of years (e.g. de Silva and Gregg
2014). However, as shown here, supereruptions or large-
scale caldera-forming events may act to significantly alter
the structure and subsequent behaviour of the magmatic
system and style of volcanism on much shorter timescales.
In the case of Taupo volcano, the Oruanui eruption acted to
largely destroy and reset the history of the magmatic sys-
tem so that the modern day volcano and its eruptive prod-
ucts show little connection in timing and composition to
their supereruptive progenitor.

Conclusions

Following the 25.4 ka Oruanui supereruption, Taupo vol-
cano experienced significant changes, with eruptive prod-
ucts reflecting the fine-scale temporal reorganisation,
reconstruction and evolution of a largely new and very
active magmatic system. The first dacitic eruptions between
21 and 17 ka reflect reorganisation of the magmatic sys-
tem at a time of high heat flow and mafic intrusion. Dac-
ite mineralogies and compositions reflect a rebuilding
silicic system that then cooled and crystallised, developing
a melt-bearing crystal mush and density trap from which
subsequently rhyolite magmas began to be tapped only
13.5 kyr after the supereruption. The three rhyolite magma
subgroups from 12 ka to present show fine-scale temporal
changes in melt chemistry and mineral phase stability with
fluctuating conditions of crystallisation, which are closely
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linked to the development, stabilisation and maturation of
a new, probably unitary mush system. Rare mafic clasts in
the post-Oruanui eruptions suggest that although the silicic
magmatic system has changed in character, the deeper
mafic roots that provide heat and control the stability of the
overlying silicic system have remained similar. Temporal
changes in silicic magma chemistry and eruptive frequen-
cies reflect the evolution of a recovering magmatic system
combined with heating and cooling associated with fluc-
tuating mafic inputs and periods of rifting that control the
accumulation and release of crystal-poor rhyolite magma.
The patterns of magmatism and volcanism through time
are consistent with the reestablishment of a large mush sys-
tem beneath Taupo volcano (at least 200 and possibly up
to 1000 km? in volume). This system continues to actively
produce significant volumes of melt to the modern day, as
implied by the modern hydrothermal heat flux (Bibby et al.
1995) and modelling of the most recent unrest episode
(Smith et al. 2007). Despite the recent 232 AD eruption
being the largest in the past 25 kyr, we consider that Taupo
volcano will continue its hyperactive eruptive behaviour
and that it is well capable of resuming volcanism within
timescales of human interest and concern.
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