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Abstract

Although rhyolitic lavas and lava domes are characterised by evenly porphyritic textures, not all the phenocrysts
are whole euhedra. We undertook image analysis of 46 rhyolitic lava and lava dome samples to determine the
abundance and shape of quartz and feldspar phenocryst fragments. Phenocryst fragments were identified in nearly all
samples. On average, fragments amount to V5% of the total phenocryst population, or V0.5 modal%. The
abundance of fragments in lavas and lava domes is not related to the groundmass texture (whether vesicular, flow
banded, massive, glassy or crystalline), nor to distance from source. Fragments are, however, more abundant in
samples with higher phenocryst contents. The phenocryst fragments in rhyolitic lavas and lava domes are mainly
medium to large (0.5^3.5 mm), almost euhedral crystals with only a small portion removed, or chunky, equant,
subhedral fragments, and occur in near-jigsaw-fit or clast-rotated pairs or groups. The fragments probably formed in
response to decompression of large melt inclusions. Shear during laminar flow then dismembered the phenocrysts;
continued laminar shear separated and rotated the fragments. Fractures probably formed preferentially along
weaknesses in the phenocrysts, such as zones of melt inclusions, cleavage planes and twin composition planes. Rare
splintery fragments are also present, especially within devitrified domains. Splinters are attributed to comminution of
solid lava adjacent to fractures that were later healed. For comparison, we measured crystal abundance in a further 12
rhyolite samples that include block and ash flow deposits and ignimbrite. Phenocryst fragments within clasts in the
block and ash flow samples showed similar shapes and abundances to those fragments within the lava and lava
domes. Crystal fragments are much more abundant in ignimbrite (exceeding 67% of the crystal population) however,
and dominated by small, equant, anhedral chunks or splinters. The larger crystals in the ignimbrite are subrounded.
The phenocrysts within ignimbrite pumice lapilli are also more intensely fractured than those in lavas and lava domes.
Thus, in deformed and altered volcanic successions, data on crystal fragment abundance and shape can help
discriminate lavas from pyroclastic facies.
7 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Most compositionally homogeneous lavas and

lava domes are evenly porphyritic, and contain
phenocrysts that are euhedral, and uniform in
size, mineralogy and proportion throughout. A
texture comprising evenly distributed, euhedral
phenocrysts in a massive or £ow-banded ground-
mass is considered typical of the products of e¡u-
sive and very weakly explosive eruptions. In
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comparison, broken crystals and uneven crystal
distributions, together with vitroclastic matrix
textures, are typical of the products of explosive
eruptions (e.g. Branney et al., 1992; Best and
Christiansen, 1997). Hence, in units that are poorly
exposed or strongly a¡ected by devitri¢cation, re-
crystallisation, metamorphism, tectonic disruption
or alteration, a dominance of evenly distributed,
unbroken, euhedral crystals has been particularly
useful for inferring an e¡usive origin (e.g. Allen,
1988; McPhie et al., 1993). Furthermore, some
widespread felsic units, initially assumed to be
ignimbrites, have been interpreted as extensive
lavas in part because of evenly porphyritic
textures (e.g. Bonnichsen and Kau¡man, 1987;
Manley, 1996a; Henry et al., 1988, 1990; Garner
and McPhie, 1999; Allen and McPhie, 2002).

Use of the crystal population to distinguish a
volcanic unit as pyroclastic or e¡usive requires
knowledge of the usual abundance of phenocryst
fragments in lavas and lava domes. Phenocryst
fragments have been observed in lavas and lava
domes, particularly in silicic examples (e.g. Ewart,
1968; Dadd, 1992; Manley, 1992, 1996b; Nakada
et al., 1994; Burt et al., 1996). Their signi¢cance
in lavas and lava domes has, however, largely
been ignored and there is a lack of quantitative
data on their abundance, type and size.

Crystals in porphyritic lavas and lava domes
have a number of origins. The simplest origin of
phenocrysts involves crystallisation from the melt
prior to eruption (i.e. intratelluric crystals). Some
phenocrysts may be derived from disintegration of
crystalline wall rock (xenocrysts). In addition,
phenocrysts may also be inherited from a crys-
tal-rich ‘mush’ remaining from preceding eruptive
episodes (e.g. Higgins, 1996; Nakagawa et al.,
1999; Gamble et al., 1999; Cole et al., 2000; Ei-
chelberger et al., 2000; Harford and Sparks,
2001). Porphyritic lavas and lava domes may
also have crystals within the groundmass.
Groundmass crystals result from syn-eruptive
crystallisation of the magma (microlites; e.g.
Swanson et al., 1989; Gibson and Naney, 1992)
and/or crystallisation accompanying slow cooling
from high temperature during and after emplace-
ment (spherulites, micropoikilitic texture and
granophyric texture; e.g. Lofgren, 1971).

In this paper, we present new data on the size
and shape of feldspar and quartz phenocrysts
within young, fresh rhyolitic lavas and lava
domes, with the speci¢c aim of quantifying the
type and abundance of feldspar and quartz frag-
ments. Rhyolites have been selected for this study
as they show a marked distinction between the
mm- to cm-size phenocrysts and the groundmass.
Rhyolitic groundmass is mainly glassy, with or
without microlites, or ¢nely crystalline (6 500
Wm). Feldspar and quartz phenocrysts were mea-
sured as they are both the largest and the most
abundant phenocryst phases in the rhyolites.
These phases are also relatively durable, and can
be recognised even in strongly altered and de-
formed rocks. The £ow regime of rhyolitic lavas
is laminar, re£ecting their high viscosities (McBir-
ney and Murase, 1984; Manley, 1992; Stevenson
et al., 2001), and placing constraints on possible
fragmentation mechanisms during out£ow. We
explore correlations among phenocryst size, abun-
dance, sorting, groundmass textures, distance
from source, and the presence of phenocryst frag-
ments, and also discuss the implications for tex-
tural interpretation. Comparisons with new data
on crystal fragments in rhyolitic ignimbrites allow
consideration of the processes that lead to pheno-
cryst fragmentation in silicic lavas.

1.1. Setting and character of samples

The rhyolitic lava and lava dome samples are
predominantly from the Taupo Volcanic Zone
(TVZ), New Zealand, with a few samples from
Yali, Nisyros and Milos in the Hellenic arc
(Greece). The majority of these lavas and lava
domes are among the most recent products of
their respective centres, and all are well preserved.
Lavas are distinguished from lava domes accord-
ing to their morphology: lava domes have L/h9 5
(where L= longest axis, h= thickness) and lavas
have L/hs 5 (Stevenson et al., 1994).

The TVZ is a complex volcano-tectonic depres-
sion ca 300 km long and up to 60 km wide in the
central North Island of New Zealand. It has been
a focus of extensive and voluminous rhyolitic vol-
canism for the past ca 1.6 Ma (Wilson et al.,
1995). Most of the rhyolitic magma has been ex-
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pelled during caldera-forming explosive eruptions
and eight calderas have been recognised. Numer-
ous lavas and lava domes have been emplaced
around or within the calderas. Three di¡erent vol-
canic centres within the TVZ were sampled for
this study: Maroa, Okataina, and Kapenga
(Table 1).

The lava dome samples of the Maroa volcanic
centre come from the northwestern dome com-
plex, the western dome complex and the Maroa
volcano central dome, all of which post-date cal-
dera formation (Wilson et al., 1986). The samples
from the Kapenga volcanic centre come from the
Moerangi and Tutakeheheke domes that represent
the youngest activity of the centre, following
eruptions of two inferred caldera-related ignim-
brites (Rogan, 1982; Wilson et al., 1984; Wilson
et al., 1995). The Okataina volcanic centre is the
best exposed and best documented of the three
centres (e.g. Nairn, 1981; Nairn and Wood,
1987). The lava and lava dome samples from
the Okataina volcanic centre come from the Har-
oharo and Tarawera dome complexes that in¢ll
the large Haroharo caldera, with a few additional
samples from lavas and lava domes that preceded
caldera formation or lie outside the caldera mar-
gin (Nairn, 1989). The rhyolitic lavas and lava
domes at the Okataina volcanic centre have typi-
cally followed explosive eruptions (Nairn, 1981).

During the ca AD 1305 Kaharoa eruptive epi-
sode at Tarawera, three summit lava domes were
extruded and accompanied by voluminous block
and ash £ows (Nairn et al., 2001). Juvenile clasts
from two of these block and ash £ow sequences
(Kaharoa and Wahanga) were also sampled. The
block and ash £ow clasts are porphyritic and vary
in vesicularity from moderately vesicular bread-
crust clasts with large (0.5^1.3 mm) spherical
and coalesced vesicles, to almosy non-vesicular,
perlitic clasts with scattered domains of very small
(6 20 Wm) elongate vesicles.

The rhyolitic lavas and lava domes in the TVZ
typically contain phenocrysts of plagioclase (oli-
goclase^labradorite), quartz, hypersthene, titano-
magnetite, ilmenite, calcic hornblende, and in
some cases biotite (Ewart and Healy, 1965;
Ewart, 1968; Ewart et al., 1971, 1975). The ferro-
magnesian minerals in the rhyolitic lavas correlate

with well-de¢ned Fe^Ti oxide equilibration tem-
peratures that range from 725 to 915‡C (Ewart et
al., 1971, 1975). Stevenson et al. (1994) found that
the out£ow extents of the Okataina rhyolitic lavas
were related to the eruption volume, eruption
rate, and pre-eruption ground surface morphol-
ogy, as predicted by Walker (1973) and did not
correlate with the crystallinity or viscosity. Ste-
venson et al. (1994) estimated the viscosity of
these lavas to be in the order or 1010^1011 Pa s.

Volcanism in the Hellenic arc began about 13
Ma ago in response to the complex collision be-
tween the African plate and the Eurasian plate
(McKenzie, 1972). Milos is in the central part of
the arc, whereas Nisyros and Yali are at the east-
ern end. All the samples are calc^alkaline rhyolite.
The lava dome sampled on Milos lies on the
northern coast and is Lower Pleistocene in age
(Fytikas et al., 1986). Nisyros is a Quaternary
cone volcano with a central caldera partly ¢lled
by several post-caldera silicic lava domes (Franca-
lanci et al., 1995), two of which were sampled.
The Yali lava domes occur on the northern part
of the island, near or within the Kos Plateau Tu¡
caldera (Allen, 2001), and have been dated at 24
ka (¢ssion track; Wagner et al., 1976). Plagioclase
is the most common phenocryst phase, with lesser
abundances of quartz, orthopyroxene, clinopyrox-
ene, magnetite and hornblende, and very rare bio-
tite (Francalanci et al., 1995).

The rhyolitic lavas and lava domes from the
TVZ and Hellenic arc resemble the silicic lavas
described by Christiansen and Lipman (1966)
and show textural variations broadly similar to
those identi¢ed in many other silicic lavas (e.g.
Fink, 1983; Manley and Fink, 1987; Fink and
Manley, 1987; Eichelberger et al., 1985). The car-
apace comprises fragments of obsidian that range
from dense to moderately vesicular (V50 vol%
vesicles) and includes extensive areas of coherent
tube pumice. The pumiceous carapace grades in-
wards into non-vesicular obsidian. The ground-
masses in the interior of the lava is crystalline.
Obsidian also occurs at the base and may be
non-vesicular, coherent and/or autobrecciated.
The lava interior can be massive or show subtle,
subhorizontal £ow banding and widely spaced
shrinkage joints.
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Table 1
Location and textural characteristics of each sample

Number Grid reference Centre Location Caldera Groundmass Banded Section cut A x F Density Vesicles A a F a

NZMS 260 with cross (modal%) (%) (modal%) (g/cm3) (vol%) recalc. recalc.

24a T17/585053 M P post glassy banded 1 6 1
24b T17/585053 M P post glassy banded 1 1 11.0 0.11
24c T17/583062 M P post pumiceous 1 6 1 11.0
25 T17/594065 M P post glassy 1 10.0 0.1
26 T17/654087 M P post glassy banded 1 1 14.0 0.14 2.2
26b T17/654087 M P post pumiceous 1 1 0.2 0.001 1.67 24 1 0.001
22 U17/765868 M P post pumiceous 1 20 1 0.2
27 U17/736034 M P post devitri¢ed 15 4.8 0.72 2.22
27b U17/736034 M P post pumiceous 1 23 4.8 1.10 1.76 21 28 1.34
19 V16/157237 O T Pt post glassy banded 21 2.5 0.53
18d V16/174247 O T P i post pumiceous 1 19 6.4 1.22 1.58 31 25 1.59
18 V16/167241 O T Pt post devitri¢ed 24 3.5 0.84 2.3
18b V16/167241 O T Pt post pumiceous 1 14 5.6 0.78 1.95 15 16 0.90
18b/2b V16/167241 O T Pt post pumiceous 1 14 3.7 0.52 1.9 17 16 0.61
20b V16/181255 O T P i post pumiceous 1 16 3.0 0.48 1.76 22 20 0.59
10 I V16/165285 O T D post glassy banded 4 17.0 0.68 2.4
10b V16/165285 O T D post pumiceous 1 3 5.0 0.15 1.4 42 4 0.21
11 V16/126268 O T D post pumiceous 1 21 5 1.05 1.79 20 25 1.26
12 V16/124235 O T D post glassy 17 7.0 1.19
9 V16/159294 OH D post glassy banded 1 10 2.0 0.2
4 V16/105368 OH D post glassy/spherulitic banded 1 11 12.0 1.32 2.16
4a V16/105368 OH D post pumiceous 1 9 4.0 0.36 1.46 32 12 0.48
8 V16/142298 OH D post glassy banded 1 9 1.0 0.09
8/2 V16/142298 OH D post glassy banded 1 10 3.0 0.3
7 U16/095305 OH D post glassy banded 1 11 5.0 0.55
7/2 U16/095305 OH D post glassy banded 1 11 5.0 0.55
3 V16/106340 OH D post glassy 11 19.0 2.09
6 V15/118440 OH D post glassy/microlitic banded 6 13.0 0.78 2.3
6b V15/118440 OH D post pumiceous 1 3 1.5 0.045 1.66 28 4 0.06
6b/2 V15/118440 OH D post pumiceous 1 2 5.0 0.1 1.66 28 3 0.13
5 V16/108372 OH D post glassy banded 1 5 5.0 0.25 2.27
5/2 V16/108372 OH D post glassy banded 1 5 12.0 0.6
5b V16/108378 OH D post devitri¢ed banded 1 3 13.0 0.39
5c V16/108378 OH D post pumiceous 1 3 3.0 0.09 1.45 36 4 0.12
15 U16/057275 OO D post glassy banded 1 10 11.0 1.1
16b U16/031274 OO D post pumiceous 1 21 0.6 0.13
14 U16/066276 OO D post glassy banded 1 11 4.0 0.44
2d V15/272426 O old D pre devitri¢ed 0
17 U16/016315 O old M pre devitri¢ed/microlitic 1 17 5 0.85
17/2 U16/016315 O old M pre devitri¢ed 1 12 5 0.6
17b U16/016315 O old M pre devitri¢ed 1 19 plucked

16 0
IN24 U16/969269 KM MD post pumiceous 1 16 0.5 0.08 1.6 28 20 0.10
IN31 U16/004280 KM MD post pumiceous 1 14 4.0 0.56 1.51 33 19 0.74
IN28 U16/023281 KM D post devitri¢ed/spherulitic/microlitic 23 10.5 2.42
IN30 U16/000288 KM PM post devitri¢ed 19 0.8 0.15
IN20 U16/987323 KM MD post glassy 13 3.0 0.39
IN17 U16/991299 KM MD post pumiceous 1 13 2.0 0.26 1.91 15 15 0.30
IN15 U16/989304 KM MD post pumiceous 1 9 2.0 0.18 1.71 24 11 0.22
IN12 U16/995302 KM M post spherulitic 1 12 1.0 0.12
IN18 U16/999298 KM M post devitri¢ed 13 2.0 0.26
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Table 1 (Continued).

Number Grid reference Centre Location Caldera Groundmass Banded Section cut A x F Density Vesicles A a F a

NZMS 260 with cross (modal%) (%) (modal%) (g/cm3) (vol%) recalc. recalc.

IN21 U16/990324 KM M post pumiceous 1 11 5.0 0.55 1.9 16 13 0.64
IN11 U16/033237 KT MD post devitri¢ed/spherulitic 16 5.0 0.8
13 U16/081258 KT D post devitri¢ed 19 2 0.38
13b U16/081258 KT D post pumiceous 1 18 5 0.9
IN6 U16/016262 KT MD post glassy banded 1 16 4.0 0.64
IN5 U16/023259 KT M post devitri¢ed/spherulitic 1 11 3.0 0.33
In10 U16/059251 KT M post glassy/spherulitic banded 18 0.6 0.11
IN37 U16/028240 KT MD post spherulitic 20 3 0.6
Y2a Yali dome P glassy/spherulitic 3 8.0 0.24
Y2b Yali dome P glassy/spherulitic 13.0 0 2.3
Y2c Yali dome P glassy/spherulitic banded 1 0 2.3
Y1a Yali dome P pumiceous/spherulitic 1 1 8.0 0.08 1.32 43 1 0.11
Y1b Yali dome P pumiceous 1 1 6.0 0.06 1.77 23 1 0.07
N2a Nisyros dome P glassy/microlitic 1 13 1.0 0.13 2.1
N2a/b Nisyros dome P glassy/microlitic 1 27 3.1 0.84
N24a Nisyros dome P pumiceous 1 17 3.0 0.51 1.7 18 20 0.60
N24b Nisyros dome P pumiceous 1 14 3.0 0.42 1.98 5 15 0.44
N2b Nisyros dome P pumiceous 1 26 1 0.26 2 3 27 0.27
M2 Milos dome Pi glassy banded 1 6 3.0 0.18 1.88 14 7 0.21
M1 Milos dome P devitri¢ed banded 25 4.5 1.3 2.2
Block and ash £ow
K1 V16/178195 OK moderately vesicular, breadcrusted lapilli 5.1 27.6 1.40 1.17 48 7 2.07
K1b V16/178196 OK poorly vesicular, breadcrusted block 14.7 9.1 1.33 1.7 24 18 1.65
K1d V16/178197 OK incipiently vesicular 18.1 14.3 2.58 2.15 4 19 2.68
NZ1c V16/218293 OW non-vesicular 15.4 2.6 0.40 2.21
NZ1d V16/218294 OW non-vesicular, perlitic obsidian 4.6 13.5 0.62
NZ1f V16/218295 OW non-vesicular, perlitic 17.1 8.1 1.39
NZ1g V16/218296 OW poorly vesicular 15.1 4.8 0.72 1.59 28 19 0.92
Ignimbrite
NZL T15/461614 Mg: Ongatiti ignimbrite pumice clast 17.6 80.8 14.26 1 55 21 17.11
NZ T15/461614 Mg: Ongatiti ignimbrite pumice clast 17.8 84.0 14.98 1 55 21 17.98
A12p1 T15/461614 Mg: Ongatiti ignimbrite pumice clast 11.9 67.5 8.04 1 55 15 10.29
A12p4 T15/461614 Mg: Ongatiti ignimbrite pumice clast 8.4 78.6 6.60 1 55 10 8.19
A12 T15/461614 Mg: Ongatiti ignimbrite matrix 25.2 85.2 21.44
NZ T15/461614 Mg: Ongatiti ignimbrite matrix 23.8 95.5 22.67

Centre: M, Maroa; O, Okataina; OT, Tarawera; OH, Haroharo; OK, Kaharoa; OW, Wahanga; OO, Okareka; O old, pre-date caldera; K, Kapenga; KM,
Moerangi; KT, Tutakeheke; Mg, Mangakino. Location: P, proximal; Pi, interior; Pt, top; PM, proximal-medial ; M, medial; MD, medial-distal; D, distal.

a A, F, recalculated modal% after conversion to dense rock.
b 18b/2: perpendicular sample to 18.
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In addition to the lava, lava dome and block
and ash £ow samples, one ignimbrite (Ongatiti
ignimbrite) from the TVZ was also selected for
comparison. The 1.21 Ma rhyolitic Ongatiti
ignimbrite was erupted from the Mangakino
volcanic centre (Wilson et al., 1995). It is one
of the largest (s 300 km3) ignimbrites erupted
from the TVZ. The ignimbrite is slightly welded
and glassy. The principal constituents are:
coarsely porphyritic pumice lapilli, lithic lapilli,
abundant free crystals and crystal fragments (pla-
gioclase, quartz, orthopyroxene, hornblende, tita-
nomagnetite, zircon, ilmenite, apatite), and glassy
shards.

2. Methods

Forty-six di¡erent rhyolitic lavas and lava
domes were sampled and analysed. In addition,
we analysed a further 12 samples, including
rhyolitic block and ash £ow deposits from the
Kaharoa eruptive episode, and pumice clasts
and matrix from the Ongatiti ignimbrite. The
authors collected 38 samples from the TVZ and
four samples from domes in Greece. Ian Nairn
(IGNS, New Zealand) contributed a further
16 samples from the Kapenga volcanic centre in
the TVZ. Where possible, di¡erent parts of each
lava or lava dome were sampled, including the
pumiceous carapace, non-vesicular obsidian upper
part and crystalline interior. Samples were also
collected from the proximal (up to a few hundred
metres from the vent), medial (within V1^2 km
from the vent) and distal parts (at the margin) of
single lavas and lava domes. A total of 76 thin
sections were made of the lavas and lava domes
(Table 1). For samples that were £ow-banded,
showed phenocryst alignment or had elongated
vesicles, two perpendicular thin sections were
made ^ one parallel and one at right angles to
the foliation. None of the lavas or lava domes
sampled show any obvious concentrations or de-
pletions of phenocrysts at outcrop, hand specimen
or in thin-section scales of observation. X-ray
£uorescence (XRF) analyses of selected samples
are shown in Table 2.

2.1. Image analysis

The thin sections were routinely magni¢ed 6.3
or 10 times and photographed. Areas requiring
greater detail were magni¢ed up to 20 times. At
least three and up to seven photomicrographs
were taken to cover the area exposed on each
thin section. Image analysis was undertaken on
the photomicrographs to determine the size and
abundance of feldspar and quartz phenocrysts.
Size (perimeter) and length were determined for
each phenocryst and averaged for each thin sec-
tion. The length measure used is the maximum
intersection length of the two-dimensional areas
occupied by the phenocrysts.

The image analysis data for a two-dimensional
section of a porphyritic sample dominated by tri-
clinic (plagioclase) and trigonal (quartz) pheno-
crysts show a relatively clear correlation between
length and perimeter (Fig. 1a): the perimeter is
three times the size of the length. The relationship
also holds for the average phenocryst length and
perimeter in a sample: the average perimeter is
also three times the average length (Fig. 1b).
Phenocryst size sorting (standard deviation) was
determined for each sample by ¢rst calculating the
number of phenocrysts that fell into various
perimeter size intervals. The size intervals were
determined by the function log2p, p being the
perimeter in mm (e.g. size intervals 0.625^0.125,
0.125^0.25, 0.25^0.5T mm). The standard devia-
tion of the phenocryst size distribution was then
calculated and used as measure of sorting. Poorly
sorted samples have high standard deviations and
hence, high values for the sorting parameter. Sort-
ing correlates only broadly with the average
length: samples are poorer sorted as the average
length of the phenocrysts increases (Fig. 1c).

Phenocryst contents of pumiceous samples
(lavas, lava domes, breadcrust clasts from block
and ash £ow deposits, ignimbrite pumice) were
recalculated for dense rock equivalents. The den-
sities of pumiceous samples were determined by
measuring their dry weight and volumes displaced
in water (Archimedes Principle). The void space
(vesicularity) was then calculated from the density
di¡erence between the pumiceous sample and the
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Fig. 1. Two-dimensional image analysis data for feldspar and quartz phenocryst populations. (a) Maximum intersection length
versus perimeter for phenocrysts in sample 7. (b) Average maximum intersection length of phenocrysts (CL in mm) versus the
average perimeter of phenocrysts (CP in mm) in each thin section. (c) Average maximum intersection length of phenocrysts (CL

in mm) versus the standard deviation of phenocryst sizes (sorting; CS) in each thin section.

Table 2
XRF analyses of whole-rock and groundmass samples from the Okataina volcanic centre

Sample no.: 18 18d
Location: Tarawera Dome Complex Tarawera Dome Complex

groundmass whole rock groundmass whole rock

SiO2 75.8 76.55 75.2 75.63
TiO2 0.18 0.2 0.15 0.21
Al2O3 12.94 12.86 13.22 12.76
Fe2O3 1.45 1.49 1.35 1.54
MnO 0.06 0.05 0.06 0.06
MgO 0.28 0.29 0.22 0.3
CaO 0.79 1.23 0.91 1.29
Na2O 4.23 4.19 4.26 4.18
K2O 4.01 3.28 3.82 3.17
P2O5 0.05 0.04 0.03 0.04
Loss 0.14 0.08 0.99 0.73
Total 99.93 100.26 100.21 99.91
Y 22 22
Rb 101 101
U 2.6 2.5
Th 10.1 11.2
Pb 14 14
Zn 25 31
Cu 2 2
Ni 6 1 6 1
Nb 8 7
Zr 130 136
Sr 106 110
Cr 6 1 6 1
Ba 839 837
Sc 5 5
V 6 6
La 22 23
Ce 48 48
Nd 21 20
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dense sample of the same lava or lava dome
(where available). Phenocryst contents were then
re-calculated by eliminating the void space (Table
1). For those pumiceous samples without a dense
counterpart, 2.25 g/cm3 was used (average for all
dense samples) for the density of the dense rock.

Feldspar and quartz fragments were identi¢ed
by abrupt changes in zoning, splintery form,
curviplanar or ragged outline, or occurrence in
clusters with jigsaw-¢t texture. Comparisons are
made between the total percentage of quartz
and feldspar phenocrysts within a sample (A,
modal%), the percentage of feldspar and quartz
fragments within the sample (F, modal%), and
the percentage of the phenocrysts that are frag-
ments (x, %), where Ax/100=F.

3. Shapes of phenocrysts and free crystals

3.1. Feldspar phenocrysts in lavas and lava domes

Feldspar phenocrysts are present both as sim-
ply twinned crystals, multiply twinned crystals
and as crystal clusters. Most of the feldspars are
plagioclase and exhibit polysynthetic twinning,
but a small number are simply twinned sanidine.
Single feldspar phenocrysts range in length from
0.2^0.8 mm (small) to more than 3.5 mm (large),
but most are 0.8^2 mm (medium). Multiply
twinned feldspar phenocrysts generally comprise
two medium-sized intergrown parts, each of
which is polysynthetically twinned, and occur

together with several separate, small, tabular,
interlocking crystals on the margin. Most crystal
clusters comprise three or more intergrown,
medium or small, anhedral, polysynthetically
twinned crystals.

The feldspar phenocrysts show characteristic
oscillatory zoning (Fig. 2a). Both sharply zoned,
clear feldspar and mottled, sieve-textured feldspar
phenocrysts are present within the same sample
(Fig. 2b,d). Both types of feldspar contain rela-
tively large (50 Wm) melt inclusions. In addition,
cores of the sieve-textured feldspar phenocrysts
are riddled with melt inclusions and show di¡use
oscillatory zoning. The sieve-textured feldspars
are larger than the clear feldspars by a factor of
1.5^2. Although the outer rims of the sieve-tex-
tured feldspars are mostly clear and zoned (Fig.
2b), in some cases, the mottled sieve texture con-
tinues to the outer margins, creating an irregular
outline (Fig. 2c).

Simply twinned phenocrysts generally have
exterior faces that are euhedral. Multiply twinned
phenocrysts are also euhedral except for the parts
intergrown with small, tabular crystals at the mar-
gins. The composition planes of the simply
twinned phenocrysts and medium intergrown
parts of the multiply twinned phenocrysts have
abruptly terminated oscillatory zoning or are
irregular. The medium or large, simply twinned,
sieve-textured feldspars, in particular, have irreg-
ular composition planes (Fig. 2b).

The exterior margins of crystals in the crystal
clusters are regular crystal faces whereas their in-

Fig. 2. Lava and lava dome samples, New Zealand. (a) Proximal sample, IN30, from the Moerangi dome, Kapenga volcanic
centre, comprising 19 modal% dominantly medium feldspar and quartz phenocrysts in a massive, devitri¢ed, formerly glassy
groundmass. Medium, type 1 feldspar fragments have a partly diagonal and irregular (1a) or jagged (1b) margin. (b) Proximal
sample, 19, from the top of the Tarawera Dome Complex, Okataina volcanic centre, comprising 21 modal% phenocrysts that in-
clude a medium, clear and large, sieve-textured feldspar (F). Fragments present include: an isolated, medium, type 2 fragment
(2), and a group of small, type 3 fragments that have been separated and rotated (3). The thin section has been cut parallel to
the elongation direction of sparse vesicles. (c) Distal sample, 12, from the Tarawera Dome Complex, Okataina volcanic centre.
The sample comprises 17 modal% phenocrysts of dominantly irregularly shaped, sieve-textured feldspar (F), and round quartz.
The groundmass is massive and glassy with some spherulitic zones. A quartz fragment (qf) is present towards the bottom. (d)
Distal sample, IN28, from the Moerangi dome, Kapenga volcanic centre, comprising 28 modal% dominantly medium and small
feldspar, and medium and large quartz phenocrysts in a massive, devitri¢ed, formerly glassy groundmass. Fragments present in-
clude: chunky, type 2 fragment (2) with an irregular broken margin; type 3 fragment (3) separated and rotated from type 1? (1);
anhedral, type 4 fragment (4) separated and rotated from a crystal cluster of anhedral feldspar; quartz fragment (qf) with a
sharp, concave broken surface. q1, not a genuine fragment but the remains of a larger crystal partly plucked out during thin-sec-
tion preparation. c, crystal cluster; q, internally fractured and embayed quartz phenocryst. Crossed nicols. Scale bars, 2 mm.
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terior margins have irregular (intergrown) outlines
and zoning that is abruptly terminated (Fig. 2d).
Crystals completely within the clusters are domi-
nantly anhedral. However, some clusters are
glomeroporphyritic aggregates and consist of

small, tabular plagioclase together with horn-
blende (Fig. 3a).

Five types of feldspar phenocryst fragments
have been identi¢ed (Fig. 4). Several types of frag-
ments can occur within one sample. The ¢rst type

Fig. 3. Lava and lava dome samples, New Zealand. (a) Distal sample, IN24, from the Kapenga volcanic centre, comprising 16
modal%, large and small feldspar and quartz phenocrysts in a ¢nely vesicular groundmass. The ¢ne crystal cluster near the centre
has partly disintegrated along the weakly developed £ow banding. (b) Distal sample, IN28, from the Moerangi dome, Kapenga
volcanic centre, comprising 28 modal% phenocrysts in a massive, devitri¢ed, formerly glassy groundmass. Chunky type 3 feldspar
fragments (3) are separated by only a thin selvage of groundmass and remain in a jigsaw-¢t arrangement. (c) Close-up of distal
sample, 6b, from the Haroharo Dome Complex, Okataina volcanic centre. Types 1 (1) and 3 (3) fragments are separated in the
direction of vesicle elongation. (d) Proximal sample, 19b, from the top of the Tarawera Dome Complex, Okataina volcanic
centre. The sample contains 20 modal%, dominantly medium and small feldspar and quartz phenocrysts in massive, cryptocrystal-
line groundmass. There are two, type 2 fragments (2) with irregular broken margins that have been separated and rotated from
each other, and two, type 3 fragments (3). Crossed nicols. c, crystal cluster; q, internally fractured quartz phenocryst. Scale bars,
2 mm.
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comprises nearly complete, medium or large
(s 0.8 mm), dominantly euhedral, single un-
twinned or twinned phenocrysts with only a small
part of one face or a corner that is re-entrant
(type 1; Figs. 2a,d and 3c). The margin of the
broken portion is either jagged or relatively
straight but somewhat irregular and dotted with
the margins of melt inclusions. The second type of
fragment is also medium or large (s 0.8 mm) but
subhedral. This type mostly occurs as equant
(Fig. 2d) or triangular (Fig. 3d) crystal chunks
with one main straight but irregular margin.
These large and medium, dominantly euhedral
and subhedral fragments can be single and iso-
lated (Fig. 2b,d), or else grouped with other frag-
ments from the same parent phenocryst (Fig. 3d).

The third fragment type is small to medium
(0.5 mm), equant or triangular, with abruptly
terminated oscillatory zoning. Only parts of the
original crystal faces are intact and the broken
surfaces are either straight, jagged (Figs. 2b and
3b,d) or irregular (Figs. 2a and 3c). These small
fragments can be isolated but are commonly
grouped (Figs. 2b, 3b and 5a), or are paired (con-
jugate) with a nearly complete parent phenocryst
of type 1 (Fig. 3c). These three types of feldspar
fragments are the most common.

The fourth fragment type is small and anhedral.
These fragments can be isolated or in groups rel-
atively close to a crystal cluster (Fig. 2d). The
¢nal type is small (0.2 mm) and splintery, with
sharply angular margins. The splinters are rela-
tively rare (6 0.1%) and concentrated within
spherulitic or cryptocrystalline groundmass do-

mains. The cryptocrystalline domains are irregu-
larly shaped, elongate, brown in thin section and
contained within otherwise glassy groundmass
(Fig. 5b). Hence, the cryptocrystalline domains
are probably devitri¢ed. The splinters also occur
close to intensely fractured phenocrysts.

In some cases, the grouped or conjugate frag-
ments are separated by only a thin selvage of the
glassy (or formerly glassy) groundmass and re-
main in a jigsaw-¢t arrangement (Fig. 3b,c). In
other cases, the fragments are more widely sepa-
rated (s 50 Wm) by groundmass and are rotated
(Figs. 2b,d and 3d). In tube pumice samples, con-
jugate fragments are aligned parallel to the vesicle
elongation direction (Fig. 3c). In samples with
massive, glassy or crystalline groundmass, the
conjugate fragments are not aligned (Fig. 3d).
Within some £ow bands, small tabular crystals
occur close to glomeroporphyritic aggregates
composed of similar small tabular crystals (Fig.
3a).

3.2. Quartz phenocrysts in lavas and lava domes

Most samples contain quartz phenocrysts.
These phenocrysts are medium to large (1.5^3.5
mm) and internally fractured. They include large
melt inclusions (up to 0.2 mm) and are slightly to
strongly embayed (Figs. 2b^d, 3d and 5a). In
some samples, euhedral prismatic quartz pheno-
crysts are present (Figs. 2b and 3d). However, in
most cases, the quartz phenocrysts are round
(Figs. 2c and 5a). Fracture surfaces are mostly
conchoidal (Figs. 2a,c), but some are irregular

Fig. 4. Line drawing of the ¢ve types of phenocryst fragments present in the lava and lava domes samples. (A) Feldspar frag-
ments. Type 1: dominantly euhedral with only a small part that is re-entrant. Type 2: subhedral chunks with broken irregular or
straight margins. Type 3: equant or triangular fragment. Type 4: anhedral fragment separated from a crystal cluster (c). Type 5:
splinter separated from a strongly fractured phenocryst (x). (B) Dominantly euhedral and subhedral, chunky quartz fragments.
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(Fig. 2d) and intersect melt inclusions or embay-
ments. In some cases, thin selvages of groundmass
occur along the conchoidal fractures, creating a
cluster of subround quartz beads (Fig. 5a).

Quartz fragments are also present. In compar-
ison to the feldspar fragments, all the quartz
fragments are angular and have sharply de¢ned
margins, which are either concave or convex
(Fig. 4). Many quartz fragments are parts of

relatively equant (or round) crystals (Fig. 2c,d).
In addition, the quartz fragments are typically
solitary rather than conjugate pairs.

3.3. Phenocrysts in block and ash £ow clasts

Feldspar and quartz phenocrysts in juvenile
clasts from the Kaharoa block and ash £ow de-
posits are similar to those found within the lava

Fig. 5. Lava and lava dome samples, New Zealand. (a) Distal sample, IN11, from the Tutakeheke dome, Kapenga volcanic
centre. The sample contains 16 modal%, medium feldspar and quartz phenocrysts within a devitri¢ed, formerly glassy ground-
mass. Small type 3 fragments (3) occur in a group separated by groundmass. A quartz phenocryst (q) shows a deep embayment
along conchoidal fractures. (b) Distal sample, 13, from the Kapenga volcanic centre, comprising 19 modal%, dominantly large
feldspar phenocrysts in a mainly massive, glassy groundmass. Phenocryst splinters (circled area) are concentrated in a devitri¢ed
zone on the right-hand side of the photo. Both the groundmass and phenocrysts show brittle fractures. Crossed nicols. Scale
bars, 2 mm.
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Fig. 6. (a,b) Block and ash £ow clasts, Kaharoa eruptive episode, Okataina volcanic centre, New Zealand. (c^e) Ongatiti Ignimbrite, Mangakino volcanic centre,
New Zealand. (a) Sample K1 comprises at least two type 2 fragments (2) in a moderately vesicular groundmass. Feldspar fragments, f, are the remnants of larger
crystals partly plucked out during thin-section preparation. (b) Sample K1d has a non-vesicular glassy groundmass with perlitic cracks. Several type 3 fragments
(3) are present one of which can be ¢tted with a type 1 fragment (1). Embayed and fractured quartz phenocryst (q). (c) Pumice sample, A12p1, with intensely
fractured, sieve-textured feldspar phenocryst, equivalent to type 3 fragments. (d) Pumice sample A12p1. Intensely fractured phenocrysts equivalent to equant and
splintery type 3 and 5 fragments. (e) Crystals within the ignimbrite matrix show a wide range of size and shape. Most are anhedral fragments with some sub-
rounded feldspar (f1) and nearly complete euhedral feldspar (f2). Crossed nicols. Scale bar, 2 mm.
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and lava dome samples. Both simply twinned and
multiply twinned feldspar phenocrysts are present,
as are internally fractured quartz phenocrysts
(Fig. 6a,b). Feldspar fragments are dominantly
medium and large, euhedral and subhedral frag-
ments (types 1 and 2) and small, equant or trian-
gular fragments (type 3). Quartz fragments are
subhedral and have at least one irregular face.

3.4. Crystals in ignimbrite

Phenocrysts within pumice clasts of the Onga-
titi Ignimbrite are noticeably di¡erent from those
in the lava, lava dome and block and ash £ow
samples. The feldspar and quartz phenocrysts
are intensely fractured and fragments are sepa-
rated by void spaces that range from a few mi-
crons to hundreds of microns across (Fig. 6c,d).
Within sieve-textured feldspar, the fractures cut
through large melt inclusions and fracture surfa-
ces have smoothly irregular shapes (Fig. 6c). Less
intensely fractured feldspar and quartz pheno-
crysts are cut by sharp and jagged fractures, pro-
ducing fragments that range from chunky types 1
and 2, to more triangular and splintery types 3
and 5.

Crystals within the matrix of the ignimbrite are
dominantly fragments that show a wide range in
size (from large to small) and shape, from partly
euhedral to anhedral, and from subrounded to
equant (Fig. 6e).

3.5. Pyroxene phenocrysts

Although not studied in detail, pyroxene phe-
nocrysts are apparently much less prone to frac-
turing than quartz and feldspar phenocrysts in all
samples (lavas, lava domes, block and ash £ow
clasts, ignimbrite pumice). These phenocrysts are
mostly euhedral.

4. Abundances of phenocrysts and phenocryst
fragment populations

The abundance of quartz and feldspar pheno-
crysts in the lava and lava dome samples ranges
between 1 and 28 modal%. Nearly all the lava and

lava dome samples include phenocryst fragments;
the average abundance of fragments (x) is 5% of
the total phenocryst population, with a maximum
of 19% (x), corresponding to 2.4 modal% (F).
Very few (6 10%) samples contain more than
12% fragments in the total phenocryst population.
The abundance of phenocryst fragments shows
considerable scatter (Fig. 7a,b) and relatively
weak multiple regression correlation coe⁄cients
(R2). However, least-squares regression lines for
pumiceous (recalculated) and dense lava and
lava dome samples are similar and the modal%
of phenocryst fragments (Fr) approximates
0.04A, or for x, xr=30.24A+8.4 (Fig. 7a). The
maximum value for F, Fmax, is 0.19A (Fig. 7a).
Hence, lavas and lava domes with low phenocryst
contents contain few fragments (0.3 modal% for
samples with less than 4 modal% phenocrysts;
Fig. 7a), whereas those with higher phenocryst
contents have more fragments (0.8 modal% for
samples with 20 modal% phenocrysts).

Although the modal percentage of phenocryst
fragments (F) in lavas and lava domes with low
phenocryst contents is relatively small, the pro-
portion of phenocryst fragments in the crystal
population, x, is highly variable (Fig. 7b): for
total phenocryst contents up to 10 modal %, the
proportion of fragments (x) ranges from 0.2% to
19% (i.e. for A9 10%: 0.2%6 x6 19%). Hence,
the presence of only one or a few fragments in
samples with low phenocryst contents strongly
a¡ects x.

The abundance of phenocryst fragments in the
block and ash £ow clasts is similar to that within
lavas and lava domes, although at the higher end
of the range, particularly for the breadcrusted ve-
sicular samples (Fig. 7a,b). The ignimbrite pumice
and matrix samples have a similar range of
phenocryst modal abundance (8^25%) to the
lava and lava dome samples (1^28%). However,
there are signi¢cant di¡erences between the abun-
dances of phenocryst fragments in lava and lava
domes compared to the ignimbrite sample (Fig.
7c,d). Phenocryst fragments in the ignimbrite
pumice and crystal fragments in the ignimbrite
matrix comprise more than 67% of the total crys-
tal population (cf. 6 19% for lava and lava
domes).
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Fig. 7. Modal% quartz and feldspar phenocrysts (A) versus the abundance of phenocryst fragments and crystal fragments. (a,c)
Modal% phenocryst fragments (F). (b,d) Percentage of crystal fragments in the crystal population (x). (a) Lava and lava dome
samples (diamonds) and block and ash £ow clasts (triangles). Heavy solid line, estimation of Fmax. Linear regression trends
(Fr): short dash ^ block and ash £ow clasts (Fr = 0.102A), solid line ^ dense lava and lava dome samples (Fr = 0.042A), long
dash ^ pumiceous lava and lava dome samples (Fr = 0.036A). (b) Lava and lava dome samples (diamonds) and block and ash
£ow clasts (triangles). Heavy solid line ^ xmax. Negative linear regression trend for lava and dome samples ^ solid line
(xr =30.236A+8.4). (c,d) Lava and lava dome samples (diamonds) and block and ash £ow clasts (triangles) compared with
ignimbrite pumice (open circles) and matrix (¢lled circles). Ignimbrite matrix has the highest percentage of crystal fragments.
Ignimbrite pumice plots well above the maximum values for fragments in lavas and lava domes.
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The percentage of fragments in the total pheno-
cryst population (x) of the lavas and lava domes
appears unrelated to the groundmass texture and
is similar in pumiceous and non-vesicular, glassy
and crystalline, massive and £ow-banded ground-
masses (Fig. 8a). The percentage of fragments in
the total phenocryst population (x) for samples
from the distal parts of the lavas or lava domes
is only slightly higher than that of samples from
close to the vent (proximal) or from the middle
(medial) (Fig. 8b). Thus, there is no clear correla-
tion between the proportion of phenocryst frag-
ments and either groundmass texture or distance
from source in the rhyolitic lavas and lava domes
sampled.

5. Discussion

5.1. Origins of the phenocrysts

The crystal clusters, embayed quartz, large
sieve-textured feldspar and clear feldspar indicate
mixed origins for the phenocrysts in the rhyolitic
lavas and lava domes sampled. The clear, euhe-

dral feldspars with regular oscillatory zoning were
probably in equilibrium with the melt, and hence,
intratelluric. The small and medium feldspars in
the crystal clusters are also clear and subhedral to
anhedral, suggesting that they too are intratellu-
ric. The large, sieve-textured feldspar phenocrysts,
however, have a more complex history, and many
of the quartz phenocrysts have embayed external
margins that indicate resorption. Nevertheless,
these phenocrysts also appear to have crystallised
from melt and to have been suspended in melt,
though not necessarily the melt represented by the
presently surrounding groundmass. Hence, we
infer that any fragmentation of the crystals
occurred during magma withdrawal, eruption
and/or out£ow.

5.2. Origins of phenocryst fragments in lavas and
lava domes

Although there are ¢ve types of feldspar frag-
ments, most occur in pairs or groups derived from
a single, complete parent phenocryst. At least half
of the feldspar fragments are nearly complete, me-
dium or large, single, untwinned or twinned, dom-
inantly euhedral phenocrysts with only a small
part of one face or corner that is re-entrant
(type 1). In many cases, a conjugate, small to
medium, generally equant or triangular fragment
(type 3) resides in close proximity to a larger type
1 fragment. These fragments ¢t together as in a
jigsaw puzzle. Similarly, the subhedral (type 2)
crystal chunks commonly occur together in con-
jugate pairs, and the splintery (type 5), and an-
hedral (type 4) fragments also occur in groups.
These conjugate paired and grouped fragments
form either jigsaw-¢t, or clast-rotated arrange-
ments. Some are separated by groundmass
domains up to three times the size of the frag-
ment. Hence, some of the apparently isolated
fragments may also be part of a conjugate pair
or a jigsaw-¢t group, but the matching part(s) lies
outside the area sampled by the thin section.
Hence, most fragments were probably derived
from nearby, single, larger parent phenocryst or
crystal clusters. The isolated quartz fragments are
exceptional in their lack of association with an
obvious nearby parent phenocryst.

Fig. 8. Maximum, minimum and average values for pheno-
cryst fragments in lavas and lava domes. (a) The average of
the proportion of fragments in the phenocryst population (x)
is not obviously correlated with various groundmass textures.
p, parallel to vesicle elongation; n, normal to vesicle elonga-
tion. (b) The average of the percentage of fragments in the
phenocryst population (x) shows no signi¢cant correlation
with distance from source.
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Many of the phenocryst fragments appear to
have broken along zones of internal weakness.
For example, many quartz fragments have a bro-
ken margin that is concave and that can be
matched with internal conchoidal fractures or
interconnecting embayments. Similarly, the an-
hedral feldspar fragments (type 4) appear to
have been anhedral crystals in crystal clusters
that separated along the intergrown internal faces.
In addition, the separation of some of the small
fragments (type 3) from nearly whole phenocrysts,
and of the crystal chunks (type 2), appears to
have occurred either along the composition planes
of twinned phenocrysts, or where the margin is
jagged, along cleavage planes. Some small pheno-
crysts concentrated within £ow bands are derived
from disintegration of ¢ne-grained crystal aggre-
gates nearby.

Small fragments and chunks with very irregular
broken margins may have separated from feldspar
phenocrysts with large melt inclusions or from
sieve-textured feldspars, and many of the frac-
tures within the quartz phenocrysts are centred
on melt inclusions, suggesting that inclusions
were relatively weak and promoted internal
failure. Melt inclusions will contribute to cracking
of the host phenocryst during magma ascent
because they have relatively large elastic moduli
and produce local stress that can exceed the
tensile strength of the phenocryst (Tait, 1992).
Vesiculation within the melt inclusion during
decompression will result in large increases in
internal pressure, causing the host crystal to frac-
ture, a mechanism also thought to cause crystal
fracture in explosive eruptions (e.g. Best and
Christiansen, 1997). The sieve-textured feldspar
and quartz phenocrysts are the most prone to
fracturing by this process as they contain multiple
or large inclusions, which, in the case of the sieve-
textured feldspars, are separated by relatively thin
walls (cf. Tait, 1992). In addition, separation of
fragments from the quartz phenocrysts may have
resulted from interconnection of deeply penetrat-
ing embayments.

As many of the phenocryst fragments are
separated by groundmass or have been rotated,
fragmentation must have occurred while the
melt phase was still molten and moving, during

withdrawal, eruption and/or out£ow. However,
the close proximity of many of the feldspar frag-
ments to their parent phenocryst, and the overall
even distribution of phenocrysts and phenocryst
fragments, suggest that separation occurred rela-
tively late in the out£ow, but while the lava £ows
were still ductile. Most of the quartz fragments
are isolated and not related to jigsaw-¢t groups.
Hence, fragmentation of the quartz phenocrysts
may have begun earlier than fragmentation of
the feldspars, allowing greater separation of the
fragments.

The lavas and lava domes display £ow banding,
£ow folds, distortion of foliations around rotated
solid bodies, and lineations on foliation or £ow-
band surfaces, all of which indicate that £ow in-
volved laminar shear. With continuing laminar
shear, prepared fractures in the phenocrysts will
progressively open and dilate, causing the frag-
ments to separate and rotate from the parent
phenocryst. Laminar shear may also be an impor-
tant in causing disintegration of crystal aggre-
gates. Many aggregates have disintegrated, gener-
ating type 4 fragments, and the fragments are
strung out in £ow bands. In this case, single crys-
tals within the aggregates may have separated
along the structurally weak boundaries between
the crystals.

5.3. Phenocryst splinters in lavas and lava domes

The phenocryst splinters are small, sharply
angular and occur in groups close to an intensely
fractured phenocryst. The parent phenocryst ap-
pears to have disintegrated in a brittle fashion,
regardless of any zones of weakness. Similar splin-
tery phenocryst fragments have been found in the
Ngongotaha lava dome, New Zealand (Dadd,
1992), and the Badlands rhyolite, USA (Manley,
1996b). In the Badlands rhyolite, phenocryst
splinters, bubble-wall shards, and fragments of
pumice and dense glass are commonly present in
£ow bands within the upper obsidian. Manley
(1996b) concluded that debris generated by in-
tense comminution of solid lava ¢lled open spaces
which were then closed, annealed, and distorted
further during continued £ow. In the Ngongotaha
lava dome, Dadd (1992) found that phenocryst
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splinters were concentrated at the boundary be-
tween breccia and coherent £ow-banded rhyolite.

We propose a similar origin for phenocryst
splinters in the lava and lava dome samples
studied. The phenocryst splinters are most abun-
dant within devitri¢ed, formerly glassy domains in
otherwise glassy but fractured groundmass (e.g.
Fig. 5b). The devitri¢ed zones appear to be mark-
ing the traces of brittle fractures that initially
formed in near-solid glass, perhaps in response
to cooling contraction, extension, shear or a com-
bination. Phenocryst splinters generated by prop-
agating fractures would have collected in the
cracks. The splinters would have been trapped if
the cracks closed and the glass annealed. Glass
lining the fractures has preferentially devitri¢ed,
perhaps because of hydration on exposure to the
atmosphere and/or steam-rich volcanic gas while
still open. Devitri¢cation is signi¢cantly faster in
hydrated glasses than in non-hydrated (Lofgren,
1970).

5.4. Comparison with crystal fragments in
ignimbrite

Most of the rhyolitic lavas and lava domes we
sampled have less than 19% of their phenocryst
population as fragments. In addition, the pheno-
cryst fragments in the lava and lava dome samples
are dominantly large (up to 3.5 mm) parts of
euhedral parent phenocrysts with only a small
part missing (type 1), medium (0.8^2 mm), sub-
hedral, equant chunks (type 2), and small to
medium (0.5 mm), equant or triangular fragments
(type 3). Phenocryst splinters are volumetrically
minor (6 0.1%). In comparison, most crystals in
ignimbrites are fragments (e.g. 67^96% of the
crystal population in the Ongatiti ignimbrite). In
addition, the fragment types in ignimbrites di¡er
from those in lavas and lava domes. Phenocrysts
in the ignimbrite pumice are intensely fractured
into numerous small type 3 and type 5 fragments
and very few of the larger type 1 and type 2 frag-
ments, similar to the ‘phenoclasts’ found by Best
and Christiansen (1997). Ross and Smith (1961)
also noted that many of the crystals in ignimbrites
had sharply angular outlines, and most crystal
faces were cut by irregular fracture surfaces, sim-

ilar to the phenocryst splinters. A greater number
of larger type 1 and 2 fragments are found in the
ignimbrite matrix where the crystals are more
concentrated, however, these fragments are gener-
ally subrounded.

Crystal breakage in ignimbrites has been attrib-
uted to rapid decompression during explosive
eruption and impact during eruption and trans-
port within a pyroclastic £ow (Fisher and
Schmincke, 1984). Best and Christiansen (1997)
considered the latter process to be less important
than rupture in response to expansion of gas bub-
bles within melt inclusions during syn-eruptive
decompression. Juvenile pumice clasts and matrix
of the ash-£ow tu¡s they studied include plagio-
clase fragments that are bordered by melt inclu-
sions and commonly occur in jigsaw-¢t groups
(Best and Christiansen, 1997). Rapid decompres-
sion generated multiple fragments from one
parent crystal. Decompression rates for e¡usive
eruptions of rhyolitic lava are signi¢cantly lower
than those for explosive eruptions, allowing
passive, non-explosive degassing accompanied by
slower ascent rates (Gardner et al., 1999). In the
lavas and lava domes, parent phenocrysts are
generally separated into only two parts, even
where the surrounding groundmass is pumiceous,
perhaps re£ecting the slower ascent rate that
allowed ‘leaky’ behaviour of phenocrysts with
melt inclusions.

6. Conclusions

Most porphyritic small-volume, rhyolitic lavas
and lava domes with relatively high viscosities (in
the range of 1010^1011 Pa s) include a population
of phenocryst fragments. The percentage of feld-
spar and quartz fragments in the total phenocryst
population for these lavas and lava domes is
around 5%. In addition, the maximum percentage
of feldspar and quartz fragments in the pheno-
cryst population rarely exceeds 12%, even in lavas
with high phenocryst contents (up to 28 modal%).
Hence, the modal abundance of phenocryst frag-
ments in lavas and lava domes is small, generally
0.5 modal% with a maximum of 2 modal%. The
percentage of phenocryst fragments shows no
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clear correlation with distance from source nor
with groundmass texture (whether non-vesicular
or vesicular glass, or crystalline, £ow-banded
rhyolite).

The rhyolitic lavas and lava domes include
sieve-textured and clear, simply and multiply
twinned feldspar, single quartz phenocrysts and
feldspar crystal clusters. The phenocryst frag-
ments are dominantly medium to large (s 0.5
mm), and derived from euhedral crystals from
which only a small part has been removed, or
are subhedral with only one irregular margin, or
anhedral and equant. Most of the phenocryst
fragments occur in conjugate pairs or groups
that together form a complete crystal. In many
cases, a small to medium fragment resides in a
jigsaw-¢t or clast-rotated arrangement near the
medium or large parent fragment. Many of the
phenocryst fragments appear to have broken
along zones of internal weakness. Quartz frag-
ments have separated along embayments and con-
choidal fractures. Feldspar phenocrysts have
broken along structural weaknesses such as zones
of melt inclusions, cleavage surfaces and com-
position planes of twins. Some anhedral feldspar
fragments are derived from disintegration of
crystal clusters composed of anhedral crystals.
Separation and rotation of the fragments
occurred in response to shear during laminar
£ow. With continuing shear, the fractures pro-
gressively opened and fragments separated.
Fractures may have formed in response to de-
compression during magma ascent, especially in
phenocrysts with abundant and/or large melt
inclusions. Small phenocryst splinters (6 0.2 mm)
are relatively rare (I0.1%) and are attributed to
comminution of near-solid parts of lavas and lava
domes.

In comparison with ignimbrites, rhyolitic lavas
and lava domes contain signi¢cantly fewer pheno-
cryst fragments. Phenocryst fragments generally
occur in jigsaw-¢t or clast-rotated pairs or groups,
and the proportion phenocryst splinters is only
minor (6 0.1%). In ancient deformed, altered
and/or poorly exposed silicic volcanic successions,
data on crystal fragment abundance and shape
can assist distinction of lava and lava dome facies
from pyroclastic facies.
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