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Abstract Cathodoluminescence (CL) zoning in quartz
crystals from rhyolitic pumices in two ignimbrite members
of the ~340-ka Whakamaru super-eruption deposits,
Taupo Volcanic Zone, New Zealand, is investigated in
conjunction with the analysis of Ti concentration in quartz
to reconstruct the history of changing magma chamber
conditions and to elucidate the eruption-triggering pro-
cesses. CL intensity images are taken as a proxy for Ti
concentration and thus temperature and/or pressure and/or
compositional variations during crystal growth history.
Estimates of the maximum temperature changes (i.e.,
assuming other factors influencing Ti uptake remain con-
stant) are made using the TitaniQ geothermometer based
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on the Ti concentration in quartz. These results are
reviewed in comparison with Fe-Ti oxide, feldspar-melt
and amphibole geothermometry. Core-to-rim quartz Ti
profiles record a marked change in conditions (temperature
increase and/or pressure decrease and/or change in melt
composition) causing and then following a significant
resorption horizon in the outer parts of the crystals. Two
alternative models that could explain the quartz Ti zonation
invoke a temperature increase caused by mafic recharge
and/or a pressure decrease due to magma ponding and
re-equilibration at shallow crustal levels. Concomitant
changes in melt composition and Ti activity may, however,
also have strongly influenced Ti uptake into the quartz.
Some crystals also show other marked increases in CL
brightness internally, but any accompanying magmatic
changes did not result in eruption. Diffusion modelling
indicates that this significant change in conditions occurred
over ~ 10-85 years prior to caldera-forming eruption. This
rapid thermal pulse or pressure change is interpreted as
evidence for open-system processes, and appears to record
a magma chamber recharge event that rejuvenated the
Whakamaru magma system (melt-dominant magma plus
crystal mush), and potentially acted as a trigger for
processes that led to eruption.

Keywords Quartz - Titanium - Geothermometry -
Rhyolite - Whakamaru - Taupo Volcanic Zone
Introduction

The chemical zonation of crystals in igneous rocks pro-
vides an important archive of information that may be used

in the reconstruction of magma reservoir processes.
Detailed petrographic and geochemical analysis of such
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zoning can provide constraints on complex thermal and
pressure histories and changes in host melt composition or
physical parameters of the magma reservoir during crystal
growth (e.g., Wallace et al. 1999; Anderson et al. 2000;
Humphreys et al. 2006; Liu et al. 2006; Smith et al. 2009).
In particular, in silicic systems, trace element concentra-
tions in quartz and their related cathodoluminescence (CL)
emission properties provide valuable petrological clues to
crystallization conditions (Gétze et al. 2004; Wark and
Watson 2006).

CL imaging reveals complex zoning in magmatic quartz
crystals (e.g., Peppard et al. 2001; Liu et al. 2006; Wark
and Watson 2006; Shane et al. 2008a; Smith et al. 2010).
Variations in quartz CL intensity are interpreted empiri-
cally as relating directly to Ti content, reflecting changes
in melt chemistry and/or temperature/pressure during
crystallization (Wark and Watson 2006; Thomas et al.
2010). Complex histories are thus indicated by the wide
variety of quartz CL-zoning patterns observed, indicating
detailed temperature/pressure/composition records present
in single pumice clasts. However complex, such histories
are central to reconstructing the assembly of the erupted
magma body.

Here, we present new geochemical data on the trace
element zonation and CL properties of quartz from
pumices extracted from specific members of the large-
volume (>1,500 km®) Whakamaru group of ignimbrites
from Taupo Volcanic Zone (TVZ), New Zealand
(Froggatt et al. 1986; Wilson et al. 1986; Pillans et al.
1996; Brown et al. 1998). The ignimbrites extend over
~ 13,000 km? of central North Island (Fig. 1) and have
been previously characterized by field, petrological and
geochemical investigations (Ewart 1965; Martin 1965;
Briggs 1976; Wilson et al. 1986; Brown et al. 1998;
Brown and Fletcher 1999). The deposits comprise five
crystal-rich (~15-40% crystal content) ignimbrite units
named Whakamaru, Manunui, Rangitaiki, Te Whaiti and
Paeroa Range Group ignimbrites (Fig. 1). These units
share similar geochemistry and petrography, and each
contains varying amounts of five distinct pumice
(magma) types (classified as types A, B, C, D and mixed
basaltic pumices) associated with different compositions
and crystal contents (Brown et al. 1998). Collectively,
these features suggest the magmas underwent complex
crystallization processes in multiple chambers. This
inference is supported by field evidence for multiple
eruptions over a short, but uncertain, time period (Brown
et al. 1998; Wilson et al. 1986). Brown et al. (1998)
provided evidence that the less-evolved, low-silica rhy-
olites represent magmas that underwent significant frac-
tionation at shallow crustal levels to produce the
dominant volumes of more evolved rhyolites ultimately
erupted.
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Fig. 1 Sketch map showing location of Whakamaru caldera and the
distribution of Whakamaru group ignimbrites, central TVZ (after
Brown et al. 1998). Sample localities are marked by dark grey
symbols: Rangitaiki samples are P1905, P1910 and P1915 (collected
from Hinemaiaia B Dam); Whakamaru samples are P1920 (from
Sutton Road) and P1827 (Type D pumice collected from Edsel Road).
Inset map shows North Island of New Zealand and location of TVZ

Here, we investigate the magmatic conditions leading to
these caldera-forming eruptions, and the complexity of
underlying magma chamber processes, and use diffusion
modelling to quantify timescales of significant magma
recharge events.

Regional geology

The central TVZ (Fig. 1) is an actively rifting arc segment
that has produced rhyolite eruptions at millennial fre-
quency during the late Quaternary (Wilson et al. 1995,
2009), making it a fruitful area for studying processes
governing the large-scale production, storage and eruption
of rhyolite magma. Mesozoic basement greywackes crop
out east and west of the TVZ and underlie the volcanic fill
within the zone, either as rifted blocks with intrusions or as
tectonically stretched crust (Stern et al. 2006). The very
high heat flux (800 mW m™2 in the central, rhyolite-
dominated portion of the TVZ: Bibby et al. 1995;
Hochstein 1995; Stern 1987) causes the brittle-to-ductile
transition to occur at 6-7 km depth (Bryan et al. 1999),
while seismic refraction data indicate that the quartzo-
feldspathic upper crust extends to only 15-16 km depth
(Harrison and White 2004; Stratford and Stern 2004). Low
P-wave velocities (6.9-7.3 km s~ . Stratford and Stern
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2004) recorded from below 15-16 km may represent
mantle with significant amounts of melt or highly intruded
mafic crust with ~2% melt (Harrison and White 2004).

Eruptions in the central TVZ are volumetrically skewed
heavily towards rhyolite, with lesser amounts of andes-
ite > dacite > basalt as surficial eruptive units (Cole
1990; Wilson et al. 1995). Isotopic data indicate that the
silicic melts are generated from highly fractionated
primitive basalt which has been contaminated by the
metasedimentary crust (<25%; McCulloch et al. 1994;
Graham et al. 1995), although evidence for silicic magma
components derived from direct crustal melting is also
recorded (Charlier et al. 2008, 2010). The large volumes
of mafic magma required to generate the rhyolites, whe-
ther by fractionation or crustal melting, are almost entirely
trapped within or immediately below the quartzo-feld-
spathic crust. A characteristic feature of the central TVZ
is, however, that mafic melts do reach and interact with
the melt-dominant magma bodies at shallow depths
(4-8 km) and are not entirely confined within a deeper
mush zone (cf. Hildreth 1981, 2004). Mafic magma evi-
dently interacted with the melt-dominant body for the
Rangitaiki ignimbrite member of the Whakamaru group
(Brown et al. 1998; this paper), for example, as well as in
younger eruptions of the Taupo and Okataina volcanoes
(e.g., Blake et al. 1992; Wilson et al. 2006; Shane et al.
2008Db).

Samples and methods

Here, we apply measurements of Ti concentrations together
with interpretations of CL images (Watt et al. 1997; Gotze
et al. 2001, 2004; Peppard et al. 2001) to studies of Ti
zonation in quartz crystals extracted from five pumices
sampled from the two most widespread and pumice-rich
Whakamaru group ignimbrites, Rangitaiki and Whakamaru
(Fig. 1).

We use pumice fragments rather than bulk ignimbrite
(cf. Saunders et al. 2010) as these are considered to
represent quenched fragments of the vesiculated rhyolite
magma, with variations in glass composition between
pumices reflecting variations within the parent magma
reservoir(s) (Hildreth 1981). Pumices from non-welded
parts of the Whakamaru and Rangitaiki ignimbrites were
sampled extensively (140 samples) and characterized by
whole-rock XRF (Table 1), matrix glass and mineral
chemistry (electron microprobe analysis; EPMA) and
Fe-Ti oxide compositional data (Table 2). The full data
set is provided in the Electronic Supplementary Data.
Our sample database was supplemented by 120 pumices
previously collected and analysed by Brown et al.
(1998).

Table 1 Summary of single pumice samples used in this paper

ario, (from

oxides)

ario, (from
melt FM)

Ti (ppm) rutile-
saturated melt

FM T (°C)

Rb/ Ti
(wt. %) St

Sio,

%

Pumice mineralogy

Pumice
type

Ignimbrite
unit

Pumice
sample

(av. ppm)

crystals

042 800 (m=11) 1.74 763 1116 0.72

70.4

~25

Feldspar,qtz >> hbl,

Rangitaiki A

P1905

opx > biotite > mag, ilm

0.62
0.65

0.74
0.69

1125
1195

1.59 768

70.4 0.65 827 (n = 26)
0.5

~15
~25

Feldspar, qtz > opx > mag, ilm

Rangitaiki A

P1910
P1915

1 821 m=32) 201 763

67.6

Feldspar, qtz > opx, hbl > oliv,

Mixed

Rangitaiki

mag, ilm (mafic clots)

0.67

0.54

1403

1.55 789
142 740

0.76 790 (n = 43)

71.3

~20
~20

Feldspar, qtz > opx > mag, ilm

Whakamaru A

P1920
P1827

Av. =0.67 £ 0.09 Av. =0.66 + 0.09

1,210 £ 133

1.83 610 (n = 23)

72.9

Feldspar, qtz >> biotite > mag, ilm

Whakamaru D

Pumice type is based on Brown et al. (1998) classification scheme. SiO, and TiO, values are from whole-rock XRF analysis. FM is the melt composition parameter (calculated from Hayden and
Watson 2007). For a given temperature, TiO, solubility increases as FM increases, or as the melt becomes more mafic; and for a given melt composition as represented by FM, TiO, solubility

increases with temperature (Hayden and Watson 2007). The single temperature used to calculate rutile saturation and arjo, is derived from average Fe—Ti oxide temperatures (using Ghiorso and

Evans 2008). The atio, values in the final column are derived directly from oxide compositions. Entries in bold refer to the average values across all pumice samples
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Table 2 Geothermometry data (in °C) recorded by Whakamaru crystals

Pumice Sample

Fe-Ti oxides (Ghiorso and Evans 2008)

TitaniQ (Wark and Watson 2006)

Plag-melt equilibria (Putirka 2008)

T (°C) + logfO, NNO + n min Max Min Max
P1905 763 59 4041 025 20 689 836 763 854
P1910 768 84 4030 0.21 26 673 802 788 860
P1915 763 48 40.39 0.18 21 673 836 757 852
P1920 790 8 4035 0.18 66 673 836 785 848
P1827 655 778 730 884

Fe-Ti oxide data for equilibrium pairs; Oxygen fugacity is quoted in logfO, relative to NNO buffer, values represent averages from number () of
Fe-Ti oxide pairs (in equilibrium according to the Bacon and Hirschmann 1988 method), and =+ indicates 1 standard deviation. No data from Fe—
Ti oxide equilibrium pairs collected for sample P1827. TitaniQ values calculated using an ario, of 0.7. Plag-melt equilibria calculated using only

plagioclase feldspar rim data and co-existing glass (by EPMA)

Five pumice samples (Fig. 1; Table 1) were selected for
detailed quartz CL study on the basis of mineralogy, clast
size, lack of alteration and major-element geochemistry.
Type A pumice is our main focus as it represents the vol-
umetrically dominant magma type (>95%). Type D is also
of interest because it may represent a co-erupted but sep-
arate chamber with its contrasting isotopic and trace ele-
ment characteristics (Brown et al. 1998). Types B and C, in
contrast, are likely to represent only second-order variants
produced by convective fractionation in a dominantly Type
A magma reservoir (Brown et al. 1998).

Quartz crystals were extracted by lightly crushing,
sieving and hand picking. Approximately, 40 quartz crys-
tals from each pumice sample were extracted, of which 92
were analysed. Crystals are commonly embayed and/or
fractured, and thus, only fragments could usually be
retrieved. Individual fragments were chosen such that the
glass selvedges were still intact on one face. These were
mounted in epoxy resin, polished and carbon coated for
imaging and analysis. CL images were obtained using a CL
detector mounted on a JEOL electron microprobe at the
University of Bristol, 15 kV and 22 nA beam current, with
image resolution of 1,020 x 790 pixels.

Ti in quartz

Ti concentrations were measured using the JEOL 8600
electron probe in the Research Laboratory for Archaeology
and the History of Art, University of Oxford, with a high-
beam current (100 nA), extended count times (800 s on
peak and background) and 10 pm beam diameter. In order
to obtain reliable Ti results at low abundance, Ti was
analysed on two spectrometers simultaneously. Merging Ti
counts resulted in low detection limits (<10 ppm) and low
uncertainties (£11 ppm; 1sd) for Ti. Analysis transects
were chosen on the basis of CL zoning, in particular tar-
geting the core-rim interface. Analyses (n = 157) were

@ Springer

spaced at 100-um (av.) intervals (spacing ranged from 45
to 200 um depending on crystal size) along core-to-rim
profiles.

The Ti content of hydrothermally grown quartz is
known to be a function of both temperature and pressure,
with a £100 MPa pressure change corresponding to
4+20°C change in temperature and vice versa (Thomas
et al. 2010). Ti content of quartz (Tig,) was proposed
(Wark and Watson 2006) to be related primarily to tem-
perature and Ti activity (ario,) of the melt, by Eq. 1 (the
“TitaniQ” relationship), where 7' = temperature (K):

T— 3765
log(Tiqw/atio,) — 5.69

(1)

The proposed pressure dependency (Thomas et al. 2010)
of Ti in quartz is described by Eq. 2 (output converted to
MPa here), where a = 60,952 £ 3,177, b = 1.52 £+ 0.39,
c=1,741 £ 63, R is the universal gas constant
(8.3145 J K™Y, T is temperature (K) and XQtzrip, is the
mole fraction of TiO, in quartz:

(—a + bT + RT Inario, — RT In XQtzri0,)
c

P(kbar) =
(2)

Parameters a, b and ¢ have been established by least-
squares fitting of experimental Ti-in-quartz solubilities
(Thomas et al. 2010). As we note below and discussed by
Wilson et al. (2011), the application of this P and T
dependency of Ti solubilities leads to implausible results,
especially with regard to pressure. Ti partitioning may also
be affected by compositional changes in the chamber,
affecting the solubility of Ti in the melt.

Constraining Ti activity

None of the Whakamaru group pumices contain rutile, so
ario, was estimated as
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Tlmelt

(3)

o = Tirut—melt
where Tipee and Tipyemerr are Ti measured in melt (matrix
glass) and rutile-saturated melt (ppm), respectively.
Tiruemere Was determined using Eqs. 4 and 5 (Hayden
et al. 2005; Hayden and Watson 2007; Table 1):

5305

log(Tiry—mer) = 7.95 — 7 + (0.124 x FM) 4)
Na + K + 2(Ca + Mg + Fe)
FM = 5
Al x Si )
Temperatures and oxygen fugacities (fO,) were

estimated using the Fe—Ti oxide geothermometer (Ghiorso
and Evans 2008) with our Fe-Ti oxide data and values from
Brown et al. (1998). Only magnetite—ilmenite pairs in Mg—
Mn equilibrium, assessed using the Bacon and Hirschmann
(1988) method, were used. These calculations indicate that
rutile should saturate at Ti concentrations of 1,210 +
133 ppm (Table 1) and indicate atio, = 0.67 £ 0.09 (1 sd,
range 0.54-0.74). Results are consistent with Oruanui
rhyolite (0.74 £ 0.07; Wilson et al. 2011), Bishop Tuff
(0.63 £ 0.03; Wark et al. 2007; and 0.53 £ 0.02 to
0.51 £ 0.10; Reid et al. 2010) and the range for large
silicic systems of 0.5 <ario, <0.6 (Hayden and Watson
2007). We calculate pressures using both average and end-
member activity values, 0.54 and 0.74, respectively
(Table 3). Problems arise with this methodology as ario,
calculated using Eq. 4 is dependent on temperature. In order
to avoid this problem, Egs. 1 and 4 can be simultaneously
fitted, although this requires the knowledge of the Ti content
of the melt from which the crystal zone grew. It cannot be
determined whether the concentration of the bulk rock is in
equilibrium with the cores of the quartz crystals, so this
introduces an additional error.

Activity of rutile in the melt can also be constrained
from the coexisting oxides (e.g., Reid et al. 2010). Using
end-member thermodynamic properties from the 2004
version of the Holland and Powell (1998) data set, and

mixing and disorder models for oxides from White et al.
(2000, 2002) and Ghiorso and Evans (2008), temperature,
oxygen fugacity and az;p, can be fitted simultaneously
from the set of independent reactions

2 FeTiO3 = FCQTiO4 + TiOQ (6)
6 FeTiO3 + O, = 2 Fe;04 + 6 TiO, (7)
6 Fe; O3 = 4 Fe;04 + O, (8)

and the activities of the respective end members in the
oxide solid solutions (see Supplementary Data 1). The
use of a full thermodynamic model including non-ideality
in mixing and disorder for the oxides allows for calcu-
lations of all equilibria, despite low activities for some of
the end members involved. Across all pumice samples,
the weighted average ario, = 0.66 & 0.09 (1sd; Supple-
mentary Data 1). There are, however, uncertainties with
this methodology. If it is accepted that the oxides
re-equilibrate on a short timescale to reflect different
conditions (e.g., Venezky and Rutherford 1999; Devine
et al. 2003), then the oxides do not reflect conditions
during quartz crystal growth, except for their outermost
portions (if no resorption). Their present composition can
therefore only provide information on ario, for final
quartz growth.

The presence of coexisting oxides throughout quartz
crystallization indicates that Ti activity was buffered.
However, the buffered value of arip, will vary with
changes in melt composition, temperature and pressure. In
an attempt to quantify these relative changes in arip,, melt
and coexisting oxide compositions were modelled using
rhyolite-MELTS (Gualda et al. 2010). Changes in melt
composition and TiO, content predict an increase in ario,
for our preferred P-T path (increasing 7 with decreasing
P), but oxide compositions predict a decrease. The mag-
nitude of the change for the full range of quartz crystalli-
zation conditions of our P-T path is significant and
predicted to be of the order of Aarip, = 0.2. Nonetheless,
this systematic change in ario, is insufficient to explain the

Table 3 Pressure and temperature estimates for quartz rims and cores using end-member ario, values

Quartz crystal zone ario, Av. pressure (MPa) 1sd P range (MPa) Av. temp (°C) 1sd T range (°C)
RIM 0.5 663 0.81 553-837 849 32 757-886
CORE 0.5 922 1.99 553-1,313 767 38 689-864
RIM 0.7 830 0.81 720-1,004 802 30 717-836
CORE 0.7 1,065 2.37 553-1,480 727 35 655-816
RIM 1 1,008 0.81 898-1,182 756 27 678-787
CORE 1 1,217 2.85 553-16.58 687 32 621-770

Estimates of pressure based on the Thomas et al. (2010) formulations (at fixed temperature of 770°C) and temperature based on equations from
Wark and Watson (2006) TitaniQ, using end-member arjo, values from calculations and in comparison with an arip, of 1 (providing minimum

temperature estimates)

@ Springer
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differences in Ti concentrations between core and rim and
does not modify the trends in temperature that are calcu-
lated here from TitaniQ thermometry, although it suggests
a smaller temperature range when using the Aario, from
modelled oxide compositions.

These uncertainties in ario, values mean that TitaniQ
temperatures must be interpreted as estimates only, pro-
viding reliable and useful constraints on relative changes.
Owing to the contradictory results from our modelling of
Aario, with changing P-T conditions, its inclusion in cal-
culating temperatures is unwarranted at present, and cal-
culations in this manuscript, instead, use a fixed ario, of
0.7, with interpretations restricted to relative changes in
temperature.

Feldspar-melt and amphibole geothermobarometry

Plagioclase—melt equilibrium temperatures for each sample
were calculated using the Putirka (2008) geothermometer,
by pairing matrix glass compositions with plagioclase rim
data. Values are interpreted with caution, however, as
plagioclase—melt equilibria are dependent on dissolved
volatile contents (not specifically constrained here) and
feldspar rims may not be in equilibrium in the melt when
erupted (e.g., Saunders et al. 2010). Amphibole geo-
thermobarometry was applied to the full set of amphibole
data from Brown et al. (1998) using the Ridolfi et al. (2010)
formulation. These pre-existing data cannot provide the
high-resolution thermal history that may be obtained from
application of TitaniQ to zoned quartz, but provide a useful
overall comparison in terms of the eruptive temperatures
and pressures of the host magma.

CL zoning and Ti correlation

Quartz CL brightness is known to correlate with both Ti
and Al concentrations (Liu et al. 2006; Wark and Watson
2006; Rusk et al. 2008), suggesting that they are important
contributors to CL activity in magmatic quartz. Previous
studies have shown that there is a linear relationship
between Ti, Al and CL intensity (e.g., Rusk et al. 2008).
Thus, greyscale (a numerical value assigned to brightness)
values of CL images can be used as a proxy for Ti content,
and continuous Ti profiles across all crystal zones can be
interpolated from a greyscale calibrated by individual Ti
measurements. Correlation between greyscale and EPMA
Ti concentrations used in the calibration here was statisti-
cally significant (R* 0.75-0.99), and the greyscale profiles
provide a highly resolved record of the Ti uptake during
quartz crystallization. The accompanying estimated tem-
perature profiles express changes in Ti concentration
purely in terms of temperature and ignore dependencies on
pressure and melt composition that must accompany any

@ Springer

temperature changes. Whatever the causes, the core-to-rim
traverses clearly provide a detailed record of changes
(temperature/pressure/composition perturbations) through-
out crystal growth.

Results
Pumice petrography

The pumice samples studied here are characterized by a
mineral assemblage of plagioclase, quartz > hornblende,
orthopyroxene > biotite >> magnetite, ilmenite and zircon
(Table 1). Total phenocryst contents in the selected pum-
ices range from ~ 15 to 25%. Fe—Ti oxides are present both
as free crystals and hosted within orthopyroxene pheno-
crysts. Some Rangitaiki pumice displays petrographic
textures that imply contact with, and intermingling of,
mafic magma and silicic melt. In addition, basaltic andesite
and andesitic enclaves are common, containing sieved or
strongly oscillatory-zoned plagioclase and aggregates of
pyroxene, and crystal clots of amphibole, respectively
(Supplementary Fig. 1). Whakamaru pumice also contains
some aggregates of strongly zoned plagioclase phenocrysts
(Anps to Any3) and a ferromagnesian assemblage domi-
nated by biotite rather than amphibole.

Glass compositions

Matrix glass fragments derived from Whakamaru group
pumices range from 74.9 to 789 wt% SiO,, 0.30-
1.00 wt% CaO, 4.46—6.83 wt% K,0, 2.03-3.39 wt% Na,O
and 0.18-1.58 FeO" (n=97; anhydrous; see Supplementary
Data 2). Glass TiO, ranges from 0.08 to 0.22 wt%, and this
limited variability is likely to have little influence on the
assumption of near-fixed arjo,. Whole-rock geochemistry
of the mafic inclusions in mingled Whakamaru pumices is
characterized by 51.7-53.4 wt% SiO,, 8.06-9.76 wt%
CaO, 0.62-0.78 wt% K,O and 2.04-2.84 wt% Na,O
(Supplementary Data 3).

Quartz characteristics

Quartz comprises 20-40% of the crystal fraction in
Whakamaru and Rangitaiki pumices and characteristi-
cally occurs as large, fractured and partially resorbed
crystals 0.3—-12 mm in diameter (Fig. 2). Quartz crystals
are mostly anhedral—assumed to be due to resorption
caused by changing conditions prior to eruption. They
are also extensively fractured, most likely due to frag-
mentation caused by melt-inclusion explosion during
pre-eruptive overheating and/or decompression, and syn-
eruptive shattering (e.g., Tait 1992; Bindeman 2005).
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Fig. 2 a Optical microscope
images of quartz from samples
P1905 and P1915; b Back-
scattered electron (BSE)-SEM
images of quartz. Note fractured
nature of quartz phenocrysts and
resorption boundaries
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Fig. 3 Summary of quartz CL-zoning patterns. Bright-CL rims and
dark cores are most characteristic of Whakamaru quartz

CL imaging reveals distinct growth zonation, most
commonly with a dark-CL cores and bright rims of
varying width (Supplementary Fig. 2; Figs. 3, 4). Oscil-
latory zoning is a characteristic of all quartz grains
examined, often truncated by resorption surfaces. The
most notable feature is the sharp contrast in CL intensity
along the profile, defining a core-rim boundary marked
by a dissolution/resorption surface truncating core growth
zones (Fig. 4).

Resorbed and embayed parts of crystals and dissolution
surfaces are found throughout the crystals but are promi-
nent at the core and near the rim. Resorption surfaces are
typically rounded or display complex dissolution patterns
and are often associated with a bright-CL zone. These
variations in CL correspond to marked increases in Ti (up
to 100 £ 10 ppm) occurring over distances of <60 pum
(Fig. 4). Rims are Ti rich (bright CL; 90-138 ppm Ti) and
are generally narrow (<100 pm). Cores display dark CL
(Ti poor: 30-96 ppm) with internal zonation truncated by a
resorption surface around which the bright rims have
crystallized.
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Fig. 4 Selected CL images,
showing location of EPMA
transects. Profiles from rim to
core across quartz crystals show
calibrated Ti (black line) and
temperature (grey line). The
original EPMA Ti analyses used
in the calibration are marked by
grey circles. The temperatures
are estimated from TitaniQ
using a single arip, of 0.7 and
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Magmatic temperature estimates

Crystallization temperatures (Table 2; Fig. 5) were esti-
mated by four methods based on Fe-Ti oxides, plagio-
clase-melt equilibria, amphibole chemistry and TitaniQ
(across CL zones in quartz crystals, core to rim). Over all
pumice samples, the four suites of temperature estimates
range from 647 to 968°C but display a strong mode at
770°C (Fig. 5). Oxygen fugacity was estimated from Fe-Ti
oxide equilibria (Ghiorso and Evans 2008), with values for
all pumice clasts ranging from —0.03 to 1.08 £ 0.17 (1sd)
log units above the nickel/nickel oxide (NNO) buffer
(Table 2; Fig. 6).

@ Springer

Distance from crystal rim (pm)

Plagioclase-melt temperatures calculated using plagio-
clase rim (Ans347) and matrix glass (melt) compositions
suggest magma temperatures of 817 £ 28°C (1sd) (Fig. 5;
Supplementary Data 5). Plagioclase phenocrysts are com-
monly resorbed, suggesting they were not crystallizing at
the time of eruption and therefore do not record eruption
temperatures. Amphibole geothermometry using the Ri-
dolfi et al. (2010) formulation provides a comparable
temperature range of 745-975°C (error of +22°C; Sup-
plementary Data 6), with a bimodal trend and strong modes
at 770 and 860°C (Fig. 5). The wide temperature range
reflects changing temperature conditions recorded during
amphibole crystallization. The Fe-Ti oxide temperatures



Contrib Mineral Petrol

950 1 O TitaniQ £F 3 950
B8 TitaniQ rim St £
T . © [ Q. 6
900 1 . I M Fe-Ti oxide = g 000 &
Feldspar-melt & o
u A 2
850 1 I 850 g
* 1 9]
—_ | | L Q
o 8 2 & . £
() A + )
© 8001 X & % A g' i 800
S C
-
g g I =+ Eruption T = 770°C "
2 7501 § [ | 8 = Eruption T = s S
£ 3 A o - " 10 " o
S, B 84 8 2 |
700 4 ¥
O ‘ E]I @) - 700
. | A o - L
650 1 100 0
Number of analyses
600
P1905 P1910 P1915 P1920 P1827

Pumice sample

Fig. 5 Comparison of temperatures obtained from TitaniQ, Fe-Ti
oxides and feldspar-melt geothermometry for selected single Whak-
amaru pumice clasts. TitaniQ temperatures calculated from Wark and
Watson (2006); Fe-Ti oxide temperatures calculated from Ghiorso
and Evans (2008) for magnetite—ilmenite equilibrium pairs (Bacon
and Hirschmann 1988); feldspar-melt temperatures from Putirka
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Fig. 6 Temperature and oxygen fugacity calculated for titanomag-
netite—ilmenite pairs from Whakamaru pumices, following Ghiorso
and Evans (2008). Results for the five Whakamaru pumice clasts and
recalculated values from Brown et al. (1998) are plotted. Samples are
identified in inset. NNO buffer curve after Huebner and Sato (1970)
determined at 1 bar. Data are provided in the Supplementary Data 4
and 4a

have a strong mode coincident with the amphibole tem-
peratures from the Ridolfi et al. (2010) formulation
(Fig. 5).

The use of a single arip, value for all quartz crystal
zones is an oversimplification given the interdependence

(2008). The first histogram on the left shows Whakamaru Fe-Ti
temperatures recalculated from Brown et al. (1998) data for
comparison. The second histogram (right) displays amphibole
temperatures calculated from Brown et al. (1998) data using the
Ridolfi et al. (2010) formulation. The dashed grey lines show modes
for Fe-Ti oxide and amphibole temperatures

with temperature that is changing concurrently. Ti con-
centrations in Whakamaru quartz range from 30 to
138 ppm (£11 ppm, 1Isd), corresponding to temperatures
of 655-836°C (£15°C, 1sd) using TitaniQ (Wark and
Watson 2006; Table 3; Fig. 5; Supplementary Data 7) and
assuming no pressure dependence (cf. Thomas et al. 2010),
constant arijo, and no other causes for variations in Ti
uptake (cf. Wilson et al. 2011). The lowest values are
recorded in the crystal core and typically increase in a
fluctuating stepwise pattern towards the rim (Fig. 4).
Maximum temperatures recorded from quartz rims are too
high for quartz crystallization in a rhyolite melt (Hammer
2008), implying these high temperatures are misleading
and likely to be related to either boundary layer kinetics or
errors resulting from the assumption of constant ario, and
no pressure dependency.

Whakamaru and Rangitaiki TitaniQ values are broadly
consistent with Fe-Ti oxide equilibrium temperatures
(Fig. 5), although they display a greater temperature
range. This is expected since the Ti contents and con-
sequent TitaniQ temperatures are related to individual
crystal zones over the growth history of the crystals. This
disparity in temperature records can also be attributed to
differences in the rates of diffusion in the different
mineral phases. Elemental diffusion is faster in Fe-Ti
oxides than in quartz. Diffusion of Ti in quartz is given
by Eq. 9

Dri =7 x 108 exp(—273 + 12kJmol ' /RT)m?s™!,  (9)
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(parallel to the 001 axis, 700 <T <1,150°C; Cherniak et al.
2007), whereas Fe—Ti oxides re-equilibrate by diffusion on
timescales of days to months (Devine et al. 2003). Oxide
temperatures thus reflect more the temperature of eruption
(Devine et al. 2003) rather than thermal fluctuations during
crystal growth. The large range in temperature determina-
tions from Fe-Ti oxides observed here (Figs. S, 6) is
potentially due to pluton recycling (with lower estimates
being subsolidus). The 770°C mode recorded by the Fe-Ti
oxides (and amphibole) is thought to reflect the final
reheating temperature on eruption and is not recorded by
the quartz rims due to resorption.

Magmatic pressure estimates

The quartz—albite—orthoclase (Qz—Ab-Or) projection of
glass major-element analyses from single pumice clasts
(Fig. 7; Blundy and Cashman 2001) indicates low closure
pressures of 50-150 MPa. In silica- and water-saturated
magmas like these, this pressure estimate may represent the
final storage pressure at which quartz and feldspar crys-
tallized and the melt composition was ‘frozen’. Assuming
an average uppermost crustal density of 2,500 kg m ™,
these pressures suggest shallow depths (~2-6 km) of
crystallization of the major mineral phases for Whakamaru
and Rangitaiki magmas prior to eruption.

The Putirka (2005, 2008) feldspar-melt geothermometer
provides an average pressure of 235 MPa (1sd; ~9 km
depth) and H,O content of 4.01 + 0.69 wt%. This is

Qz
)

¢ P1905
1 P1910
A P1915
o P1920
= P1827
All data

Ab Or

Fig. 7 Major-element glass matrix glass compositions for the Whaka-
maru pumice samples plotted on the Qz—Ab—Or-H,O system, following
Blundy and Cashman (2001). Closure pressure estimates range from 50 to
150 MPa for the Whakamaru pumices. All data refers to data from Brown
et al. (1998)
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consistent with water contents of 4.3—4.7 wt% in inherited
Whakamaru-like melt inclusions in Oruanui quartz cores
(Liu et al. 2006). Plagioclase compositions are sensitive to
pH>0, temperature and pressure, however, so the model
cannot determine which variables were changing, and it is
likely that they were changing simultaneously.

Pressures were also calculated from amphibole compo-
sitions using the formulations of Ridolfi et al. (2010) and
the full suite of Whakamaru and Rangitaiki samples from
Brown et al. (1998). Calculations yield a strong mode of
110 £ 14 MPa (70-409 MPa; Supplementary Data 6),
indicating hornblende crystallization at crustal depths of
~5 km.

Discussion
Quartz zoning patterns

Contrasting bimodal light/dark-CL zonation is apparent in
almost all crystals with 88% showing dark (low-Ti) cores
and 89% with light (high-Ti) rims (Fig. 3). The darker
cores crystallized at a lower-temperature range (655—
787°C by TitaniQ; Wark and Watson 2006), or with higher
pressure or melt ario,, whereas rims involved higher-tem-
perature crystallization, 778-836°C (and/or lower-pressure
and/or Ti activities in the melt). We note that quartz is
unstable at the maximum temperatures calculated by Ti-
taniQ here (Hammer and Rutherford 2002; Hammer 2008),
and it is likely that melt composition and the dependence of
ario, on temperature play important roles in Ti partitioning.
Dark cores are truncated by a resorption horizon, sug-
gesting that changes in melt composition and/or tempera-
ture/pressure interrupted crystallization for a period. By
analogy with the Bishop Tuff (Wark et al. 2007), this
period may have been associated with recharge: repre-
sented during eruption by the basaltic andesite enclaves. A
minority of crystals display a resorbed light-CL core (7%;
Fig. 3), suggesting initial crystallization from higher-tem-
perature (and/or lower pressure/arip,) magma, or reflecting
mixing of crystals between different zones in a thermally
heterogenous magmatic system. Another minor population
of crystals was characterized by anhedral dark-CL crystal
rims (3%; Fig. 3).

Interpolated transects across crystals (Fig. 4) suggest
that abrupt periodic temperature increases (av. 66°C; max
105°C), assuming uniform pressure and ario,. Conversely,
at a constant temperature, these changes would require an
unrealistically large pressure decrease (300 MPa, equiva-
lent to ~12 km rise: Thomas et al. 2010) or a sharp ario,
decrease of ~0.4. The changes are especially pronounced
at inner margins of crystal rims and are characteristic of
quartz from the Whakamaru (s.s.) and Rangitaiki
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ignimbrites. In Fig. 4, for example, the four crystals show
sharply defined Ti increases of 53—67 ppm, equivalent to
temperature increases of 80-110°C within 300 um of the
crystal rim, while other samples show smaller pulses in
increments of 38-52 ppm Ti, equivalent to 60-90°C closer
to the core (300-600 pm from rim). In addition, some
crystals show separate sequential temperature spikes of up
to 100°C further from the rim (>500 pm). Crystals thus
experienced fluctuating conditions throughout crystalliza-
tion, with the most significant thermal event occurring
towards the rim. The smaller Ti spikes may reflect the
kinetics of crystal growth and incorporation of high-Ti
from boundary layers, which is feasible if growth is more
rapid than diffusion. This competition between crystalli-
zation and diffusion timescales can be defined by a Dam-
kohler number (Ruprecht et al. 2008), Da, as follows

Da = 1 (10)

)
treact

where 1,4 is the theoretically derived advection timescale
(Linden and Redondo 1991) and t,., is the crystallization
or dissolution timescale. Using estimated quartz growth
rates (3 x 1077 pm sfl, see calculations in diffusion sec-
tion) as f. and diffusion at 770°C (1.5 x 10°"°
umz s 1) as 1,4, we find that Da < 1, which implies that
crystallization is fast enough to explain the smaller Ti
spikes, rather than being diffusion controlled. The com-
positional boundary which is the focus of diffusion mod-
elling here is a more significant feature, however, and
therefore not affected by competition between growth rate
and diffusion.

Using the Thomas et al. (2010) model and a fixed
pressure of 235 MPa (from feldspar-melt calculations),
ranges in quartz rim and core temperatures are 681-753°C
(av. 722 £ 25°C; 1sd) and 582-721°C (av. 645 £ 34°C,
1sd), respectively. These are significantly lower than val-
ues obtained from TitaniQ. Furthermore, using quartz
entrapment pressures recorded from inferred Whakamaru-
derived melt inclusions (110-140 MPa; Liu et al. 20006),
the temperatures range from 654 to 723°C for quartz rims
and 558 to 693°C for cores. These temperatures are below
the granite solidus for many pressures equivalent to crustal
depths and seem implausible at geologically reasonable
pressures for Whakamaru magmas.

Pressure within the system

As described above, new experimental data from Thomas
et al. (2010) demonstrated a pressure effect on Ti solubility
in hydrothermally grown quartz, with CL zoning being
produced solely by pressure changes at constant tempera-
ture. Variations in Ti could therefore reflect temperature,
pressure, melt composition or a combination of these

variables, affecting previous interpretations of TitaniQ
results. Application of the Thomas et al. (2010) pressure—
Ti relationships provides a broad pressure range of 800—
1,150 MPa at a fixed temperature (av. 1,100 £ 200 MPa;
ario, = 0.7; calculated at average 825°C rim temperature;
Table 3). Quartz rims correspond to pressures of 800 £
100 MPa (1sd), and dark cores, to 1,100 & 200 MPa (1sd),
equivalent to depths of ~32-44 km (assuming crystalli-
zation at the same temperature). These pressures would
suggest initial crystallization in the mantle below TVZ and
are thus neither feasible for quartz crystallization in the
TVZ context (e.g., Nairn et al. 2004; Wilson et al. 2006)
nor consistent with interpretations of crustal structure (e.g.,
Harrison and White 2004; Stratford and Stern 2004). As we
show below, we consider that crystallization pressures are
better constrained by other methods.

Liu et al. (2006) reported partially resorbed dark-CL
cores in some of the quartz in pumices from the 27-ka
Oruanui deposits (Taupo). The trace element characteris-
tics of melt inclusions in these dark-CL cores followed a
pattern distinctly different to the other quartz-hosted melt
inclusions, involving a Ba-compatible phase. The close
compositional similarity between these anomalous inclu-
sions in dark-CL quartz to those of Whakamaru fype D
pumice (analysis SB1119, from Brown et al. 1998) sug-
gests that these quartz cores represent recycled Whaka-
maru-age plutonic material (see Charlier et al. 2010).
Entrapment pressures from water (4.4 + 0.1 wt%) and
CO, (62 £ 20 ppm) contents measured by FTIR of inclu-
sions in the Whakamaru quartz cores are 113-140 MPa
(Liu et al. 2006), indicative of quartz growth at depths of
4-5.5 km.

Glass chemistry, feldspar-melt and amphibole geother-
mometry and quartz melt-inclusion data all suggest that the
crystallization of the mineral assemblage dominantly
occurred at shallow depths, at pressures of 50-150,
120-650 (Putirka 2008), 110 (mode; Ridolfi et al. 2010)
and 110-140 MPa (Liu et al. 2006), respectively. These
values suggest that the Thomas et al. (2010) model does
not correctly account for the pressure dependence in this
system (Wilson et al. 2011). It is likely that the pressure
affects Ti solubility in the melt and partitioning into quartz,
but its relative effect is not yet adequately quantified.
Similarly, the effects of water and other anions in the melt
on Ti partitioning have not yet been quantified (e.g., Wil-
son et al. 2011), and therefore, we cannot assess how the
observed Ti changes relate to these parameters.

Diffusion timescales: crystal mush rejuvenation
The majority of the quartz crystals examined in this study

show bright rims, as reported for later-erupted Bishop Tuff
samples (Wark et al. 2007), implying that they underwent a
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significant change in physical and/or chemical conditions
not long before eruption as discussed above. The petro-
graphic and chemical evidence for mafic magma involve-
ment during the eruption (particularly the presence of
mixed mafic pumices) suggests that this significant change
is likely also to have been associated with a recharge event.
Any linkage between specific magma recharge events and
eruption depends on constraining the time periods
involved. The recharge timescale (time elapsed between
recharge/quartz rim crystallization and eruption, excluding
an unquantifiable period associated with the resorption
event) is estimated here using the Ti diffusivities and
activation energies from Cherniak et al. (2007), building on
the approach of Morgan et al. (2004) and Wark et al.
(2007). A 1D diffusion modelling method is considered
appropriate because diffusion spans only a small distance
across the core-rim boundary. This method relies on
measuring the width of Ti zone boundaries in quartz (with
the width being dependent on Ti diffusion rate under the
ambient conditions), assuming that the major step in Ti
content observed in quartz grains was originally sharp but
was smeared out over time (Wark et al. 2007). Results
provide maximum timescales because the compositional
gradient is modelled as being solely due to diffusion, but
may also have been influenced by changing melt compo-
sitions/temperature/pressure conditions (e.g., Costa and
Morgan 2011).

The diffusion rate of Ti in quartz ranges from
1.6 x 107" um? s at 700°C to 4.9 x 10~ ym? s™" at
900°C (Cherniak et al. 2007). Thermal records are there-
fore preserved over long periods in quartz crystals in pre-
erupted magmas (>10 ka; Cherniak et al. 2007). Once
crystal nucleation has occurred, crystallization in a melt is
controlled by the relative rates of diffusion of components
in the melt and by rates of crystal growth (Watt et al.
1997). Modelling of compositional gradients for the
observed CL-zoning patterns thus enables the estimation of
crystal residence times in the magmatic system between the
event and eruption.

Diffusion times are calculated here at the eruption
temperature of 770°C. We use an activation energy of
273 £+ 12 kJ/mol, which was experimentally measured for
diffusion parallel to the c-axis in synthetic quartz, and a Ti
diffusion rate of 2.7 x 107" pm? s™' (Cherniak et al.
2007). Anisotropy in quartz-hosted Ti diffusion is minor
(<5% difference between diffusion rates normal and par-
allel to quartz c-axis), so we do not need to account for the
orientation of the crystals used for CL imaging (as a
comparison, Ti diffusion normal to the c-axis in synthetic
quartz is 2.21 x 10" pmz s~! at 850°C; Cherniak et al.
2007).

Ti gradients along calibrated profiles (Fig. 4) were
modelled focusing on boundaries between the large-
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magnitude Ti increases from dark-CL core to bright-CL
rim, occurring over distances of 10-30 pum (Figs. 4, 8; with
greyscale resolution of 2 pum). Compositional traverses
were taken perpendicular to crystal margins where possible
(see Costa et al. 2008), and in 1D modelling, we account
trigonometrically for any angle between the zonation and
the analysis transect. Best-fit solutions were determined by
modelling Ti-compositional profiles for different time-
scales and choosing the profile that most closely fitted the
gradient of the measured greyscale-calibrated Ti profile.
The solution to the diffusion of an initial step in concen-
tration is given as

c:%erfc<2jﬁ>, (11)

where C is normalized Ti concentration (between 0 and 1),
D is width of the boundary, x is position in microns centred
on the step, erfc is the complementary error function, and ¢
is the time. In an ideal situation, the measurement of a
single concentration and the distance between the
measured point and the midpoint (i.e., where C,, = 0.5)
allow us to calculate the time for Ti diffusion in a quartz
crystal using Eq. 12,

A)CZ
=
4D(inverfc(2C,,))*

(12)

where C,, is the measured normalized concentration and Ax
its distance from the midpoint. This approach accounts for
the angle (x) between the measured profiles and the Ti
concentration gradient by rescaling Ax with Ax cos(x)
(derivation in Appendix), thus accounting for artificial
lengthening of the profile. The main source of uncertainty
in the calculated diffusion times is temperature uncertainty,
as diffusion time is exponentially related to temperature
(e.g., 1 year of diffusion at 800°C would take 30 year at
700°C and 1,300 year at 600°C). The assumption that this
temperature is fixed for diffusion is also an oversimplifi-
cation, as diffusion would have continued during any
thermal fluctuations prior to eruption (Shaw 2004). The
temperature error is limited in this study, however, due to
reliable constraints from Fe-Ti geothermometry. The
assumption that the compositional step was initially verti-
cal introduces an additional unquantifiable error in this
simple modelling approach. Nor can 1D modelling account
for 2D complexities, so sectioning of the crystal may cause
overestimation of timescales (e.g., Martin et al. 2008).
The calculated diffusion timescales are in the year range
10-85 at 770°C (Fig. 8; eruption temperature from Fe—Ti
oxides). This timescale is long enough to allow for the
growth of the bright rims, without having the recharge
event directly linked to triggering of the eruption
(cf. Sparks et al. 1977). The width of bright crystal rims
is variable, 100400 pm (minimum width), implying
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Fig. 8 Diffusion models for Ti
in quartz at eruption
temperature of 770°C. Graphs
(left) show CL greyscale
profiles calibrated to Ti
concentration. Modelled
diffusion profile (right) for
different elapsed times (grey
lines) compared with element
gradient (black line). Ti content
normalized across transition

140 1

marked by dashed rectangle.
Time representing best fit is
coded by a solid grey line, and
dashed grey line is for
comparison. Inset shows the
results of 1D analytical
diffusion method that accounts
for the angle () between the
measured profile and the
perpendicular to the boundary
of interest
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a growth rate of >1-4 pm year ' (3 x 1077 to 12 x
1077 um s~ ). Crystal fragments show no overgrowths or
diffusion profiles at fractured margins (Fig. 3), implying
they had insufficient time to respond to changing PT con-
ditions and indicating quenching on eruption. The lack of a
prolonged diffusive re-equilibration history is, however,
suggestive of geologically rapid accumulation of the melt-
dominant magma body in its final stages prior to eruption
(cf. Wilson and Charlier 2009; Brown and Fletcher 1999).
These short time intervals suggest that the thermal/

278 282 286

Distance from crystal rim (um)

400 600 274

pressure/compositional perturbation may represent a
mechanism that contributed to the final evacuation of the
chamber.

Diffusion timescale results compare well with those
presented by Saunders et al. (2010) where Whakamaru
quartz core-rim boundaries yield times of 46-172 year,
with a peak likelihood of renewed quartz growth at
50-70 year. Our timescales are also similar to the quartz
records from Bishop Tuff and Campanian Ignimbrite,
which also display Ti concentration changes considered
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equivalent to 100°C heating over periods of probably no
more than ~ 100 year before eruption (Wark et al. 2007;
Pappalardo et al. 2008). In contrast, Oruanui quartz shows
a great variety of CL zonation patterns (Liu et al. 2006),
despite clear evidence for pre- and syn-eruptive mafic
recharge (Wilson et al. 2006).

Heat flow associated with mafic recharge

We infer that the prominent change in Ti composition in
quartz was associated with an injection of mafic magma, as
this is known to play a significant role in the behaviour of
shallow silicic melt-dominant chambers in the TVZ (e.g.,
Leonard et al. 2002; Wilson et al. 2006; Shane et al. 2007,
2008b). In addition, some Rangitaiki pumices display mingled
textures, with the dominant silicic melt co-existing with
hornblende-bearing juvenile mafic material (Table 1; Sup-
plementary Data 3), showing that the silicic and mafic mag-
mas were in contact during eruption. The preservation of these

mingled textures in the Rangitaiki pumice and the lack of an
intermediate mixed composition are consistent with a sudden
injection of mafic magma immediately prior to, and possibly
triggering, eruption. The observed mafic mixing in Rangitaiki
pumices is clearly a syn-eruptive phenomenon, however, and
a different event to the recharge event that most likely influ-
enced the earlier growth of bright-CL quartz crystal rims.

An energy conservation model was used to test the
feasibility of raising the magma reservoir temperature by
~100°C and causing the observed crystal resorption
through mafic underplating. Our modelling assumed that
the change in quartz rim compositions is solely due to
temperature rise (with constant melt composition, pressure
and arip, ); that the mafic input magma was basaltic (using
the average composition of mixed basaltic Whakamaru
pumices, Supplementary Data 3) and added in a single
pulse; and that it lost heat convectively to the rhyolitic
chamber while it cooled and crystallized. Parameters used
in calculations are summarized in Table 4.

Table 4 List of parameters and symbols used in thermodynamic calculations

Thermodynamic parameter Symbol Value Units References
Initial melt fraction in the mush (locking point) Dini 0.5

Change in crystallinity in mush ® 0.15

Specific heat of intrusion Cp 1,500 Tkg7' K™! -
Specific heat of mush Cp 1,300 Tkg7'K™! _abe
Density intrusion Di 2,900 kg m—> —ad
Density mush Pm 2,400 kg m— _aef
Latent heat of intrusion L 4.00E+05 Jkg ' K™ —c
Latent heat of mush L 2.70E+05 Jkg™' K™ -8
Intrusion emplacement temperature Tint 900-1,100 °C

Eruption temperature (final T intrusion, mush) Tin 770 °C

Difference in density that drives convection Ap 10-100 kg m—>

Thermal diffusivity K 1076 m? s~

Viscosity u 10° Pas _bde
Chamber volume 14 1,000 km’® -
Chamber (mush) thickness (vol/surface area) H 1 km

Intrusion thickness H; 1 km

Magma chamber depth D 5 km

Acceleration due to gravity g 9.81 m’s™!

Ideal gas constant R 8.314 T K" mol™!

Thermal conductivity of host rocks k 2 Wm ' K!

% Wark et al. (2007)
 Bachmann and Bergantz (2006)
¢ Michaut and Jaupart (2010)

4 Cottrell et al. (1999)

© Tait et al. (1989)

f Blake and Ivey (1986)

& Scaillet et al. (1998)

" Brown et al. (1998)
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MELTS (Ghiorso and Sack 1995; Asimow and Ghiorso
1998; Gualda et al. 2010) was used to calculate the increase
in crystallinity of the mafic intrusion during cooling, at
200 MPa and 3—4 wt% H,0. Variation in crystallinity with
temperature for mafic magma can be described by

Crystallinity;,, = 0.441erfc(7.9 x 1073 x T — 7.55),
(13)

where crystallinity;,,, is the intrusion crystal content and T
is temperature, °C (Fig. 9a). The change in melt fraction in
the rhyolitic reservoir between emplacement and eruption
temperatures is estimated as 0.15, implying a reduction in
crystallinity from 50% to 35%. This assumes an initial
(locked) crystal mush, with the crystal-rich (30-40%) Type
A pumice representing the final magma crystallinity.
Enthalpy loss (AE;) by the intrusion

A 0.9 T T T T T T T T
0.8 4wtH,O &+
3 wtH,0
0.7 ¢ 0.44 erfc(8x10°T-7.55) ——]
> 06 _
c
= 05} i
]
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Fig. 9 Thermodynamic considerations for the underplating mafic
intrusion. a—Basalt crystallinity decreases with increasing tempera-
ture. Curves derived from MELTS (Ghiorso and Sack 1995) using an
average basaltic Whakamaru pumice composition; solid line repre-
sents a least-square fit for basaltic magma of 4 wt% H,O; b—Volume
ratio of magma (intrusion/mush) as a function of melting efficiencies;
grey shaded region highlights the most probably range of efficiencies
(from Dufek and Bergantz 2005)
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can be related to enthalpy change in the mush

T. Py
AE, =V / PmCmdT + / PmLmdd (15)
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assuming an efficiency ¢ (fraction of excess enthalpy of
intrusion transferred to the mush, from Huber et al. 2010a,
b) where

EAE, = AEy. (16)

Here, subscripts i and m refer to intrusion and mush; Tjy;,
fini and T, are, respectively, the temperature and melt
fraction of the magma at the time of intrusion emplacement
and eruption temperature (see also Table 4).

Intrusion efficiency is calculated using the fit of Fig. 9a,
with results illustrated in Fig. 9b showing the intrusion/
mush volume ratio as a function of melting efficiency. In a
completely efficient process, all enthalpy associated with
cooling and crystallizing intruded magma would heat and
melt only the magma reservoir below which it ponds (Dufek
and Bergantz 2005). The most likely range of efficiencies is,
however, ~5-10%, where the intrusions are vertically
stacked and cool on both sides (Dufek and Bergantz 2005;
Fig. 9b), suggesting a 1:1 intrusion/mush ratio. We thus
estimate that ~ 1,000 km> of basaltic magma would be
required to heat the 1,000 km? rhyolite magma reservoir by
100°C, resulting in crystal dissolution followed by high-
temperature rim crystallization. We estimate also that the
chamber and underlying intrusion are ~ 1 km thick (mush
thickness = volume/surface area).

There are several difficulties with this model of rapid or
incremental injection of large volumes of mafic magma,
however. Physical constraints with respect to the required
accommodation space and efficiency of heat transfer through
a thick cumulate pile are problematic. Furthermore, interac-
tion between the underlying basaltic intrusion and rhyolitic
chamber is likely to have been minimal due to the density
differences. An additional energy source is required if we are
to invoke thermal reactivation of the mush by mafic magma
injection alone. Huber et al. (2011) suggest that internal
overpressurization of the mush induced by small amounts of
melting (10-20%) can break the crystalline framework by
microfracturing, allowing for more efficient unlocking and
accelerating self-assimilation of the chamber and surrounding
crustal lithologies. The volume of mafic underplating magma
required in our heat balance model could be significantly
reduced by this—to values requiring more feasible accom-
modation space. It is also possible that although the change in
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volume may be responsible for unlocking the mush, the crit-
ical factor in the reactivation process is the thermal budget.

Although our calculations indicate the involvement of a
substantial volume of mafic magma, physical constraints
mean that most of this mafic magma was not erupted, but
instead provided the thermal feedback necessary to trigger
processes in the silicic reservoir above. The ‘gas sparging’
model of Bachman and Bergantz (2006) may also apply
here, whereby the underplating mafic magmas transport
heat to the overlying crystal-rich rhyolitic chamber through
the upward migration of a hot volatile phase. With volatile
fluxes of >0.1 m® m~? year™', a large reservoir would
require a significant volume of volatiles, however, which
would require multiple sparging episodes to rejuvenate the
crystal mush, taking up to 100-200 ka (Bachmann and
Bergantz 2006). It is clear, however, that generation and
differentiation of the silicic magma must have taken a
significant period of time, of which the quartz records only
the final reheating stage prior to eruption.

Driving mechanisms for quartz zoning patterns: magma
chamber models

A significant change in late-stage growth conditions clearly
affected a majority of the observed quartz crystals. We
assumed above that temperature is the dominant control on Ti
concentration in quartz, although we cannot discount or
measure the effects of changes in pressure and melt compo-
sition. As there is an abrupt change in composition within the
Whakamaru quartz crystals, it is clearly not associated with
gradual movements of crystals within the system as proposed
for Bishop Tuff (Wallace et al. 1999; Anderson et al. 2000).

Two end-member scenarios are therefore proposed
below (Fig. 10) to explain the distinct quartz zoning: (1)
abrupt temperature increase and (2) significant pressure
change, with both scenarios involving concomitant com-
positional changes affecting melt ario,. These scenarios
invoke an episode (or episodes) of mafic recharge that
provides the driving force for subsequent temperature,
pressure or composition changes.

Temperature changes

Mafic melts play an important role in the generation of large
silicic magma bodies (e.g., Hildreth 1981, 2004; Folch and
Marti 1998; Annen et al. 2006). Models suggest that hot,
volatile-rich melts enter the upper crust and induce melting
of the crust and any plutonic bodies within it, generating the
silicic melt (e.g., Bachmann and Bergantz 2006; Wark et al.
2007), in addition to the fundamental role of fractional
crystallization of mafic parents in generating silicic melts. In
the lifetime of any large silicic magma body, there are likely
to have been innumerable recharge events that contributed
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heat and material to the system. Whakamaru quartz crystals
appear to record the most significant of these, as well as
minor temperature oscillations which shifted conditions out
of the quartz stability field, resulting in dissolution.

The bimodal quartz Ti distributions observed here, and
the temperature profiles at fixed pressure (Fig. 4), indicate
that there were two phases of crystal growth: initially under
low-temperature and then high-temperature conditions
(assuming constant melt composition and arjo,). The high-
Ti overgrowth boundaries on CL-zoned quartz crystals
typically truncate growth zoning within the core and hence
represent changes associated with a recharge event which
would also cause the observed partial dissolution prior to
high-temperature rim growth. Our model (Fig. 10) thus
invokes initial lower-temperature crystallization followed
by a significant recharge event during which hot mafic
magma is injected into the deeper parts of the magma
system (as for Bishop Tuff; Hildreth 1979; Anderson et al.
2000; Wark et al. 2007). This thermal pulse results in an
initial resorption of crystals as quartz becomes unstable,
after which rims crystallize at higher temperature if (a) the
pressure drops or (b) the injected mafic magma is CO, rich,
which would decrease XH,O (although if magma is close
to water saturation, this will only have a minor effect), raise
the solidus temperature and affect ario, (Wark et al. 2007).

The detailed growth zonation preserved within bright-
CL crystal rims (Fig. 4) indicates that there may have been
multiple minor recharge pulses during crystallization of the
high-temperature rims. This complex oscillatory zoning
may also have been due to fluctuations in arip,, small
temperature variations, textural instability at the growing
crystal front within the melt (Allegre et al. 1981) or com-
peting diffusion and crystal growth rate.

Pressure changes

Although the Ti/pressure relationships proposed by
Thomas et al. (2010) yield unrealistic absolute pressures
for Whakamaru quartz crystallization, there remains the
possibility that pressure affects Ti concentrations in quartz.
Assuming uniform temperature and composition, dark-CL
quartz cores would imply crystallization at higher pres-
sures, followed by lower-pressure crystallization of bright-
CL rims. The truncated core CL zones could reflect
resorption during adiabatic ascent of the magma and its
crystal cargo, with ponding and re-equilibration at shal-
lower levels where bright-CL rims crystallized (Thomas
et al. 2010). Mafic recharge could be the mechanism trig-
gering magma ascent, by lowering magma density in
response to an influx of volatiles or temperature increase
(e.g., Folch and Marti 1998; Snyder 2000). However, it is
difficult to envisage temperatures and melt compositions
remaining uniform under such circumstances.



Contrib Mineral Petrol

Quartz crystallisation

time sequence
—4 km| 3

Rllyolite magma-. "-‘ )
1[emg L=l p o 1N

’ O Hyag &
’m‘E“ mé@'@@ m
OIEEACIOSET M5

Basalt

Mafic recharge from depth

High-T/Iow-PicrystaIIisation

[~ km 2 Mafic recharge:

Temperature increase,
resorption
Low-T/high-P
crystallisation

Crystal-rich reservoir

-6 km| 1

Depth

B

—4 km

Low-P crystallisation

Shallow ponding

Mafic recharge from depth

—5 km| 3

Dissolution
Magma Ascent

Crystal-rich reservoir

[—6 km
2 Mafic recharge:
volatile transfer

|
ol [

High-P
crystallisation at depth

Fig. 10 Model for magma chamber processes responsible for the
generation of quartz crystal zonation patterns. Magma reservoir holds
Whakamaru magma of Type A composition, according to the Brown
et al. (1998) classification. Note: depth scale for magma reservoirs is
based on data from quartz melt-inclusion volatiles from Liu et al. (2006)
and glass compositions; horizontal scale is derived from the estimates
of the caldera width from field geology. a—Single magma chamber
model—Time 1 represents crystallization at low temperature/high
pressure within a crystal mush at depth; Time 2: Basaltic magma ponds
at depth beneath the voluminous rhyolitic crystal mush, causing a
temperature increase and resulting in resorption of quartz; Time 3:

Drawing on these considerations, we consider a mech-
anism by which low-Ti followed by high-Ti quartz could
be crystallized in a single magma chamber (Fig. 10a).
Initial low-Ti quartz crystallization would occur at depth
within the large crystal-rich magma reservoir. Then, in
order for the high-Ti, low-pressure quartz rims to crystal-
lize, we must invoke either (a) a small eruption prior to the
main caldera-forming event (for which there is no direct
evidence) or (b) changes in volatile species in response to
mafic magma interaction (altering the H,O—CO, balance).

The zones could reflect two-stage evolution of the
magma body (Fig. 10b), as for the Minoan rhyodacite
(Cottrell et al. 1999) and the Bandelier magmatic system
(Campbell et al. 2009), and the two-stage rhyolite magma-
storage Rotorua eruption model (Smith et al. 2004). Our

High-Ti (high-temperature or low-pressure) crystallization of quartz
rims prior to eruption. High-Ti quartz crystallization could also be
attributed here to a pressure drop associated with a smaller precursor
eruption or partial degassing. b—Two-stage magma ponding—Time 1
represents crystallization of high-pressure quartz cores at depth, with
some minor fluctuations (in T/P or arjo,) producing subtle oscillatory
zonation; Time 2: mafic recharge and ponding of mafic magma at base
of rhyolitic mush causes a pressure change; Time 3: rhyolitic magma
ascent accompanied by dissolution/resorption of quartz crystals; Time
4: Low-pressure rims crystallize during ponding and re-equilibration at
shallow depths prior to eruption

model involves the crystallization of dark-cored quartz
(and other crystal phases) at depth followed by injection of
mafic magma to underplate the rhyolitic crystal mush and
provide enough thermal energy to resorb the quartz crystals
and initiate magma chamber stirring (e.g., Huber et al.
2009). The reactivated mush then rises to shallower depths
where quartz re-equilibrates and crystallizes lower-pres-
sure, higher-temperature rims prior to eruption. The pres-
sures and depths suggested by the Thomas et al. (2010)
model cannot be satisfactorily applied in a TVZ context, as
crystallization in the upper mantle is implied. We therefore
assume magma reservoir depths derived from pressure
estimates pertaining to quartz melt-inclusion volatile con-
tents (Liu et al. 2006) and amphibole and glass chemistry,
all of which suggest magma storage at <6 km.
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There are some complications associated with this two-
stage magma-ponding model. First, the reactivated magma
which ponds at shallow crustal levels must still be crystal
rich and of high viscosity, which is difficult to explain in
terms of a crystal mush model. Secondly, the thickness of
the crust in central TVZ (6—7 km; Bryan et al. 1999) means
that there are limitations in terms of the thickness of a
magma chamber pile which can be accommodated within
the crust. In addition, if we consider that the timescale for
quartz residence in the upper reservoir is <100 year, this
would imply that the transfer of 1,000 km? of crystal-rich,
extremely viscous magma occured in a shorter timescale
from a deeper reservoir to the shallow one. This is a sig-
nificant mass of magma to be transferred, and it would
require additional energy sources to account for this phase
of magma transport. Given these limitations of a model
whereby pressure changes are the main driving force of
quartz zonation, the temperature-controlled scenario
(Fig. 10a) is preferred for the Whakamaru magma systems.

Conclusions

Complex zoning is observed in the volumetrically important
quartz crystals in Whakamaru eruption deposits. Crystals are
characterized by cycles of resorption, accompanied by tem-
perature/pressure/compositional fluctuations, as recorded in
the CL zonation and Ti concentration profiles. These varia-
tions in crystal zoning cannot be generated solely through
closed-system process (e.g., crystallization) and thus indicate
that the systems were open to recharge. It is particularly
noted that overgrowths encase truncated CL growth zoning
within the dark cores, indicating a major period of resorption,
heating and subsequent re-growth, consistent with recharge
and multistage crystallization. The major step in Ti content
(and CL brightness) towards the crystal rims provides evi-
dence for a magma chamber recharge event resulting in the
elevation of temperature and/or a reduction in pressure and/
or a change in melt chemistry, due to ponding at shallow
crustal levels, and can be modelled as rapid rejuvenation of a
crystal mush to a melt-dominant body.

Two ‘conventional’ end-member mechanisms for the
formation of high-Ti quartz rims are (1) a thermal pulse due
to mafic underplating of the rhyolitic crystal mush (e.g.,
Wark et al. 2007) or (2) adiabatic ascent of the magma
resulting in a pressure reduction, resorption and crystalliza-
tion of lower-pressure rims during shallow ponding (e.g.,
Thomas et al. 2010). The presence of mixed basaltic pumices
in the Whakamaru and Rangitaiki ignimbrites provides
evidence for syn-eruptive mafic recharge and mixing as a
driving force during the eruption, and we infer that a similar
event or events contributed to the resorption and Ti con-
centration variations recorded in the quartz.
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Steep compositional gradients across the core-rim
resorption horizon (<30 pm wide) preserved in all Whak-
amaru quartz crystals examined indicate maximum diffu-
sion-controlled periods of 10-85 years for the last phase of
crystallization prior to eruption. The lack of prolonged
diffusion in the crystals (and thus preservation of complex
internal zoning) is suggestive of short magma residence
times following the significant thermal/pressure perturba-
tion event. Thermodynamic calculations indicate that
~1,000 km® of mafic injection would be required to gen-
erate the 100°C thermal pulse recorded by the quartz
(assuming that the Ti changes are due solely to temperature
and that the whole of the Whakamaru magma body is
represented by the sample suite). The Whakamaru magma
reservoir system thus experienced a significant heating/
decompression event shortly before catastrophic eruption,
and its evolution over the time span represented by quartz
crystals is punctuated by thermal events and/or ponding at
different depths with re-equilibration prior to eruption.
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Appendix

The derivation for the 1D analytical method is described in
Fig. 11. This method provides a means of accounting for
the angle between the diffusion transect and the line per-
pendicular to the core-rim boundary.

Apparent width (y)

Core-rim interface
boundary

‘CLrtransect

Fig. 11 Detail of the core-rim interface (plan view), where the black
dashed line indicates the calibrated CL transect and the black line
represents the ideal diffusion modelling profile, oriented perpendic-
ular to the core—rim interface. In order to correct for this angle to the
diffusion boundary, we consider the ‘true’ and ‘apparent’ widths of
the transition zone, where the ratio of true/apparent widths is given by
xly = yCosa/y = cosa (where « is the angle to perpendicular from the
core-rim boundary)
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