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Abstract
The Taupo Volcanic Center [TVC; Taupo Volcanic Zone (TVZ), New Zealand] is home to the two most recent silicic caldera-
forming eruptions in the TVZ—the giant (530  km3 DRE) Oruanui supereruption and the large (35  km3 DRE) Taupo eruption. 
This offers a unique opportunity to investigate similarities and differences between large and supersized volumes of rhyolitic 
magma at the TVC and more generally. We combine information from crystal textures (crystal size distributions), crystal 
compositions (Ti-in-quartz diffusion chronometry), and glass compositions (rhyolite-MELTS geobarometry) to investigate 
the crustal storage conditions, longevity, and eruption of these magmas. Results show differences between the storage depths 
of the Oruanui and Taupo magmas consistent with the differences in their glass silica contents but strikingly similar, short 
crustal residence times for the final crystal-poor, eruptible magma bodies (decades to centuries). Differences in groundmass 
textures between the two systems also likely reflect differences in ascent durations, decompression paths, and/or amounts of 
undercooling experienced by these systems due to the differences in their storage depths. Finally, comparing the evolution 
of storage depths and magma compositions at the TVC with those in a preceding central TVZ ignimbrite ‘flare-up’ sup-
ports the idea that the modern TVC may be flaring up and highlights the evolution of magma storage depths with increasing 
system maturity in this volcanic region.
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Introduction

Rhyolitic magmas have produced some of the most explo-
sive and voluminous volcanic eruptions in Earth’s history 
and such evolved magmas dominate in the continental crust. 
Consequently, efforts to constrain how long and where these 
magmas reside in the crust, as well as the causes, timing, 
duration, and path over which they ultimately erupt, are 
important both for future volcanic hazards management 
and for understanding the formation and evolution of the 
continental crust. Information on these parameters and pro-
cesses can be mined from the compositions and textures of 
crystals, bubbles, and glass; however, interpreting records 
in the broader context of magma system evolution and erup-
tion are challenged by differences in phase stability, method 
resolution limits, and overprinting of information by pre-, 
syn-, and post-eruptive processes. Consequently, it is criti-
cal to understand the limitations of a given phase or method 
for addressing a particular question, and integrating data 
from multiple materials and/or methods can help minimize 
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these issues and can be a powerful approach to investigating 
questions.

In this study, we combine information from crystal tex-
tures (crystal size distributions), crystal zoning (diffusion 
chronometry), and glass compositions (rhyolite-MELTS 
geobarometry) to investigate the storage conditions, longev-
ity, and eruption of two rhyolitic systems from the Taupo 
Volcanic Center (TVC) in the Taupo Volcanic Zone (TVZ) 
in the North Island of New Zealand—the ~ 530  km3 DRE, 
25.4 ka Oruanui supereruption (Wilson 2001; Vandergoes 
et al. 2013) and the ~ 35  km3 DRE, 1.72 ka Taupo eruption 
(Wilson and Walker 1985; Hogg et al. 2012). Despite being 
the two largest eruptions from the TVC and the most recent 
caldera-forming eruptions in the TVZ, their volumes differ 
by an order of magnitude, and they likely came from sub-
stantially different magmatic systems (Wilson et al. 2006; 
Barker et al. 2015). Consequently, we investigate not only 
conditions and processes specific to each of these systems, 
but also the similarities and differences between large and 
supersized volumes of rhyolitic magma at the TVC and in 
the Modern TVZ (~ 61 ka to present; Wilson et al. 2009) 
more broadly.

The Taupo Volcanic Center

The TVZ is a NE–SW trending rifted arc in the North Island 
of New Zealand that is driven by the subduction of the 
Pacific plate beneath the North Island (Fig. 1; Wilson et al. 

1995). Andesitic cone volcanoes predominate in northern 
and southern regions, while the central TVZ has dominantly 
incurred large, explosive, caldera-forming silicic volcanism 
for the past ~ 1.6 Ma (see Wilson et al. 1995 for reviews). 
During this time, > 6000  km3 of rhyolite has erupted from 
the area (Wilson et al. 2009).

The TVC, located in the central TVZ (Fig. 1), has been 
intermittently active since ~ 61  ka (Wilson et  al. 2009) 
and was “hyperactive” (Barker et al. 2015) for a period 
of ~ 24 ka, bookended by the 25.4 ka Oruanui supererup-
tion and the 1.72 ka Taupo eruption. Between these caldera-
forming eruptions were 26 smaller (< 10  km3 of magma 
erupted) dacite and low- to moderate-silica rhyolite erup-
tions. Compositionally, the post-Oruanui rhyolites—deline-
ated into three subgroups (SG; Wilson 1993)—are distinct 
from Oruanui rhyolites, and it has been suggested that the 
TVC was destroyed and reconstructed after the Oruanui 
eruption, with the only similarity between the Oruanui and 
post-Oruanui magmas being their mafic underpinnings 
(Barker et al. 2015).

The Oruanui magmatic system

The phreatomagmatic Oruanui eruption is the youngest 
known supereruption in Earth’s history. It spewed ~ 530 
 km3 of magma (DRE) through a ‘proto’-Lake Taupo (Self 
and Sparks 1978), ultimately producing 430  km3 of fall 
deposits, 320  km3 of pyroclastic density currents, and 420 
 km3 of intracaldera material (Wilson 2001). Subsequent 

Fig. 1  Map of the Taupo 
Volcanic Center, Lake Taupo, 
and ignimbrite distributions. 
The NW–SE oriented Oruanui 
structural caldera is outlined 
in white; the orange shaded 
area shows the distribution of 
the Oruanui ignimbrite. The 
1.8 ka Taupo eruption-forming 
caldera is nested within the Oru-
anui structure and submerged 
beneath the northwestern part of 
the lake; the blue  shaded area 
shows the widespread distribu-
tion of the Taupo ignimbrite. 
Inset: overview map of New 
Zealand showing the location of 
the TVZ and Lake Taupo in the 
North Island
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lake formation and post-eruptive landscape-sedimentary 
response (Manville and Wilson 2004), as well as the later 
1.8 ka Taupo eruption (Wilson et al. 1980), have obscured 
the Oruanui structural caldera beneath the modern Lake 
Taupo (Fig. 1).

Wilson (2001) discerned ten distinct phases of coeval fall 
and flow deposition in a detailed stratigraphic study of the 
Oruanui deposits. The eruption is estimated to have lasted 
from several months to a year, with an extended time break 
of weeks to months between eruptive phases 1 and 2 and a 
few short time breaks (hours to days) between subsequent 
eruptive phases (Wilson 2001). Presently exposed Oruanui 
outcrops are comprised of non-welded extracaldera fall and 
flow material. The deposit is predominantly (99%) rhy-
olitic in bulk composition (71.8–76.7 wt%  SiO2, anhydrous 
basis), with much of this high-silica rhyolite (74–76 wt% 
 SiO2; Wilson 2001) containing 3–13 wt% crystals of pla-
gioclase + quartz + orthopyroxene + hornblende + magnet-
ite + ilmenite + apatite + zircon (Wilson 2001; Charlier et al. 
2008). The remaining 1% consists of rare mafic (andesite 
to basaltic andesite, 52.3–63.3 wt%  SiO2), and still rarer 
mingled (61.0–74.7 wt%  SiO2), pumice clasts. Allan et al. 
(2012) also noted biotite-bearing lapilli in phase 1 and 2 
deposits, and Allan et al. (2013) identified quartz-free low-
silica rhyolite (< 74 wt%  SiO2) pumice clasts in phase 3 and 
6 deposits.

Compositional variations attributed to simple crystal 
fractionation are evident in rhyolitic pumice throughout the 
deposit (Charlier et al. 2008); however, there is no relation-
ship between composition and eruptive phase (Wilson et al. 
2006) and no field evidence to suggest the Oruanui erup-
tion systematically tapped a vertically-zoned magma body. 
Rather, Wilson et al. (2006) suggested that the Oruanui 
magma was mixed prior to or during the eruption, and/or 
that the vent position moved during the eruption and tapped 
compositionally distinct areas of the magma body. Allan 
et al. (2013, 2017) further suggested that the dominant high-
silica rhyolite magma was derived from a thermally and 
compositionally zoned crystal mush that was only quartz-
saturated at the top; they suggest the quartz-free low-silica 
rhyolite pumice in phase 3 and 6 deposits came from melt 
deeper in this mush that was evacuated during the eruption. 
Allan et al. (2012) also surmised that the biotite-bearing 
lapilli in phase 1 and 2 deposits were derived from a distinct 
magma that was transported laterally from the northeastern 
dome system (Sutton et al. 1995) and mixed with the main 
Oruanui high-silica rhyolite melt during the eruption; the 
presumed rifting event associated with this lateral migration 
process (Allan et al. 2012) is also suggested as an explana-
tion for the stop-start nature of the Oruanui eruption.

A handful of studies have investigated crustal stor-
age depths for the Oruanui magma. Liu et al. (2007) and 
Myers et al. (2018) estimated pressures of ~ 90–190 MPa 

(~ 3.5–7  km) and ~ 140–190  MPa, respectively, using 
 H2O–CO2 solubilities in quartz-hosted melt inclusions 
from multiple eruptive phases. Allan et al. (2013, 2017) 
obtained pressure estimates from amphibole geothermo-
barometry and amphibole and orthopyroxene stabilities and 
suggested the Oruanui magma accumulated at ~ 90–140 MPa 
(~ 3.5–6 km) after extraction from a deeper crystal mush 
at ~ 140–300  MPa (~ 6–12  km). Rhyolite-MELTS glass 
geobarometry applied to Oruanui quartz-hosted melt inclu-
sion compositions by Bégué et al. (2014b) gave pressures 
of ~ 45–240 MPa (~ 1.7–9 km).

Until recently, the longevity of the Oruanui magmatic 
system was primarily estimated from zircon geochronol-
ogy. Charlier et al. (2005), using multi-crystal U–Th TIMS 
and single-crystal U–Th SIMS zircon geochronology, sug-
gested that accumulation of the Oruanui magma occurred 
between ~ 2.5 and ~ 40 ka prior to the eruption, though the 
compositional evolution of the system leading to magmas 
with ‘Oruanui-like’ compositions likely took place over the 
course of ~ 100 ka. A bimodal age spectrum for the Oruanui, 
where the oldest age was that of the pre-Oruanui ~ 30 ka 
Okaia eruption, was found in subsequent single-crystal 
U–Th SIMS analyses by Wilson and Charlier (2009), and 
they revised the longevity of the Oruanui magma to ≤ 3 ka 
(i.e., the time between the Okaia and Oruanui eruptions). 
Allan et al. (2017), using Fe–Mg diffusion chronometry in 
orthopyroxene crystals, suggested that the eruptible Oru-
anui magma was extracted from an underlying source crys-
tal mush at most 1.6 ka prior to eruption, with the period 
of peak extraction occurring a mere 80 a prior to eruption. 
Timescales from faceting of quartz-hosted melt inclusions 
are similar and suggest that the final crystal-poor, melt-rich 
eruptible Oruanui magma crystallized over a period of dec-
ades to centuries (Pamukcu et al. 2015b).

The Taupo magmatic system

The Taupo eruption, whose caldera is nested within the 
western part of the larger Oruanui structure and submerged 
beneath the lake, deposited ~ 35  km3 of magma (DRE) in the 
form of ~ 13  km3 of fall and ~ 32  km3 of flow deposits (Wil-
son and Walker 1985). The two week-long eruption involved 
six different eruptive phases and multiple vents (Wilson 
and Walker 1985; Wilson 1993; Smith and Houghton 1995; 
Barker et al. 2015). Taupo deposits are predominantly low-
silica rhyolite (~ 73–74 wt%  SiO2; Sutton et al. 1995, 2000), 
and pumice has extremely low crystal contents (~ 2–5 wt%; 
Barker et al. 2015) with a phenocryst assemblage of plagio-
clase + orthopyroxene + magnetite + ilmenite ± quartz (Saun-
ders 2009; Houghton et al. 2010; Barker et al. 2015). Similar 
to Oruanui, Taupo deposits show no systematic composi-
tional variation with eruptive phase (Dunbar et al. 1989a, b; 
Sutton et al. 1995; Barker et al. 2015).
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In terms of storage pressures, Saunders (2009) calculated 
values of < 150 MPa from  H2O and  CO2 contents of orthopy-
roxene- and plagioclase-hosted melt inclusions, and Bégué 
et al. (2014b) calculated similar pressures (~ 140–180 MPa) 
using rhyolite-MELTS geobarometry on three quartz-hosted 
melt inclusions. Smith et al. (2005) projected glass compo-
sitions on the haplogranitic ternary and calculated a much 
deeper crystallization pressure (~ 250 MPa); however, they 
note that a lack of quartz in their samples makes these pres-
sure estimates only relative ones.

Dunbar and Kyle (1993) suggested a residence time of 
less than 22 ka for the Taupo magma, because its composi-
tion was markedly different from that of Oruanui (at the time 
dated to 22.59 ka). Using whole-rock, glass, and mineral 
geochemistry of the Oruanui and post-Oruanui deposits, Sut-
ton et al. (1995, 2000) and Smith et al. (2005) subsequently 
suggested that the Taupo magma was not present in the crust 
at any time coincident with the Oruanui magma, or even as 
late as the post-Oruanui 3.6 ka Waimahia eruption (erup-
tion unit S; Wilson 1993); Sutton et al. (2000) ultimately 
proposed a residence time of ~ 1 ka for the Taupo magma. 
They also hypothesized that the Taupo and Oruanui magmas 
came from different sources and magmatic systems because 
the SG2 and SG3 rhyolites (including Taupo) were com-
positionally distinct from both the Oruanui and SG1 rhyo-
lites. Barker et al. (2014, 2015, 2016) further posited that 
the Taupo magma did not form until after the post-Oruanui 
SG2 rhyolite eruptions (~ 7–2.8 ka) and that the maximum 
residence time for the Taupo magma would be  0.01–1 ka. 
However, unlike the previous studies, Barker et al. (2015, 
2016) suggest that the compositional differences in SG rhyo-
lites are due to changes in crystallization conditions over 
time (i.e., not a change in the magma source and system).

Materials and methods

Samples

Descriptions and GPS locations of the samples collected 
and analyzed for this study can be found in Table 1. Most 
Oruanui samples were collected during two field sessions 
in 2012, and Taupo samples were collected during field 
sessions in 2012 and 2013. Five additional Oruanui sam-
ples (P15xx) were part of the sample set detailed by Wil-
son (2001) and were provided to us by A. T. Anderson Jr.; 
a subset of these were also used by Liu et al. (2007) and 
Pamukcu et al. (2015b). The ORUA samples were also used 
by Bégué et al. (2014b).

We also use matrix glass and melt inclusion compo-
sitional data from the literature (Allan et al. 2013, 2017; 
Bégué et al. 2014b; Saunders 2009; Liu et al. 2007; Myers 
et  al. 2018; Barker et  al. 2015). These include data on 

samples from a variety of eruptive phases in both eruptions; 
details and descriptions of these samples can be found in the 
respective publications.

Rhyolite‑MELTS geobarometry and glass 
compositions

Rhyolite-MELTS glass geobarometry (Gualda and Ghiorso 
2014) utilizes rhyolite-MELTS (Gualda et al. 2012) to assess 
crystallization pressures from glass (matrix or melt inclu-
sion) in silicic rocks containing quartz and feldspar. The 
geobarometer operates by running rhyolite-MELTS crystal-
lization simulations over a range of pressures and finds the 
pressure at which a melt of a given composition is in equi-
librium with a mineral assemblage that includes quartz and 
feldspar. Results from the rhyolite-MELTS geobarometer 
have been shown to agree well with independent estimates 
of pressure (e.g., haplogranitic ternary, volatile solubility, 
amphibole geobarometry; Gualda and Ghiorso 2014; Bégué 
et al. 2014a, b; Pamukcu et al. 2015a; Gualda et al. 2019).

We use rhyolite-MELTS to determine saturation tem-
peratures for quartz and feldspar (as well as other phases, 
which are not used in the pressure calculation) as a func-
tion of pressure for a given matrix or melt inclusion glass 
composition. The pressure of interest is that at which at 
least two phases (quartz, plagioclase, and/or sanidine) are 
simultaneously saturated at the liquidus temperature for that 
composition.

Following the methods outlined by Gualda and Ghiorso 
(2014), we ran a total of 893 glass compositions (655 Oru-
anui, matrix glass and quartz-hosted melt inclusions; 238 
Taupo, matrix glass only) with the rhyolite-MELTS geoba-
rometer. Of these, 463 were new matrix glass compositions 
that we determined at Vanderbilt University (Nashville, TN) 
using an Oxford X-max 50  mm2 EDS attached to a Tescan 
Vega 3 LM Variable Pressure SEM. Accelerating voltages 
of 15 kV and absorbed currents of ~ 2.5 nA were used to 
scan analysis areas of > 10 µm2 for 30 s. To minimize Na 
loss, we used live acquisition times of 15 s, with a deadtime 
of ~ 50–60%, which results in total analytical times of ~ 30 s; 
our tests show minimal changes in Na contents of reference 
rhyolitic glasses under these conditions. A fused USGS 
rhyolite glass standard (RGM-1) was analyzed during each 
session to check the quality of the analytical procedure. The 
remaining 429 compositions were those published previ-
ously by Bégué et al. (2014b; 25 melt inclusion), Allan et al. 
(2013, 2017; 174 matrix glass, 65 melt inclusion), Saunders 
(2009; 11 matrix glass, 21 melt inclusion), Liu et al. (2007; 
7 melt inclusion), Myers et al. (2018; 98 melt inclusion) and 
Barker et al. (2015; 29 matrix glass). All compositions and 
RGM-1 analyses can be found in Supplementary Material 1.

The range of temperatures and pressures we investi-
gated with the geobarometer was 1000–700 °C in 1 °C 
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steps and 25–400 MPa in 25 MPa steps. Oxygen fugacity 
was kept at the Ni–NiO buffer. Water was added to each 
composition to ensure water-saturation, but the results are 
not particularly sensitive to water contents (Gualda and 
Ghiorso 2014; Ghiorso and Gualda 2015).

For Oruanui, which contains quartz and only one feld-
spar (plagioclase), the relevant saturation condition from our 
simulations is quartz + 1feldspar (Q1F). For Q1F results, 2σ 
errors are 50 MPa (Gualda and Ghiorso 2014). In the case 
of Taupo, plagioclase is always present and quartz has only 

Table 1  Sample locations, descriptions, and analyses performed

a GPS locations use WGS 1984 datum
b Eruptive phases as documented byWilson (2001)
c r-MELTS: rhyolite-MELTS geobarometry, CSD: crystal size distribution, CL: diffusion chronometry
d Numbered localities are those of Wilson et al. (2006)

Sample name GPS  locationa Eruptive  phaseb Analysesc Notesd

ORN-018 38° 36′ 56.07″ S
175° 52′ 24.73″ E

Unknown r-MELTS Collected in 2012

ORN-019 38° 40′ 47.67″ S
175° 41′ 14.90″ E

Type E Ignimbrite r-MELTS Collected in 2012

ORN-021 38° 35′ 50.58″ S
175° 58′ 41.82″ E

10 r-MELTS Collected in 2012

ORN-052_A,B 38° 39′ 26.07″ S
176° 01′ 42.04″ E

1 r-MELTS Collected in 2012 at 2288 locality

ORN-061_C 38° 47′ 14.30″ S
175° 41′ 9.70″ E

Unknown
(possibly 6)

r-MELTS Collected in 2012, south of 1944 and 1952 localities, on 
Highway 32

ORN-066_B 38° 55′ 52.79″ S
176° 06′ 33.21″ E

6 r-MELTS Collected in 2012 at 1513 locality

ORN-067 38° 57′ 37.14″ S
176° 03′ 19.24″E

10 r-MELTS, CSD, CL Collected in 2012 at 1511 locality

ORN-069 38° 56′ 49.68″ S
176° 00′ 39.61″E

10 r-MELTS Collected in 2012 at 737 locality

P1537 38° 56′ 3.55″ S
176° 00′ 58.01″ E

10 r-MELTS, CSD Originally collected by Wilson at locality 1580;  H2O–CO2 
pressures determined previously (Liu et al. 2006)

P1541 38° 56′ 3.55″ S
176° 00′ 58.01″ E

10 r-MELTS, CSD Originally collected by Wilson at locality 1580;  H2O–CO2 
pressures determined previously by Liu et al. (2006)

P1542 38° 56′ 3.55″ S
176° 00′ 58.01″ E

10 r-MELTS, CSD Originally collected by Wilson at locality 1580;  H2O–CO2 
pressures determined previously (Liu et al. 2006)

P1573 Unknown 1 r-MELTS, CSD Originally collected by Wilson;  H2O–CO2 pressures deter-
mined previously (Liu et al. 2006)

P1577 Unknown 1 r-MELTS, CSD Originally collected by Wilson;  H2O–CO2 pressures deter-
mined previously (Liu et al. 2006)

ORUA-48 38° 39′ 32.12″ S
176° 01′ 44.52″ E

1 or 2 r-MELTS Collected in 2012

ORUA-49 38° 39′ 32.12″ S
176° 01′ 44.52″ E

1 or 2 r-MELTS Collected in 2012

ORUA-50 38° 39′ 32.12″ S
176° 01′ 44.52″ E

1 or 2 r-MELTS Collected in 2012

ORUA-51 38° 39′ 32.12″ S
176° 01′ 44.52″ E

1 or 2 r-MELTS Collected in 2012

ORUA-52 38° 39′ 32.12″ S
176° 01′ 44.52″ E

1 or 2 r-MELTS Collected in 2012

TP-IGN, IGN1, IGN3 38° 56′ 38.05″ S
176° 30′ 16.96″ E

Taupo ignimbrite r-MELTS, CSD Collected in 2012

TP-PLI, PLI1 38° 44′ 51.43″ S
176° 11′ 59.08″ E

Taupo plinian r-MELTS, CSD Collected in 2012

TP-JET1, JET2 39° 3′ 25.18″ S
175° 34′ 59.85″ E

Taupo jetted r-MELTS, CSD Collected in 2012
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been identified in some units. Consequently, although suc-
cessful Taupo simulations did result in Q1F estimates, those 
from units that have not been demonstrated to contain quartz 
should be taken as maximum pressures. It is worth noting 
that most Taupo samples are very crystal-poor (~ 2–5 wt% 
crystals; Barker et al. 2015); thus, if quartz is rare it may be 
especially difficult to find without assessing an enormous 
amount of sample. This is consistent with the fact that the 
units that did provide quartz (Taupo Ignimbrite) are some of 
the most crystalline; this was the same for Saunders (2009), 
who found quartz in the Taupo Ignimbrite layer 1(H) (50% 
crystals; see Wilson and Walker 1982 for depositional 
facies nomenclature), the main part of the ignimbrite (layer 
2, 2% crystals), and the Hatepe Plinian unit (5% crystals), 
but not in the Taupo Plinian unit (1% crystals). Houghton 
et al. (2010), who studied hundreds of Taupo pumice clasts, 
found quartz in the mineral assemblage as well, but they do 
not discriminate the exact units in which it was identified.

Timescales and growth rates

Crystal size distributions

We determined crystal size distributions (CSDs) for 11 pum-
ice clasts (6 Oruanui, 5 Taupo) using X-ray tomography on 
multiple pumice chips per sample, following the methods 
described by Pamukcu and Gualda (2010). All tomographic 
imaging was performed at the GSECARS-13 BMD beam-
line at the Advanced Photon Source (APS) of Argonne 
National Laboratory (Chicago, IL). The experimental setup 
is described in detail by Rivers et al. (1999), Gualda and 
Rivers (2006), and Gualda et al. (2010). Textures of major 
mineral phases (plagioclase, quartz, magnetite, ilmenite, 
amphibole, orthopyroxene) were quantified using standard 
absorption-contrast X-ray tomography (Gualda and Rivers 
2006), while differential absorption methods (Gualda et al. 
2010) were used for accessory phases (zircon). Size, shape, 
and position parameters for individual crystals were deter-
mined during image processing using the program Blob3D 
(Ketcham 2005).

In our samples, accessory minerals (zircon), Fe–Ti oxides 
(magnetite, ilmenite), tectosilicates (quartz, plagioclase), 
pyroxenes, amphiboles, glass, and air can be separated 
from one another in tomographic images with confidence. 
In some cases, the difference in linear attenuation coefficient 
(i.e., grayscale values in tomographic images) of two phases 
within or between these groups is slight, making it challeng-
ing or impossible to distinguish them during image process-
ing. Here, this issue arises in separating plagioclase from 
quartz and magnetite from ilmenite, so we assess CSDs for 
plagioclase + quartz and magnetite + ilmenite in combination 
(see Pamukcu et al. 2012). Given that feldspar is much more 
abundant than quartz and magnetite is more abundant than 

ilmenite in our samples, we do not expect this approach to 
substantially impact our timescale estimates from these data 
(see Gualda and Rivers 2006). Distinguishing zircon from 
oxides in absorption-contrast tomograms can also be chal-
lenging, so we used known positions of zircon crystals from 
differential absorption tomograms (3D Zr maps; Gualda 
et al. 2010) to identify and distinguish them from oxides in 
absorption-contrast tomograms.

CSDs are typically displayed on semi-logarithmic plots 
of crystal size (here, maximum crystal axis length in µm) 
versus population density (number of crystals per sample 
mass per bin size). We calculate timescales from the slopes 
of CSDs using the relationship CSD slope = − 1/[growth rate 
(m/s) × time (s)]. Main sources of error on these estimates 
are due to uncertainties associated with counting crystals 
on the CSD and in the growth rates. While the latter uncer-
tainties can be especially large, and growth rates can vary 
during crystallization, we use conservative estimates and 
consider a wide range (two orders of magnitude) of values 
in our calculations; thus, the errors on our timescales from 
CSDs are likely smaller than the range of growth rates we 
use. We discuss our choice of growth rates in more detail in 
the Discussion. We focus on data from plagioclase + quartz, 
magnetite + ilmenite, and zircon because growth rate esti-
mates for these phases are available in the literature. For 
more details about CSD theory and its application to geo-
logic questions, see the treatises of Marsh (1988, 1998).

Diffusion chronometry

Oruanui samples contain abundant quartz, and we assessed 
timescales and quartz growth rates using Ti diffusion chro-
nometry in quartz from a phase 10 sample (ORN-067). We 
used cathodoluminescence (CL) intensity as a proxy for 
Ti (Wark and Watson 2006; Leeman et al. 2012; Gualda 
et al. 2012; Gualda and Sutton 2016) because CL imaging 
is faster, less destructive, and results in images with higher 
spatial resolution than those from other approaches (e.g., 
X-ray microprobe; Gualda and Sutton 2016; Pamukcu et al. 
2016; Gualda et al. 2018). We focus on large gradients in 
CL intensity, which have been demonstrated to correlate 
well with variations in Ti content in quartz from other high-
silica rhyolite systems (Wark and Watson 2006; Gualda et al. 
2012; Matthews et al. 2012; Gualda and Sutton 2016); the 
correlation is less clear for finer, subtler oscillatory zoning 
(see Gualda et al. 2012; Pamukcu et al. 2015b). In all cases, 
we assume that the profiles we are collecting are diffusion 
profiles, rather than profiles formed due to rapid crystal 
growth. Evidence in support of this interpretation includes 
a lack of: (a) zoning patterns consistent with rapid crystal 
growth, (b) enrichment in Ti contents of crystal rims (which 
may be due to boundary layer entrapment during rapid crys-
tal growth; Pamukcu et al. 2015a, b), and (c) a microlite 
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population that would be expected under circumstances that 
also favor fast crystal growth (e.g., decompression). In the 
case that these are growth, rather than diffusion, profiles, the 
results do not change our interpretation—they still provide 
us with a maximum time estimate.

CL images of quartz crystals were obtained with a Tescan 
CL detector attached to a Tescan Vega 3 LM Variable Pres-
sure SEM at Vanderbilt University, using a beam energy of 
15 keV and beam intensity of 19 (~ 2.5 nA absorbed cur-
rent). Pamukcu et al. (2015b) showed that a 5–15 keV beam 
produces the best signal-to-noise ratio in CL images used 
for diffusion chronometry, and Gualda and Sutton (2016) 
showed that a beam energy of 5 kV or lower is ideal for 
diffusion chronometry, particularly for short gradients 
(i.e., < 1 µm). In the case of Oruanui quartz, however, vari-
ations in CL intensity can be subtle, and imaging is not 
always practical at these low energies. Consequently, we 
adopted a 15 kV beam energy for the CL profiles collected 
here. This approach results in lower spatial resolution in our 
images and some smoothing of the profiles; however, this 
only results in overestimates of our calculated timescales 
and growth rates. Our use of a 15 kV beam energy results 
in a spatial resolution of ~ 1 um (Gualda and Sutton 2016). 
Using the formalism of Bradshaw and Kent (2017), we cal-
culate that under these conditions the minimum timescale 
that we can accurately resolve is ~ 2–14 years at the tempera-
tures we consider in this study (see below), and we only use 
those analyses that resulted in timescales equal to or greater 
than these values in our discussion. Grain orientation also 
impacts the effective thickness of a growth zone, which can 
affect growth rate estimates, so we made concerted efforts 
to orient crystals parallel to the c-axis and expose their cent-
ers for imaging. In cases where we did not achieve this, the 
growth rates would be maximally slow, because off-axis ori-
entations would result in an apparent zone thickness that is 
greater than the true thickness.

Whole crystals were initially imaged with fast scan 
speeds (0.1–0.3 ms/pixel) to obtain a reference image while 
minimizing beam damage to the sample. Boundaries of 
interest found in these images were then scanned in more 
detail using ~ 0.2 µm/pixel resolution and acquisition times 
of 1 ms/pixel. Eleven parallel grayscale intensity profiles, 
spaced in one-pixel intervals (five on each side of the origi-
nal profile), were obtained from these details using img_pro-
file (see Gualda and Sutton 2016), one of the programs in 
the img_tools image processing software package (https ://
my.vande rbilt .edu/ggual da/img_tools /).

Similar to the approach of Gualda et al. (2012), Pamukcu 
et al. (2015b), and Gualda and Sutton (2016), we use least-
square minimization to determine the complementary error 
function that best fits the observed profile. We estimated 
timescales from each individual profile and from an aver-
age profile, which was obtained by averaging the individual 

profiles. We assume the initial profile was a step-function, 
so calculated times are maxima (see Gualda et al. 2012). We 
also calculate average growth rates using the relationship 
Average Growth Rate = Length/Time, where ‘Length’ is the 
distance between the zone boundary of interest and the near-
est crystal edge, and ‘Time’ is that calculated for the relevant 
boundary (see Pamukcu et al. 2015b; Gualda and Sutton 
2016). Both parameters are determined using img_tools. We 
calculate Ti diffusivity in quartz using the equation of Cher-
niak et al. (2007) and a temperature of 770 °C (Allan et al. 
2013). Errors on time estimates are on the order of 100% 
(Gualda et al. 2012); this takes into account uncertainties 
on temperature (T; ± 30 °C, a reasonable range for eutec-
toid systems), the activation energy for diffusion (E; ± 12 kJ/
mol, determined experimentally), a pre-exponential factor 
(ln[Do]; ± 0.525, determined experimentally), and the char-
acteristic diffusion length scale (L; 10–50%, estimated from 
Monte Carlo modeling of each point along L).

Rhyolite‑MELTS decompression simulations

To investigate the effect of liquidus temperatures on decom-
pression crystallization, we ran isothermal and adiabatic 
rhyolite-MELTS decompression crystallization simula-
tions. Starting compositions were average whole-rock phase 
1 and phase 10 Oruanui compositions (Wilson et al. 2006) 
and Taupo Initial Ash and Taupo Ignimbrite compositions 
(Barker et al. 2015). For Oruanui simulations, we explored 
the range 140–25 MPa at 835 °C (phase 1) and 825 °C 
(phase 10). For Taupo simulations, we considered the range 
330–25 MPa at 761 °C (Taupo Initial Ash; phase 1) and 
766 °C (Taupo Ignimbrite; phase 7). These temperatures 
represent the liquidus at the start of the simulation (i.e., at 
high pressure); we thus assume there were no crystals pre-
sent at the start of decompression, which is a conservative 
estimate.

Results

Glass compositions

Of the 894 glass analyses input into the rhyolite-MELTS 
geobarometer, 745 (528 Oruanui, 217 Taupo) resulted in 
Q1F pressures (Figs.  2, 3, Supplementary Material 1). 
Following the approach used in other studies (Gualda and 
Ghiorso 2013, 2014; Bégué et al. 2014a, b; Pamukcu et al. 
2015a), we removed glass compositions from the dataset if 
they did not return a pressure estimate. We consider these 
compositions to be erroneous or compromised due to issues 
such as analytical imprecision, a lack of equilibrium between 
the phenocryst assemblage and the glass (i.e., the phenocryst 
assemblage does not reflect the equilibrium assemblage), or 

https://my.vanderbilt.edu/ggualda/img_tools/
https://my.vanderbilt.edu/ggualda/img_tools/
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Fig. 2  SiO2 vs.  Na2O contents 
of all Oruanui glass composi-
tions. Literature composi-
tions are those with author 
names in parentheticals. Filled 
symbols = Matrix glass. Open 
symbols = Melt inclusion (MI). 
(Top) All compositions that 
gave rhyolite-MELTS pressures. 
(Bottom) The final dataset after 
outliers were removed. Error 
bars on new data (filled color 
circles) are 2σ uncertainties; 
those not visible are smaller 
than the symbol
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Fig. 3  SiO2 vs.  Na2O contents 
of all Taupo glass composi-
tions. Literature composi-
tions are those with author 
names in parentheticals. Filled 
symbols = Matrix glass. Open 
symbols = Melt inclusion (MI). 
(Top) All compositions that 
gave rhyolite-MELTS pressures. 
(Bottom) The final dataset after 
outliers were removed. Error 
bars on new data (filled color 
circles) are 2σ uncertainties; 
those not visible are smaller 
than the symbol
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post-quench or post-entrapment (for melt inclusions) modi-
fication of the glass. In addition, given that the Q1F satura-
tion condition is not as precise as Q2F (Gualda and Ghiorso 
2013, 2014; Bégué et al. 2014b; Pamukcu et al. 2015a), out-
liers are likely to still remain in the dataset. To identify and 
minimize these, we compared the major element contents 
of glasses from successful simulations and removed clearly 
spurious compositions. After this winnowing process, which 
was done conservatively, 694 glass analyses (492 Oruanui, 
201 Taupo) remained (Figs. 2, 3). The original dataset, with 
discarded analyses noted, can be found in the Supplementary 
Material 1. 

Comparison of glass major element compositions from 
our samples reveals two general groups that correlate with 
the two eruptions, display no substantial overlap and are 
consistent with compositions published by others (Figs. 2, 
3, 4, Supplementary Material 1). Our Oruanui matrix glass 
compositions are high-silica rhyolite (76.7–78.3 wt%) and 
plot with the high-silica glass analyzed by Allan et al. (2013, 
2017); none are in the high  K2O/low CaO realm of the bio-
tite-bearing lapilli (Allan et al. 2012) nor in the low-silica 
realm of some of the glass found by Allan et al. (2013, 2017) 
(Fig. 5). Taupo matrix glass is low-silica rhyolite (74.5–75.9 
wt%) and overlaps in  SiO2 content with analyses published 
by Barker et  al. (2015) and Saunders (2009); however, 
their analyses range to much lower  Na2O and  K2O contents 
(Fig. 4). Our Taupo glass is all less evolved than high-silica 
Oruanui glass but it does overlap with low-silica Oruanui 
glass (Fig. 4) identified by Allan et al. (2013). Similar to 
other studies (Wilson et al. 2006; Charlier et al. 2005; Allan 
et al. 2017; Dunbar et al. 1989a, b; Sutton et al. 1995; Barker 
et al. 2015), we see no relationship between composition and 
eruptive phase in either system (Fig. 6).

Rhyolite‑MELTS geobarometry

The highly evolved nature of the Oruanui glass results in 
generally low crystallization pressures, relative to those 
from Taupo (Figs. 4, 6, 7, 8, 9), as expected from the vari-
ation in the position of the quartz-feldspar cotectic as a 
function of pressure (Tuttle and Bowen 1958; Johannes 
and Holtz 1996; Blundy and Cashman 2001; Gualda et al. 
2012; Gualda and Ghiorso 2013). Our Oruanui glass com-
positions give pressures of 50–250 MPa, while the lower 
silica Taupo glass gives pressures of 280–470 MPa. Cal-
culations run on compositions from the literature extend 
these ranges to 40–460 MPa (74.2–78.5 wt%  SiO2) for Oru-
anui and 115–470 MPa (74.1–75.9 wt%  SiO2) for Taupo. 
Pressure estimates for Taupo units that we did not identify 
quartz in are maxima; however, those from the quartz-
bearing Taupo ignimbrite unit cover nearly the entire range 
(~ 270–430 MPa).

In addition to determining individual pressures from each 
analysis, we also estimated an average pressure for each 
sample. For this, we ran the rhyolite-MELTS geobarometer 
on an average glass composition calculated for each sample 
from the winnowed dataset. Pressures calculated from these 
average compositions range from 50 to 215 MPa in Oruanui 
and 290–320 MPa in Taupo (Fig. 7).

As with the compositional data, there is no relationship 
between eruptive phase and pressure (Figs. 6, 9). Our pres-
sure estimates from Oruanui quartz-hosted melt inclusions 
are, however, higher than those we estimate for matrix glass 
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from the same sample (Figs. 4, 8) and are similar to those 
determined previously by  H2O–CO2 geobarometry on melt 
inclusions from the same samples Liu et al. (2007).

Wilke et al. (2017) suggest that the rhyolite-MELTS geo-
barometer may underestimate pressures; however, we find 
that while their DERP geobarometer does give higher pres-
sures for the same compositions, some of them are unreason-
ably high (> 500 MPa, outside their calibration and below 
the Moho for the central TVZ), and the relative differences 
in pressures recorded by Oruanui and Taupo glasses remain 
nearly the same (Fig. 10). Importantly, Gualda et al. (2019) 
demonstrate the DERP results are often inaccurate. Thus, 
regardless of the method used, glass geobarometry suggests 
a pronounced difference in the residence depths of these 
two systems.

Crystal size distributions

Plagioclase + quartz size distributions (Fig.  11) from 
both eruptions show decreasing population density with 
increasing crystal size, as is commonly observed in sys-
tems dominated by simple cooling and crystallization 
(Marsh 1998). Magnetite + ilmenite crystals and zircon 
crystals were found in every sample; however, they were 
not found in every tomographic scan, and the total num-
ber of crystals per sample was often well below what can 
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reasonably be used to construct a CSD (order 100 crystals; 
Gualda and Rivers 2006). Magnetite + ilmenite crystals 
are particularly rare and small in Oruanui samples (gener-
ally < 300 µm). They are notably more abundant and larger 
(up to ~ 1340 µm) in Taupo samples; two Taupo samples 
contained enough crystals to produce CSDs, which also 
show decreasing population density with increasing 
size (Fig. 11d). Zircon CSDs could not be constructed; 
crystals were rare and small (max size ~ 200 µm, with 
most < 100 µm) in Oruanui samples and absent in Taupo 
samples.

Akin to CSDs from other volcanic systems, (e.g., late-
erupted Bishop Tuff, Gualda et al. 2012; Pamukcu et al. 
2012; Peach Spring Tuff, Pamukcu et al. 2013; Makaopuhi 
Lava Lake, Cashman and Marsh 1988; Lassen Peak, Salis-
bury et al. 2008), Taupo CSDs are kinked, with a shallow-
sloped section describing large crystals and a steep-sloped 
section describing small crystals (Fig. 11). Oruanui CSDs 
are not kinked and do not contain crystals < 75 µm in diam-
eter. The smallest crystals we can quantify in our highest 
resolution tomograms are ~ 8 µm in size (~ 2 µm per voxel 
in each linear dimension; see Gualda and Rivers 2006), so 
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it is possible that a small crystal population is present in 
the Oruanui samples but the crystals may be too small to 
be detected. However, efforts using BSE images of pumice 
chips to investigate this possibility maintains these results 
– no tiny crystals have yet been found.

Kinked CSDs from crystal-poor silicic magmas, where 
mixing of crystal populations from different magmas is 
not expected to define the crystal population, have been 
interpreted as reflecting a change in crystallization regime 
from growth-dominated (shallow-slope, crystallization 
of phenocrysts) to nucleation-dominated (steep-slope, 

crystallization of groundmass; see Gualda et  al. 2004; 
Pamukcu et al. 2012). This change is often attributed to a 
fundamental change in magmatic conditions. Namely, that 
some event, such as decompression or degassing, drives 
the system to favor crystal nucleation over growth (Blundy 
and Cashman 2005; Cashman 1992; Pamukcu et al. 2012, 
2013). Consequently, we calculate slopes from each of 
these CSD segments independently and employ differ-
ent ranges of growth rates in timescale calculations. For 
plagioclase + quartz, we use conservatively large ranges 
of  10–12–10–14 m/s for phenocrysts (Pamukcu et al. 2016; 
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Gualda et al. 2018; this study [see “Diffusion chronometry 
and quartz growth rates”]) and  10–10–10–13 m/s for ground-
mass (Cashman 1988; Hammer and Rutherford 2002; 
Zellmer and Clavero 2006; Gualda and Sutton 2016; Befus 
and Andres 2018). For magnetite + ilmenite, we use rates 
of  10–14–10–15 m/s for phenocrysts (Cashman 1988) and 
 10–12–10–14 m/s for groundmass (Pamukcu et al. 2013); these 
growth rates are especially poorly-constrained, particularly 
for groundmass crystallization, so they are maxima (see 
Pamukcu et al. 2013).

Phenocryst segments of plagioclase + quartz size 
distributions from both eruptions give crystallization 
times ranging from decades to a few millennia (Table 2). 
In Taupo distributions (Fig. 11b, c), the bin where the 
kink occurs varies (52.5–210 µm), but the slopes of the 
groundmass segments are similar and give timescales of 
days to a few decades (Table 2). In both of the Taupo 
magnetite + ilmenite size distributions (Fig. 11d) the kink 
occurs in the 105 µm bin. Phenocryst segments of these 
distributions give timescales of centuries to millennia, 
while groundmass segments give timescales of days to a 
few decades (Table 2). Using the largest zircon crystals 
(200 µm in Oruanui samples) and an average growth rate 
of 3 × 10–16 m/s (Schmitt et al. 2011) gives much longer 
timescales (~ 21 ka) than our other CSDs. It is worth not-
ing that there is evidence for older recycled zircon in this 
system (e.g., Wilson and Charlier 2009; Charlier et al. 
2005) and, more generally, that zircon commonly records 

much longer histories than other phenocrysts (e.g., Cooper 
and Kent 2014; Gualda et al. 2012; Gualda and Sutton 
2016).

Diffusion chronometry and quartz growth rates

CL images of Oruanui quartz crystals reveal a variety of 
zoning patterns, both at the grain scale and in intricate oscil-
latory zoning (Supplementary Material 3), with no particular 
patterns dominating. For diffusion chronometry, we focus 
on the boundaries that show large variations in CL, because 
those are more clearly linked to Ti contents (e.g., Gualda 
et al. 2012; Pamukcu et al. 2015b; Matthews et al. 2012; 
Gualda and Sutton 2016; Gualda et al. 2018). These bounda-
ries yield timescales of centuries; the maximum estimate, 
inclusive of our ± 30 °C temperature uncertainty, is ~ 300 a 
(Figs. 12, 13; Supplementary Material 2). We do not find a 
systematic difference between rim and interior timescales; 
however, smoothing of our rim profiles, due to the relatively 
high beam energy used in imaging (15 kV), may be sig-
nificant enough to obscure any differences between zones 
at different positions of the crystals (i.e., we cannot reliably 
resolve timescales shorter than ~ 5 years at 770 °C). 

Average quartz growth rates calculated from diffu-
sion profiles (Fig. 12, Supplementary Material 2) peak at 
 10–12–10–12.5 m/s.; rim rates are shifted slightly slower. These 
values are consistent with other estimates for Oruanui quartz 
growth from melt inclusion faceting  (10–12 m/s, Pamukcu 
et  al. 2015b) and those determined for quartz in other 
large-volume systems (e.g., Bishop Tuff:  10–11.5–10−14 m/s, 
Gualda et al. 2012 and  10–12 m/s, Pamukcu et al. 2015b; El 
Quemado Complex:  10–12 m/s, Seitz et al. 2016; TVZ flare-
up:  10–12–10–13 m/s, Gualda et al. 2018).

Decompression simulations

Isothermal and adiabatic decompression simulations for both 
systems give an overall similar result of increasing crystal-
lization with decompression, with Taupo crystallizing sub-
stantially more than Oruanui. In both sets of simulations, 
crystallinity increases in ~ 1 wt% increments with 5 MPa 
steps in pressure, until ~ 10 wt% crystals is reached. After 
this point, crystallinity increases more rapidly with decom-
pression, particularly for Oruanui; this is most pronounced 
in isothermal simulations. In both systems and sets of simu-
lations, the estimated crystallinity over the entire decompres-
sion range is well above that found in natural samples (3–13 
wt% in Oruanui, 1–5 wt% in Taupo); the simulations suggest 
that the range of crystallinity seen in the natural samples 
could have crystallized over a pressure range of ~ 70 MPa 
for Oruanui and only ~ 25–40 MPa for Taupo.
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Discussion

Melt inclusion compositions in Oruanui

Allan et al. (2017) and Liu et al. (2007) identified quartz-
hosted melt inclusions in Oruanui pumice that have more 
evolved compositions (high Rb/Sr, low incompatible trace 
elements) than their host matrix glass. This is an interesting 
observation that has been important in arguments that the 
Oruanui quartz population is predominantly antecrystic or 
xenocrystic. Both of these interpretations have implications 
for interpreting timescales obtained from quartz.

In light of this, it is worth noting that nearly all of the 
rhyolite-MELTS simulations involving these evolved com-
positions failed to give pressures (Figs. 2, 14). This sug-
gests that these compositions may be altered (Gualda and 
Ghiorso 2013) or that the analyses may have been affected 
by secondary fluorescence of the quartz host (i.e., result in 
anomalously high  SiO2 contents) or other analytical issues. 

Given that these compositions are all significantly more 
silicic than the compositions that were successful, including 
those from quartz-hosted melt inclusions analyzed by Bégué 
et al. (2014b), Myers et al. (2018) and Saunders (2009), the 
latter issue may be the source of the errant compositions 
(Fig. 14). This is further supported by the fact that the suc-
cessful melt inclusion compositions from Allan et al. (2017) 
and Liu et al. (2007) had the lowest  SiO2 concentrations of 
their datasets.

Magma storage at the TVC

Results of our rhyolite-MELTS analyses indicate that 
although the Oruanui and Taupo magmas both crystal-
lized in the upper crust, they did so within distinct pres-
sure ranges. Namely, we find that the Oruanui magma crys-
tallized over a wide range of relatively shallow pressures 
(average ~ 50–215 MPa), while the Taupo magma crys-
tallized over a much more constrained range of pressures 
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significantly deeper in the crust (average ~ 290–350 MPa). 
This is particularly well-illustrated in the pressure estimates 
from average glass compositions (Fig. 7), but it is also evi-
dent in the estimates determined from individual analyses 
(Figs. 4, 6).

The consistency in the results from Taupo is especially 
noteworthy given that quartz is rare in these samples. Pres-
sures from those units that do not contain quartz are tech-
nically maxima; however, the fact that they overlap with 
pressures from units that did contain quartz (Fig. 7) suggests 
that they are likely appropriate estimates of crystallization 
pressures. Notably, the low crystal contents of Taupo sam-
ples may make finding quartz challenging, and it is interest-
ing that Saunders (2009) reported finding quartz only in the 
most crystal-rich samples (2–5 wt% crystals) and Houghton 

et al. (2012), who studied hundreds of samples with 2–3.5 
wt% crystals, also found quartz in the Taupo phenocryst 
assemblage—this is consistent with our own observations, 
and it suggests that melts generally equilibrated with quartz 
in the Taupo system.

Our pressures are broadly consistent with previous esti-
mates for the Oruanui system, but they are substantially 
higher than most of those determined for Taupo. This is 
noteworthy in light of past work exploring silicic volcan-
ism at both Taupo volcano in particular and in the central 
TVZ more generally. First, multiple studies suggest that the 
Taupo magma did not exist in the crust at the time of the 
Oruanui eruption and that the magmatic system at the TVC 
was obliterated and entirely rebuilt after the supereruption 
(Sutton et al. 1995, 2000; Smith et al. 2005; Gelman et al. 

Table 2  Parameters for best-fit exponential curves and estimated crystallization times for plagioclase + quartz and magnetite + ilmenite crystal 
size distributions of pumice clasts from the Oruanui and Taupo eruptions

a Coefficient of determination (1: perfect correlation)
b Growth rate used:  10–12 m/s (see text for details)
c Growth rate used:  10–14 m/s (see text for details)
d Growth rate used:  10–10 m/s (see text for details)

Phenocrysts

Oruanui, plagioclase + quartz

Sample ORN-067 P1537 P1541 P1542 P1573 P1577

− 1/Gt − 0.0024 − 0.0018 − 0.0017 − 0.0027 − 0.0015 − 0.0017
ln(n0) 2.01 0.93 0.57 3.79 1.22 2.03
r2a 1.00 1.00 0.99 0.99 0.99 0.93
Gt (µm) 423 543 601 367 663 582
t (a)b 13 17 19 12 21 18
t (a)c 1340 1722 1905 1164 2102 1844

Taupo, plagioclase + quartz

Sample TP-PLI TP-JET1 TP-JET2 TP-IGN1 TP-IGN3

− 1/Gt − 0.0014 − 0.0015 − 0.0025 − 0.0035 − 0.0022
ln(n0) 0.28 1.99 6.55 1.70 2.92
r2a 0.95 0.92 0.66 0.88 0.97
Gt (µm) 710 651 402 284 462
t (a)b 22 21 13 9 15
t (a)c 2249 2063 1275 900 1465

Microlites

Taupo, plagioclase + quartz Taupo, magnetite + ilmenite

Sample TP-PLI TP-IGN1 Sample TP-PLI TP-IGN1

− 1/Gt − 0.3927 − 0.0711 − 1/Gt − 0.3860 − 0.0611
ln(n0) 409,227.1 995.1 ln(n0) 343,864.4 432.8
r2a 1.00 0.95 r2a 1.00 0.97
Gt (µm) 3 14 Gt (µm) 3 16
t (h)d 7.074 39.075 t (a)b 0.08 1
t (d)b 29 163 t (a)c 8 52
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2013; Barker et al. 2014, 2015). In particular, Gelman et al. 
(2013) demonstrated that the first erupted magma follow-
ing the Oruanui caldera-forming event, the Omega dacite, 
represents a deeper magma recharge from a new source and 
kicked off the reconstruction of the TVC. Further, Barker 
et al. (2015) propose that: (a) the post-Oruanui mush sys-
tem spatially overlapped the original Oruanui system, (b) 
the post-Oruanui rhyolites, including the Taupo magma, 
were derived from a single magmatic system, with chang-
ing crystallization conditions through time, and (c) the post-
Oruanui rhyolites crystallized at similarly shallow depths 

as the Oruanui magma (~ 5–8 km). Our results for Taupo 
are not wholly consistent with this model, as our pressure 
data suggest the Taupo magma resided at deeper pressures 
(~ 10–16 km) more similar to those estimated for the orig-
inal Oruanui source mush (~ 6–12 km; Allan et al. 2013, 
2017). This suggests three possibilities: (1) the post-Oruanui 
magmatic system was not as vertically extensive (to low 
pressures) as the Oruanui system, (2) the Taupo magmatic 
system was distinct from Oruanui and other post-Oruanui 
systems, or (3) the Taupo magma was extracted from a deep 
mush and immediately erupted, with no period of shallow 

Fig. 12  Comparison of (top) 
timescales and (bottom) growth 
rates from Ti-in-quartz diffusion 
chronometry of cores, interiors, 
and rim zones in Oruanui quartz 
crystals. Insets show results 
from all analyses amalgamated
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storage before the eruption. Interestingly, Sutton et al. (1995, 
2000) and Smith et al. (2005) suggest that the SG2 and SG3 
rhyolites, including Taupo, did come from magmatic sys-
tems, depths, and sources distinct from preceding rhyolites; 
however, Barker et al. (2015) attribute the compositional 
changes used in their arguments to changes in crystalliza-
tion conditions, rather than a change in the magmatic system 
and source.

Second, our data illustrate the most recent distribution of 
extensive volumes of silicic magma in the crust at the TVC, 
and it is interesting to compare this with previous periods 
of large-volume silicic magmatism in the central TVZ. In 
particular, Gualda et al. (2018) assessed the evolution of 
storage depths in the central TVZ during the < 100 ka ign-
imbrite ‘flare-up’ (~ 350–280 ka; Gravley et al. 2016), dur-
ing which eight caldera-forming eruptions occurred. They 
estimated shallow pressures for the magmas erupted in phase 
1 of the flare up (the much larger Whakamaru Group ignim-
brites supereruption, > 2000  km3, ≤ 100 MPa), followed by 
a significant deepening of magma storage at the beginning 
of phase 2 (Chimpanzee, 50  km3, ~ 150–250 MPa), when the 
post-Whakamaru magma system reconstruction was starting 
on the western side of the central TVZ. As this new system 
matured, they found a progressive shallowing of storage 
depths (from a dominant peak at ~ 150 to ≤ 100 MPa) and 
increasing eruption size (up to ~ 250  km3 for the culminating 
paired Ohakuri and Mamaku eruptions) through the remain-
der of the flare-up.

In comparison, our storage pressure estimates for the 
recent TVC show a marked shift from shallow (Oruanui) to 
deep (Taupo); Barker et al. (2015) also found this to be the 
case for eruptions through the post-Oruanui SG1 period. 
Thus, we see a similar transition as Gualda et al. (2018) 
did, from shallow storage of a giant, mature magma to deep 
storage of a large, less mature magma during the recon-
struction of the TVC system. At the TVC, this transition 
occurred over ~ 24 ka, which is also a similar timescale to 
the ~ 20–40 ka suggested between the end of phase 1 and 
start of phase 2 in the flare up (Gravley et al. 2016).

In the case of the ‘flare-up’ magmas, Gualda et  al. 
(2018) hypothesized that the shallowing of magma storage 
was the result of an interplay between tectonics—exter-
nal forcing due to crustal extension—and magmatism—
internal forcing due to heat transfer and conditioning of 
the crust by preceding magmatic intrusions. At the TVC, 
similar forcings were at play: up to 26 other eruptions at 
the volcanic center preceded the formation of the eruptible 
Taupo magma body (internal forcing), and this post-Oru-
anui activity was potentially induced by rifting (external 
forcing; see Barker et al. 2015, 2016). Consequently, the 
storage depth pattern that we find for the recent TVC may 
suggest that this magmatic center is in the midst of a new 
cycle of large caldera-forming eruption events. Notably, 
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given the eruption and mantle input rates suggested by 
the caldera-forming magmatic activity in the central TVZ 
over the past ~ 60 ka, and possibly related to a partial melt 
anomaly in the mantle directly beneath the central part 
of the TVZ (Eberhart-Phillips et al. 2008), Gravley et al. 
(2016) also propose that the modern TVZ may be flaring 
up. Alternatively, or more generally, we may be identifying 
a pattern that most mature systems in the TVZ crust are 
shallow and vertically extensive (like the flare-up Ohakuri-
Mamaku magmas), while those in less mature, reconstruct-
ing systems are smaller and deeper. This is not necessarily 
surprising, however, as the higher silica contents of the 
more mature systems are consistent with their storage at 
shallower pressures (Gualda and Ghiorso 2013).

Finally, considering Oruanui alone, the wide span of pres-
sures that we estimate for this system has implications for 
understanding its geometry in the crust. Previous studies 
suggest the Oruanui deposit represents the eruption of a sin-
gle giant volume of crystal-poor magma (Allan et al. 2017; 
Wilson et al. 2006), and the lack of distinct pressure regimes 
in our geobarometry results certainly makes this a possible 
interpretation of our data. It is interesting to note, however, 
that we find two broad pressure populations amongst our 
high-silica glass compositions—one falls coherently over a 
wide range from ~ 80 to 250 MPa, while another population 
is distinct at ~ 50 MPa (Figs. 4, 6). Matrix melt can evolve 
in composition with time, so it is possible, even likely, that 
these are not the starting crystallization depths of these 
magmas. In fact, in cases where we have matching matrix 
glass and melt inclusion data, we find that the matrix glass is 
more evolved and gives equal-to-lower pressures (Figs. 7, 8) 
(see Gualda and Ghiorso 2013). This suggests that, in some 
cases, the melt (now matrix) did indeed evolve after melt 
inclusion entrapment. Nonetheless, the existence of these 
two populations may indicate that there were two magma 
batches at distinct starting depths.

While we cannot conclusively discern if a multiple 
magma batch model is appropriate, it is not impossible for 
the TVZ: Allan et al. (2013) identified biotite-bearing lapilli 
in Oruanui deposits that they suggest derived from a magma 
batch that migrated laterally and mixed with the Oruanui 
magma during the eruption; Gravley et al. (2007) and Bégué 
et al. (2014a) proposed that multiple magma batches were 
involved in the paired Mamaku and Ohakuri eruption in the 
central TVZ; Cooper et al. (2012) identified different glass 
compositions in the Kidnappers supereruption and suggested 
three independent magma bodies were systematically tapped 
during the eruption; and Heise et al. (2007) have identified 
multiple low-resistivity zones in the TVC crust today, which 
may be evidence of multiple melt batches. Alternatively, as 
we discuss below, the pressure groups we see in the Oru-
anui data may be evidence for stepped decompression of 
the Oruanui system.

Crystallization timescales

Crystals are the primary repository of time information in 
volcanic deposits, and efforts to develop, employ, and estab-
lish a framework for comparing timescales from different 
crystal-based geochronometers, particularly for large-vol-
ume silicic systems, highlight the extensive lifetime of these 
systems (e.g., Cooper and Kent 2012; Gualda and Sutton 
2016): from the thermal priming of the crust and building of 
a source mush  (104–106 a), to the extraction and pre-eruptive 
crystallization of the eruptible crystal-poor magma  (101–103 
a), to syn-eruptive degassing and decompression (≤ 1 a). 
Here, we use time records contained in different portions 
of the crystal population—phenocrysts and microlites—and 
different mineral phases to investigate the timing and dura-
tion of two of these stages in the Oruanui and Taupo mag-
matic systems: the pre-eruptive residence of the eruptible, 
melt-rich magma bodies, and the syn-eruptive process of 
magma ascent and decompression. We use two independent 
methods—CSDs and Ti diffusion chronometry in quartz—
and we capitalize on the high time-resolution (< 1–104 a) 
achievable with such geochronometry methods to investigate 
the shorter timescales associated with these stages.

Phenocrysts are large and can record an extensive history 
of crystallization, while the tiny size of microlites, which 
comprise the groundmass of many volcanic rocks, suggests 
these crystals grew near to the time of eruption or during the 
eruptive process. Consequently, we use timescales from phe-
nocrysts—recorded in both the shallow-sloped sections of 
CSDs describing large crystals and diffusion profiles across 
zone boundaries in the cores and interiors of crystals—to 
study pre-eruptive magma residence (following Pamukcu 
et al. 2012; Gualda et al. 2012). We use timescales from 
microlites—recorded in the steep-sloped sections of CSDs 
describing small crystals—to investigate syn-eruptive pro-
cesses (Pamukcu et al. 2012). In some cases, diffusion pro-
files across zone boundaries on the rims of phenocrysts may 
also provide information on these latter timescales (Gualda 
and Sutton 2016; Pamukcu et al. 2016).

Importantly, we recognize and try to mitigate the limita-
tions of these methods. Recent work suggests that magmatic 
systems may incur protracted and/or multiple periods in a 
state of lock-up, when the magma is crystal-rich, relatively 
cold, and uneruptible (e.g., Cooper and Kent 2012; Cash-
man and Blundy 2013; Rubin et al. 2017; Szymanowski 
et al. 2017). Unlike absolute age-dating methods based on 
radioactive decay, the diffusion-based nature of our geochro-
nometers precludes us from investigating time spent in cold 
storage (i.e., under sluggish diffusion conditions). Conse-
quently, we focus on the relative timing and duration of the 
last pre-eruptive stage of crystallization of these systems, 
when the final eruptible, crystal-poor magmas resided in 
the crust. Importantly, however, our timescale estimates for 
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this period are maxima: although time is not recorded during 
cold storage, these geochronometers accrue time whenever 
the system is at magmatic temperatures. Thus, the result-
ant time estimates are, at worst, an overestimate (some time 
spent subsolidus and/or the crystal population is predomi-
nantly comprised of xenocrysts) for the longevity of the final 
bodies of magma that fed these eruptions. In turn, if the 
system spent little-to-no time near or below the solidus and 
the crystal population is predominantly comprised of phe-
nocrysts that grew in the final pre-eruptive magma bodies, 
our time estimates should be akin to the duration of the last 
period of pre-eruptive crystallization.

Second, different minerals saturate and crystallize under 
different conditions, such that they may not all record the 
same history. For example, rhyolite-MELTS simulations 
indicate that plagioclase saturated earlier than quartz in the 
melt-rich Oruanui high-silica rhyolite magma (Pamukcu 
et al. 2015b) such that quartz crystallization timescales rep-
resent only 30% of the total crystallization history, while 
those from plagioclase represent 100% of it. Consequently, 
using a single phase to assess residence times could result 
in underestimates. To lessen this issue, we (a) consider time 
records from multiple phases and (b) account for the time 
prior to quartz saturation; including these considerations 
in our interpretations does not, however, change our con-
clusions (e.g., the difference in time between quartz and 
plagioclase saturation in Oruanui is less than an order of 
magnitude).

Pre‑eruptive crystallization and residence of the Oruanui 
and Taupo eruptible magmas

The parallelism of the phenocryst segments of our CSDs 
(Fig. 11) indicates that the Oruanui and Taupo magmas 
crystallized over similar timescales. Timescales calculated 
from the slopes of plagioclase + quartz CSDs are consist-
ent with this and suggest a short residence of the eruptible 
magma bodies in the crust, on the order of decades to, at 
most, a few millennia (~ 10 a–2.3 ka; Table 2); times deter-
mined from quartz diffusion chronometry at core and interior 
zone boundaries of Oruanui quartz are similar (~ 1.5–120 
a). Magnetite + ilmenite CSDs from Taupo samples record 
considerably longer timescales (up to 6 ka; Table 2), but the 
growth rates for these phases are poorly constrained maxima.

These results corroborate those from other studies. For 
Oruanui, residence times inferred from orthopyroxene dif-
fusion chronometry (~ 18 a–1.3 ka; Allan et al. 2017), shape 
maturation of quartz-hosted melt inclusions (100 s of a for 
quartz crystallization; Pamukcu et al. 2016), and U–Th 
zircon model ages (< 3 ka; Wilson and Charlier 2009) all 
suggest timescales on the order of years to a few millen-
nia. The longevity of the Taupo magma is less well studied, 
but previous work using geochemical trends and thermal 

modeling also suggest short residence times (0.01–1 ka; Sut-
ton et al. 2000; Barker et al. 2015, 2016). More broadly, our 
calculated residence times for these magmas are similar to 
those determined for a number of other large-volume silicic 
systems (e.g., Bishop Tuff, Gualda et al 2010; Peach Spring 
Tuff, Pamukcu et al. 2013; El Quemado Complex, Seitz 
et al. 2016; Santorini, Druitt et al. 2012; TVZ ignimbrite 
‘flare-up’ eruptions, Gualda et al. 2018). This consistency 
suggests a greater universality of short pre-eruptive crystal-
lization times, especially given the variety of methods used 
and mineral phases investigated. In other words, decadal-to-
millennial residence times may be characteristic of large-to-
giant volume silicic systems in general.

The similarity in our residence times for the two TVC 
systems is also striking because of their notable difference in 
volume (but similar crustal context). The volume of magma 
evacuated in the Oruanui eruption eclipsed that of the Taupo 
eruption by an order of magnitude. Consequently, our results 
suggest that the size of an eruption is not a function of the 
time over which a large-to-giant crystal-poor magma body 
resides in the crust in an eruptible state. Rather, we suggest 
that the volume of the underlying mush and/or the efficiency 
of melt extraction from a mush likely has a bigger impact 
on controlling eruption volume. Alternatively, recent work 
suggests that the large volumes evacuated in supererup-
tions may actually represent the contemporaneous erup-
tion of multiple smaller volumes (e.g., Cooper et al. 2012; 
Gualda and Ghiorso 2013; Bégué et al. 2014a), which may 
or may not have been mixed prior to eruption. In this case, 
we do not necessarily expect crystallization timescales to 
be positively correlated with eruption volume: given that 
the individual magma batches involved in the eruption will 
have smaller volumes than the final erupted volume, the 
similarity in timescales that we find may just reflect crys-
tallization of multiple, independent, similar-sized magma 
batches that eventually interact during the eruption. We are 
not able to conclusively distinguish between these scenarios, 
but our data do allow the possibility that the Oruanui erup-
tion involved multiple magma batches (see previous section).

Syn‑eruptive crystallization and decompression 
of the Oruanui and Taupo magmas

All Taupo CSDs have a kinked shape and show a significant 
microlite population (Fig. 11). Like other studies (e.g., Cash-
man 1992, Pamukcu et al. 2012), we interpret this to reflect 
a change in crystallization regime, from growth-dominated 
to nucleation-dominated, due to decompression and degas-
sing associated with the eruption. Slopes of the CSD seg-
ments describing small crystals (microlites) are similarly 
steep for all samples and give short timescales, indicating 
that the final Taupo eruption occurred quite rapidly—within 
days to a few years—after the onset of the eruptive process. 
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Timescales from plagioclase + quartz are particularly short 
(7 h–163 days), while those from magnetite + ilmenite range 
to significantly longer times (30 days–52 a); however, this 
discrepancy may be due to the fact that the growth rates 
we use for the latter calculations are especially poorly con-
strained and maxima (see Pamukcu et al. 2013).

Interestingly, Oruanui samples do not exhibit these fea-
tures—CSDs are notably unkinked and devoid of crystals 
smaller than 75 µm (Fig. 11, Table 2). In addition, time-
scales and growth rates calculated from diffusion chro-
nometry on rim boundaries are not especially shorter or 
faster, respectively, than those from core or interior zone 
boundaries (Fig. 12, Supplementary Material 2); in fact, rim 
growth rates are shifted to slower rates. This is distinct from 
other systems, such as the Bishop Tuff, where a record of 
decompression-induced fast crystal growth has been identi-
fied in quartz phenocrysts by diffusion chronometry: high-Ti/
bright-CL rims of quartz crystals give extremely short time-
scales (minute to days) and growth rates that are many orders 
of magnitude faster than those from core or interior zone 
boundaries (Gualda and Sutton 2016). Although the resolu-
tion on our timescale calculations is limited by smoothing 
from the high beam energy we used for our imaging, the rim 
zones of Oruanui crystals are also not particularly enriched 
in Ti/bright in CL (Supplementary Material 3).

These textural differences suggest a substantive difference 
in the eruptive process for the Oruanui and Taupo systems. 
We consider four potential explanations for this disparity:

Differences in  ascent time Results from rhyolite-MELTS 
geobarometry, which include data from some of the same 
samples we used for our textural analyses, suggest that the 
magma involved in the Oruanui eruption crystallized at 
much shallower depths than did the Taupo magma (Figs. 4, 
6, 7, 8, 9). As a result, assuming the simplest scenario of 
an equal and constant decompression rate and linear path 
to the surface for both systems, the traverse to the surface 
during the eruption would have been shorter for the Oruanui 
magma than the Taupo magma. As a consequence, the time 
available for decompression-induced crystallization simply 
would have been less for Oruanui than Taupo, and we would 
expect our microlite crystallization times, at a given growth 
rate, to be shorter for Oruanui than Taupo. Furthermore, for 
a difference in ascent time to explain our textural results, 
that difference must be longer than the time needed to grow 
a resolvable microlite or phenocryst rim zone (10 µm in our 
images), given that Taupo samples contain a microlite popu-
lation but Oruanui samples do not. Using average growth 
rates for quartz, feldspar, and Fe–Ti oxide groundmass 
crystallization  (10–10–10–13 m/s; Cashman 1988, Pamukcu 
et al. 2012), we estimate that ~ 3 h–115 days are needed to 
grow such a resolvable microlite  crystal phenocryst  zone. 
Relevant experiments constrain this still further, suggesting 

that that microlite growth is limited if decompression occurs 
over a period shorter than 3–8 h (Castro and Dingwell 2009; 
Andrews and Gardner 2010).

In fact, our microlite crystallization times do fit these 
constraints: they are shorter for Oruanui than Taupo—
Oruanui CSDs suggest very little to no time (no microlite 
population), while Taupo plagioclase + quartz CSDs sug-
gest average timescales of ~ 30 min  (10–10 m/s) to ~ 200 days 
 (10–12 m/s)—which are within the range of times we calcu-
late are needed to grow a resolvable microlite crystal or phe-
nocryst zone and the timescales suggested by experiments 
for microlite growth. Magnetite + ilmenite CSDs suggest 
timescales of ~ 30 days  (10–12 m/s) to 5 years  (10–13 m/s); 
however, as noted, growth rates for these phases are poorly 
constrained maxima. This suggests that differences in 
ascent time due to differences in the residence depths of 
the Oruanui and Taupo magmas could explain our textural 
observations.

Of course, decompression rates are not necessar-
ily the same for both systems, and we can bring our data 
together with estimated decompression rates to better 
calculate the difference in ascent times. Liu et al. (2007) 
and Myers et al. (2018) determined decompression rates 
of ~ 0.001–0.01 MPa/s for the Oruanui from re-entrant melt 
inclusions and using these rates we calculate ascent times 
of ~ 1 h to ~ 3 days from our estimated storage depths. On 
the short end of this range, these timescales are shorter than 
those needed to grow a resolvable microlite or phenocryst 
growth zone at growth rates of  10–9 m/s or slower. For the 
longer ascent times, growth rates of  10–11 m/s or slower 
are needed. These rates are similar to those suggested by 
Cashman and Marsh (1988) for feldspar microlite crystal-
lization in Mount St. Helens samples  (10–10–10–12 m/s) but 
slower than those suggested by Gualda and Sutton (2016) 
for growth of Ti-enriched rims on Bishop Tuff quartz grains 
(average  10–8 m/s). Consequently, while the uncertainty on 
decompression and growth rates precludes a conclusive 
answer, a difference in ascent time is a potential explana-
tion for our textural observations.

Differences in  decompression rate Supersaturation is 
required to drive nucleation and crystal growth, but kinetic 
constraints can introduce a lag into these processes. Con-
sequently, the interplay between decompression rates and 
kinetics can dictate crystallization regimes (Cashman and 
Blundy 2000). Here, we consider the implications of fast 
and slow decompression rates in the context of the TVC 
textures.

Fast decompression Textures and experiments sug-
gest that decompression and eruption can happen too 
quickly for kinetics to keep pace, and these conditions will 
inhibit crystallization (Cashman and Blundy 2000). For 
example, Couch et al. (2003) found this to be the case at 



 Contributions to Mineralogy and Petrology (2020) 175:48

1 3

48 Page 22 of 27

Montserrat—Soufrière Hills andesites lack microlites, and 
from their experiments they conclude that fast decompres-
sion (> 0.009 MPa/s) was the cause. Direct comparison with 
the TVC systems is challenging because the composition is 
also related to supersaturation conditions and crystallization 
kinetics; however, the decompression rates estimated for the 
Oruanui eruption (Liu et al. 2007; Myers et al. 2018) are 
similar to or much faster than those determined by Couch 
et al. (2003).

An alternate useful comparison is with the Bishop Tuff, 
because the storage depths calculated for both the early- and 
late-erupted Bishop Tuff are similar to those for Oruanui 
(~ 175–200 MPa; Gualda and Ghiorso 2013), but both units 
contain quartz with Ti-enriched rims (Gualda and Sutton 
2016) and a feldspar + quartz microlite population (Pamukcu 
and Gualda 2010); some CSDs of the early-erupted Bishop 
Tuff do not show a microlite population, but this could be 
a function of low image resolution (Gualda and Rivers 
2006; Gualda et al. 2004). Myers et al. (2018) estimated 
decompression rates for both the early- and late-erupted 
Bishop Tuff, and they are similar to or faster (early-erupted: 
0.0084–0.01 MPa/s; late-erupted: 0.006–0.22 MPa/s) than 
those they estimated for the Oruanui (0.001–0.01 MPa/s). 
We do not have a comparable estimate for Taupo; however, 
the fact that the Bishop Tuff shows evidence of decom-
pression crystallization but similar-to-faster decompres-
sion rates than Oruanui suggests that fast decompression 
(i.e., > 0.001 MPa/s) cannot effectively explain the TVC 
discrepancy.

Slow decompression Alternatively, perhaps the decom-
pression of Oruanui was slow such that the system never 
achieved the undercooling required to enhance nuclea-
tion and growth rates. Decompression rate estimates from 
Myers et al. (2018) do support this as those for early Oru-
anui eruptive phases (1 and 2; 0.026–0.034 MPa/s, average: 
0.011 MPa/s) are slower than those for both the Bishop Tuff 
(0.006–0.22 MPa/s, average: 0.050 MPa/s) and the Huck-
leberry Ridge (0.007–0.064 MPa/s, average: 0.023 MPa/s) 
eruptions. In addition, and again, the Bishop Tuff does show 
textural evidence of decompression (Gualda and Sutton 
2016; Pamukcu et al. 2016). Consequently, while the com-
parison between Oruanui and Bishop Tuff decompression 
rate estimates and textures suggests it is not fast decom-
pression that hindered Oruanui microlite growth, it does not 
rule out the possibility that slow decompression rates in the 
Oruanui could be the cause.

Interestingly, Myers et  al. (2018) did estimate sig-
nificantly faster rates (0.012–0.016  MPa/s, average: 
0.014 MPa/s) for phase 3 of the Oruanui eruption, and 
those rates overlap with the faster Bishop Tuff and Huck-
leberry Ridge rates. While none of the samples we used 
for our textural analyses are from phase 3, we do have 
data for phase 10 samples, and they also lack microlites 

and Ti-enriched quartz rims. This suggests that either: 
(a) slow decompression is not the cause of the lack of 
microlites, (b) decompression rates slowed down again 
over the course of the eruption, or (c) there are issues 
with the decompression rate estimates. Notably, Liu et al. 
(2007) did estimate slower decompression rates for phase 
10 samples, but Myers et al. (2018) suggest this may be 
an artifact of the older  CO2 diffusivities Liu et al. (2007) 
used in their models.

Differences in  decompression style Several studies sug-
gest that decompression style (e.g., continuous vs. stepped 
decompression), rather than decompression rate, is what 
ultimately dictates microlite textures (e.g.,  Bruegger and 
Hammer 2010; Hammer et al. 1999; Cashman and Blundy 
2000). More specifically, they suggest that decompression 
followed by shallow arrest results in extensive groundmass 
crystallization. In light of this, it is worth considering the 
effect of storage depth on the ability for a magma to stall 
during ascent: holding all else equal, the deeper a magma 
resides, the longer its traverse to the surface, the more 
opportunity it has to stall during ascent. Following this 
logic, the shallowness of Oruanui would have limited the 
opportunities for stalling, whereas the depth of the Taupo 
system would provide it with more stalling potential. This 
would be consistent with our textural observations.

Interestingly, Myers et al. (2018) estimated pressures 
from both fully-enclosed and re-entrant Oruanui quartz-
hosted melt inclusions and found that the fully-enclosed 
inclusions gave higher pressures than the innermost portion 
of the re-entrants. They interpret this to indicate stepped 
decompression of the Oruanui magma. The paucity of Oru-
anui microlites is not in accord with this interpretation, as 
stepped decompression should have facilitated the growth 
of microlites and crystal rims; however, a short duration of 
repose early in the decompression history, when crystalliza-
tion on existing phenocrysts could have been sufficient, and/
or slow initial ascent could have also acted concurrently to 
inhibit microlite crystallization.

Differences in  liquidus temperatures due to  differences 
in  residence depths Liquidus temperatures of water-satu-
rated magmas are inversely related to depth, such that the 
temperature is lower at higher pressures and isothermal 
or adiabatic decompression or degassing will drive them 
higher. This will increase the undercooling of a system, 
driving faster crystal growth and augmenting nucleation. 
In other words, initially deeper systems should crystallize 
more with decompression and degassing. Models by Hort 
(1998) suggest that systems can rapidly return to an equi-
librium state after such perturbations, but doing so requires 
up to a 10% increase in crystal fraction by nucleation and 
crystallization. In the case of an erupting system, there is 
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likely not enough time between such an event and the final 
eruption for this relaxation to happen.

In light of this, the difference in the Oruanui and Taupo 
storage depths indicated by our geobarometry results allows 
for the possibility that the disparity in microlite textures is 
due to differences in the liquidus temperatures for these 
systems. This is supported by results from our isothermal 
and adiabatic decompression rhyolite-MELTS simulations 
(Fig. 15): they show that the differences in the initial depth 
(and thus the liquidus temperatures) for these systems leads 
to substantially more crystallization of Taupo than Oruanui 
during decompression. Consequently, even if the ascent time 
was comparable for these systems, the Taupo magma likely 
incurred greater undercooling than Oruanui, resulting in 
faster crystallization and more microlite nucleation.

Summary

More work will be necessary to establish which, if any, of 
these scenarios can explain the microlite discrepancy we 
find. From our results, analysis, and comparisons with other 
systems, we find that short ascent times, slow decompres-
sion rates, a lack of stalling potential (due to shallow stor-
age), and low liquidus temperatures were all possible in 

the Oruanui system and would all serve to inhibit microlite 
crystallization, though not all could be in operation simulta-
neously (e.g., short ascent and slow decompression). While 
we do not have as many constraints for Taupo, the oppo-
site conditions would promote microlite crystallization in 
that system, and pressure and composition data do allow 
for potentially longer ascent times, higher liquidus tempera-
tures, and added opportunity for stalling during ascent. Most 
likely, it is a combination of these various factors, though 
faster decompression is not likely to have been the cause.

Comparison with other systems also allows us to make 
some hypotheses regarding the decompression history of the 
Taupo magma. Namely, that Taupo decompression rates may 
have been similar to those estimated for the Bishop Tuff. 
Further work assessing textures, compositions, and storage 
conditions of other large-volume magmatic systems will be 
important additional sources of comparison and constraint 
on these hypotheses.

Recent large‑volume silicic magmatism at the TVC

Integrating information from crystal textures, crystal com-
positions, and glass compositions results in a clear picture 
of recent large-volume silicic magmatism at the TVC and 
highlights the individuality of the eruptible Oruanui and 
Taupo magmas: the Oruanui magma was enormous in vol-
ume, highly evolved in composition, and resided at shallow 
depths in the TVC crust, while the eruptible Taupo magma 
was smaller in volume, much less evolved in composition, 
and resided much deeper in the crust. The dissimilarity in 
microlite textures also likely reflects significant differences 
in the eruptive process the two systems incurred as a result 
of differences in their storage depths, decompression styles, 
and/or compositions.

Yet, despite these disparities in size, composition, stor-
age, and eruption, phenocryst textures highlight an impor-
tant similarity between these systems: they show that the 
final, crystal-poor magmas involved in the Oruanui and 
Taupo eruptions were ephemeral in the crust, residing there 
for strikingly similar decadal to millennial timescales. This 
is not a unique result, as other studies are increasingly find-
ing similarly short timescales for these and other caldera-
forming systems (e.g., Flaherty et al. 2018). However, our 
study of two such systems from the same volcanic center is a 
new contribution, and it suggests a fundamental characteris-
tic of the recent crust and magmatism at the TVC: regardless 
of where they resided, large-to-giant volumes of crystal-poor 
silicic magma were unstable there.

In fact, given the rate and number of small-volume erup-
tions between these caldera-forming events, it may be that 
most any volume of magma was unstable at the TVC during 
that period of ‘hyperactivity.’ An interesting question, in 
turn, is what ultimately allowed (allows?) for the generation 
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of tens to hundreds of cubic kilometers of crystal-poor silicic 
magma volumes at the TVC? The fact that 26 smaller (≤ 1 
 km3) volume eruptions occurred over the short ~ 24  ka 
between the Oruanui and Taupo eruptions suggests that 
there was a significant difference in the crustal environment 
when these large-to-giant volumes formed. Previous work 
suggests that the rhyolites erupted at the TVC were gen-
erated from crystal-rich mushes (e.g., Wilson et al. 2009; 
Allan et al. 2017; Barker et al. 2015), and in this context 
our data suggest that the amount of eruptible magma that 
accumulates for a given eruption may be a function of how 
efficiently melt is extracted from that mush and/or the size 
of the mush, rather than the amount of time available for 
accumulation. Alternative paradigms for the generation of 
large volumes of silicic magma suggest that they are the 
result of high magmatic flux in the crust (e.g., Glazner et al. 
2004), and Wilson et al. (2009) do note that the central TVZ 
experiences a particularly high magma flux. In this case, our 
data suggest that the high flux required to generate these 
volumes was episodic and relatively brief, but the duration 
of such episodes was similar for volumes ranging from tens 
to hundreds of cubic kilometers of magma. In either case, 
tectonics likely influenced the process, and links between 
magmatism and tectonics have been identified previously at 
the TVC: Allan et al. (2013) suggested that magma-assisted 
rifting boosted extraction of the Oruanui melt from a mush, 
and Barker et al. (2016) suggested that the post-Oruanui 
eruptions were motivated by new and enhanced rifting in 
the TVZ that was concentrated at the TVC. The fact that 
this enhanced rifting is hypothesized to have occurred 
throughout the post-Oruanui eruptive history (Barker et al. 
2015, 2016), however, implies that there was something still 
more unique about the crustal environment of the TVC that 
allowed for the rapid accumulation of the unstable, large-to-
giant volumes of crystal-poor high-silica rhyolite involved 
in the caldera-forming eruptions.

Alternatively, perhaps it is the crustal conditions alone 
that promote or obstruct an eruption from happening. In 
other words, large volume eruptions may represent a period 
when crustal conditions make it such that either magmas 
cannot erupt, and so they grow to large volumes, or eruptible 
magmas accumulate especially rapidly. Given that the peri-
ods preceding both the Oruanui and Taupo eruption involved 
significant magmatic activity (see Charlier et al. 2005), the 
ability for the crust to accommodate these magma volumes 
was likely heightened during this time, as repeated magmatic 
intrusions would serve to warm the crust and prime it for the 
accumulation of large magma volumes (e.g., Rowland et al. 
2010; Gravley et al. 2016). Allan et al. (2017) also suggest 
that mafic magmas played an important role in triggering 
the Oruanui eruption, and Barker et al. (2015) suggest they 
heavily intruded the crust after the Oruanui eruption and 
during the post-Oruanui eruptive period; this would also act 

as an important heat source for conditioning the crust. The 
convergence of these thermal conditions with tectonics at the 
TVC may have ultimately created the environment necessary 
for the accumulation of the large-to-giant eruptible magma 
volumes, regardless of whether these volumes existed as 
single or multiple magma batches. Further, in accord with 
the ideas that the TVC magmatic system was entirely recon-
structed after the Oruanui eruption (Barker et al. 2015) and 
that large silicic eruptions can alter existing fault behaviors 
(Rowland et al. 2010), our data suggest that the depth in the 
crust where these conditions were achieved differed for the 
Oruanui and Taupo magmatic systems.

Finally, the similarity in the evolution of magma storage 
depth, magma composition, eruption size, and eruption fre-
quency for caldera-forming systems in the recent TVZ and 
during the preceding ignimbrite ‘flare-up’ in the western 
central TVZ is also striking (Gravley et al. 2016; Gualda 
et al. 2018), and it suggests that the modern TVC may cur-
rently be in a state of flare up. This comparison further sup-
ports the idea that the TVZ crust requires priming and matu-
ration to ultimately allow for the accumulation of enormous 
volumes of crystal-poor, high-silica rhyolite magma and that 
perhaps there is a consistent timescale and evolution in stor-
age conditions associated with the reconstruction of these 
caldera-forming systems following a supereruption.

Conclusions

In this work, we combine textural and geochemical data-
sets to investigate the storage, longevity, and eruption of the 
crystal-poor, melt-rich eruptible Oruanui and Taupo mag-
mas from the Taupo Volcanic Center, the source of the two 
most recent caldera-forming silicic eruptions from the Taupo 
Volcanic Zone. Our analysis shows that:

1. The eruptible Oruanui magma was gigantic in volume, 
highly evolved, and resided at shallow depths (aver-
age 50–215 MPa) in the crust. The Taupo magma was 
smaller, less evolved, and resided much deeper in the 
crust (average 290–350 MPa).

2. Phenocrysts in the crystal-poor, melt-rich magma bodies 
that ultimately fed these eruptions record short time-
scales—decades to a few millennia before the eruption. 
The similarity of these timescales is striking because 
the volumes of magma involved in these two eruptions 
differed by an order of magnitude. This suggests that the 
size of an eruption (at least of these magnitudes) is not a 
function of the residence time of an eruptible magma in 
the crust. Furthermore, the similarity of these estimates 
to those from other large-volume systems suggests that 
there is some universality to short residence times of 
eruptible magma and that they may be characteristic of 
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silicic systems that feed very large to supersized erup-
tions.

3. A pronounced difference in groundmass textures of 
Oruanui and Taupo samples indicates important differ-
ences in the conditions and processes of the eruption 
of these systems. Overall, Oruanui deposits are striking 
in their lack of microlites—this is distinct from both 
Taupo products and those from many other systems 
(e.g., Bishop Tuff, Peach Spring, Mount St. Helens). By 
combining timescale estimates and observations from 
textures, storage pressure data from geobarometry, and 
published data on ascent rates, we find that the textural 
discrepancy between the TVC systems may be a direct 
or indirect reflection of their storage pressures. Namely, 
that the difference in their storage depths resulted in 
different ascent durations, decompression paths, and/
or level of undercooling, which affected the ultimate 
crystallization of microlites. We find that comparatively 
slow decompression of the Oruanui system, rather than 
fast decompression, could be a part of the explanation 
as well. Additional constraints on decompression and 
ascent for the Taupo magmatic system will be key to 
ultimately determining which of these explanations is/
are most applicable. While our analysis is not conclu-
sive, it paves the way for further work and highlights the 
power in combining textural and geochemical datasets. 
That’s just, like, our opinion, man.

4. Comparing the evolution of storage depths and com-
positions of the recent TVC eruptions with those in the 
preceding ignimbrite ‘flare-up’ (Gravley et al. 2016; 
Gualda et al. 2018) we find a similar trend—from shal-
low storage of a mature system (Oruanui) to deep stor-
age of a less mature system that forms as the magmatic 
system is being reconstructed (Taupo). The comparison 
supports the idea that the modern TVC may be flaring up 
(Gravley et al. 2016) and, more generally, it highlights 
the evolution of magma storage depths with increasing 
system maturity.
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