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Abstract The Matahina Ignimbrite (~160 km® rhyolite
magma, 330 ka) was deposited during a caldera-forming
eruption from the Okataina Volcanic Centre, Taupo Vol-
canic Zone (TVZ), New Zealand. Juvenile clasts are divi-
ded into three groups: Group (1) the dominant crystal-poor
rhyolite type, Group (2) a minor coarse-grained, mingled/
mixed intermediate type, and Group (3) a rare fine-grained
basalt. The ignimbrite consists of the Group 1 type and is
divided into three members: a lower and middle member,
which is high-silica, crystal-poor (<10 vol.%) rhyolite, and
the upper member, which is low-silica and slightly more
crystal-rich (up to 21 vol.%). Cognate, crystal-rich (up to
50 vol.%) basalt to intermediate pumice occurs on top of
lag breccias and within lithic-rich pyroclastic density cur-
rent deposits along the caldera margin (Groups 2 and 3).
Several lines of evidence indicate that the intermediate
clasts represent the cumulate complement to the melt-rich
rhyolite: (1) continuity in the compositions of plagioclase,
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orthopyroxene, hornblende, and oxides and normal zoning
of individual phenocrysts; (2) the silicic glass from the
intermediate magma (interstitial melt) overlaps composi-
tionally with the bulk rock rhyolite and glass; (3) high Zr
and a slight positive Eu anomaly in the intermediate
magma relative to quenched enclaves from other interme-
diate TVZ eruptions indicates zircon and plagioclase
accumulation, respectively; (4) an increase in the CI con-
tents in glass from the least evolved to most evolved is
consistent with the concentration of volatiles during
magma evolution. Most of the compositional variations in
the low- to high-silica rhyolites can be accounted for by
continued Rayleigh fractionation (up to 15%), following
melt extraction from the underlying mush, under varying
fO,—fH,O conditions to form a slightly compositionally
zoned rhyolitic cap. This link to the varying fO,—fH,O
conditions is evidenced by the strong correlation between
key geochemical parameters (e.g. Dy, Y), that qualitatively
reflect fH,O conditions (presence or absence of hornblende/
biotite), and fO, estimated from Fe-Ti oxide equilibrium.
Magma mingling/mixing between the basalt—andesite and
the main slightly compositionally zoned rhyolitic magma
occurred during caldera-collapse, modifying the least-
evolved rhyolite at the lower portion of the reservoir and
effectively destroying any pre-eruptive gradients.

Keywords Taupo Volcanic Zone - Okataina -

Matahina eruption - Rhyolite - Andesite crystal-mush
Introduction

Determining the processes governing the generation and

maintenance of silicic magma reservoirs is an important
area of research in igneous petrology. Variations of two
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end-member processes are typically presented: (1) partial
melting of crust (Clemens and Wall 1984; Pichavant et al.
1988a, b; Riley et al. 2001; Smith et al. 2003) or (2) crystal
fractionation of a mafic progenitor (Bacon and Druitt 1988;
Hildreth et al. 1991; Hildreth and Fierstein 2000; Clemens
2003). However, recent numerical models (Dufek and
Bergantz 2005) emphasize the difficulty in generating
significant volumes of hydrous magma by partially melting
the crust. Several variations of the crystal fractionation
models have been proposed that invoke the development of
an intermediate (andesite—dacite) crystal mush zone (up to
60 vol.% crystals), where crystal-poor, silicic interstitial
melt is periodically removed and stored in the upper crust
(e.g. Bacon and Druitt 1988; Sisson and Bacon 1999;
Hildreth and Fierstein 2000; Bachmann and Bergantz
2004). However, the characteristics, development, and
maintenance of such a reservoir or reticulated magma zone
capable of producing large volumes of rhyolite still remain
unresolved.

These petrogenetic models have also been tested in the
Taupo Volcanic Zone (TVZ), New Zealand, over the last
several decades. Available geochemical evidence (trace
elements, stable and radiogenic isotopes) has been used to
suggest that the rhyolites are indeed more likely generated
by crystal fractionation of a mafic progenitor in the lower-
middle crust accompanied by some degree of assimilation
of continental crust (Graham et al. 1992; McCulloch et al.
1994; Graham et al. 1995; Deering et al. 2008). Despite
the evidence that these systems may have evolved domi-
nantly by crystal fractionation in New Zealand, a potential
mafic progenitor (crystal mush) rarely appears at the
surface, either as a primary erupted magma or co-mag-
matic/eruptive with a rhyolitic magma. For example,
evacuation of ~530 km® of rhyolitic magma during the
26.5 ka Oruanui eruption included both tholeiitic and
calc-alkaline mantle-derived mafic magmas, but these
were fine-grained and crystal-poor representing late-stage
interaction with the main rhyolitic magma body (Wilson
et al. 2006). Several detailed studies of smaller TVZ
rhyolitic eruptions (<150 km?) have revealed the presence
of slight compositional gradients within rhyolitic magma
reservoirs prior to eruption (e.g. Milner et al. 2001;
Beresford 1997). Alternately, Brown et al. (1998) dem-
onstrated that the voluminous (~ 2,000 km® of magma,
~340-320 ka) Whakamaru eruption, although consisting
of several rhyolitic compositions that could be related by
fractional crystallization, was probably comprised of
physically separate magma bodies that had individual
evolving histories. Co-magmatic mafic components from
each of these eruptions were also typically crystal-poor
and apparently interacted with the main rhyolitic magma
reservoir during eruption. Hence, the preservation of
evidence in eruptive materials of a highly crystalline
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cumulate is rare, implying that it either (1) resides
physically separate from the main rhyolitic magma res-
ervoir or (2) the magma rheology, incomplete evacuation
of the magma reservoir, and/or accompanying caldera-
collapse hinders the exhumation of significant amounts of
this magma.

This paper documents the petrology and geochemistry
of the ~330 ka Matahina eruption based on an extensive
representative sample suite of juvenile rhyolitic and sub-
ordinate crystal-rich mafic components. We include an
evaluation of the pre-Matahina eruptive products, collec-
tively termed the Murupara subgroup, which consists of
eight units of tephra deposits extending back to the
Whakamaru eruption ~340 ka, and two pre-caldera lava
domes. However, our focus on pre-Matahina eruptions is
restricted to the three tephra units that immediately precede
the Matahina eruption, which share mineral and composi-
tional characteristics with the Matahina deposits. Our
model for the eruption of the Matahina sensu stricto pro-
vides insight into the development of a large (>160 km? of
magma), slightly compositionally zoned crystal-poor rhyo-
lite, which was extracted from a mid- to upper-crustal
intermediate mush column.

Regional geologic background

The TVZ in the North Island of New Zealand is a rifted arc
(Wilson et al. 1995) and can be divided into segments of
dominantly andesitic cone-forming volcanism in the north
and south, and a central region characterized by bi-modal
volcanism consisting of dominantly rhyolitic caldera-
forming and dome-building eruptions and small mono-
genetic basaltic cinder cones (Healy 1962; Wilson et al.
1984; Fig. 1). Since the inception of volcanism in this
central region, 1.6 Ma, >6,000 km? of rhyolitic magma has
erupted from eight major eruptive centers. The Okataina
Volcanic Centre (OVC), located at the northern extent of
the TVZ (Fig. 1), is defined as a complex of coalescing
collapse structures, which formed during numerous pyro-
clastic eruptions over >400 kyrs. (Nairn 2002), with a total
eruptive volume of >600 km® of rhyolite (Cole et al.
2010).

Murupara subgroup

The Murupara subgroup (A-H) consists of a series of tephra
deposits found throughout the eastern Bay of Plenty
(Manning 1996). The Murupara subgroup includes the
Bonisch pyroclastics (Nairn 2002), an obsidian-rich tephra,
and the Matahina tephra from the OVC. In the eastern Bay
of Plenty, these deposits are found up to 5 meters thick but
are dominantly made up of the uppermost, Matahina,
eruptive unit.
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Fig. 1 The central Taupo Volcanic Zone and Okataina Volcanic
Centre (OVC) as one of seven major caldera-forming volcanic
complexes. Inferred caldera boundaries are outlined in bold. Mapped
extent of the Matahina outflow sheet sensu stricto surrounding OVC
and specific sampling localities discussed in the text. Mapped
Matahina outflow after Leonard and Beggs (personal communica-
tion). Dashed line represents traverse for crustal cross-section referred
to in discussion

The age of the Murupara subgroup, estimated by
Manning et al. (1996) using paleoclimatic data, is between
340 and 330 ka. The final deposit in this sequence, the
Matahina (Murupara-H), was formed by a ca. 30 km® pli-
nian style eruption followed by the voluminous expulsion
of greater than 160 km® of rhyolitic magma during a cat-
astrophic, caldera-forming event (Bailey and Carr 1994;
Manning 1995). The Matahina ignimbrite lies mainly to the
northeast, east, and southeast, extending radially up to
30 km from the caldera margin (Fig. 1; Bailey and Carr
1994). Bailey and Carr (1994) separated the ignimbrite
sequence into three cooling units termed the lower, middle,
and upper members that represent three eruptive pulses
estimated to have occurred over 20-60 days. These sub-
cooling units are recognized in the field by variations in the
welding, and specifically, the upper member by a pinkish
vapor-phase altered color; presence of clinopyroxene,
orthopyroxene, and hornblende; and denser more angular
pumice (Bailey and Carr 1994). Lag breccias are found
within the upper member capped by pyroclastic density
current (PDC) deposits. A single lithic-rich deposit found
along the shores of Lake Okataina contains recycled
Matahina ignimbrite clasts, lies stratigraphically below

post-Matahina tephra deposits, and contains large
(<25 cm) pumice (some amphibole-rich) and lithic clasts
consistent with an OVC source. The presence of recycled
Matahina ignimbrite clasts in this flow unit and its strati-
graphic position below a thick post-Matahina plinian fall
deposit indicate that this flow was likely emplaced con-
temporaneously with the Matahina upper member.

Sampling and analytical techniques

Pumice, flamme, ignimbrite clasts, rhyolite lava, and rhyo-
lite lithics were sampled from the upper Murupara sub-
group pyroclastic fall and flow deposits (Units E-H) in an
attempt to best represent the full distribution of the OVC
volcanic activity leading up to and including the Matahina
eruption. Fiamme were cut out of welded ignimbrite and
trimmed to remove the attached matrix. Small (<2 cm)
pumice clasts were removed from ‘recycled’ Matahina-
type ignimbrite clasts from within the Matahina outflow
sheet. The most abundant rhyolite lithics found in the
Matahina plinian fall deposit and lag breccias were sam-
pled for analysis to explore their relationship to the
Matahina magmac(s).

Dense basalt—dacite pumice clasts were found at two
localities: (1) along the western caldera margin (Fig. 1;
locality 1) within the lithic-rich pyroclastic flow deposit
and (2) directly above a lag breccia within a PDC deposit
east of the caldera margin (Fig. 1; locality 2). A total of
200 representative samples were analyzed by X-ray fluo-
rescence (XRF) and laser ablation inductively coupled
mass spectrometry (LA-ICP-MS).

Samples were trimmed using a diamond grinder and saw
to remove any weathered rind or organic matter. Sample
fragments were then cleaned in a sonic bath of distilled
water for 10 min to remove any surface contaminants from
the grinder and saw, then placed in an oven at 100°C for a
minimum of 24 h. These dry fragments were rough crushed
using a tungsten carbide, pneumatic press. Any additional
weathered fragments were removed from the sample
aggregate prior to milling in a Frisch Planetary agate mill.

For the XRF and LA-ICP-MS analyses, three grams of the
milled rock powder and 9.0 g of lithium tetraborate
(Li,B405), along with 0.5 g of ammonium nitrate (NH4NOs5;
used as an oxidizer), were fused in platinum crucibles at
1,000°C for 20-30 min on an orbital mixing stage. The melt
was then poured into platinum molds, making a glass disk
that was analyzed using a Bruker S-4 X-ray fluorescent
(XRF) spectrometer. XRF major element analyses were
reduced by a fundamental parameter data reduction method
using Bruker Spectra Plus® software, while XRF trace-ele-
ment (Rb, Sr, and Zr) data were calculated using standard
linear regression techniques using the ratio of the element
peak to the Rh Compton peak, which corrects for mass
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absorption. Prior to any calculations, the background signal
was subtracted from the standards and samples. Major- and
trace-element concentrations in the samples were calculated
based on a linear regression method using BHVO, W-2,
STM-1, MRG-1, SY-2, SY-3, DNC-1, PCC-1, JA-2, JA-3,
BIR, QLO-1, and RGM-1 standards.

The rare-earth elements and Nb, Ta, Hf, Ba, Y, Th, U,
and Pb were determined by LA-ICP-MS on the same glass
disks as used for XRF analyses. A Cetac LSX200 + laser
ablation system was used, coupled with a Micromass
Platform ICP-MS, using strontium determined by XRF as
an internal standard. Trace-element data reduction was
done using MassLynx software. Element concentrations in
the samples were calculated based on a linear regression
method using well-characterized standards. All major- and
trace-element whole rock analyses reported here were
conducted at Michigan State University. Precision and
accuracy of both XRF and LA-ICP-MS chemical analyses
are reported in Vogel et al. (2006).

Mineral and glass compositions were determined using a
Cameca SX 100 EPMA equipped with five wavelength
spectrometers at the University of Michigan. For the
minerals, we used an accelerating potential of 15 kV, a
focused beam with a <l-um spot size, counting time of
~3 min/mineral, and a 10-nA beam current. The beam
spot size was increased to 10 pm and beam current reduced
to 4 nA for glass analyses to reduce Na loss. Standards
used were natural fluor-topaz (FTOP); natural jadeite
(JD-1); natural grossular, Quebec (GROS); natural adularia,
St. Gothard, Switzerland (GKFS); synthetic apatite (BACL);
synthetic Cr,05; and synthetic FeSiO; (FESI).

87Sr/%6Sr and "**Nd/"**Nd isotope ratios were measured
by multi-collector inductively coupled plasma mass spec-
trometry (MC-ICPMS) at Victoria University of Wellington.
Samples for Sr isotopic analysis were digested using Hf-
HNOj techniques and Sr separated using Sr-spec Eichrom
resin. Sr mass spectrometric techniques used are a modified
version of those described in detail by Waight et al. (2002).
Samples for Nd isotopic analysis were digested using flux-
fusion techniques (Ulfbeck et al. 2003) and Nd separated
using conventional cation exchange and Ln-spec Eichrom
resins. Isotopic ratios were corrected for instrumental mass
bias using the exponential law (3°Sr/*®Sr = 0.1994;
'ONd/'"**Nd = 0.7219) and normalized to *’Sr/*°Sr =
0.710248 (SRM987) and '*Nd/'**Nd = 0.5128980
(BHVO-2). External reproducibility of 87S1/%°Sr  and
'Nd/"**Nd ratios is better than £0.00002.

Petrography

Phenocryst contents were determined by point counting on
thin sections of selected samples or by least-squares mass
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balance using bulk rock, glass, and mineral chemistry
(Tables 1, 2). We have divided the rocks into three main
groups on the basis of their mineral assemblages and bulk
geochemistry. The dominant suite (Group 1) constitutes the
most voluminous component of the eruption, the rhyolite,
and was further divided into three subgroups (Groups la,
1b, 1c). The subordinate Group 2 ranges in composition
from andesite to dacite and typically shows obvious evi-
dence of mingling/mixing in hand sample and thin section.
Group 3 are rare, fine-grained basaltic lapilli.

Rhyolitic rocks (Group 1)

The Matahina Group 1 rhyolite pumice and lithics have crystal
contents ranging from 3 to 21% (Table 1). Samples within
Group la, 1b, and 1c each have distinct mineral assemblages:
(1a) crystal-poor (<5%), containing quartz + plagioclase +
magnetite 4 orthopyroxene + hornblende + ilmenite; (1b)
crystal-poor/moderate (5-21%), containing plagioclase +
quartz + hornblende + orthopyroxene + magnetite + ilm-
enite £ biotite; and (lc) crystal-poor/moderate (4—17%),
containing quartz + plagioclase + biotite + magnetite +
ilmenite. Accessory zircon, apatite, and pyrrhotite are present
as microphenocrysts and mineral inclusions.

Plagioclase is the dominant felsic mineral in Group 1a,b,
but is generally less abundant than quartz in Group lc.
Phenocrysts are subhedral to euhedral and typically <2 mm
with subtle zoning. Quartz is subhedral to euhedral, and up
to 2 mm in Group la and 6 mm in Group lc. The quartz/
plagioclase ratio increases with increasing SiO, in Group la
(Table 1). In contrast, Group lc always has high quartz/
plagioclase ratios compared to Group la,b with no apparent
relationship to bulk-rock SiO, wt. %. Hornblende in the
high-silica Group la,b are subhedral to euhedral and almost
exclusively elongate and bladed up to 1 mm. Crystal habits
are more varied in the low-silica, Group 1b, including
blocky and tabular euhedral types up to 1.5 mm, in addition
to the bladed type. The abundance of hornblende is inver-
sely proportional to total crystallinity and bulk rock SiO,
wt% in the Group 1b from the Matahina sensu stricto and is
rarely present in the Group la (

Table 1). Orthopyroxene are subhedral to euhedral and
up to 1 mm in the Group 1b, although mostly <0.5 mm.
Clinopyroxene are rare and only found in the Group 1b
pumice. Biotite is dominantly found in the Group Ic rhyo-
lite as flakes and books up to 1.2 mm. In contrast, the rare
biotite in Group 1b clasts are flakes <0.5 mm in length.
Magnetite and ilmenite are ubiquitous in the Matahina
rhyolite pumice and are typically found included in ortho-
pyroxene and less commonly in hornblende. Magnetite also
occur as individual phenocrysts and are anhedral to euhe-
dral up to 0.4 mm. Exsolution lamallae were identified in
magnetite from all groups.
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Table 1 Phenocryst assemblages observed in selected Matahina juvenile pumice clasts and rhyolite lava lithics
Sample  Group Map Deposit Bulk rock Glass Plag  Hb Oxides/ Ilm Opx Biot Qtz Qtz/ Hb/  Phenocryst Zrz
SiO, Mgt Plag Opx total
(wt. %)
UC175 1b 3 Ash-flow 72.68 0.79 0.167 0.001 0.013 0.003 0.027 - - 21.0 0.08
79.5 0.3 6.0 13 12.9 - - 0.02
UCl168 1b 4 Ash-flow 75.17 0.89 0.068 0.009 0.004 0.002 0011 - 0.016 11.0 0.15
61.5 79 39 2.2 9.6 - 14.9 0.2 0.8
UC649 1b 5 Ash-flow 76.94 0.95 0.015 0.006 0.005 0.0001 0.001 - 0.024 5.0 0.02
299 121 91 0.4 1.1 - 47.5 16 11.0
UCg42 1la 6 Plinian 75.84 9.9 1.0 - 0.2 0.1 - 2.0 3.1
302 - 4.8 1.6 - 63.5 2.1
UC887 1la 7 Plinian 77.85 9.7 1.1 - 0.1 0.1 - 22 33
31.8 - 15 15 - 65.2 2.0
UC813 1b 1 PDC 72.80 916 6.2 15 04 0.4 8.4
732 173 4.8 4.8 3.6
UC498 1b 2 PDC 71.16 944 32 14 03 0.4 0.4 0.1 5.7
55.8 248 53 7.1 7.1 3.5
UC812 1la 1 PDC
ucsil 1b 1 PDC 72.63 80.9 5.7 02 03 1.0 08 11.3 19.2
29.8 08 1.3 5.0 4.2 590 2.0 02
UC892  1c (lithic) 2 Lag breccia 77.48 0.96 0.001 - 0.001  0.000 - 0.017  0.023 4.0 0.01
2.0 - 16 0.2 - 40.6 556 278
UC1091 Ic (lithic) 4 Plinian 717.58 925 32 - 0.1 - 0.7 3.6 7.5
42.0 - 1.3 - 93 473 1.1
UC853  la (lithic) 6 Plinian

Modal phenocryst abundances were determined by counting 2,000 pts. per thin section or calculated by least-squares methods using glass, phenocryst, and
bulk-rock compositions. Map refers to localities in Fig. 1. PDC pyroclastic density current

Table 2 Phenocryst assemblages observed in selected Matahina juvenile basalt—dacite clasts

Sample Group Map Si02 (wt. %) G’mass Plag Amph Oxides Opx Cpx Qtz Phenocryst total
UC839 3 2 51.29 57.4 0.1 38.3 4.1 0.1 - - 42.6
0.2 89.9 9.6 0.2 - -

UC816 2 1 56.79* 73.0 11.0 11.8 2.0 1.9 0.3 - 27.0
40.7 43.7 7.4 7.0 1.1 -

UC1100 2 1 57.65 51.8 28.0 16.9 1.6 1.1 0.6 0.1 48.2
58.1 35.0 3.3 2.2 1.3 0.05

UC1123 2 1 63.75 76.9 13.2 5.9 1.1 2.7 0.2 0.1 23.1
57.0 254 4.8 11.8 0.9 0.05

UC520 2 2 58.66 72.2 18.2 49 2.0 2.4 0.2 - 27.8
65.6 17.8 7.2 8.7 0.7 -

UucCs32 2 2 66.33 83.7 9.8 4.1 0.3 1.8 0.1 0.2 16.3
60.1 252 1.8 11.0 0.6 12

Modal abundances acquired by counting 1000 pts. per thin section. * SiO, determined by mass balance using glass and phenocryst compositions

Map refers to localities in Fig. 1

Mingled/mixed intermediate rocks (Group 2)

Group 2 intermediate rocks are porphyritic with crystal
contents ranging from 16 to 49 vol.% and crystal contents

decrease from andesite to dacite (Table 2). A distinct clast
type is the least-evolved basaltic—andesite clast (bulk
composition determined by mass balance using glass and
phenocryst compositions), which shows obvious signs of
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distinct glasses in hand sample and has a lower crystallinity
than the andesite. Although varying in abundance, the
mineral assemblage for Group 2 is plagioclase + amphi-
bole + orthopyroxene =+ clinopyroxene + magnetite +
ilmenite + zircon + apatite £ quartz.

Textures such as glomerocrysts, embayed plagioclase,
and corroded plagioclase with overgrowths are common
features in the mafic clasts (Fig. 2). Glomerocrysts include
all phases in the assemblage, but those with adcumulate
textures (sutured grain boundaries) are typically dominated
by hornblende, although a few are orthopyroxene dominated
and are up to 2.5 mm in diameter. Amphibole is anhedral
within some of the glomerocrysts as a function of the adcu-
mulate texture, but are more commonly intergrown with
oxides and plagioclase and are euhedral up to 3 mm.
Clinopyroxene is anhedral and commonly enclosed within
large (2 mm) hornblende phenocrysts but also occurs as
subhedral individual phenocrysts (<2.0 mm). Most plagio-
clase (up to 3.5 mm) displays deep embayments, with almost
skeletal surfaces where melt has infiltrated into the center of
the grain (Fig. 2). Although not seen on all of the large, near
skeletal, plagioclase, overgrowths occur and range in width
from ~ 50 to 150 pm. Orthopyroxene is subhedral to euhe-
dral phenocrysts up to 1.8 mm in length. Oxides are anhedral
to euhedral up to 0.4 mm. Quartz is subhedral to euhedral,
bipyramidal, and up to 0.5 mm in length. Zircon and apatite
are typically found included in amphibole and pyroxene and
occur as euhedral crystals up to 150 pm.

Fig. 2 Photomicrographs of a
typical glomerocrysts of sutured
hornblende and plagioclase in
andesite to dacite clasts and

b embayed and dissolved
plagioclase. Backscattered
images of ¢ large corroded
plagioclase with thin
overgrowth and d typical,
deeply corroded and dissolved
plagioclase similar to that
displayed in (b).

Pl = plagioclase;

hb = hornblende; ox = Fe-Ti
oxide

1000ym BSE [SEV
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Basalt (Group 3)

Rare basaltic clasts are fine-grained, hornblende-rich (up to
90% modal), and crystal-rich (~43 vol.%). The complete
mineral assemblage is hornblende 4 plagioclase + oxides.
Plagioclase crystals commonly occur as microlites, but are
sometimes larger (up to 3.0 mm) than the more abundant
hornblende and oxides and have corroded cores and thin
overgrowths (<50 um; Fig. 2c¢). Most hornblende are
small, subhedral to euhedral, but the sparse larger crystals
are either acicular or have small orthopyroxene with
pseudomorphed hornblende overgrowths.

Mineral chemistry

Core and rim compositions of phenocrysts representing
Groups 1-3 were analyzed. Group 1 samples were selected
to reflect the range of SiO, contents from Murupara
tephrastratigraphy (E-H), and the full distribution of the
Matahina outflow sheet (Fig. 1). The complete dataset of
mineral chemistry is available in Electronic Appendix 1.

Plagioclase
Plagioclase in Group 1 ranges in composition from Ans; to

Any; and Ory 5 to Orgg (Fig. 3a). The highest Or contents
are observed in Group lc and form a slightly divergent

100(Pym BSE 15 kY
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Fig. 3 Or and Fe against An in plagioclase for basalt to high-silica
rhyolite

trend from Group la,b plagioclase. The Fe content
increases with An content and decreases with K content
(Fig. 3). Groups la and Ic plagioclase are generally the
lowest An % and Group 1b the highest. Most individual
grains are unzoned or slightly normally zoned, but those
found in the upper deposit with the mafic clasts show
reverse zoning. Rare sanidine is found in Group lc but
appears only as microlites (<50 pm).

Plagioclase compositions in Groups 2 and 3 form a
continuous range from An;s to Angs and Orgg; to Ory
(Fig. 3a). Similar to Group 1, Fe is positively correlated
with An content (Fig. 3b) and negatively correlated with K.
Intermediate pumice compositions have a wide range of
An, but the plagioclase with the highest An content are the
largest subhedral crystals found in the Group 3 basalt (up to
Anyy; Fig. 3a). Individual grains show both reverse and
normal zoning, but the crystal population appears very
diverse with many that are nearly unzoned.

Amphibole

Amphibole in Group 1 are calcic and tschermakite to
magnesiohornblende, using the classification of Leake

et al. (1997). Al;, contents correlate well with Ti,
(Na + K)a, and Ca (e.g. Fig. 4a). The CI contents are well
correlated with K and most other elements (e.g. Fig. 4b).

In Groups 2 and 3, calcic amphibole are classified as
Ti-magnesiohastingsite, magnesiohastingsite, Ti-tschermak-
ite, tschermakite, magnesiohornblende, and cummington-
ite. Cummingtonite occurs as hornblende overgrowths and
as smaller individual groundmass phenocrysts in a few
clasts. Al;, contents correlate well with Ti (Na 4+ K),, and
Ca (e.g. Fig. 4a). Although the compositions of the horn-
blende generally overlap, it is important to note that the
high Ti population in the rhyolite are from the upper
ignimbrite member and most of the rhyolite hornblende
cluster at the low Ti end. Similarly, the rhyolite hornblende
is dominantly clustered at higher ClI and K contents than
the Groups 2 and 3 hornblende, although overlapping
(Fig. 4b).

Biotite

Biotite from Group lc rhyolite lithics and juvenile pumice
clasts from the PDC deposit along the western caldera
margin (Fig. 1; locality 1) are similar in composition
(Fig. 4c,d). However, those pumice that also contain
orthopyroxene and amphibole, also include a population
with much higher MgO (Fig. 4c). Biotite from the rhyolite
lava lithics have the lowest CI contents (Fig. 4d).

Orthopyroxene

Group 1 orthopyroxene compositions range between Engg
and Enyy and Wo5 3 and Wog 9. Group 1b orthopyroxene
encompass the entire En and Wo range, but are dominantly
higher than the Group la. Orthopyroxene are generally
unzoned in the high-silica rhyolite, but some show normal
zoning from ~Ensgs to Eng; in the low-silica rhyolite.
Clinopyroxene are rare and only found in the low-silica
Group 1b pumice; compositions are ~Enzs and ~Wo,.

Group 2 orthopyroxene compositions range between
Ensg and Eng; and Wo, g and Wo,o. Some crystals are
strongly normally zoned from Engs to Eng, or slightly
reversely zoned, whereas most analyzed are unzoned. The
rare clinopyroxene, which are typically found as inclusions
with pseudomorphed hornblende, range from Eny; to Engy
and Woy, to Woys.

Considering the obvious signs of mixing/mingling
between the Group 1 rhyolite and Groups 2 and 3 mafics,
we have assessed whether or not the pyroxene crystals are
in equilibrium with the host melt-rock. The range of dis-
tribution coefficients used (FE/MgKDmin,hq: 0.19-0.31) was
determined in experiments where low- to high-silica rhyo-
lite melt was in equilibrium with mineral assemblages
(plag + hbl + opx + ox) and under conditions (T: 825°C
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Fig. 4 a-b Hornblende compositions from basalt to high-silica rhyolite. c—d Biotite compositions from Matahina ignimbrite and pre-Matahina

rhyolite lava

and fO,: near QFM) similar to those estimated for the
Matahina rocks (Sisson et al. 2005). Most of the pyroxene
analyzed from the Groups la and 1b appear to be in
equilibrium with the host melt, but a subordinate popula-
tion of higher Mg# is not (Fig. 5a,b). Pyroxene with the
lowest and highest Mg# from Group 2 are in equilibrium
with the melt and bulk-rock, respectively; however, the
intermediate compositions appear in disequilibrium
(Fig. 5¢). Most of the compositions from both the Group 1b
and Group 2 pyroxene that are in disequilibrium with the
melt are crystal cores and would be in equilibrium with the
bulk magma and, therefore, can be explained in terms of
melt evolution. In contrast, rims out of equilibrium reflect
mixing between contrasting melt compositions.

Fe-Ti oxides

The compositional range of magnetite from Groups 1-2 is
relatively continuous (e.g. Fig. 6a). However, most Group
2 magnetite analyzed is higher in Xy, compared to Group
1 and only a few fall within the Group 1 field (Fig. 6a).
Similar to the magnetite, ilmenite form a continuous
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compositional trend within the Group 1 rhyolite. Group 2
have the highest Xy, ilmenite and also overlap with Group
1 (Fig. 6b).

Intensive parameters and water content

Pre-eruptive temperatures and oxygen fugacities were
estimated by Fe—Ti oxide equilibrium using the method of
Ghiorso and Evans (2008), which has an uncertainty of
+30°C (Fig. 7). Magnetite and ilmenite grains in direct
contact were preferred for calculations; however, most
were not actually touching but included in single ortho-
pyroxene phenocrysts. Therefore, the equilibrium test of
Bacon and Hirschmann (1988) was used to determine the
suitability of oxide pairs for temperature-oxygen fugacity
estimates. Temperatures of low-silica, Group la,b were
also estimated by clinopyroxene—orthopyroxene equilib-
rium using the method of Ghiorso and Sack (1991). Results
are given in Table 3.

The average Group 1 pre-eruptive temperature and
oxygen fugacity calculated for the high-silica rhyolite



Contrib Mineral Petrol (2011) 161:129-151

137

Group la (rhyolite)

() 100 .
Ne)
80 I~ 1
/ i
> - .
g 60 &
< L 1=
+ 40 z
2
20 - a0
0
Group 1b (rhyolite)
80
(b) o
3
60
3 <
£ &
= ¥
:Cg 40 Y
- g
20 z
En
0 il
Group 2 (intermediate)
(©) 5
an
©n [\S]
O
g N
< W
#* 2
a
<
EI>I°

30 40 50 60 70 80 90
Mgt

Fig. 5 Histograms showing Mg# of orthopyroxene (Red and Blue)
and clinopyroxene (Black) cores and rims from the Matahina rhyolite
and mingled/mixed intermediate pumice. Ranges of pyroxene com-
positions, in equilibrium with the glass and bulk rock compositions,
calculated using Fe/MgKDmin,hq values between 0.19 and 0.31 (Sisson
et al. 2005). An average high-silica rhyolite glass composition was
used for Group 1la, average low-silica rhyolite for Group 1b, and the
lowest SiO, rhyolite glass measured was used for Group 2 (light gray
shading). The bulk rock composition of a low-silica rhyolite was used
for Group 1b and a dacite for Group 2 (dark gray shading)

compositions is 766°C and log units (ANNO; relative to the
nickel-nickel oxide buffer) = —0.12, respectively. The
temperature estimated for the low-silica, Group 1b rhyolite
is 866°C (log units ANNO = 0.18), whereas clinopyro-
xene—orthopyroxene yields 853°C. These low-silica, Group
1b pumice is only found in the PDC deposit overlying the
lag breccia outside of the eastern caldera margin, in ‘upper
member’ pyroclastic flow deposits to the east-southeast and
southwest of the caldera margin, and within the Lake
Okataina biotite-bearing PDC deposit within the western
caldera margin (Fig. 1). While the Group 1c Fe-Ti oxide
estimates yield temperatures within error of the high-silica
Group la (778°C), the oxygen fugacity is distinctly higher
(log units ANNO = 0.50) than either of the Group lab
rhyolites.

1.2 T T T T T T T T T
O Group 1 (rhyolite)
[l Group 2 (intermediate) |-

10 F  Magnetite

0.8 [~ |__L—r|

m
12
&
o

Mg (apfu)
(=)
(=)}
T

04 [
02fF O © -
0.0 1 1 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1.0 12
Al (apfu)
0.10 T T T T
0.09 - Ilmenite
0.08 | DE .
2 oorp °o. 8 o I
) 00 QO B P >
S 0061 000 % .
& o
0.05 » .
o P00
0.04 [
0.03 1 1 1 1
0.84 0.86 0.88 0.90 0.92 0.94

Ti (apfu)

Fig. 6 Composition of oxides in intermediate and silicic rocks
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Fig. 7 T-fO, determined using Fe-Ti oxide equilibrium pairs for the
intermediate to silicic rocks (n = 109)

Pressure estimates using Al-hornblende are inherently
difficult for volcanic rhyolite compositions from the TVZ
as they typically lack the full buffering assemblage that
is required (plagioclase + quartz 4 biotite + sanidine +
hornblende + sphene), allowing the composition to change
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Table 3 Geothermometry comparison

Method Ti-hb (°C) Plag—hb (°C) Fe-Ti oxide (°C) Cpx—opx (°C) fO, (A NNO)
Rock type (group)

Lows-silica rhyolite (1b) - 836 866 853 0.18
Rhyolite (1c) - 748 778 - 0.50
High-silica rhyolite (1b) - 772 770 - 0.00
High-silica rhyolite (1a) - 774 758 - —-0.38
Pre-Matahina rhyolite dome - - 712 - -0.55
Fine-grained basalt (3) 727 - - - -
Basaltic—andesite (2) 867¢/828r - - 953 -
Andesite (2) 831c/760r - 793 882 0.49
Andesite (2) 810c/765r - - 885 -
Dacite (2) 784c/756r - 778 - 0.06
Dacite (2) 813c¢/780r - - - -

Ti-hb: Féménias et al. (2006); Plag-hb: Holland and Blundy (1994); Fe-Ti oxide and oxygen fugacity: Ghiorso and Evans (2008)
Cpx—opx: Ghiorso and Sack (1991). hb: hornblende; plag: plagioclase; cpx: clinopyroxene; opx: orthopyroxene; r: rim and c: core

freely with temperature and oxygen fugacity. Only the
Group lc pumice has the appropriate phase assemblage
(with the exception of sphene), restricting quantitative
interpretations of pressure to this group. However, Deering
(2009) showed that the Al-Tschermak coupled exchange
between Al,; and Al;, in hornblende, which is pressure
dependent, accounted for some of the changes in Matahina
hornblende composition, concluding that Al-geobaro-
meters (e.g. Schmidt 1992) could provide a relative indi-
cation of pressure among rhyolite groups. The results of
that study showed that at least a portion of the crystal cargo
in the low-silica rhyolite (Group 1b) crystallized at greater
depths than the high-silica rhyolite (Group 1a), ~300 MPa
(10-12 km) and ~ 100-200 MPa (4-6 km), respectively.
Blundy and Cashman (2001) showed that in silica- and
water-saturated melts pressure and temperature could be
estimated from glass compositions projected into the syn-
thetic Qz-Ab-Or-H,O system and for relative pressures
from silica-undersaturated melts. Quartz is present in the
Matahina rhyolites (although rare in pumice <73 wt. %
Si0,), indicating silica-saturation. Water-saturation has not
yet been determined using volatile abundances, but
Johannes and Holtz (1990) demonstrated that in water-
undersaturated experiments, the cotectics are not signifi-
cantly different than in water-saturated melts. Glass
compositions of Group 1 rhyolites plot between 100 MPa
and 300 MPa (4-12 km depth), with the low-silica Group
1b rhyolite at the highest pressures from 200 to 300 MPa
(up to 12 km depth). These results are similar to those
determined by Al-hornblende geobarometry, indicating
that the low-silica rhyolite crystallized at greater depths
than the high-silica rhyolite. Although we recognize the
limitations of both these methods, we suggest they provide
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useful relative estimates of crystallization depths among
the different magma groups.

Pre-eruptive temperatures and oxygen fugacity of the
basalt (Group 3) and intermediate (Group 2) rocks were
estimated using several geothermometers: Fe-Ti oxides
equilibrium,  clinopyroxene—orthopyroxene,  Ti—horn-
blende. The results of these calculations are summarized in
Table 3. Iron—titanium oxide equilibrium calculations yield
temperatures for the Group 1c andesite and Group A dacite
within error of the eruptive temperatures determined for the
Matahina rhyolite (~785 £ 30°C). Temperatures esti-
mated for basaltic—andesite to andesite hornblende cores,
using the Ti-hornblende geothermometer of Féménias
et al. (2006), average ~850°C, which is within error of
those determined by clinopyroxene—orthopyroxene pairs
(~920°C). Similar to the temperatures estimated using Fe—
Ti oxide equilibria for the andesite to dacite pumice, the
hornblende rims yield ~765°C. The fine-grained basalt
temperature is 727°C, slightly less than the eruptive tem-
perature of the other mafic clasts. Oxygen fugacity in the
mafic Group lc is similar to that estimated for the Group 1c
rhyolite and higher than the mafic and felsic Group la,b
rocks.

Water contents were only estimated for the Group 1
rhyolite using plagioclase rim and glass compositions,
assumed to be in equilibrium by the method of Housh and
Luhr (1991). Estimates range from 2.77 to 5.42 wt. % H,O
(An method) and 3.61-5.70 wt. % H,O (Ab method), from
the low-silica to high-silica rhyolite types, respectively
(samples: UC175, UC649, UCS555, UC808). The increase
in H,O contents from low- to high-silica rhyolite types
coincides with an increase in the abundance of modal
hornblende in Group 1b (Table 2).
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Table 4 Representative Matahina basalt to rhyolite bulk geochemical analyses

Sample UcCs13 Uc498 UC175 UC181 UcC168 UCc649
Lithology Matahina Matahina Matahina Matahina Matahina Matahina
Group 1b 1b 1b 1b 1b 1b
Deposit description PDC PDC Pinkish tuff Pinkish tuff Gray tuff Pinkish tuff
Type Dense pumice Pumice Pumice Pumice Pumice Pumice
Location Lk. Okataina Te Weta Rd. Reihana Rd. Reihana Rd. Pahekeheke Rd. SH38
Grid reference U16/079355 V16/300301 U17/092099 U17/092099 V16/356186 V16/113141
SiO, 72.80 71.16 72.68 74.58 75.56 76.94
TiO, 0.34 0.45 0.37 0.27 0.23 0.19
AlL,O3 14.75 16.00 14.55 13.60 13.63 12.82
Fe,03 2.67 3.48 2.81 2.26 1.77 1.46
MnO 0.06 0.07 0.06 0.06 0.05 0.04
MgO 0.66 0.86 0.63 0.52 0.41 0.21
CaO 222 2.06 2.05 2.07 1.48 1.07
Na,O 3.59 3.07 3.51 3.69 3.57 3.41
K,O 2.89 2.81 3.31 292 3.28 3.85
P,0s5 0.02 0.02 0.02 0.01 0.02 0.01
LOI 3.85 4.26 3.30 4.80 3.22 3.58
Total 96.00 95.61 96.57 95.05 96.65 96.29
v 30.00 66.31 29.21 14.77 12.80 1.31
Cr 4.89 10.63 4.61 3.25 5.23 3.95
Ni 18 18 17 17 17 17

Cu - 6 3 3 5 1

Zn 45 54 42 41 45 31

Rb 95 89 98 87 105 116

Zr 219 263 254 291 208 156

Sr 181 165 170 180 141 99

Y 20.72 19.78 21.16 24.40 23.87 19.11
Nb 8.60 10.75 8.79 7.76 9.62 8.32
Ba 786 726 686 659 833 839

La 20.60 18.68 19.66 18.98 23.19 21.64
Ce 43.00 49.81 47.76 39.97 4991 45.87
Pr 4.08 4.10 441 4.39 5.57 4.23
Nd 14.13 14.59 15.39 16.11 18.06 14.36
Sm 2.84 3.20 3.05 3.33 3.27 2.92
Eu 0.74 0.92 0.82 0.91 0.80 0.63
Gd 3.00 322 3.60 3.80 3.80 3.20
Tb 0.48 0.53 0.55 0.58 0.57 0.50
Dy 2.80 2.92 3.13 3.52 3.24 2.83
Ho 0.52 0.62 0.61 0.71 0.66 0.57
Er 1.77 1.86 1.94 2.18 2.01 1.84
Yb 2.05 2.08 2.19 243 2.25 2.01
Lu 0.34 0.32 0.34 0.41 0.37 0.34
Hf 497 5.86 5.79 6.36 5.02 3.97
Ta 1.04 1.22 1.42 1.09 2.15 1.65
Pb 2145 25.34 23.15 22.82 33.15 32.15
Th 12.06 11.45 13.05 9.45 12.90 13.51
U 321 334 3.10 2.46 3.77 4.21
87Sr/*0Sr 0.705908

143Nd/]44Nd

Geochemistry analyzed to represent the full spectrum of eruptive deposits

Bulk-rock major and trace elements

Juvenile pumice and fiamme, pre-Matahina rhyolite lava,
rhyolite lithics, and recycled ignimbrite have been

and magma types. Representative data are provided in
Table 4, and the full dataset is available as Electronic
Appendix 2.

In general, the Group 1 rhyolite and Group 2 interme-
diate clasts are calc-alkaline, whereas the Group 3 basalt
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Table 4 continued

UC650 UcCg42 UCss7 UC702 UC1137 UC888 UcCs12
Matahina Matahina Matahina Murupara-E hol Pre-Matahina Matahina
1b la la la la lc lc
Pinkish tuff Plinian airfall Plinian airfall Rhyolite lava Rhyolite dome Lithic lag breccia PDC
Pumice Pumice Pumice Obsidian Lava Lava Dense pumice
SH38 Ohakiri Rd. Bonisch Rd. Anaputa Pt. Lk. Rotoiti Te Weta Rd. Lk. Okataina
V16/113141 V16/298277 V16/310207 V15/244423 V16/300301 U16/079355
77.07 75.84 77.85 77.48 77.61 76.61 76.60
0.19 0.16 0.11 0.10 0.11 0.16 0.13
12.62 14.62 12.44 12.42 12.50 13.02 13.27
1.48 1.73 1.29 1.29 1.18 1.39 1.37
0.04 0.04 0.04 0.04 0.04 0.05 0.05
0.23 0.17 0.14 0.14 0.07 0.34 0.22

1.07 1.02 0.83 0.83 0.81 1.02 0.89
3.53 2.90 3.52 4.03 4.04 3.33 3.12
3.77 3.52 3.76 3.65 3.62 4.07 4.34
0.01 0.01 0.01 0.01 0.01 0.00 0.01
3.74 4.63 3.94 1.45 3.91 3.23
96.13 95.23 95.93 98.44 98.26 95.97 96.65
1.93 6.18 ND ND 3.84 10.98 5.74
2.61 4.86 3.93 5.00 4.84 2.96 5.82

16 19 16 16 - 17 17

2 - 1 4 - 6 2

30 41 30 28 - 27 28

115 124 115 117 116 133 140

158 144 106 107 109 121 109

97 100 81 79 71 85 69

19.71 24.14 24.52 24.35 21.60 18.60 22.27
8.45 10.39 8.88 8.59 10.28 9.76 9.36

838 1052 938 934 879 963 788
21.76 23.98 24.50 24.27 23.13 23.69 24.62
46.06 56.24 56.65 56.26 52.70 53.30 54.82
4.17 5.13 5.25 5.08 5.44 4.59 4.80
14.52 17.86 18.50 17.83 18.60 14.72 16.02
2.88 3.84 3.69 3.79 4.06 2.86 3.06
0.63 0.86 0.71 0.73 0.82 0.57 0.53
3.35 4.35 4.11 4.10 4.12 3.21 3.43

0.51 0.67 0.60 0.62 0.69 0.48 0.51

291 3.68 3.34 3.50 3.55 2.62 2.92
0.58 0.74 0.64 0.71 0.81 0.56 0.55

1.84 2.36 2.10 2.22 2.90 1.81 1.83
2.04 2.74 2.37 2.44 2.46 2.04 2.18
0.35 0.41 0.38 0.40 0.39 0.34 0.37
4.05 4.71 3.36 3.28 3.16 3.58 3.29
1.64 2.32 1.98 1.73 1.29 1.73 1.89
32.15 36.15 34.17 31.02 30.47 29.53 25.56
13.26 15.45 12.73 13.39 12.89 15.89 17.71
4.36 5.04 4.06 4.88 4.65 5.25 5.83
0.705326 0.705761 0.705766 0.705652 0.705536
0.512688 0.512654 0.512684 0.512672 0.512668

are tholeiitic. The intermediate compositions form broadly
coherent trends in major elements with the Group 1 rhyo-
lite (Fig. 8). Some trace elements show more scatter (e.g.
Y; Fig. 9) and slight offsets, rather than continuous trends,
from Group 2 to Group 1 (Fig. 9). Group 3 basalt are
notably lower in Sr and Zr than Groups 1 and 2, but similar
in most major and trace elements to similar, fine-grained
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juvenile HAB, reported as having mingled with other
silicic magmas from the TVZ (Figs. 8, 9).

The light rare-earth elements (LREE) are generally
enriched in all groups, but Group 1 rhyolite is more enri-
ched than Groups 2 and 3 (Fig. 10). Middle rare-earth
elements (MREE) are depleted in Group 1, but relatively
flat in Groups 2 and 3. Group 2 intermediate rocks have
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Table 4 continued

UcCs39 UCI1100 UCs520 UC501 UCl1121 UCl1123 UcCs32
Matahina Matahina Matahina Matahina Matahina Matahina Matahina
3 2 2 2 2 2 2
PDC PDC PDC PDC PDC PDC PDC
Pumice Dense pumice Banded pumice Banded pumice Dense pumice Dense pumice Pumice
Te Weta Rd. Lk. Okataina Te Weta Rd. Te Weta Rd. Lk. Okataina Lk. Okataina Te Weta Rd.
V16/300301 U16/079355 V16/300301 V16/300301 U16/079355 U16/079355 V16/300301
51.29 57.65 58.66 58.90 59.19 63.75 66.33
0.99 1.06 1.08 1.01 0.80 0.75 0.60
18.69 17.55 19.04 18.65 17.33 16.16 17.38
11.85 9.23 9.20 9.15 8.27 6.78 5.80
0.20 0.18 0.16 0.17 0.16 0.12 0.09
5.63 3.67 3.51 3.62 4.28 2.73 1.89
8.88 6.64 4.63 4.69 6.07 4.66 3.02
1.77 2.95 2.48 2.49 2.75 3.07 2.94
0.60 1.02 1.22 1.28 1.12 1.91 1.93
0.09 0.06 0.03 0.05 0.03 0.05 0.02
3.28 4.44 4.48 3.87
96.61 96.36 95.45 95.40 95.86 97.00 95.99
324.69 211.51 212.02 231.41 209.10 189.16 140.32
21.99 13.53 18.01 17.79 34.40 16.26 12.42
21 - 21 21 - - 19
98 - 85 98 - - 62
18 31 36 39 35 57 57
84 455 367 302 258 238 340
193 320 201 201 224 226 190
30.70 18.76 21.64 24.89 2043 18.94 20.41
2.65 4.86 5.34 5.58 4.50 6.18 7.73
376 397 343 463 523 556 604
11.74 9.32 11.67 13.17 9.84 13.70 16.05
19.51 19.82 23.05 29.86 22.92 32.52 34.74
4.12 2.67 3.08 3.78 2.84 3.70 3.68
18.29 10.90 12.29 15.51 11.52 13.86 13.39
4.62 2.84 3.00 3.63 2.96 3.22 3.09
1.12 1.12 1.00 1.09 0.99 1.02 0.90
443 3.00 3.27 3.69 3.11 3.31 3.15
0.71 0.52 0.54 0.61 0.54 0.53 0.54
4.86 3.03 3.42 3.76 3.22 3.03 3.12
0.90 0.67 0.65 0.75 0.70 0.66 0.57
2.82 2.02 2.08 2.22 2.18 2.10 1.85
2.88 2.14 2.19 2.38 2.27 2.15 2.08
0.44 0.35 0.35 0.38 0.37 0.34 0.35
2.32 8.48 7.55 6.28 4.77 4.50 6.96
0.18 0.34 0.38 0.37 0.32 0.51 0.66
2.76 431 5.83 5.75 491 8.80 15.31
1.49 3.11 391 3.79 3.12 5.31 7.96
0.45 1.23 1.36 1.14 1.29 2.45 2.13

0.705839

0.512659

Samples are normalized to 100% anhydrous. Major elements given in wt. % and trace elements (ppm)
Trace elements determined by ICP-MS. LOI values are calculated by weight difference. ND not detected
Grid references refer to sample localities on the New Zealand NZMS 1:50,000 maps

either slightly positive or negative Eu anomalies, whereas  distinct mineral contents observed in the subgroups out-
the Group 1 rhyolite shows deep negative anomalies  lined above. In general, there are two subparallel trends in
(Fig. 10). most major elements that vary with SiO, content (e.g.

Group 1 rhyolite displays several distinct and coherent  Fig. 11). Group la is defined by low CaO, MgO, Fe,O3r,
major and trace-element trends, which correlate with the TiO,, and high Al,O3 trends and extends to 75.23 wt. %
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SiO, (e.g. Fig. 11); whereas Group 1b is defined by high
Ca0O, MgO, Fe,Ost, TiO,, and low Al,O; trends and
extends to the lowest SiO, contents (71.16 wt. %; e.g.
Fig. 11). Group lc mostly overlaps with Group la but has
higher K,O contents (Fig. 11). The Murupara units E-G
and the ‘recycled’ ignimbrite pumice fall geochemically
within the Group la,b Matahina, but individual pumice
tends to share characteristics of both groups or overlap with
the two types. The pre-Matahina rhyolite lava dome,
exposed along the northern margin of the present day
caldera (Fig. 1), is also included in Group la.
Trace-element variations further define the Group 1
rhyolite. Group lc has distinctive Rb and Th but falls
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within the Group la in all other trace-element plots (e.g.
Fig. 11). Group la has lower Zr, Sr, and Hf than Group 1b
but overlaps with Group 1c in Rb, Y, and Th (e.g. Fig. 11).
Group 1b has some of the lowest Rb contents but also
overlaps with Group la,c. Yttrium shows significant scatter
among all groups.

Matrix glass

Glass compositions range from 74 to 79 wt. % SiO, and
mostly overlap with the high-silica rhyolite type. The
lowest SiO, glass analyzed follows the bulk-rock trend
of the Group 1b rhyolite. Although the K,O content of
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glass from Group lc is the highest among the rhyolites,
distinct glass compositions also overlap with those from
Group 1b (Fig. 12). Group 2 rhyolitic glass compositions
overlap with the bulk-rock rhyolite pumice and glass
from the rhyolitic pumice (Fig. 12). However, the Group
2 glass compositions diverge slightly from the dominant
high- to low-silica glass of the rhyolite. Cl is correlated
with indicators of differentiation, and Cl concentrations
are generally lowest in the lowest SiO, glass analyzed
from Group 2 pumice but form a scattered trend to
higher contents in the Group 1 pumice (Fig. 13). Some
of the biotite-bearing Group lc pumice also has low Cl
contents, but in more evolved glass and may have been
affected by partitioning between melt-biotite. Glass in
the basalt is unusual and contains the highest Cl contents
and low K,O—this will be addressed below in the
discussion.

Sr—Nd isotopes

Strontium and Nd isotopes are broadly within the field of
other TVZ rhyolites (Fig. 14a). Pre-Matahina bio-
tite + quartz-bearing rhyolite lithics from the lag breccia
and biotite 4+ quartz-bearing pumice from the PDC deposit
along the western margin of the caldera (Fig. 1; localities 1
and 2) have Sr-Nd isotope compositions within analytical
error of one another (Fig. 14a). The Sr-Nd isotopes of
Murupara-E pumice and pre-Matahina rhyolite dome clasts
are also within error. Similar to some andesite composite
volcanoes outside of the central TVZ, the one most crys-
talline andesite rock (UC1100) is isotopically similar to
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TVZ rhyolite. The isotopic composition of Matahina
pumice is slightly negatively correlated with indicators of
differentiation (e.g. SiO,; Fig. 14b).

Discussion
Crystal-poor rhyolite from intermediate mush

Many silicic eruptions represent evacuations of a magma
system zoned from crystal-poor to crystal-rich (up to 25%
crystals) (e.g. Mills et al. 1997). However, few samples that
represent intermediate ‘mushes’ (25-55% crystals) have
been co-erupted with the voluminous crystal-poor rhyolite
(e.g. Hildreth and Fierstein 2000). Marsh (1981) defined a
rheological transition at ~25% crystals from a viscous
fluid suspension to a high viscosity mush of reticulated
crystals. This increase in viscosity had been characterized
as a ‘viscosity barrier’ by Smith (1979) preventing efficient
extraction; barring energetic disruption—possibly by cal-
dera collapse.

Despite the absence of a copious number of samples
representing intermediate crystal ‘mush’ in eruptive
deposits, a growing body of evidence indicates that large
rhyolitic magma reservoirs evolve via silicic melt extrac-
tion from intermediate mushes (see Hildreth 2004; Bach-
mann and Bergantz 2004; Hildreth and Wilson 2007).
Hildreth and Wilson (2007) prefer a model for the well-
studied Bishop Tuff (~600 km® rhyolitic magma),
whereby secular escape of interstitial melt from a mush
would be favoured in extensional environments. Rift
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related faulting would repeatedly disrupt the mush column,
allowing the low viscosity, hydrous rhyolitic melt (<10*—
10> Pa s at 700-800°C; Scaillet et al. 1998) to be incre-
mentally extracted.

The following observations are consistent with the melt-
rich Matahina rhyolite having been derived from an inter-
mediate crystal mush. First, glass compositions determined
for Group 2 intermediate magmas broadly overlap with the
bulk-rock composition of the Group 1 rhyolite (Fig. 12).
This compositional overlap, coupled with the increase in
crystallinity from high-silica rhyolite to intermediate
rocks, indicates that the intermediate magma represents an
accumulation of crystals with a rhyolitic interstitial
liquid. This rhyolitic liquid is the Group 1 rhyo-
lite. Second, the Zr contents are much higher in the Group
2 intermediate clasts relative to similar clasts from other
TVZ silicic eruptions, indicating zircon accumulation
(Fig. 15a). To a lesser extent, a slight positive Eu anomaly
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Fig. 11 Selected major and trace elements against silica for rhyolite
subgroups also defined by distinct mineral contents

in Group 2 intermediate relative to the Group 3 fine-
grained basalt and other TVZ basalts also indicates
plagioclase accumulation (Fig. 15b). Third, although scat-
tered, there is a general increase in Cl contents with
increasing melt SiO, (Fig. 13), which is also reflected in
the hornblende chemistry (Fig. 4b) and is consistent with
volatile evolution during crystallization (second boiling).
Fourth, the intercrystalline continuum of compositions
observed in plagioclase, hornblende, orthopyroxene, and
oxides (Figs. 3, 4, 5, 6) and normal zoning within indi-
vidual crystals argues strongly for in situ crystal-melt
evolution. A final point is based on pressure, temperature,
and oxygen fugacity estimates. They indicate that the
Group 2 intermediate magmas resided at greater depths
than the Group 1 rhyolite prior to eruption (Table 3),
within the mid- to upper-crust at and just below the brittle-
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Fig. 14 a ¥’Sr/*6Sr against éNd values, and b ¥’Sr/*’Sr against bulk
rock SiO, for Matahina mafic and felsic compositions. Field for TVZ
basalt is from Gamble et al. (1993) and for TVZ andesite from
Graham et al. (1995) and references therein. Symbols as in previous
figures

ductile transition at 10-12 km (Heise et al. 2007). Esti-
mates of the pre-eruptive magma P-T-fO, conditions of the
coarse-grained Group 2 are consistent with peak recharge
and initial storage temperatures between 950 and 850°C,
but detailed analytical traverses of hornblende from core to
rim indicate a gradual cooling to near ~ 800°C just prior to
the mingling and mixing with the host Group 1 rhyolite
(Deering 2009).

Together, the stratigraphy of compositional types and
the temperature and pressure estimates of Group 1 and
Group 2 magmas support the existence of only a slight
compositional gradient within the crystal-poor cap and a
slight thermal gradient from mid- to upper-crust. The order
of appearance in the eruptive sequence of the mafic com-
ponent and the pressure estimates for mafic to felsic
magmas allow the construction of a compositional profile
from crystal-rich andesite (~50 vol%) with rhyolitic
interstitial melt and an abrupt change to a crystal-poor
slightly zoned rhyolite.
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Fig. 15 Zr contents and Eu anomaly (Eu/Eu*) against silica for all
groups, plotted with high-alumina basalt (solid outline: Gamble et al.
1993) and hornblende-bearing quenched mafic clasts (dashed outline:
Brown et al. 1998; Wilson et al. 2006). Eu/Eu* is calculated from the
two linear equations log;o(Smy) = (a*62) + b and log;o(Tby) =
(a*65) + b

Compositional gap

The volcanism in the central TVZ is predominantly com-
positionally bi-modal and consists of volumetrically dom-
inant caldera-forming rhyolitic eruptions and subordinate
monogenetic basaltic cone building. This compositional
gap has been used to infer that either the rhyolites represent
pure metasedimentary crustal melts (which has been
rejected based on isotopes; for a review see Graham et al.
1995) or they represent melting of previously emplaced
intermediate igneous rocks that never reached the surface.
However, mantle-derived melts generated along continen-
tal arcs crystallize rapidly upon interaction with the cold
crust and follow a wet-oxidizing liquid line of descent
(amphibole and oxides), which can drive liquid composi-
tions over the andesite field and instead produce dacite
(Grove and Donnelly-Nolan 1986). Therefore, given the
presence of amphibole in the intermediate magma and
assuming an initial dacite, crystal accumulation and com-
paction of this magma will produce an andesitic cumulate
with a complementary rhyolitic interstitial liquid (Bach-
mann and Bergantz 2004). A dacitic magma produced in
the lower- to middle crust partially fills this compositional
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gap and the compositional continuum observed in the
minerals preserves a complete liquid line of descent
(Figs. 3, 4, 5, 6). Therefore, although the erupted products
are compositionally bi-modal, the minerals record the
complete series of magma evolution from parental basalt in
the lower crust to the rhyolite daughter produced in the
mid- to upper-crust.

Origin of rhyolite diversity (groups)

Combined, the geochemical characteristics outlined above
are consistent with Group 1 being genetically related to
Group 2. However, other features indicate that the condi-
tions of crystallization in the mush column varied slightly:
(1) oxygen fugacity ranges from +0.05 (ANNO) to +0.49
(ANNO); (2) the hornblende/orthopyroxene ratio ranges
from 0.06 to 3.6; and (3) although crystal contents decrease
from andesite to dacite, the total crystal contents are dif-
ferent across the range of comparable bulk-rock composi-
tions. Therefore, the range of compositional features and
mineral contents of the intermediate magma and geo-
graphic separation of the deposits where they are found
suggest that the conditions varied slightly across the base
of the reservoir and would have produced slightly different
rhyolitic liquid compositions. Within this context, we
explore, in detail, the origin of the compositional variations
of the more evolved Matahina magma(s).

The combination of subparallel geochemical trends and
distinct mineral contents and chemistry that define the
Group 1 subgroups indicates that each of these melt-rich
magmas was produced under slightly different conditions.
The correlation between oxygen fugacity and Mg# ortho-
pyroxene and key trace elements supports this inference.
For example, Dy (bulk-rock) is quantitatively well corre-
lated with oxygen fugacity and qualitatively with the
presence and abundance of hydrous phases consistent with
derivation of melt under a range of differing fO, and fH,O
conditions throughout the magma reservoir (Fig. 16a). The
range of fO, estimated also correlates well with orthopy-
roxene Mg# (Fig. 16b), consistent with changes observed
in experiments where fO, was controlled (e.g. Sisson et al.
2005).

The paucity of disequilibrium textures and apparent
equilibrium between melt and orthopyroxene (Fig. 5) in the
dominant melt-rich Matahina magma body (Group 1)
indicates that mixing may not have played a significant role
in generating the compositional diversity (or subgroups)
and permits a more comprehensive evaluation of differ-
entiation related to the differences in mineral contents
associated with the range of different conditions.

Trace elements are particularly sensitive to fractionation
of mineral phases and, therefore, provide a good indicator
of magma differentiation. Using the mineral contents and
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modal percentages determined by mass balance and point
counting, we targeted several trace elements that are
preferentially partitioned into hornblende and plagioclase
as these are the primary phases that vary in abundance
within Group 1 rhyolite. We modeled crystal fractionation
extending from rhyodacite compositions, where each has
distinct hornblende/plagioclase—orthopyroxene ratios along
separate trends. As hornblende and plagioclase are the
dominant phases present in the rhyodacites, we chose to
model Y and Sr, which are highly partitioned into those
phases, to determine the origin of the trace-element vari-
ation. Approximately 25% crystal fractionation from a
rhyodacite with a hornblende/orthopyroxene ratio varying
from high to low produces the range of Group 1b with low
to moderate Y contents (Fig. 17) and Group la with high Y
contents. Group Ic high-silica rhyolite can be produced by
~20% crystal fractionation of the lowest-silica Group 1c
rhyolite, generating the observed trends to higher Y values
(Fig. 17).

These simple trace-element models show that lateral
fH>0 and fO, variations in the intermediate mush (Group
2) can generate a continuum of compositions (or array) as
the hornblende/pyroxene—plagioclase ratio varies (Group
1b,c). A decrease in the amount of dissolved H,O with
decreasing pressure toward the roof of the reservoir might
decrease enough for the magma to leave the hornblende
stability field and could explain the absence of hornblende
in the initial fall deposit (Group la). This prediction is
consistent with simple calculations using CONFLOW
(Mastin 2002) to estimate dissolved H,O over the vertical
thickness (est. 2-3 km) of the crystal-poor portion of the
reservoir (5 wt. % to 4 wt. % at the roof). The melt vis-
cosity will also increase, which may trap this bubble-rich
layer at the roof.

Magma hybridization

Although P-T constraints and compositional variations can
predominantly be explained by crystallization and melt
extraction from an andesitic progenitor to produce the
rhyolite, mingling/mixing during or slightly before erup-
tion was also an important process and modified the
composition of a subordinate volume of the Matahina
rhyolite sensu stricto. This is supported by the following
observations: First, the disequilibrium textures, which are
often interpreted to reflect magma mixing, such as deeply
embayed plagioclase and overgrowths are found in pumice
clasts from the PDC and upper-member deposits. Second,
the compositions of some magnetite, hornblende, and glass
are bi-modal (not shown in figure), but only in the low-
silica rhyolite of the upper ash-flow member and in the
PDC deposits. Third, the chemical disequilibrium between
pyroxene rim compositions and host melt indicates that the
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Fig. 16 Log fO, (ANNO) against orthopyroxene En content and Dy
(bulk-rock) illustrates the correlation between type of rhyolite
produced via crystal fractionation governed by the oxidation state
of the parental melt. Ferromagnesian mineral contents for each
rhyolite type are also correlated with the oxidation state of the magma

interstitial melt of the intermediate cumulate mush and the
overlying melt-rich rhyolite were slightly different and
mineral-melt exchange must have occurred. Fourth,
detailed analytical traverses of individual hornblende
crystals show a dramatic decrease in temperature along the
outer ~ 150 pm rim, indicating a rapid quenching between
the intermediate Group 2 and the cooler rhyolite (Deering
2009). Coupling the distinct bi-modal crystals from some
dacite and the low-silica rhyolite implies that, although
limited, crystal + melt exchange occurred across the lower
extent of the rhyolite magma chamber.

Mafic intrusions

Most arc-generated mantle-derived basalts are wet and will
stagnate in the lower crust, crystallizing and assimilating
to feed the middle crust with intermediate magma
(Carmichael 2002; Tamura and Tatsumi 2002; Dufek and
Bergantz 2005; Annen et al. 2006). However, in extensional
environments, dike propagation may be favorable allowing
some basalt to ascend rapidly. The fine-grained texture and
mineral assemblage (hornblende + plagioclase + oxides)
of the Group 3 basalt reflects significant undercooling and
could be due to direct interaction with the main rhyolitic
magma body (e.g. Oruanui eruption; Wilson et al. 2006)
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Fig. 17 Trace-element modeling for rhyodacite to high-silica rhyo-
lite for Group A high and low hornblende/orthopyroxene types.
Oxygen fugacity is highest for high hornblende/orthopyroxene
rhyolite derivatives and lowest for low hornblende/orthopyroxene
rhyolite derivatives. Group B modeling trends from the least-evolved
to most-evolved biotite + quartz—bearing rhyolite (P. are from the
GERM online database and details of modeling parameters are
provided in the online Appendix). Modeling for both Groups A and B
is in 5% increments up to 25%. Symbols as in Fig. 11

following penetration of the intermediate mush. The
physical process, whereby mafic magma penetrates a more
evolved crystalline host mush and spreads out along the
floor of a crystal-poor silicic magma chamber, has been
observed in exposed upper crustal plutonic sections (Wiebe
and Collins 1998; Wiebe et al. 2004). Consequently, we
interpret the high Cl contents in the basaltic glass relative
to the Group 2 intermediate glass (Fig. 13) as a result of
mingling of a volatile-rich, undegassed melt from the
basalt with parts of the rhyolitic magma; analogous to
mafic sheets preserved in plutons (e.g. Wiebe et al. 2004).
Additionally, if we consider that the amphibole in the
basaltic—andesite/andesite recorded several recharge events
during the mush evolution (Deering 2009), perhaps these
recharge events were coincident with basalt-rhyolite
interaction and triggering of earlier Murupara events.
Basaltic triggering of smaller rhyolitic eruptions in Okata-
ina has been documented for more recent volcanic activity
(e.g. Leonard et al. 2002; Shane et al. 2007), and monogenic
basalt eruptions are closely temporally associated with
other rhyolitic eruptions (e.g. Schmitz and Smith 2004).

Eruptive model

Pre-Matahina volcanism/magmatism

The bulk-rock compositions, mineral compositional over-
lap, and isotopic similarities among the Murupara E, F, and
G units, pre-Matahina rhyolite domes, Group 1c lithics, and

the Group 1 Matahina rhyolite provide some temporal
constraints on the assembly of Matahina magmas prior to
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the catastrophic event. Extrusive dome construction prior
to the Matahina eruption apparently extended out to the
north and northeastern caldera boundaries and is probably
similar to the spatial extent of the dome complex con-
structed over the last ~26 kyrs. within the OVC. Although
the glass compositions and some bulk rock compositions of
biotite-bearing rhyolite pumice from the syn-collapse PDC
deposit on the west of the caldera (Fig. 1; locality 1) are
similar, the higher K,O indicates they may be a distinct
magma batch.

The eruptive activity that preceded the Matahina erup-
tion signified the early stages of magma assembly and
indicates that the magma varied slightly in composition and
mineral assemblage within the trace of the caldera. A
schematic of the pre/syn-eruptive magmatic system
beneath the OVC is provided in Fig. 18. Periodic venting
of the Group Ic biotite-bearing, Group 1b orthopyro-
xene + hornblende—bearing, and Group la orthopyro-
xene + hornblende—bearing magma types occurred prior to
the climactic Matahina eruption. The frequency, style, and
volume could be compared to the current activity within
the OVC, which has erupted smaller volumes of rhyolite
that are distinctly different along the two linear vent zones
(Nairn 2002). Distribution of these magmas within the
current trace of the caldera complex and the timing of the
Group Ic biotite-bearing rhyolite dome building remain
unclear, but the exposures of the Group 1a,b rhyolite dome
remnants (Fig. 1; localities 8 & 9) are consistent with the
existence of a magma reservoir that extended to the north
and northeastern caldera margins.

Matahina eruption

The early plinian phase of the Matahina eruption only
evacuated Group la, high-silica rhyolite, which contains
rare hornblende only at the top of the fall deposit.
Although the Group 1b rhyolite appears in the first flow
deposit, the low-silica, Group 1b was only found to the
southeast in one pinkish ash-flow deposit, which was
considered the upper ash-flow member of the Matahina by
Bailey and Carr (1994). Therefore, the distribution of the
final phase of the eruption appears to be primarily along
an array from east/southeast to west and includes not only
the Group 1la,b rhyolitic magma types but also the Group
Ic rhyolite and Groups 2 and 3 from the PDC deposits.
Importantly, the Group la rhyolite is still mixed within
the PDC deposit. Consequently, we infer that the collapse
corresponded with unzipping of the crust along ring faults
tapping the uppermost portion of the magma reservoir
unevenly through time. A similar model was proposed for
caldera collapse—induced late-stage mixing and exhuma-
tion of mafic mush along the Ossipee ring dyke, New
Hampshire, USA (Kennedy and Stix 2007).The
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Fig. 18 Schematic cross-section from NW-SE through the OVC, »
illustrating the magmatic plumbing system prior to and during the
Matahina eruption. Intruded basalts are sandwiched between crustal
greywacke and intermediate intrusives between 15 and 30 km depth.
The compositional and thermal gradient includes the amphibole-
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bearing cumulate and crystal-rich intermediate magmas up to the
brittle-ductile transition at ~8 km depth, whereas the rhyolitic
magma reservoirs develop between 4 and 8 km depth. Upper crust:
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squeezed out along ring faults as the crust founders. Late-
stage assimilation of the foundering crust is also evi-
denced by the slight increase in Sr—Nd isotopes from the
dominant melt-rich rhyolite to subordinate, crystal-rich
andesite magma (Fig. 14).

The eruption of more than one, compositionally distinct,
rhyolitic magma is not unique in the TVZ. Other eruptions
have also had several compositionally distinct magma
bodies erupt that could be related by crystal fractionation
(e.g. Whakamaru (Brown et al. 1998) and Rotoiti (Schmitz
and Smith et al. 2004)). Even the eruption of two distinct
mafic magma types is not unique as Wilson et al. (2006)
showed both a calc-alkaline and tholeiitic type interacted
with the Oruanui rhyolitic magma. What is unique is the
crystal content (phenocrystic hornblende) and abundance
within the mafic clasts, which represent a crystal mush zone
within the mid- to upper-crust that has rarely been sampled.

Syn-eruptive Matahina reservoir

T2
NW

SE

Conclusions

1. Crystal accumulation and melt extraction are the
dominant processes involved in producing the melt-
rich Matahina rhyolite and likely applies to the pet-
rogenesis of all TVZ rhyolites.

2.  The intermediate cumulate mush partially fills the
compositional gap observed in the TVZ (dacite
compositions), but a wet liquid line of descent predicts
that a small gap between basalt and dacite may still be
a natural consequence of arc-related magmatism.

3. Rhyolitic compositional diversity (groups) can be
explained by lateral or vertical variations in fluid
content, which in turn influences the proportion of
hornblende/plagioclase—pyroxene and ultimately gen-
erates a range of compositions. Although likely only a
temporary feature of the crystal-poor rhyolite reservoir,
the exsolved bubble gradient and inherent difference in
viscosity that arises may trap melt at the roof and give
rise to a distinct ‘batch’ of melt-rich magma.

Pre-eruptive Matahina reservoir

Al,2 = Group A rhyolites and B = Group B rhyolite. Middle crust:
A = Group A andesite—dacite and B = Group B andesite—dacite

exhumation of the coarse-grained intermediate mush
likely represents mid- to upper-crustal aliquots, which are
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4. Mixing was only important in influencing the
composition of subordinate aliquots of the main
Matahina rhyolite magma body, modifying the rhyolite
composition near the mush-melt interface in the late
stages of the eruption and were probably induced by
the caldera collapse.

5. This case study of the Matahina eruption may provide
our first insight into the deeper crustal processes that
drive production of the highest volumes of rhyolite
erupted on earth over the past two million years.

Acknowledgments Financial support for this study was generously
provided by the Royal Society of New Zealand, Marsden Fund
(UOCO0508) and the Department of Geological Sciences, University
of Canterbury, Mason Trust Fund. Electron microprobe analysis at the
University of Michigan was supported by NSF grant #£AR-9911352.
Rose Turnbull from the University of Canterbury and Joel Baker and
Monica Handler at Victoria University are thanked for preparation
and analysis of samples for Sr—Nd isotopes.

References

Annen C, Blundy JD, Sparks RSJ (2006) The genesis of intermediate
and silicic magmas in deep crustal hot zones. J Petrol 47:505—
539

Bachmann O, Bergantz GW (2004) On the origin of crystal-poor
Rhyolites: extracted from batholithic crystal mushes. J Petrol
45:1565-1582

Bacon CR, Druitt TH (1988) Compositional evolution of the zoned
calcalkaline magma chamber of Mount Mazama, Crater Lake,
Oregon. Contrib Mineral Petrol 98:224-256

Bacon CR, Hirschmann MM (1988) Mg/Mn partitioning as a test for
equilibrium between coexisting Fe-Ti oxides. Am Mineral
73:57-61

Bailey RA, Carr RG (1994) Physical geology and eruptive history of
the Matahina Ignimbrite, Taupo Volcanic Zone, North Island,
New Zealand. N Z J Geol Geophys 37:319-344

Beresford SW (1997) Volcanology and Geochemistry of the Kainga-
roa Ignimbrite, Taupo Volcanic Zone, New Zealand. Unpub-
lished PhD thesis, University of Canterbury Library

Blundy J, Cashman K (2001) Ascent-driven crystallisation of dacite
magmas at Mount St. Helens, 1980-1986. Contrib Mineral Petrol
140:631-650

Brown SJA, Wilson CJN, Cole JW, Wooden JL (1998) The
Whakamaru Group ignimbrites, Taupo volcanic zone, New
Zealand: evidence for reverse tapping of a zoned silicic
magmatic system. J Volcanol Geotherm Res 84:1-37

Carmichael ISE (2002) The andesite aqueduct: perspectives on the
evolution of intermediate magmatism in west-central (105-99
degrees W) Mexico. Contrib Mineral Petrol 143(6):641-663

Clemens JD (2003) S-type granite-petrogenetic issues, models and
evidence. Earth-Sci Rev 61:1-18

Clemens JD, Wall VJ (1984) Origin and evolution of a peraluminou
ignimbrite suite: the Violet Town Volcanics. Contrib Mineral
Petrol 88:354-371

Cole JW, Spinks KD, Deering CD, Nairn IA, Leonard GS (2010)
Volcanic and structural evolution of the Okataina Volcanic
Centre; dominantly silicic volcanism associated with the Taupo
Rift, New Zealand. J Volcanol Geotherm Res 190:123-135

@ Springer

Deering CD (2009) Cannibalization of an amphibole-rich andesitic
progenitor induced by caldera-collapse during the Matahina
eruption: evidence from amphibole compositions. Am Mineral
94:1162-1174

Deering CD, Cole JW, Vogel TA (2008) A rhyolite compositional
continuum governed by lower crustal source conditions in the
Taupo volcanic zone, New Zealand. J Petrol 49:2245-2276

Dufek J, Bergantz GW (2005) Lower crustal magma genesis and
preservation; a stochastic framework for the evaluation of basalt-
crust interaction. J Petrol 46:2167-2195

Féménias O, Mercier J-CC, Nkono C, Diot H, Berza T, Tatu M,
Demaiffe D (2006) Calcic-amphibole growth and compositions
in calc-alkaline magmas: evidence from the Motru Dike Swarm
(Southern Carpathians, Romania). Am Mineral 91:73-81

Gamble JA, Smith IEM, McCulloch MT, Graham 1J, Kokelaar BP
(1993) The geochemistry and petrogenesis of basalts from the
Taupo Volcanic Zone and Kermadec Island Arc. S.W. Pacific.
J Volcanol Geotherm Res 54:265-290

Ghiorso MS, Evans BW (2008) Thermodynamics of rhombohedral
oxide solid solutions and a revision of the Fe-Ti two-oxide
geothermometer and oxygen-barometer. Am J Sci 308:957-1039

Ghiorso MS, Sack RO (1991) Fe-Ti oxide geothermometry: thermo-
dynamic formulation and estimation of intensive variables in
silicic magmas. Contrib Mineral Petrol 108:485-510

Graham 1J, Gulson BL, Hedenquist JW, Mizon K (1992) Petrogenesis
of late Cenozoic volcanic rocks from the Taupo volcanic zone,
New Zealand, in the light of new lead isotope data. Geochim
Cosmochim Acta 56:2797-2819

Graham 1J, Cole JW, Briggs RM, Gamble JA, Smith IEM (1995)
Petrology and petrogenesis of volcanic rocks from the Taupo
Volcanic Zone: a review. J Volcanol Geotherm Res 68:59-87

Grove TL, Donnelly-Nolan JM (1986) The evolution of young silicic
lavas at Medicine Lake Volcano, California: implications for the
origin of compositional gaps in calc-alkaline series lavas
Contributions to Mineralogy and Petrology 92: 281-302

Healy J (1962) Structure and volcanism in the Taupo volcanic zone,
New Zealand. Geophys Monogr 6:151-157

Heise W, Bibby HM, Grant CT, Bannister SC, Ogawa Y, Takakura S,
Uchida T (2007) Melt distribution beneath a young continental
rift; the Taupo Volcanic Zone, New Zealand. Geophys Res Lett
34:28

Hildreth W (2004) Volcanological perspectives on Long Valley,
Mammoth Mountain, and Mono Craters: several contiguous but
discrete systems. J Volcanol Geotherm Res 136(3-4):169—-198

Hildreth W, Fierstein J (2000) Katmai volcanic cluster and the great
eruption of 1912. Geol Soc Am Bull 112:1594-1620

Hildreth W, Wilson CJN (2007) Compositional zoning of the Bishop
Tuff. J Petrol 48:951-999

Hildreth W, Halliday AN, Christiansen RL (1991) Isotopic and
chemical evidence concerning the genesis and contamination of
basaltic and rhyolitic magma beneath Yellowstone Plateau
volcanic field. J Petrol 32:63-137

Housh TB, Luhr JF (1991) Plagioclase-melt equilibria in hydrous
systems. Am Mineral 76:477-492

Johannes W, Holtz F (1990) Formation and composition of H20
undersaturated granitic melts. In: Ashworth JR, Brown M (eds)
High-temperature metamorphism and crustal anatexis. Unwin
Hyman, London, pp 87-104

Kennedy B, Stix J (2007) Magmatic processes associated with caldera
collapse at Ossipee ring dyke, New Hampshire. Geol Soc Am
Bull 119:3-17

Leake BE, Wooley AR, Arps CES, Birch WD, Gilbert MC, Grice JD,
Hawthrone FC, Kato A, Kisch HJ, Krivovichev VG, Linthout K,
Laird J, Mandarino JA, Maresch WV, Nickel EH, Rock NMS,
Schumacher JC, Smith DC, Stephensen NCN, Ungaretti L,
Whittaker EJW, Youzhi G (1997) Nomenclature of amphiboles:



Contrib Mineral Petrol (2011) 161:129-151

151

report of the Subcommittee on Amphiboles of the International
mineralogical Association, Commission on New Minerals and
Mineral Names. Am Mineral 82:1019-1037

Leonard GS, Begg J (2010) Geology of the Rotorua area: scale.
1:250,000.Lower Hutt: Institute of Geological & Nuclear
Sciences. Institute of Geological & Nuclear Sciences
1:250,000 geological map 5. + 1 folded map

Leonard GS, Cole JW, Nairn IA, Self S (2002) Basalt triggering of the
c. AD 1305 Kaharoa rhyolite eruption, Tarawera Volcanic
Complex, New Zealand. J Volcanol Geotherm Res 115:461-486

Leonard GS, Calvert AT, Wilson CJN, Gravley DM, Deering CD
(2008) Coastal uplift linked to sea level changes and a record of
early Rotorua-Okataina eruptions: constraints from new Taupo
Volcanic Zone “°Ar-*’Ar geochronology, New Zealand. Inter-
national Association of Volcanology and Geochemistry of
Earth’s Interior, Iceland

Manning DA (1995) Late Pleistocene tephrostratigraphy of the
Eastern Bay of Plenty region, New Zealand. Unpublished PhD
thesis, Victoria University

Manning DA (1996) Middle-late Pleistocene Tephrastratigraphy of
the Eastern Bay of Plenty, New Zealand. Q Int 34-36:3-12

Marsh BD (1981) On the crystallinity, probability of occurrence, and
rheology of lava and magma. Contrib Mineral Petrol 78:85-98

Mastin L (2002) Insights into volcanic conduit flow from an open-
source numerical model. Geochem Geophys Geosyst 3. doi:
10.1029/2001GC000192

McCulloch MT, Kyser TK, Woodhead JD, Kinsley L (1994) Pb-Sr-
Nd-O isotopic constraints on the origin of rhyolites from the
Taupo volcanic zone of New Zealand; evidence for assimilation
followed by fractionation from basalt. Contrib Mineral Petrol
115:303-312

Mills JG, Saltoun BW, Vogel TA (1997) Magma batches in the
Timber Mountain magmatic system Southwestern Nevada
Volcanic Field, Nevada, USA. J Volcanol Geotherm Res
78:185-208

Milner DM, Cole JW, Wood CP (2001) Mamaku Ignimbrite: a
caldera-forming ignimbrite erupted from a compositionally
zoned magma chamber in Taupo Volcanic Zone, New Zealand.
J Volcanol Geotherm Res 122:243-264

Nairn IA (2002) Geology of the Okataina Volcanic Centre, scale 1:50
000. Institute of Geological & Nuclear Sciences geological
map 25. 1 sheet 4+ 156 p. Lower Hutt: Institute of Geological &
Nuclear Sciences: 20

Pichavant M, Kontak DJ, Briqueu L, Herrera JV, Clark AH (1988a)
The Miocene-Pliocene Macusani Volcanics, SE Peru, 1. Miner-
alogy and magmatic evolution of a two-mica aluminosilicate-
bearing ignimbrite suite. Contrib Mineral Petrol 100:300-324

Pichavant M, Kontak DJ, Briqueu L, Herrera JV, Clark AH (1988b)
The Miocene-Pliocene Macusani Volcanics, SE Peru, 2. Geo-
chemistry and origin of felsic peraluminous magma. Contrib
Mineral Petrol 100:325-338

Riley TR, Leat PT, Pankhurst RJ, Harris C (2001) Origins of large
volume rhyolitic volcanism in the Antarctic Peninsula and
Patagonia by crustal melting. J Petrol 42:1043-1065

Scaillet B, Holtz F, Pichavant M (1998) Phase equilibrium constraints
on the viscosity of silicic magmas; 1, volcanic-plutonic

comparison. J Geophys Res B, Solid Earth Planets 103(11):
27,257-227,266

Schmidt MW (1992) Amphibole composition in tonalite as a function
of pressure; an experimental calibration of the Al-in-hornblende
barometer. Contrib Mineral Petrol 110:304-310

Schmitz MD, Smith IEM (2004) The petrology of the Rotoiti eruption
sequence, Taupo volcanic Zone: an example of fractionation and
mixing in a rhyolitic system. J Petrol 45:2045-2066

Shane P, Martin SB, Smith VC, Beggs KF, Darragh MB, Cole JW,
Nairn IA (2007) Multiple rhyolite magmas and basalt injection
in the 17.7 ka Rerewhakaaitu eruption episode from Tarawera
volcanic complex, New Zealand. J Volcanol Geotherm Res
164:1-26

Sisson TW, Bacon CR (1999) Gas-driven filter pressing in magmas.
Geology 27:613-616

Sisson TW, Ratajeski K, Hankins WB, Glazner AF (2005) Volumi-
nous granitic magmas from common basaltic sources. Contrib
Mineral Petrol 148:542-565

Smith RL (1979) Ash-flow magmatism. Geological Society of
America. Special Paper 180: 5-27

Smith IEM, Stewart RB, Price RC (2003) The petrology of a large
intra-oceanic silicic eruption: the Sandy Bay Tephra, Kermadec
Arc, Southwest Pacific. J Volcanol Geotherm Res 124:173-194

Tamura Y, Tatsumi Y (2002) Remelting of an andesitic crust as a
possible origin for rhyolitic magma in oceanic arcs: an example
from the Izu-Bonin arc. J Petrol 43(6):1029-1047

Ulfbeck D, Baker J, Waight T, Krogstad E (2003) Rapid sample
digestion and chemical separation of Hf for isotopic analysis by
MC-ICPMS. Talanta 59:365-373

Vogel TA, Flood TP, Patino LC, Wilmot MS, Maximo RPR, Arpa
CB, Arcilla CA, Stimac JA (2006) Geochemistry of silicic
magmas in the Macolod Corridor, SW Luzon, Philippines:
evidence of distinct, mantle-derived, crustal sources for silicic
magmas. Contrib Mineral Petrol 151:267-281

Waight TE, Baker JA, Peate DW (2002) Sr isotope ratio measure-
ments by double-focusing MC-ICPMS: techniques, observations
and pitfalls. Int J] Mass Spectrom 221:229-244

Wiebe RA, Collins WJ (1998) Depositional features and stratigraphic
sections in granitic plutons: implications for the emplacement
and crystallization of granitic magma. J Struct Geol 20:1273—
1289

Wiebe RA, Manon MR, Hawkins DP, McDonough WF (2004) Late-
stage mafic injection and thermal rejuvenation of the Vinalhaven
granite, Coastal Maine. J Petrol 45:2133-2153

Wilson CJN, Rogan AM, Smith IEM, Northey DJ, Nairn IA,
Houghton BF (1984) Caldera volcanoes of the Taupo volcanic
zone, New Zealand. J Geophys Res 89:8463—-8484

Wilson CJN, Houghton BF, McWilliams MO, Lanphere MA, Weaver
SD, Brigges RM (1995) Volcanic and structural evolution of
Taupo volcanic zone, New Zealand: a review. J Volcanol
Geotherm Res 68:1-28

Wilson CJN, Blake S, Charlier BLA, Sutton AN (2006) The 26.5 ka
Oruanui Eruption, Taupo Volcano, New Zealand: development,
characteristics and evacuation of a large Rhyolitic magma body.
J Petrol 27:35-69

@ Springer


http://dx.doi.org/10.1029/2001GC000192

	Extraction of crystal-poor rhyolite from a hornblende-bearing intermediate mush: a case study of the caldera-forming Matahina eruption, Okataina volcanic complex
	Abstract
	Introduction
	Regional geologic background
	Murupara subgroup
	Sampling and analytical techniques

	Petrography
	Rhyolitic rocks (Group 1)
	Mingled/mixed intermediate rocks (Group 2)
	Basalt (Group 3)

	Mineral chemistry
	Plagioclase
	Amphibole
	Biotite
	Orthopyroxene
	Fe--Ti oxides

	Intensive parameters and water content
	Geochemistry
	Bulk-rock major and trace elements
	Matrix glass
	Sr--Nd isotopes

	Discussion
	Crystal-poor rhyolite from intermediate mush
	Compositional gap
	Origin of rhyolite diversity (groups)
	Magma hybridization
	Mafic intrusions
	Eruptive model
	Pre-Matahina volcanism/magmatism
	Matahina eruption


	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


