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Granitoid clasts in pyroclastic deposits of the 0.7 ka (Kaharoa) eruption from the intra-caldera Tarawera
volcano of the Okataina Volcanic Centre (OVC), New Zealand, provide an insight to the plutonic processes
beneath one of the most productive Quaternary rhyolite centers on Earth. SIMS U–Th data for 79 granitoid
zircon crystals from six clasts reveal a unimodal age spectrum yielding a weighted average model age of
208±4 ka (MSWD=1.2; n=72). The remaining crystals are at secular equilibrium and U–Pb analyses
indicate that a few of these outliers date back to ~750 ka, a period significantly longer than the known volcanic
record at OVC (probably ~550 ka). In contrast, zircon crystallization in co-erupted pumice and lava of the
0.7 ka Kaharoa event, and that of the three preceding rhyolite eruptions, occurred mostly during 0–50 ka,
reflecting a separate magmatic history. Brittle deformation features, incipient alteration, and low-δ18O
whole-rock compositions (+3‰) are consistent with a shallow solid intrusion that has interacted with
meteoric hydrothermal fluids. However, δ18O SIMS analyses of zircons (+5.4±0.2‰; n=11) are consistent
with magmatic compositions, and thus meteoric interaction occurred post-emplacement. The Kaharoa
granitoids contrast with those ejected in the ~40–60 ka caldera-forming Rotoiti event that were partly molten
and display zircon age spectra indistinguishable from those for co-erupted pumices, suggesting the latter were
derived from contemporaneous crystal mush. The 0.7 ka Kaharoa case shows that zones of the magmatic
system remained solid despite frequent and voluminous magma production that included caldera-forming
events. Such long-lived sub-solidus zones in magma systems would act as barriers to melt connectivity and
interaction with country rock, but are also a potential source for antecrysts/xenocrysts in subsequent
eruptions. This exemplifies how plutonic and volcanic evolution can diverge even in close proximity.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The frequency and magnitude of Quaternary silicic magmatism is
assessed fromproducts of effusive and explosive eruptions at volcanoes.
However, volcanic products are likely to be extracts from a more volu-
minous subterranean source magma or crystal mush zone comprising
a rigid framework of interlocking crystals (>50–60%) with interstitial
(residual) melt (e.g., Bachmann and Bergantz, 2004; Hildreth, 2004).
This concept is consistent with some geophysical interpretations that
suggest that voluminousmelt-poor bodies exist today within the conti-
nental crust at depths as shallow as 5 km (e.g. Table 2 of Bachmann et
al., 2007a). Moreover, non-erupted magma volumes are significant and
although difficult to quantify, some estimates suggest a ratio of erupted
to non-erupted magma of ~1:5 (White et al., 2006). In Quaternary sys-
tems that have not undergone extensive uplift and erosion that would
expose their intrusive roots, co-magmatic (and xenolithic) plutonic
.
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clasts entrained in eruptive deposits are an important source of informa-
tion on the subterranean magmatism. When such granitoids and their
co-erupted pumices contain zircon amenable to U–Th disequilibrium
or U–Pb dating (see review by Schmitt, 2011), they provide an opportu-
nity to acquire a more comprehensive insight to the assembly of mag-
matic systems, and the temporal relationship between plutonism and
volcanism.

The Taupo Volcanic Zone (TVZ) of New Zealand (Fig. 1) is one of
the most productive Quaternary rhyolite centers on Earth, having
produced >10,000 km3 of silicic magma in the last ~1.6 Ma (e.g.,
Wilson et al., 2009). Geophysical data have been interpreted as indi-
cating large plume-like structures of interconnected melt beneath
the axis of the zone (Heise et al., 2010), and large magma bodies
are required for the high thermal energy output at the surface (e.g.,
Bibby et al., 1995). Thus, the region is the site of on-going large-
scale subterranean magmatism. However, due to its youth, plutonic
zones have not been exposed by erosion. Other than a few occur-
rences of intrusive rocks in some of the deeper drill holes (e.g.,
Browne et al., 1992), rare granitoid clasts within pyroclastic deposits
are one of few direct lines of evidence for intrusive processes at TVZ.

http://dx.doi.org/10.1016/j.lithos.2012.01.012
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Fig.1. (A) Map of North Island, New Zealand showing the location of the Taupo Volcanic Zone (TVZ) and major rhyolite calderas including Okataina (OVC). (B) Map of OVC showing
the Haroharo caldera; the extent of collapse associated with the Rotoiti event; post-22 ka lava and pyroclastic deposits (shaded) and vents (stars). (C) Geologic sketch map of
Tarawera Volcano (re-drawn from Nairn 2002) showing the deposits of the four rhyolite eruptions. Stars mark vent locations for the 0.7 ka eruption.
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Although such clasts were first documented more than 40 years ago
(Ewart and Cole, 1967), little is known about their crystallization his-
tory. Charlier et al. (2003) demonstrated contemporaneous crystalli-
zation in granitoid and pumice clasts from a ~40–60 ka caldera-
forming rhyolite eruption at Okataina Volcanic Centre (OVC)
(Fig. 1). Granitoid clasts are rare in post-caldera eruption deposits at
OVC. However, the most recent rhyolite eruption (~0.7 ka Kaharoa
event) of the intra-caldera Tarawera Volcano (Fig. 1), ejected plutonic
blocks (Brown et al., 1998; Nairn et al., 2004).

Here, we present new U–Th and U–Pb SIMS age data on crystal
faces and interiors from zircons in granitoid clasts erupted at 0.7 ka
to establish the timing of the termination of their crystallization,
and compare it to similar data obtained on co-erupted pumice and
lava. Along with new whole-rock geochemistry and δ18O isotope an-
alyses on zircon crystals, we show that the granitoid clasts were de-
rived from a shallow sector of the magmatic system that has
remained mostly solid for ~200 ka, surviving assimilation and/or
obliteration in numerous eruptions including caldera-forming events.
Such sub-solidus sectors point to heterogeneity in crystal mush
systems, and are consistent with concepts of periodic ‘freeze’ and
‘thaw’, and liberation of antecrysts/xenocrysts in later magmatic
events.

2. Tarawera Volcano and Kaharoa eruption

The OVC has been active for at least ~550 ka (Cole et al., 2010; Nairn,
2002). Major caldera-forming ignimbrite eruptions (>100 km3) oc-
curred at ~325 ka and ~50 ka. The latter event that produced the Rotoiti
ignimbrite has been variously dated at ~40–60 ka (Shane and Sandiford,
2003;Wilson et al., 2007). Following this event, volcanismmanifested it-
self as a series of sub-plinian and plinian fall eruptions accompanied by
pyroclastic flows (Jurado-Chichay and Walker, 2000). Post-25 ka intra-
caldera volcanismhas occurred at two sub-parallel loci: TaraweraVolcano
and the contemporaneous Haroharo Volcano (Nairn, 2002). Tarawera
Volcano (Fig. 1) has been the site of four rhyolite episodes occurring at
21.9 ka, 17.7 ka, 13.7 ka and0.7 ka (Kaharoa),with a totalmagmavolume
of 30 km3. Each rhyolite episode involved multiple vents along a SW–NE
trend, and produced pyroclastic falls and flows, and lava domes (Nairn,



SiO2(wt %)
72 73 74 75 76 77 78 79

S
r 

(p
pm

)

40

60

80

100

120

140

160

Rhyolite T1

RhyoliteT 2

Granitoids

20 40 60 80 100 120 140 160 180
80

90

100

11 0

120

130

140

Plag

Modal

Hb

Bio

5%

20%

5%

10%
10%

30%

R
b 

(p
pm

)

Sr (ppm)

A

C

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

100

10

50

Granitoids

Tarawera
rhyolites

B

S
am

pl
e/

ch
on

dr
ite

Fig. 2. (A)Whole rock composition of Kaharoa granitoids (this study) compared to that
of co-erupted rhyolites (Nairn et al., 2004). (B) REE composition of Kaharoa granitoids
(this study) compared to that of Tarawera rhyolites (Shane et al., 2008a,b). Chondrite
normalization values are those of Sun and McDonough (1989). (C) Fractional crystalli-
zation trends (curves) model parental melt that is represented by the least evolved
granitoid composition (see text). Partition coefficients used: plagioclase DRb=0.105;
DSr=11.73 calculated from Blundy and Wood (1991) using assuming An25 and
T=730 °C; hornblende DRb=0.02, DSr=0.77 (Ewart and Griffin, 1994); biotite
DRb=4.2, DSr=0.447 (Mahood and Hildreth, 1983), and quartz D=0. Model mineral-
ogy based on average pumice 45% plagioclase, 45% quartz, 10% biotite, and trace ortho-
pyroxene and hornblende (Nairn et al., 2004).
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2002). The only historical eruption is a basaltic plinian fissure eruption in
AD1886. However, each of the four major rhyolite eruption episodes dis-
plays evidence for basaltic interaction (see Shane et al., 2008a). The most
recent rhyolite episode, the Kaharoa event, is dated at 636±12 years be-
fore AD1950 (~0.7 ka) (Lowe et al., 2008). It involved ~4 km3 of magma
that was primed by repeated injections of basalt magma into a layered
body of high-silica rhyolite (Nairn et al., 2004). The eruption occurred
from 7 vents along an 8-km linear zone. Early plinian pyroclastic fall
and density current deposits were dispersed mostly to the SE, while
later deposits display an N and NW dispersal (Nairn et al., 2001). Extru-
sion of three lava domes and production of block-and-ash flow deposits
mark the end of the episode, which lasted an estimated ~5–10 years
(Nairn et al., 2001). Rare basaltic enclaves in clasts are found throughout
the sequence pointing to mafic intrusion triggering.

The six granitoid clasts examined here were loose rock fragments
found in pyroclastic deposits. Sample C3a was collected from unit A,
the earliest fall deposit in the sequence, at New Zealand Metric Map
grid reference V16/179223. The remaining clasts were collected
from unit N (grid reference V16/175197), a late-stage block and ash
flow from a dome collapse. Thus, the clasts represent material exca-
vated near the beginning and end of the eruption episode.

3. Analytical techniques

3.1. Geochemistry

Whole-rock major elements of clasts were determined by XRF at
the University of Auckland, using a Siemens SRS 3000 sequential
X-ray spectrometer with a Rh tube, by Norrish fusion methods
(Harvey et al., 1973) (Fig. 2; Supplementary data). Accuracy was
checked with the use of 35 international standards. Limits of determi-
nation are significantly lower than that measured for all elements
(b0.02wt.%). Trace element data were collected by laser ablation induc-
tively coupled plasmamass spectrometry on fused glass beads at theAus-
tralian National University. Instrumentation includes a Lambda Physik
Complex 110 ArF (193 nm) Excimer laser and a VG Fusions Plasmaquad
PQ2 STE ICPMA spectrometer (see Supplementary data). Instrument cal-
ibration was via NIST 612 glass. BCR-2 glass standard was used as an in-
dependent assessment of accuracy and precision. Sample analyses
were normalized to SiO2 from XRF data obtained on the same samples.
Detection limits were ~5 ppb. Analytical errors of b4% determined from
replicate analyses were obtained for all elements reported (see Supple-
mentary data).

3.2. Zircon chronology

Sample preparation included concentration by heavy liquid sepa-
ration and magnetic separation. A final selection of zircon crystals
was made by hand-picking. Cathodoluminescence images were
obtained to examine any zoning patterns in sectioned crystals. U–Th
isotope analyses on individual zircons were obtained in two sessions
using the University of California Los Angeles CAMECA ims 1270 sec-
ondary ion mass spectrometer (SIMS) (see Supplementary data). A
single-detector collection technique described by Schmitt et al.
(2006) was used in session 1, and a multi-collection technique de-
scribed by Storm et al. (2011) was used in session 2. U/Th relative
sensitivities were calibrated from analyses of equilibrium zircon stan-
dard AS3 (232Th/238U=208Pb/206Pb×3.327; Paces and Miller, 1993)
for session 1, and of zircon standard 91500 (232Th/238U=0.3559;
Wiedenbeck et al., 1995) for session 2. Accuracy of the relative sensitiv-
ity calibration andbackground correctionswere verifiedby replicate anal-
ysis of AS3 interspersedwith the unknowns. The following (230Th)/(238U)
values were obtained for the first session: 1.016±0.007 (MSWD=0.88;
n=23) and for the second session: 1.001±0.014 (MSWD=0.10;
n=10).
The zircons analyzed are 100–250 μm in length. They were im-
mersed in ~50% HF at room temperature for approximately 3 min to
remove any adherent material. The crystals were then embedded in
indium (In) metal and coated with gold. Analyses were carried out
on unpolished crystal faces (‘rim’ analyses) with 3–5 μm depth
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excavation at ~25–30 μm diameter lateral resolution. For sample
T022, the same crystals were then polished (ground down ~5 μm)
and analyzed as spot analyses (‘interior’ analyses).

U–Thmodel ages are calculated as two-point isochrons through the
zircon and a whole rock composition, assuming initial (230Th/232Th) in
the zircon crystal is the same as in other OVC rhyolites (Fig. 3).We used
the average of three Rotoiti and Earthquake Flat analyses with (230Th/
232Th)=0.736±0.013 and (238U/232Th)=0.732±0.006 (Charlier et
al., 2003) to represent the model magma. Although there is no way of
determining these values for the melt which crystallized the granitoid
zircon, it is reasonable to use the above model composition because it
represents a secular equilibrium composition that is typical of the
OVC. Minor variations in (230Th/232Th) and (238U/232Th) in OVC rhyo-
lites are largely insignificant for the uncertainties of our model ages be-
cause of the strong leverage of zircon on themodel isochron. This can be
illustrated by comparison with two-point isochron model ages that use
whole rock data for the Kaharoa granitoidwith (230Th/232Th)=0.522±
0.004 and (238U/232Th)=0.405±0.008 (M. Turner pers. comm. 2011).
This produces ages that are only on average 5% younger than those cal-
culated using Rotoiti/Earthquake Flat compositions. For each crystal, this
age difference is less than analytical uncertainty. However, we prefer the
model ages based on Rotoiti/Earthquake Flat compositions because the
granitoid samples display signs of incipient alteration by hydrothermal
fluids (see Section 4). Regardless, the model age difference resulting
from the selection of a melt composition does not significantly impact
our conclusions.

Age spectra and peaks based on a population of crystals were de-
termined from probability density function (PDF) curves generated in
Isoplot (Ludwig, 2003). All ages are quoted with 1 σ error unless oth-
erwise stated.

Crystals that were in secular equilibrium (within 1 sigma uncer-
tainty) were also analyzed for U–Pb (see Supplementary data) apply-
ing corrections for common-Pb based on measured 207Pb as well as
for 230Th disequilibrium outlined in Schmitt et al. (2003).
3.3. Zircon δ18O isotopes

Zircon geochronological analysis pits with implanted 16O (from the
mass-filtered O− primary beam used for U–Th–Pb analysis) were re-
moved via grinding and polishing (~5 μm)prior to SIMS oxygen isotope
analysis (see Supplementary data). This resulted in culling of smaller
crystals and only the remaining larger crystals could be analyzed for
δ18O using the ims 1270 ion microprobe following established
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procedures (Trail et al., 2007). Standard zircon AS3 (δ18O value of +
5.34‰; Trail et al., 2007) placed on the same mount together with the
unknowns was used to correct for instrumental mass fractionation
(α=0.9997). The reproducibility of the bracketing AS3 analysis was
0.4‰ (1 σ error; n=8) which we adopt as an estimate for the external
reproducibility of individual analyses.

4. Petrography and geochemistry

Plutonic clasts in Kaharoa eruption deposits have been described as
medium-grained biotite granodiorites (Brown et al., 1998; Ewart and
Cole, 1967), ormore generally as granitoids (Nairn et al., 2004).Mineral-
ogically, they comprise ~35% quartz, 40% plagioclase, 20% alkali feldspar
and ~3–5% biotite, with trace (b0.1%) accessory phases including Fe–Ti
oxides, hornblende, apatite and zircon. The granitoids have an equigra-
nular texture with small interstitial patches of finer crystals. Quartz is
commonly subhedral to anhedral, and in places occurs as granophyric in-
tergrowths with alkali feldspar. Large quartz crystals display zoning pat-
terns and resorption horizons in CL imaging (Shane et al., 2008a). Alkali
feldspars haveNa-rich patches resulting from exsolution, and a few crys-
tals display a ‘cloudy’ appearance, resulting frommicro-inclusions, indic-
ative of alteration. Euhedral to subhedral plagioclase crystals display
zoning and resorbed cores. Biotite occurs as euhedral and subhedral
laths with edges displaying incipient alteration. It contains common
micro-inclusions of Fe–Ti oxides, zircon and apatite. Dislocation features
and ‘wavy’ extinction indicative of strain deformation are present in pla-
gioclase and quartz, and Shane et al. (2008a) reported annealed laminae
in quartz visible in CL imaging indicative of brittle deformation.

Despite optical evidence for incipient alteration in the granitoid
clasts, smooth chondrite-normalized REE patterns that are sub-parallel
to those of the Tarawera rhyolite, and the lack of elemental anomalies
(e.g., La or Ce), reflect immobility (e.g., Kerrich and Wyman, 1996), and
indicate alteration is not pervasive (Fig. 2). Whole rock analyses indicate
that the clasts are granitoids that display a narrow compositional range
(SiO2=72–75wt.%), and are distinguished from co-erupted pumice
and lava that display higher SiO2 contents (~76–78wt.%) (Fig. 2A). The
Kaharoa rhyolites comprise two homogeneous magma types (T1 and
T2) that were sequentially erupted (Nairn et al., 2004), and are distin-
guished by various trace element concentrations (e.g. Sr, Fig. 2A). Early
fall deposits comprise T1 type magma; and late-stage falls and domes
comprise T2 type magma. Minor intermediate deposits comprise a
mixture of T1 and T2 lapilli (Nairn et al., 2004). The granitoid clasts
also have relatively narrow compositional ranges in trace elements
(e.g., Zr=135–166 ppm; Sr=134–154 ppm; ∑REE=125–138 ppm),
which are slightly enriched relative to that of co-erupted pumice compo-
sitions (Zr=85–140 ppm; Sr=50–115 ppm; ∑REE=101–111 ppm).
Both granitoid and pumice/lava clasts display negative Eu anomalies
(Eu/Eu*=0.46–0.58 and 0.43–0.66, respectively) and high LREE/HREE
ratios (La/YbN=3.8–5.5 and 4.2–5.0, respectively) (Shane et al., 2008a)
(Fig. 2B). Plagioclase-dominated fractionation can explain variations in
Rb and Sr abundanceswithin the rhyolites relative tomodelmelts repre-
sented by granitoid compositions (Fig. 2C). However, enriched REE con-
centrations in the granitoids are theopposite ofwhatwould be predicted
for a granitoid parent, unless accessory minerals had accumulated. Also,
U–Th zircon ages for the rhyolites and granitoids demonstrate the ab-
sence of direct consanguinity (see Section 6.1). The granitoid composi-
tions (M=(K+Na+2 Ca)/(Al*Si)=1.40–1.46) have zircon saturation
temperatures of 771–789 °C based on the algorithm of Watson and
Harrison (1983). Fe–Ti oxide equilibrium suggests temperatures of
730–750 °C (Brown et al., 1998). Thus, it is likely that zircon crystallized
in the magma rather than representing a relict component.

5. Zircon crystallization ages and δ18O isotope compositions

U–Th spot ages were determined on the crystal faces of 79 zircons
from the six granitoid clasts (Fig. 3; Supplementary data). The
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number of crystals analyzed per sample was largely controlled by the
limited amount of material per plutonic clast, and the availability of
crystals sufficiently large for mounting (Fig. 4). The weighted average
of the entire crystal face population is 216±6 ka, but with a
MSWD=1.83 which is significantly elevated relative to the permissi-
ble range for n=79 (Mahon, 1996). Seven analyses yielded near-
secular equilibrium (~350 ka) model ages which were replicated in
crystal interior analyses or U–Pb ages that were within 1σ uncertainty
of secular equilibrium (see below). Excluding these analyses, we
obtained a unimodally-distributed population with a weighted aver-
age age of 208±4 ka and an acceptable MSWD=1.18 (n=72)
(Fig. 5). This model age is indistinguishable with the zircon isochron
age of the crystal rim population (excluding secular equilibrium crys-
tals) of 195+19/−16 ka (MSWD=1.16; n=72).

Spot analyseswere obtained on polished interiors of 14 of the zircons
in sample T022 (Fig. 4). Of these analyses, 3 plot above the equiline
(overlapping it within 2 σ error), and 9 overlap within error (1 σ) of
their accompanying crystal face age. Only one crystal (grain 13) has a re-
solvable (within 2σ) differencebetween rimand interior age of ~170 ka.
The 11 crystal interior ages (excluding three analyses with 230Th/238U
activity >1) yield a weighted average age of 234±4 ka (MSWD=1.4).

U–Pb ages for 6 crystal rims have generally low radiogenic 206Pb
yields, and are within uncertainty of zero age, implying that they are
close to the secular equilibrium of ~350 ka indicated by U–Th analyses.
Of the secular equilibrium crystal rims, only two meaningful 206Pb/238U
ages were determined: 412±138 ka and 765±78 ka, and only the sec-
ond age is resolvedly older than near-secular equilibrium age of ~350 ka.

δ18OSMOW in zircon was determined on 11 crystal interiors which
yielded an average value of 5.4±0.2‰ (standard error of average;
MSWD=3.4). For comparison with whole-rock values, we account
for oxygen isotope fractionation between melt and zircon using the
experimental calibration of 18O/16O fractionation between quartz
and zircon as a proxy (Trail et al., 2009). This amounts to addition
of approximately +2‰ (at ~800 °C zircon saturation temperature)
to the measured zircon δ18O value (= ~7.4‰). The slightly elevated
MSWD could indicate heterogeneity in the granitoid zircon popula-
tion (with an overall range between 4.3 and 6.5‰ at an external re-
producibility of 0.4‰). However, the significance of this diversity is
marginal because we cannot completely rule out minor bias that
could result from beam overlap onto crystal imperfections such as
cracks or inclusions. Regardless, even the lowest magmatic value
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calculated from zircon significantly exceeds the value for the whole-
rock (+3.03‰) at the 8 σ level.
6. Discussion

6.1. Age relationship between Tarawera rhyolites and granitoid clasts

The small size of the granitoid clasts (b10 cm) and their occur-
rence in pyroclastic deposits prevents a definitive assessment of
whether they represent more than one intrusive body. However, the
similarity in zircon age spectra of all clasts (Figs. 4 and 5) is consistent
with a single emplacement unit.

Textural, mineralogical and geochemical features of Tarawera rhyo-
lites are consistentwith their rapid generation (b1 ka) viamafic intrusion
into a long-lived (>20 ka) silicic crystal mush zone (see Shane et al.,
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2008a). The granitoid clasts have a broadly similar mineralogy and geo-
chemistry to the rhyolites. If the granitoid clasts represented the crystal
mush fromwhichmelt extraction (= rhyolites) occurred, fractional crys-
tallization of a plagioclase-dominated mineralogy could explain the de-
pletion and enrichment of compatible and incompatible elements,
respectively, in the rhyolites relative to the granitoids (Fig. 2C). However,
disparate zircon crystallization histories (described below) demonstrate
the granitoids clasts were not a contemporaneous partly-molten body
during rhyolite magma production.

The zircon assemblage in granitoid clasts is significantly older than
that in the accompanying rhyolites (Fig. 6). Klemetti et al. (2011)
obtained SIMS U–Th age data on 90 zircon crystals from the Kaharoa
rhyolite by analyzing cores and interiors of sectioned crystals. The
ages are in the range of ~2 to >200 ka, with nearly all crystals
b50 ka (Fig. 6A). Storm et al. (in press) obtained data on a further
64 crystals via analyses of un-polished crystal faces and continuous
profiling into the crystals. They obtained ages within error of the
eruption age (0.7 ka), dating back to ~79 ka (oldest crystal interiors).
The generally younger ages presented by Storm et al. (in press) reflect
the shallower profiling compared to the deep crystal sectioning by
Klemetti et al. (2011). Excluding crystals in secular equilibrium, two
of the oldest crystal cores with determinable ages (173+62/
−37 ka; 188+63/−37 ka) (Klemetti et al., 2011) do overlap in
time with the granitoid zircon population (~200 ka). This could be
interpreted as a common parental magma system in space and time.
Alternatively, the oldest zircon crystals in the rhyolites could be
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2003); and curve (f) Kaharoa granitoids crystal face and interior analyses (n=83;
this study). Data exclude analyses at secular equilibrium. Numbers at peaks represent
ages (ka).
xenocrysts, and the granitoid clasts could represent an unrelated in-
trusive episode in the system. Regardless, the granitoid clasts lack
the young zircon population that dominates the rhyolite zircon age
spectra, demonstrating the former was in a sub-solidus state for
much of the recent history of the volcano. Zircon age data from
other post-22 ka Tarawera eruption deposits also show that most of
the crystallization occurred post-50 ka (Storm et al., 2011, in press)
(Fig. 6B).

Zircons in rhyolite samples show evidence of liberation from sub-
solidus storage, but post-dating the zircon history of the granitoid
clasts. In the Kaharoa rhyolite, some crystal faces that lack resorption
features, are up to ~24 ka in age suggesting that crystallization ceased
long before eruption (0.7 ka). Age–depth profiling of the zircons in all
of the Tarawera rhyolites reveals protracted continuous and discon-
tinuous crystal growth over periods up to ~100 ka (Storm et al.,
2011, in press). However, the data and CL imaging provide no evi-
dence for old, highly corroded crystal cores that could represent a
separate phase of crystallization such as that recorded in the granitoid
clasts. Thus, more recent episodes of magma formation have either
stripped the magmatic system of most of its older zircon population
in thermal events associated with reactivation, or new zircon crystal-
lization volumetrically swamped the older population. Alternatively,
the areas of more recent magma production and that of granitoid
clast source(s) were spatially separate (see Section 6.2). Regardless,
the granitoid clasts represent part of the system immediately beneath
the volcano that escaped interaction in magma production for some
time.

6.2. Residence zone of the source(s) of granitoid clasts

Several features point to shallow, sub-solidus conditions for the
granitoid clasts prior to entrainment and eruption:

(1) The clasts display a distinctly lower whole-rock δ18OSMOW iso-
tope value (+3.03‰) compared to more typical magmatic
values of >7.5‰ for rhyolites from OVC (Brown et al., 1998;
Nairn et al., 2004). Low-δ18O granitoid clasts have been
reported elsewhere (Bacon et al., 1989; Schmitt and Vazquez,
2006), and have been attributed to interaction between shal-
low sub-solidus intrusion and deep penetrating low-δ18O
meteoric-sourced, hydrothermal fluids.

(2) Incipient alteration of feldspar and biotite in the granitoid
clasts is consistent with interaction with hydrothermal fluids,
and is not evident in OVC rhyolite pumice and lava.

(3) Brittle strain deformation features are ubiquitous in feldspar
and quartz in the granitoid clasts. Such features are conspicu-
ously absent in phenocrysts from OVC rhyolite pumice and
lava clasts.

(4) Compositional separation in feldspars indicates exsolution.
Retrograde cation exchange is indicated by low, two-feldspar
temperature estimates of ~645 °C (Brown et al., 1998).

δ18O values for the granitoid melt (~7.4‰) determined here from
zircon oxygen isotope analyses are typical of magmatic compositions
in the TVZ (e.g., Brown et al., 1998) and provide no evidence for crys-
tallization from a low-δ18O melt. Zircon is inert even to extensive pro-
pylitic to potassic hydrothermal alteration (Schmitt and Hulen, 2008)
and reliably preserves magmatic δ18O values. The depletion in whole-
rock δ18O is therefore the result of interaction with hydrothermal
fluids which occurred after emplacement. We note that alteration
was not pervasive because whole-rock REE and trace element pat-
terns are consistent with immobility (see Section 4).

In summary, several lines of evidence indicate the granitoid clasts
are from a high-level, sub-solidus ‘carapace’ of the larger magma sys-
tem, or a separate high-level intrusion, that was accidently sampled
in the Kaharoa eruption event.
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Magnetotelluric and gravity data from OVC are consistent with con-
ductive and porous rockdown to ~3 km, interpreted to be volcaniclastics
and/or pyroclastics overlying high resistivity rock (Seebeck et al., 2010).
Mineralogical, geochemical and volatile constraints place crystallization
of major mineral phases in Tarawera rhyolites at ~7–8 km (Shane et
al., 2008a). Current seismicity places the brittle-to-ductile transition at
depths of 6–7 km (Bryan et al., 1999). Thus, themost likely zone for brit-
tle crystalline granitoids is the 3–7 km zone. Plutonic rocks have been
rarely encountered in deep drill cores in the upper ~3 km of the TVZ
crust. Diorite has been encountered in one core, at a depth of ~2.2 km,
some 60 km SW of the OVC (Browne et al., 1992). This occurrence dem-
onstrates that small high-level intrusions are present. However, the large
magma bodies (exceeding erupted volumes) required for the high ther-
mal energy output of the TVZ at present (e.g., Bibby et al., 1995)must re-
side at greater depths.

6.3. Comparison with Rotoiti granitoid clasts and older phases of OVC
volcanism

The only other granitoid material studied in detail from OVC is
clasts ejected in the ~40–60 ka caldera-forming Rotoiti event. They
are broadly similar to Kaharoa granitoid clasts in whole rock chemis-
try, mineralogy, and Sr and Nd isotope composition (Brown et al.,
1998). However, several characteristics distinguish Rotoiti granitoid
clasts from those in Kaharoa deposits:

(1) They contain abundant interstitial glass (up to 30% modal),
considered by Burt et al. (1998) to be residual melt due to
sharp contacts between euhedral crystals and glass.

(2) They display pronounced granophyric intergrowth (Burt et al.,
1998), similar to textures described in the literature as involv-
ing several episodes of volatile pressure release (e.g.,
Lowenstern et al., 1997).

(3) Brittle deformation features are absent, but slump folding indi-
cating ductile deformation is recorded in one clast (Burt et al.,
1998).

(4) Whole rock δ18O values (+7.4–7.9‰) are magmatic and com-
parable to co-erupted Rotoiti rhyolites and other OVC rhyolites
(Brown et al., 1998).

(5) The U–Th zircon age spectrum from the Rotoiti granitoid clasts
is comparable to that of the co-erupted rhyolite pumice (Fig. 6)
indicating contemporaneous residence and crystallization
(Charlier et al., 2003).

Thus, the Rotoiti granitoid was a contemporaneous and partly
molten magma body that was disrupted by the evacuation of the
main Rotoiti (rhyolite) magma body during caldera formation (see
Charlier et al., 2003) (Fig. 7). This contrasts with the crystallization
history of the Kaharoa granitoid that indicates little or no interaction
with magma-forming processes post-200 ka. Some overlap in the age
spectra of Tarawera rhyolites and Rotoiti rhyolites and granitoid
(Fig. 6B) points to contemporaneous crystallization across the OVC
magmatic system, and thus a potentially extensive crystal mush
zone (Fig. 7). However, diverging petrologic and crystallization trends
in eruption deposits demonstrate that melts were not necessarily
connected (e.g., Shane et al., 2008a; Storm et al., 2011, in press).

The Rotoiti and Kaharoa granitoid clasts display similar Sr and Nd
isotope ratios to volcanic rocks erupted from the TVZ (Brown et al.,
1998), providing no evidence for significant differences in source
rocks. Both granitoid groups also display enriched LREE/HREE ratios
and negative Eu anomalies similar to OVC rhyolites (Fig. 2B) indicat-
ing they are products of plagioclase, hornblende, and zircon fraction-
ation, and are not cumulate bodies. Thus, the rhyolites and granitoids
are both considered to be extracts from a crystal mush zone, and the
latter have cooled to a crystalline state prior to eruption. A significant
difference between the granitoids and rhyolites of the OVC (and TVZ
in general), is the ubiquitous absence or scarcity of K-feldspar in the
latter. The high-SiO2 melts (glasses) of OVC rhyolites plot near the
haplogranite eutectic (e.g. Shane et al., 2008b). Thus, K-feldspar in
the granitoids can be explained by final crystallization of silicic inter-
stitial melt.

The oldest zircon in the Kaharoa granitoid clasts (~750 ka) indi-
cates that magmatic activity beneath OVC spans nearly half of the
known rhyolite history of the TVZ (~1.6 Ma, Wilson et al., 2009).
The earliest volcanism at OVC is difficult to determine because
poorly-dated, contemporaneous calderas (Rotorua and Kapenga,
Fig. 1) border the OVC making medial and distal deposits difficult to
source, and early volcanism could have been obliterated by later
eruptions. Caldera-forming eruptions occurred at 890 and 240 ka at
Kapenga, and at 240 ka at Rotorua (summary by Wilson et al.,
2009). The earliest deposits potentially representing caldera forma-
tion at OVC are the “quartz–biotite tuffs” or ignimbrites dated at
~550 ka (Cole et al., 2010). The Matahina Ignimbrite eruption dated
at 325 ka (Cole et al., 2010) was also a major collapse event (Nairn,
2002). Most of the zircon crystallization (~200 ka) represented in
the Kaharoa granitoid clasts corresponds to a period of poor temporal
constraint at OVC. This interval, between the 325 ka Matahina and
~40–60 ka Rotoiti ignimbrites, includes volumetrically minor pyro-
clastic deposits that are mostly pre-240 ka in age (Nairn, 2002), and
the voluminous (Tutaeheke) lavas southwest of Tarawera (Cole et
al., 2010). The zircons in the granitoid clasts confirm intrusive activity
at this time in the vicinity of the future Tarawera Volcano.

Old zircons in eruption deposits suggest that magmatism signifi-
cantly pre-dates the surface expression of volcanism at some TVZ volca-
no centers, and spans much of the TVZ's history. Zircons of ~500 ka are
found in pumice from Taupo Volcano, where surface activity mostly
post-dates 300 ka (Charlier et al., 2005), and zircons of ~600 ka occur
in Whakamaru ignimbrite that produced the Whakamaru caldera at
~340 ka (Brown and Fletcher, 1999). A caveat is that the early history
of volcanism at these volcanoes could have been largely obliterated.
Even older magmatic zircons (~900–1900 ka) have been found in de-
posits of the Mangakino center (McCormack et al., 2009; Wilson et al.,
2008), the earliest locus of volcanism in TVZ. Togetherwith ~750 ka zir-
con from the OVC (this study), the old zircons suggest prolonged and
contemporaneous magmatism throughout much of the central TVZ,
and no spatial–temporal patterns. This supports the concept of a ‘central
TVZ batholith’, inferred from the overlap of volcanic centers and exten-
sive melt-bearing zones at depth as discussed by Wilson and Charlier
(2009).

6.4. Lessons from plutonic clast studies

Plutonic clasts can represent different stages of themagmatic evolu-
tion of a volcano: crystallization can coincide with previous episodes of
eruption at the volcano (e.g., Bacon and Lowenstern, 2005), or reflect
periods that lacked accompanying eruptions, thus representing wholly
intrusive phases (e.g., Lowenstern et al., 2000; Vazquez et al., 2007).
In other cases, the zircon age spectra for granitoid and co-erupted pum-
ice/lava clasts are indistinguishable, pointing to contemporaneous
magma bodies in various states of solidification leading up to eruption
(Bachmann et al., 2007b; Charlier et al., 2003). In cases where the plu-
tonic clasts contain interstitial (residual) glass, the clasts represent sam-
pling of a contemporaneous crystal mush, supporting the recent
concepts of rhyolites representing melt extraction events from a
crystal-rich zone (Bachmann and Bergantz, 2004; Hildreth, 2004).

Co-erupted plutonic and volcanic blocks at Soufriere Volcanic
Complex, St Lucia have indistinguishable zircon age populations
inherited from previous magmatic events, and provide strong evi-
dence for recycling and cannibalization of plutonic forerunners by
subsequent eruption episodes (Schmitt et al., 2010). The age spectra
are protracted (>100 ka) and polymodal, revealing progressive reac-
tivation and homogenization of the magmatic system over time. This
contrasts with the Tarawera magma system where the granitoid clasts
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erupted at 0.7 ka remainedmostly solid for ~200 ka, surviving assimila-
tion and/or obliteration in numerous eruptions including caldera-
forming events. Such sub-solidus regions of the magma system could
act as barriers to interactionwith the surroundingwall-rocks and active
(melt-bearing) parts of the magmatic system. This is consistent with
petrologic evidence for limited connectivity between co-erupted melts
that characterize Tarawera's magmatic history (Shane et al., 2008a).

The contrasting crystallization histories of the granitoids in the
Rotoiti and Kaharoa deposits, and their relationship to their respective
accompanying rhyolite melts, are striking (Fig. 6). The difference
could reflect the degree of magma draw-down during eruption. The vo-
luminous Rotoiti event involved caldera collapse reflecting extensive
magma drainage and thus tapping of the underlying crystal mush
zone (= granitoid). The Kaharoa event was an order of magnitude
smaller and not associated with collapse. The granitoids instead were
simply opportunistic excavation of wall-rock in the conduit (Fig. 7).

7. Conclusions

1. U–Th zircon ages from Kaharoa granitoid clasts ejected at 0.7 ka
reveal a crystallization event at 208±4 ka (MSWD=1.2), a period
poorly constrained from the surface record of volcanism at OVC. A
few outlier crystals date back to ~750 ka, which precedes the
known volcanic record within the OVC (~550 ka), demonstrating
the chronological value of these rare clasts.

2. The post-22 ka intra-caldera rhyolite volcanism represents reacti-
vation of crystal mush via mafic intrusion (Shane et al., 2008a).
In contrast to the granitoid clasts, nearly all of the zircon crystalli-
zation in these rhyolites occurred at 0–50 ka (Klemetti et al., 2011;
Storm et al., in press). The old age of the granitoid zircon popula-
tion illustrates how parts of a magmatic system can be mostly
solid despite frequent and voluminous magma production that in-
cluded caldera-forming events. Such long-lived sub-solidus zones
would act as barriers to melt connectivity and interaction with
country rock, but also a potential source of antecrysts/xenocrysts
in subsequent eruptions.

3. Textural, geochemical and isotopic features of the Kaharoa
granitoid clasts are consistent with shallow intrusion, brittle defor-
mation, and interaction with hydrothermal fluids. However, δ18O
isotope analyses of zircon are typical of magmatic values, indicat-
ing shallow interaction with hydrothermal fluids was post-
emplacement. Geophysical data and petrologic constraints
provided by the rhyolites imply a residence depth of 3–7 km. A lat-
erally extensive, cooling plutonic zone is required to explain the
exceptional heat flow that characterizes much of the TVZ at
present.

4. The Kaharoa granitoid clasts differ significantly from those
erupted in the ~40–60 ka Rotoiti caldera-forming event at OVC.
The latter were a partly molten crystal mush that was entrained
during eruption of the main crystal-poor rhyolite body, and gran-
itoid–rhyolite zircon crystallization was largely synchronous (e.g.,
Charlier et al., 2003). This highlights the diversity of plutonic
environments that clasts in pyroclastic eruptions can potentially
excavate.
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