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Abstract

The Okataina Volcanic Centre (OVC) is a highly active modern silicic magmatic system at the
northeastern end of the central Taupo Volcanic Zone, North Island, New Zealand. This study presents
a set of petrographic, mineralogical, geochemical and isotopic data that focuses on the rhyolite lavas
erupted from the OVC. These data have been combined with existing geochronological data and
knowledge of vent positions to identify magma types, and hence provide a model for the spatial and
temporal evolution of the silicic magmatic system. Representative samples of OVC rhyolite lavas
were analysed for whole rock major and trace elements by XRF (90 samples), trace and rare earth
elements by LA-ICPMS (32), and Sr (25), Nd (8) and Pb (4) isotopes by TIMS. Major element
compositions of phenocrysts in 24 representative lavas were determined by EPMA. Rhyolite lavas of
the OVC contain phenocrysts (5 - 35 %) of plagioclase, quartz, Fe-Ti oxides * orthopyroxene % calcic
amphibole * cummingtonite * biotite. Apatite and zircon are accessory. Temperatures determined
from Fe-Ti oxide geothermometry range from ~ 650 - 830°C. The lavas are dominantly
peraluminous, medium-K, calc-alkaline rhyolites, with SiO, = 72.5 - 77.5 wt. %, ¥’Sr/**Sr = 0.70516 -
0.70583, eng = 0.02 - 1.70, *Pb/’*Pb = 18.75 - 18.84, XPb/’™Pb =~ 15.55 - 15.64 and
208pp/2%*ph = 38.42 - 38.74. The volcanic history of the OVC can be subdivided into three periods,
(i) > 220 * 10 ka, (ii) 220 £ 10 - c. 65 ka, and (iii) < c. 65 ka. The two earlier periods involved
eruption of caldera-forming ignimbrites and rhyolite lavas. The most recent period of activity
involved eruption of the caldera-modifying Mangaone Pyroclastics Subgroup (c. 43 000 - 31 400
years B.P.), and the caldera-infilling rhyolite lavas and pyroclastics comprising the Haroharo, Okareka
and Tarawera volcanic complexes (c. 25 000 years B.P. - present). In each period, a number of
rhyolitic magma types or batches have been identified and distinguished based on their mineralogical,
geochemical and isotopic characteristics. At least nine magma batches may have been erupted in the
last 25 000 years, with estimated maximum generation times from c. 3 800 - 15 500 years, minimum
generation rates from 3.1 x 10 - 3.2 x 10™ km*/year, residence times from c. 4 000 - 31 000 years
and erupted volumes generally < 15 km®. The Haroharo Volcanic Complex was built up in four
rhyolitic eruptive episodes beginning c. 25 000 years B.P. The lavas and pyroclastics erupted in the
Te Rere episode were derived from a single, genetically discrete, relatively volumetrically small
magma batch. The lavas and pyroclastics erupted in the Rotoma, Mamaku and Whakatane episodes
record the evolution of a relatively larger single magma batch over c. 4 000 years by closed-system
fractional crystallisation processes. The Okareka Volcanic Complex was built up in two rhyolitic
eruptive episodes at c¢. 25 000 and 15 800 years B.P., and a genetic relationship is suggested between
the magma erupted in these episodes. The Tarawera Volcanic Complex was built up in four rhyolitic
eruptive episodes beginning c. 22 500 years B.P. Multiple magma batches were erupted during the
Okareka and Rerewhakaaitu episodes. The lavas and pyroclastics erupted in each of the two youngest
episodes (Waiohau and Kaharoa) were derived from single, genetically discrete magma batches. The
eruption of multiple, relatively small volume, genetically discrete magmas in the last c. 25 000 years
precludes the coalescence of a large magma body beneath the OVC, and has implications for volcanic
hazard assessment and eruption prediction. Future eruptions may involve either residual silicic
magmas revived by basaltic intrusion, or basaltic magmas that have reached the surface without
interacting with residual silicic magmas because they have crystallised, or new genetically discrete
silicic magma. Mineralogical, geochemical and isotopic data obtained for rhyolite lavas erupted from
the adjacent Rotorua and Kapenga volcanic centres reveal that their evolution has also involved
eruption of multiple magma batches, but lack of geochemical, isotopic and age data preclude the
development of any spatial and temporal models for these centres.
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Chapter One: Introduction and Literature Review

1.1 INTRODUCTION

Large silicic magmatic systems, such as those found in the central Taupo Volcanic Zone
(TVZ), North Island, New Zealand, are sources of the most violent and voluminous volcanic
eruptions known. However, the evolution of these magmatic systems is poorly understood.
Of interest, is (i) whether eruptions record the evolution of a single magma chamber, or of
multiple magma bodies or ‘batches’, (ii) the length of time silicic magmas reside in the

upper crust, and (iii) the nature and time-frame of magma chamber replenishment.

Models range from those in which rhyolites are derived from a single, relatively large, long-
lived (> 100 000 years) magma chamber (eg. Halliday et al., 1989; Christensen and De
Paolo, 1993) which underlies the volcano during repose periods, to those in which multiple
relatively smaller silicic magma ‘batches’ are produced rapidly by crustal melting. These
‘batches’ then rise to the surface with only temporary development of small, short-lived (< 1
000 years) magma chambers just prior to the eruption (eg. Huppert and Sparks, 1988; Sparks
et al., 1990, Sutton et al., 1995, 2000).

The central TVZ contains two highly active modern silicic magmatic systems, the Taupo
and Okataina volcanic centres (Figure 1.1). Sutton et al. (1995, 2000) presented an outline
geochemistry of the Taupo Volcanic Centre. Using rhyolite petrography, mineralogy,
geochemistry and isotopic compositions, eruptive products were able to be fingerprinted. In
conjunction with a knowledge of eruption ages and vent sites, Sutton et al. (1995, 2000)
were able to recognise magmas from different sources and therefore new influxes of magma
into the system. Hence, insights into the evolution of this magmatic system were obtained.
Brown (1994) provided some insights into the evolution of the older Whakamaru Volcanic
Centre in a study of the Whakamaru group ignimbrites and the Western Dome Belt rhyolite
lavas, although in less detail than Sutton et al. (1995, 2000). These are the only two studies
to date which have endeavoured to integrate data from lavas and pyroclastics, erupted at
different times, to assess the overall spatial and temporal evolution of a silicic magmatic

system in the TVZ.
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Figure 1.1: Map showing approximate boundaries of silicic volcanic centres in the
central Taupo Volcanic Zone (TVZ). Top inset shows the three segments of the TVZ,
andesitic-dacitic (A) to the northeast and southwest and the rhyolitic (R) central TVZ.
Bottom inset shows the number of caldera forming events at each of the volcanic
centres. Redrawn and modified from Houghton et al. (1995).

The primary aim of this thesis is to investigate the evolution of the magmatic system at the
Okataina Volcanic Centre. Supporting data will also be obtained for the adjacent Rotorua

and Kapenga volcanic centres.

1.2 OBJECTIVES OF THE STUDY

The rhyolite eruptives of the Okataina Volcanic Centre have been extensively studied in
terms of age, distribution and vent location, particularly for the last c. 65 000 years (eg.
Vucetich and Pullar, 1969; Nairn, 1972; Howorth, 1976; Nairn, 1980, 1981a, 1989; Froggatt
and Lowe, 1990; Nairn, 1992; Lowe et al., 1999). This study focuses on the petrography,
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mineralogy, geochemistry and isotopic composition of the eruptives, and uses the age data to

put these petrological constraints into a geochronological and geological framework.

While other investigations into the evolution of silicic magmatic systems, including that of
Sutton et al. (1995), have studied both the pyroclastics and lavas produced from a particular
magmatic system, this study will focus on the lavas erupted from the Okataina Volcanic
Centre. The primary reason for this is to restrict the scope of the study. The pyroclastics
from Okataina, particularly those erupted during the post-caldera phase of activity, are
numerous and complex, especially in proximal exposures. Any in-depth geochemical study
of these pyroclastic deposits should involve a “pumice-by-pumice” approach to sampling,
and indeed a detailed study of any one of these pyroclastic eruptive episodes could well
comprise a PhD project on its own. Rhyolite lavas have been erupted throughout the history
of Okataina, both prior to and following caldera collapse episodes. Therefore, confining this
investigation to lavas will not preclude an assessment of the evolution of the Okataina
Volcanic Centre over its entire life and this study will hopefully provide a framework into

which later, detailed studies of the pyroclastics can be integrated.

The vents for post-caldera eruptions at the Okataina Volcanic Centre have occurred along
two southwest-northeast lineations known as the Haroharo and Tarawera linear vent zones.
During several of the post-caldera eruptive episodes, multiple vents along these lineations
were active, and in some cases, simultaneous eruptions may have occurred. Consequently,
pumice clasts derived from discrete vents may become intimately mingled. In these cases, it
would be more reliable to determine the composition of the lavas, rather than the

pyroclastics, as indicators of geochemical variation between magma batches.

The objectives of this project are:

1) To provide an extensive set of petrographic, mineralogical, geochemical and isotopic
data for rhyolite lavas from the Okataina Volcanic Centre. Additional supporting data
will be obtained for rhyolite lavas from the Rotorua and Kapenga volcanic centres.

2) To assess spatial and temporal variations in these parameters.

3) To use these data, together with existing geochronological data, to identify magma

batches that have existed beneath the Okataina Volcanic Centre. An assessment will be
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made of the number and volume of magma batches, distinguishing mineralogical and/or

geochemical features, and residence times in the upper crust.

4) To use these data to aid in delineating the boundary between the Okataina and Kapenga
volcanic centres, as there has traditionally been some confusion as to where the

southwestern boundary of the Okataina Volcanic Centre lies.

5) To discuss the relevance of magmatic evolution at the Okataina Volcanic Centre to

general models of continental rhyolite magmatism.

6) To use the petrological and geochemical data to constrain the nature of future eruptions

from the Okataina Volcanic Centre.

1.3 LOCATION OF THE STUDY AREAS

1.3.1 OkKkataina Volcanic Centre

The Okataina Volcanic Centre (OVC) is the most northeastern of the rhyolitic caldera
complexes in the Taupo Volcanic Zone (Figure 1.1). The OVC occurs to the east of
Rotorua city (Figure 1.2) beneath a very picturesque area of lakes, surrounded by native and
plantation forest covered hills. These topographic features occur as a result of the
underlying volcanic activity. The forest covered hills are underlain by rhyolitic tephras, lava
domes and flows. It is common for the lakes in the area to have been impounded by the
growth of these dome complexes (eg. lakes Rotoiti, Rotoehu, Okataina, Tarawera, Okareka,

Tikitapu and Rotokakahi) or to occupy volcanic craters (eg. lakes Rotomahana and Rotoma).

The OVC does not have a pronounced basin topography, seen at other rhyolitic caldera
volcanic centres in the TVZ, as it has been largely filled by post-caldera rhyolite dome
complexes. The Tarawera Volcanic Complex, the showpiece of the OVC, rises from
beneath Lake Tarawera at 210 metres above sea level to the summit at 1 111 metres above
sea level. The Tarawera Volcanic Complex is bisected by the deep and precipitous craters
of the 1886 A.D. Tarawera Fissure, which extends for 8 km across the dome complex, and a

further 9 km southwest across Lake Rotomahana to Waimangu. The largest 1886 A.D.
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explosion craters are now filled by Lake Rotomahana (Nairn, 1989). To the north of
Tarawera, the Haroharo Volcanic Complex rises to 914 metres above sea level. Both
complexes have gently to moderately sloping flow surfaces and steep flow margins (Nairn,

1989).

Evidence of caldera collapse can be seen in the northern part of the OVC, north of Lake
Tarawera and the Tarawera River. Caldera margins are less obvious to the south where
collapse is considerably older and often obscured either by regional faulting or by burial
beneath younger eruptives (Nairn, 1989). Where well expressed, the topographic caldera

rim is strongly scalloped, interpreted as a series of coalescing slump scars (Nairn, 1989).

The OVC is the most recently active of the TVZ silicic volcanic centres. Due to its
proximity to urban areas in the Bay of Plenty and Waikato Regions, it has been the subject
of a number of studies concerning potential volcanic hazards (eg. Nairn, 1981b; Johnston
and Nairn, 1993; Scott and Nairn, 1998; Becker, 1999). Evidence that the OVC is active to

this day is seen in the thermal activity that is located throughout the area.

1.3.2 Rotorua Volcanic Centre

The Rotorua Volcanic Centre (RVC) occurs in the northern central Taupo Volcanic Zone to
the west of the Okataina Volcanic Centre (Figure 1.1). A 20 km diameter basin containing
Lake Rotorua topographically expresses the RVC. Its caldera is marked to the south, east
and north by a roughly circular fault scarp approximately 17 km across, while to the west the
ground surface is gently downwarped into the basin (Wilson et al., 1984). A large portion of

the southern RVC is occupied by the city of Rotorua (Figure 1.2).

Rhyolite domes play an important role in the topographic expression of the RVC, although
they are not as extensive and voluminous as at Okataina. Mokoia Island in the centre of
Lake Rotorua, Kawaha Point and Hinemoa Point which protrude into Lake Rotorua, and
Hospital Hill located near the centre of Rotorua city, are all rhyolite domes (Figure 1.3).
The Rotorua landscape is dominated by Mount Ngongotaha, which rises to 757 metres
above sea level and provides a boundary to northwest urban sprawl. The level of Lake
Rotorua also controls the topography of the Rotorua area. Former lake levels, higher than

the present day, have cut terraces and deposited large quantities of lake sediments, which are
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now exposed between the present shore of the lake, the caldera margin and the edge of the

Mamaku Plateau.
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Figure 1.2: Map of part of the central North Island of New Zealand showing the location
of the three silicic volcanic centres discussed in this study. Approximate boundaries of
the volcanic centres are shown with dashed lines (after Thompson, 1974; Wilson et al.,
1984; Nairn, 1989 and Houghton et al., 1995). Geographical features mentioned in
section 1.3 are also shown.
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Modern activity from the RVC is seen in the geothermal activity at Whakarewarewa, Kuirau

Park, and around the southern shore of Lake Rotorua (Figure 1.3).
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Figure 1.3: Map of the southern Rotorua Volcanic Centre showing the location of rhyolite domes and
geothermal areas discussed in section 1.3.2. Main roadways in Rotorua City and state highways
(numbered) in the area are also shown.

1.3.3 Kapenga Volcanic Centre

The Kapenga Volcanic Centre (KVC) is centred near Kapenga settlement, 9 km south of
Rotorua city and the RVC, and southwest of the OVC (Figure 1.2). The KVC includes the
Guthrie and Ngakuru Grabens, two extensively faulted, sediment-filled depressions (Rogan,
1982; Wilson et al., 1984). Tectonic activity has produced this young horst and graben
topography, which has subsequently overprinted the Kapenga Caldera structure (Dunham,
1981; Langridge, 1990). In addition, the caldera has been partly infilled by younger
ignimbrites derived from the KVC as well as the Whakamaru-group ignimbrites (Graham et

al., 1995) from the Whakamaru Volcanic Centre.
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The modern topography over the KVC is subdued and the average elevation is only slightly
lower than that of the surrounding terrain (Rogan, 1982). Rhyolite domes form several
landmarks in this area. Most notable are the Horohoro Cliffs, a rim-fracture dome that
marks the northwestern edge of the KVC, and Haparangi, a late-stage intra-caldera dome
that at 688 metres above sea level stands proud above the surrounding Guthrie and Ngakuru

Grabens.

The KVC is considerably older than both the RVC and OVC (Houghton et al., 1995).
Modern thermal activity is therefore less, in both frequency and strength, than at these

younger centres.

14 A REVIEW OF LITERATURE ON RHYOLITE LAVAS IN THE STUDY AREA

1.4.1 Introduction

There have been many studies undertaken on the volcanic geology of the Okataina, Rotorua
and Kapenga areas. These studies tend to focus on mapping of the area (eg. Cole, 1966;
Thompson, 1974; Dunham, 1981; Nairn, 1981a, 1989; Langridge, 1990; Bellamy, 1991;
Lowther, 1997; Crosby, 1998; Dravitzki, 1999) or on the geochemistry and eruptive
processes of the caldera-forming ignimbrites from these volcanic centres (eg. Nairn, 1972;
Nairn and Kohn, 1973; Carr, 1984; Davis, 1985; Karhunen, 1993; Bailey and Carr, 1994;
Schmitz, 1995; Ritchie, 1996; Lynch-Blosse, 1998; Beresford and Cole, 2000).

Mineralogical and geochemical analyses have been carried out on a number of the rhyolite
lavas of the area (eg. Cole, 1966; Ewart et al., 1968; Ewart and Taylor, 1969; Ewart, 1971a;
Ewart et al., 1971, 1975; Nairn, 1981a; Bellamy, 1991; Gaston, 1991; Shepherd, 1991;
Nairn, 1992; Stevenson et al., 1994; Blattner et al., 1996, Dravitzki, 1999; Richnow, 1999).
However, a major problem is that the available previous data are incomplete and analysed in
many laboratories, and hence in this study all lavas have been resampled and analysed as a

single analytical batch.

The petrography of the rhyolite lavas of the central Taupo Volcanic Zone has been studied
extensively by Ewart (1968) who paid particular attention to phenocryst abundances and

assemblages. This is the most recent publication to discuss the petrographic characteristics
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of the rhyolite lavas of the OVC as a whole. More recently, Gaston (1991) and Shepherd
(1991) provided some discussion of the rhyolite lavas of the Kapenga and Rotorua volcanic

centres respectively.

In earlier studies the rhyolite lava domes and flows of the Taupo Volcanic Zone were
referred to collectively as Haparangi Rhyolite, named after the Haparangi rhyolite dome in
the central KVC (Figure 1.2). This term is still being used today, although it fails to
associate rhyolite lavas with their source volcanic centre and hence, magmatic system. The

terminology is currently being reviewed and will be discussed further in section 1.5.
1.4.2 Haparangi Rhyolite

The name Haparangi Rhyolite was first given to rhyolite flows/lavas of Pliocene-Pleistocene
age by Grange (1937) in his study of the Rotorua-Taupo subdivision. Grindley (1959) used
the term Haparangi Rhyolite Group for all the rhyolite domes and flows (ha) and associated

pumice breccia, ash, lapilli and avalanche deposits (hap) of Pleistocene-Recent age.

Grindley (1960) divided the Haparangi Rhyolite domes into two groups based on
physiographic evidence. Older domes (ha;) are of mid-Pleistocene age (penultimate
glaciation) and are characterised by their dissection and erosion of their pyroclastics and ash
beds. The younger domes (ha), of late-Pleistocene age (last glaciation), are more numerous
(as older domes become buried with time), are little dissected, and are accompanied by
widespread pyroclastics and tephras. Preliminary petrographic studies showed that
Haparangi Rhyolite domes generally consist of an intrusive core of lithoidal rhyolite,
commonly with steeply dipping flow banding, chilled marginal zones of banded obsidian
and perlitic rhyolite, and in the younger less eroded domes, a cap of pumiceous rhyolite
grading laterally into pyroclastic deposits (Grindley, 1961). The rhyolites contain as
essential minerals: plagioclase feldspar (oligoclase), quartz, hornblende, and as accessory

minerals: orthopyroxene, augite, biotite and magnetite (Grindley, 1961).

Healy (1963) and Ewart (1967) noted that, in general, for the Maroa, Okataina and Rotorua
volcanic centres, the rhyolite domes that occur on the rim of the volcanic centre are older
than those within the centre. Healy et al. (1964) divided the rhyolite domes associated with

the Okataina and Rotorua calderas into two groups:

11
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(1) The glassy and lithoidal rhyolites of early dome building stages (mid-Pleistocene)

are termed ha, and occur on the caldera-rim.

(2) The glassy orthopyroxene-hornblende rhyolites of the final stages of dome
building (late-Pleistocene to Holocene) are termed ha, and occur within the

caldera.

1.4.3 Okataina Volcanic Centre

Following on from the subdivision of Healy et al. (1964) into older (ha;) and younger (ha,)
domes, based mainly on physiographic evidence, Ewart (1968) further subdivided the
rhyolite lavas on the basis of geographic locations, mineralogy and relative ages into four

complexes shown in Figure 1.4:

1) Tikitapu Rhyolite - older and younger rhyolites of the area between
Complex Whakarewarewa, Lake Tarawera and Lake Rotokakahi.

2) Rotoma Rhyolite - older rhyolites lying along the northern and northeastern part of
Complex the OVC.

3) Tarawera Rhyolite - younger dome building rhyolites of the Tarawera Massif,
Complex occurring east of Lake Tarawera.

4) Haroharo Rhyolite - younger rhyolites of the Haroharo Massif, extending north of
Complex Lake Tarawera to lakes Rotoiti and Rotoehu.

Ewart (1968) noted that, based on division into older (caldera-rim) and younger (intra-
caldera) dome-building phases, the older rhyolites of this centre have slightly higher crystal
contents than the younger group, and that it is clear that there are marked variations in the

crystal contents between the complexes.

Considerable variation in phenocryst content and ferromagnesian assemblage occurs within
the Tikitapu Rhyolite Complex. The majority of the rhyolites are orthopyroxene-hornblende
bearing but there are several that contain significant amounts of biotite. Total phenocryst

contents range from 5% to greater than 30% (Ewart, 1968).
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Figure 1.4: Generalised map showing the division of the rhyolite domes and flows of the Okataina
Volcanic Centre into the various complexes. The Rotorua rhyolites are also shown for comparison.
Redrawn and modified from Ewart (1968).

Rhyolites of the Rotoma Rhyolite Complex contain 5 - 25% phenocrysts. Ferromagnesian
assemblages are either orthopyroxene + hornblende or biotite + hornblende + orthopyroxene

(Ewart, 1968). Ewart et al. (1975) noted that the rhyolite dome occurring north of Lake

Rotoma contained cummingtonite and clinopyroxene in addition to hornblende and biotite.

In the Haroharo Rhyolite Complex, Ewart (1968) found that the ferromagnesian minerals

present are orthopyroxene and hornblende, with some lavas also containing cummingtonite.
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Total phenocryst contents are up to 15%. The most notable fact about the Haroharo
rhyolites was the absence of biotite. Ewart (1968) also showed that the Haroharo rhyolites
are very similar in terms of the ratios and percentages of modal quartz and plagioclase to the
Matahina and Rotoiti Ignimbrites, which are considered to have been erupted from the

Haroharo caldera now infilled by these younger rhyolites.

The phenocryst assemblages of the Tarawera Rhyolite Complex are much more varied than
those at Haroharo, shown in an extensive study undertaken by Cole (1966, 1970a, 1970b)
who identified 12 rhyolite domes/flows, and divided them into four ferromagnesian

assemblages:

1)  Orthopyroxene-hornblende rhyolite (crystal content ~20%)
2) Hornblende-biotite rhyolite (crystal content >30%)

3) Orthopyroxene rhyolite (crystal content <10%)

4) Biotite rhyolite (crystal content 20-30%)

The older rhyolites of the Tarawera Rhyolite Complex have low crystal contents with
hornblende and orthopyroxene dominant, while the youngest domes, sitting on the top of the
complex, have high crystal contents and contain biotite. Leonard (1999) found minor
amounts of cummingtonite in some of these youngest domes, the first documented

occurrence of this amphibole in Tarawera rhyolites.

The rhyolites of these four complexes within the OVC were considered to represent the
eruptive products from separate magma sources or reservoirs, and therefore indicated the

positions and extents of the higher-level magma bodies (Ewart, 1968; Nairn, 1981a).

Ewart et al. (1971, 1975) determined TVZ rhyolite temperatures using Fe-Ti oxide
geothermometry and correlated these temperatures to ferromagnesian mineral assemblages.

For mineral assemblages observed at the OVC, Ewart et al. (1975) calculated the following

temperatures:
e Cummingtonite + Calcic Hornblende * Orthopyroxene 725-755°C
e Calcic Hornblende + Orthopyroxene 750-825°C

e Biotite + Calcic Hornblende + Cummingtonite + Orthopyroxene 720-765°C
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Since the studies of Ewart (1968), Ewart et al. (1975) and Cole (1966, 1970a, 1970b), Nairn
(1981a, 1989) has used a three-fold classification system for the rhyolites of the Okataina
Volcanic Centre. Rhyolites predating the widespread Mamaku Ignimbrite, which was
erupted from the adjacent Rotorua Volcanic Centre at 220 + 10 ka (age from Houghton et
al., 1995), are denoted as ha,. Rhyolites erupted between the Mamaku Ignimbrite and the
Rotoiti Ignimbrite eruption at c. 65 ka (age from Houghton et al., 1995) are denoted as ha,,
and those younger than the Rotoiti Ignimbrite are denoted as ha;. The rhyolites comprising
the Rotoma Rhyolite Complex of Ewart (1968) are ha,, as are two domes between lakes
Okataina and Rotorua that Ewart (1968) identified incorrectly as being Rotorua eruptives.
The Tikitapu Rhyolite Complex of Ewart (1968) comprises the ha, Moerangi and Tutacheka
Rhyolites, two ha, rhyolites near Lake Okareka and ha; rhyolites within the Okareka
Embayment. The rhyolites of the Tarawera and Haroharo volcanic complexes are also has.
An age of 230 + 12 ka was obtained by Shane et al. (1994) for the Mamaku Ignimbrite,

however the age of Houghton et al. (1995) will be used in this study.

Although the petrography of the Okataina rhyolites has been extensively studied by Ewart
(1968) and Cole (1966, 1970a, 1970b), later studies (Nairn, 1981a, 1989) have provided a
more detailed division of the ha; rhyolite lavas comprising the Haroharo and Tarawera
volcanic complexes. Volcanic activity has been subdivided into eruptive episodes, which
will be discussed in Chapter Two. Some of the lava flows and domes of the Haroharo and
Tarawera Complexes have also been renamed. Hence, there is reason to recalculate
phenocryst percentages and ferromagnesian assemblages for the Okataina rhyolite lavas and

to reassess any spatial and temporal variations.

The most recent studies of OVC rhyolite lavas have tended to focus on associations between
domes and pyroclastics erupted in the same episode of activity. Bellamy (1991) related the
Moerangi Rhyolites (ha,) to the Te Wairoa Ignimbrites in the southwestern OVC. Leonard
(1999) discussed the magmatic processes associated with the eruption of rhyolite domes and
pyroclastics during the Kaharoa Eruptive Episode at the Tarawera Volcanic Complex.
Richnow (1999) investigated the eruptional and post-eruptional processes in rhyolite domes
of the Kaharoa episode. Wright (2000) studied the products of the Mamaku Eruptive
Episode at Haroharo, and Speed (2001) studied the products of the Waiohau Eruptive

Episode at Tarawera.
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1.4.4 Rotorua Volcanic Centre

Healy et al. (1964) divided the Rotorua rhyolites into older (ha;) and younger (ha,) dome
building phases. Ha, rhyolites, occurring on the caldera rim, consisted of a crescentic
edifice west of Rotorua City, a dome at the northern end of Lake Rotorua, the Hemo Gorge
ridge, and a large lava dome complex to the south of Ngongotaha. Also included in this
group by Ewart (1968) were the domes of Whakapoungakau and Pukepoto, which are now
accepted as being related to the OVC. These ha, rhyolites are now known to pre-date the
caldera-forming Mamaku Ignimbrite. The ha, rhyolites, occurring within the caldera,
consisted of the Ngongotaha, Kawaha Point, Hinemoa Point, Mokoia Island and Kuirau
Reserve domes as well as another dome at the southeastern corner of Lake Rotorua. These

are now known to post-date the Mamaku Ignimbrite.

Within the group of intra-caldera (ha,) rhyolites, a subdivision was suggested by Healy
(1963), and subsequently adopted by Ewart (1968), based upon the age of the domes relative
to the formerly high level of Lake Rotorua (at ~100 metres above its present level after the
Rotoiti Ignimbrite eruption from Okataina at c. 65 ka). Ewart (1968) postulated the
Ngongotaha, Kawaha Point and Kuirau Reserve domes as pre-Rotoiti Ignimbrite (ha,), and
the domes of Mokoia Island, Hinemoa Point and the southeastern corner of Lake Rotorua as
post-Rotoiti Ignimbrite (ha;). Figure 1.5 shows the names and relative ages of the rhyolites

of the Rotorua Caldera according to Ewart (1968).

Ewart (1968) noted that there are no consistent mineralogic differences based on the
generalised division into older (ha;) or younger (ha,) dome-building phases. However, the
division of younger domes into pre- and post- Rotoiti Ignimbrite groups is supported by
significant differences in phenocryst contents. The ha, domes are crystal-poor (< 5%) and
in terms of ferromagnesian minerals contain only orthopyroxene. The ha; domes are crystal-
rich (15-30%) and contain orthopyroxene, hornblende, and with the exception of Mokoia
Island, biotite (Ewart, 1968; Nairn and Wood, 1987). Wilson et al. (1984) considered the
disparity in crystal contents between the Mamaku Ignimbrite and younger domes suggest

that at least two separate magma batches have been erupted during the lifetime of the RVC.
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Figure 1.5: The rhyolites of the Rotorua Caldera and their division into three age groups.
Redrawn and modified from Ewart (1968).

An apparent mis-identification by Healy et al. (1964) and Ewart (1968) was classifying the
large lava dome complex to the south of Ngongotaha as ha,. Thompson (1974) redefined

this complex as ha, and it is now named Pukehangi.

Shepherd (1991) studied the volcanology, geochemistry and petrology of the post-caldera
rhyolite domes in the RVC. He confirmed the mineral assemblages described by Ewart
(1968) for the Rotorua rhyolites and found fayalitic olivine in tridymite lined lithophysal
cavities within one of the Ngongotaha Dome Complex rhyolites. Grapes et al. (1994)
describe an interesting assemblage of silicate and oxide vug minerals that also occur in this
dome. Oxide equilibria magmatic temperatures of 711°C and 778°C were calculated for two

of the Ngongotaha domes (Shepherd, 1991).

While Shepherd (1991) provided little discussion of the Pukehangi rhyolite domes because
he considered them to be ha,, Dravitzki (1999) provided a volcanological interpretation for
the entire Ngongotaha-Pukehangi complex. In dividing the Ngongotaha-Pukehangi complex
into a series of individual rhyolite domes, Dravitzki (1999) provided a more detailed picture
of phenocryst contents and ferromagnesian mineral assemblages than Ewart (1968) with

three assemblages present:

1) Plagioclase + Orthopyroxene + Fe-Ti Oxide + Quartz
2) Plagioclase + Orthopyroxene + Biotite + Fe-Ti Oxide + Quartz

3) Plagioclase + Orthopyroxene + Hornblende + Biotite + Fe-Ti Oxide *+ Quartz
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Dravitzki (1999) also noted the occurrence of secondary olivine in one of the Ngongotaha
domes. Richnow (1999) investigated the eruptional and post-eruptional processes in the
Quarry Dome of the Ngongotaha Complex and calculated magmatic temperatures of 784-
823°C. Milner (2001) examined the petrography and geochemistry of rhyolite lavas

associated with the RVC in an effort to determine any affiliation to the Mamaku Ignimbrite.

1.4.5 Kapenga Volcanic Centre

Healy et al. (1964) divided the rhyolites of the Ngakuru Graben area into older (ha;) and
younger (ha,) dome building phases, with the western-most and eastern-most of the rhyolites
occurring on the caldera rim being ha,, and three domes occurring between these rhyolites

being ha,.

The rhyolite lavas of the KVC were included as part of the Mokai Ring Structure by Ewart
(1968) as it was not until the study of Rogan (1982) that Kapenga was postulated as being a
separate volcanic centre. The rhyolites of the Mokai Ring Structure were divided into seven
groups, shown in Figure 1.6. Six of these groups comprise lavas associated with what are
now known as the Reporoa, Maroa and Whakamaru volcanic centres. The remaining group,
referred to as Rhyolites of Horohoro-Waiotapu, comprise lavas associated with what is now
called the Kapenga Volcanic Centre. Ewart (1968) divided these rhyolites into two groups.
The ha, rhyolites occur around the caldera rim and have low phenocryst contents (<10%)
with the dominant ferromagnesian phenocryst being orthopyroxene. The ha, rhyolites occur
within the caldera and have higher phenocryst contents (>25%) with biotite, hornblende and
orthopyroxene present. Ewart (1968) considered that petrological evidence indicates that the
rhyolites of this group may constitute a magmatically related group but noted that this is by
no means certain. The names given to these rhyolites by Ewart (1968) are shown in Figure
1.6. The ha; domes are Horohoro in the west and Waikorapa, Tumunui, and Trig 8566 in
the east. The ha, domes are Haparangi, Round Hill and Trig 8523. This latter dome is now

known as Ongahoro.

Dunham (1981) provided some discussion of the petrography and mineralogy of the
Horohoro, Haparangi, Ongahoro and Round Hill domes. He also identified an outcrop on
the northern flank of Haparangi Dome that appeared to be of a buried crystal-poor ha,

rhyolite. Nairn (1989) suggested the occurrence of several other intracaldera domes
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occurring northeast of Ongahoro that are petrographically similar to the Earthquake Flat

Ignimbrite, but topographically protrude above the ignimbrite surface.
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Figure 1.6: Rhyolite lavas and domes of the Mokai Ring Structure of Healy (1964) and
Ewart (1967) showing their division into seven groups based on geographical and
mineralogical similarities. Redrawn and modified from Ewart (1968).

Gaston (1991) studied the petrology and geochemistry of all the Kapenga Caldera rhyolites,
the first such study since that of Ewart (1968). He noted that in addition to orthopyroxene,
the ha, rhyolites may also contain small amounts of hornblende and/or biotite. An Fe-Ti
oxide geothermometry temperature calculation for Tumunui dome suggested a temperature
range of 810-950°C. Gaston (1991) highlighted some geochemical similarities between the
Kapenga Rhyolites and those of the adjacent RVC and suggested a similarity of source for

the two calderas. This theory has not been widely accepted.

19



Chapter One: Introduction and Literature Review

1.5 NEW TERMINOLOGY FOR CLASSIFYING RHYOLITE LAVAS

The Haparangi Rhyolite (ha,, ha,, ha;) classification system is no longer considered
acceptable for the central TVZ rhyolites as it implies all the rhyolites have a common
magmatic origin. This is not the case, with rhyolite lavas from each volcanic centre being
derived from different magmatic systems. Hence the following terminology has now been
proposed, and has been used in recent publications (eg. Dravitzki, 1999; Nairn, 2000). The
“h” standing for Haparangi will remain but will be followed with a letter representing the
volcanic centre from which the lava has been erupted. The numbers 1, 2 and 3 will still be
used to denote pre-Mamaku Ignimbrite, between the Mamaku Ignimbrite and the Rotoiti

Ignimbrite and post-Rotoiti Ignimbrite in age. The new terminology is presented in Table

1.1

Table 1.1: New terminology for classifying the rhyolite lavas erupted from the

Okataina, Rotorua and Kapenga volcanic centres.

Old Terminology New Terminology
(age range)* Okataina Rotorua Kapenga
Volcanic Centre Volcanic Centre Volcanic Centre
ha. hO] hfl I"'kl
(>220+ 10 ka.)
ha, ho, hr, hk,
(220 £ 10 —c. 65 ka.)
ha3 h03 hl'3
(<c.65ka.)

* Ages from Houghton et al

. (1995).
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2.1 INTRODUCTION - THE TAUPO VOLCANIC ZONE

The Taupo Volcanic Zone (TVZ) is a volcano-tectonic complex, 300 km long and up to
60 km wide, reflecting northwest-directed subduction of the Pacific Plate beneath the North
Island of New Zealand (Houghton et al., 1995). Houghton et al. (1995) defined the zone as
an envelope around all vent locations known or inferred to have been active during the past
2.0 m.y., the time of onset of andesitic calc-alkaline volcanism in the zone, and associated
with a northeast structural trend. The TVZ has been divided into three segments (Figure
1.1). The segments that occur northeast of Lake Rotorua and southwest of Lake Taupo

contain andesitic to dacitic composite volcanoes and no rhyolitic calderas.

The central Taupo Volcanic Zone (125 x 60 km) is a region of intense Quaternary silicic
volcanism (typically 70-77% SiO,, Wilson et al., 1995) accompanying rapid extension of
continental crust (Houghton et al., 1995). At least 34 caldera-forming ignimbrite eruptions
have produced a complex sequence of relatively short-lived, nested and/or overlapping
volcanic centres over 1.6 m.y. (Houghton et al., 1995). Eight rhyolitic caldera centres have
so far been identified (Figure 1.1) of which Mangakino and Kapenga are composite features
where collapse episodes related to independent periods of magmatism have coincided in
geographic position (Wilson et al., 1995). Pyroclastic eruptions generating numerous but
relatively small volume fall deposits and occasional ignimbrites, along with dome-building
eruptions, have been present as a background between the major caldera-forming episodes.
These eruptions have not been accompanied by significant caldera collapse and have

occurred from vents within, or on the margins of, existing calderas (Wilson et al., 1995).

The central TVZ has a broad negative gravity anomaly upon which local anomalies, marking
the caldera centres, are superimposed (Rogan, 1982; Wilson et al., 1984; Houghton et al.,

1995).

This chapter reviews the eruptive history of the Okataina, Rotorua and Kapenga volcanic
centres. The spatial and temporal distribution of rhyolite lavas at each volcanic centre, and
their relationship to the caldera-forming ignimbrite eruptions, will be discussed. The

sequence of basaltic eruptions at the Okataina Volcanic Centre will also be discussed, along
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with the nature of modern hydrothermal activity at the Okataina and Rotorua volcanic
centres. All ages reported in this and subsequent chapters are in calendar (cal.) years B.P.,
or thousands or millions of calendar (radiometric) years B.P. (ka and Ma respectively),

unless otherwise stated.

2.2 OKATAINA VOLCANIC CENTRE

2.2.1 Introduction

The Okataina Volcanic Centre (OVC) is the most northeastern of the rhyolitic caldera
complexes in the Taupo Volcanic Zone. The geology and geophysical expression of the
OVC are known in some detail from the work of Rogan (1980, 1982) and Nairn (1981a,
1989). Okataina coincides with a major negative gravity anomaly whose contours are
similar in shape to the geologically mapped Haroharo Caldera boundary (Figure 2.1).
Gravity and magnetic modelling suggest that there is a caldera infill of magnetised rocks of
about 600 km® (Wilson et al., 1984). The depth to basement at Haroharo is suggested by

magnetic modelling to be no more than 2 km (Bailey and Carr, 1994).

There has been some confusion in the past over where the western and southwestern
boundaries of the OVC lie in relation to the adjacent Rotorua and Kapenga volcanic centres.
Ewart (1968) identified two rhyolite domes occurring between lakes Rotorua and Okataina
as being part of the Rotorua Volcanic Centre (Figures 1.4 and 1.5). Subsequent studies
(eg. Nairn, 1989) have redefined them as caldera-rim rhyolites of the OVC, which is now
the widely accepted view. There is still debate over the specific location of the Okataina-

Kapenga boundary.

2.2.2 Eruptive History

The eruptive history of the Okataina Volcanic Centre can be divided into two main periods:

1) A period of caldera formation, ending with the Rotoiti Ignimbrite eruption c. 65 ka (age
from Houghton et al., 1995).

2) A period of post-caldera activity from c. 65 ka to the present, that intensified in the last

c. 25 000 years, comprising caldera infilling pyroclastic and lava eruptions.
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The OVC is considered to be highly active with an average of 0.08 m’s™* of erupted material
over the past c. 65 ka, which makes it among the most productive rhyolitic centres

documented on Earth (Wilson et al., 1995).
2.2.2.1 Caldera-forming Eruptions

Nairn (1981a, 1989) linked the OVC to at least four major and possibly two smaller caldera-
forming pyroclastic eruptions in the last 400,000 years. Houghton et al. (1995) and Wilson
et al. (1995) attributed only the 280 + 10 ka Matahina Ignimbrite and the c. 65 ka Rotoiti
Ignimbrite (ages from Houghton et al., 1995) to caldera collapse at this centre. However,
these models may be too simplified and in the light of more recent studies (eg. Beresford
and Cole, 2000) there may have been at least four caldera-forming ignimbrite eruptions at
the OVC. Tables 2.1 and 2.2 give a summary of the history of rhyolitic eruptions at the
OVC.

The Haroharo Caldera is defined by an elongated (28 x 16 km) area of subsidence between
surrounding pre-caldera ignimbrite/rhyolite plateaus, and occupies most of the OVC (Figure
2.1). Subsidence of parts of the southern caldera floor is thought to have accompanied the
eruption of the Matahina Ignimbrite, whereas subsidence of the caldera floor in the north
accompanied the Rotoiti Ignimbrite eruption. The margins of the caldera have a clear
topographic expression to the north, but are much less obvious to the south where collapse is
considerably older and often obscured either by regional faulting or by burial beneath
younger eruptives (Nairn, 1989). The eruption of the Matahina Ignimbrite may have been
accompanied by shallow synchronous collapse along regional faults to form the Puhipuhi
Basin (Beresford and Cole, 2000), which adjoins the eastern margin of the Haroharo
Caldera. It is likely that the Matahina Ignimbrite was erupted, at least in part, from within

this basin (Nairn, 1981a, 1989).

Beresford and Cole (2000) attributed eruption of the quartz-biotite ignimbrite (also known
as the quartz-biotite tuffs) at 380 + 40 ka (age from Nairn, 1989) to caldera formation at the
OVC. They suggest that this unit was erupted during a large-scale volcano-tectonic event
that probably affected the entire TVZ, and also included the eruption of the widespread
Whakamaru Ignimbrites from the Whakamaru Volcanic Centre. Beresford and Cole (2000)
also considered that caldera development accompanied the eruption of the Kawerau

Ignimbrite from a source within the western part of the OVC. Outcrops of Kaingaroa
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Ignimbrite occurring on the eastern side of the OVC, with an age of 240 * 50 ka (Nairn,
1989), are now considered by Beresford and Cole (2000) to be outcrops of Kawerau

Ignimbrite.

Table 2.1: Pre-65 ka rhyolitic eruptive history of the Okataina Volcanic Centre.

Age Lavas Pyroclastics Lava Pyroclastics EMV
(c. ka) Volume Volume (km®)
(m))  (km’)
Rotoiti Tephra 65 Rotoehu Ash 90 40
Formation Rotoiti Ignimbrite 150 80
Matahi Scoria (basaltic) 1 0.5
(caldera formation)
ho,
Rhyolites 65 - Moerangi Rhyolites Te Wairoa Ignimbrites
220£10  Tutacheka Rhyolites ? ?
South Rotomahana
Rhyolites
Lake Rotoiti Rhyolites
220+ 10 Mamaku Ignimbrite
(Rotorua Volcanic Centre)
240 £ 50 Kawerau Ignimbrite ?
(caldera formation)
? ? Onuku-Pokopoko 240
Pyroclastics
280+ 10 Matahina Ignimbrite 150
(caldera formation)
38040 Quartz Biotite Ignimbrite (tuffs) 90
(caldera formation)
I'IO]
Rhyolites  >220+ 10 Northeastern Rhyolites 2
Western Rhyolites
Southern Rhyolite

Ages from Nairn (1989) and Houghton et al. (1995). Volume estimates from Nairn (1989) and
Froggatt and Lowe (1990). EMV = Equivalent magma volume.
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Table 2.2: Post-65 ka rhyolitic eruptive history of the Okataina Volcanic Centre.

Age Lavas Pyroclastics Lava  Pyroclastics EMV
(c. cal. yrs Volume  Volume  (km’)
BP) (m’)  (km’)
hos rhyolites Ruawahia, Tarawera
Eruptive Episode* and Wahanga Domes
Kaharoa 1314+11  Green Lake Plug Kaharoa Pyroclastics 25 5 4
(T) A.D. Crater Dome Kaharoa Ash (plinian)
Tikorangi Dome
Makatiti Dome Minor Pyroclastic Eruptions
Haroharo Dome
Whakatane 5550 Makatiti Flows
(H) Rotokohu Dome 9 10 135
Okataina Flow Rotokohu Tuff Cone
Tapahoro Dome Whakatane Ash (plinian)
Tapahoro Flows Whakatane Pyroclastics
Rotoroniu Flows
Te Horoa Dome Te Whekau explosion breccia
Hainini Dome Local flow and surge deposits
Hainini Flow
Te Matae Flow
Mamaku 8 050 Parewhaiti Dome
(H) Ruakokopu Flow ) 15 6 17.5
? Otangimoana Flow  Hainini Pyroclastics
? Oruaroa Flow
Waiti Flow Mamaku Ash (plinian)
Kaipara Flow
Rotoma 9500 Te Pohue Flows ? Otamuri Pyroclastics
(H) Tuahu Pyroclastics 2 12 7
Rotoma Flows Rotoma Ash (plinian)
Kanakana Dome
Waiohau 13800  Pokohu Flows 4 18 12
() Waikakareao Flows Waiohau Pyroclastics
Eastern Dome Waiohau Ash (plinian)
Rotorua Trig 7693 Dome * Local flow and surge deposits
(Ok) 15800 Middle Rhyolite* Rotorua Ash (plinian) 1 7 4
Southern Dome
Rerewha- 17 600 ? Te Puha Flow Rerewhakaaitu Pyroclastics
kaaitu Western Dome (tuff cone) 2 7 5
(T) ? Rotomahana Dome  Rerewhakaaitu Ash (plinian)
? Patiti Island Dome
Okareka 22500  ?Ridge Dome
(4V] Ridge Flow 5 8 85
Hawea Flow Okareka Ash (plinian)
Eastern Rhyolite”
Te Rere 25000  Te Rere Dome*
(H, Ok) Haumingi Flow 8 6 11.5
Te Koutu Flow ? Tapuaeharuru Pyroclastics
Tuarae Flow ? Te Haehaenga Pyroclastics
? Fenton's Mill Flow  Te Rere Ash (plinian)
31 400 UnitL
Unit K
Mangaone UnitJ (Awakeri Tephra)
Pyroclastics 33000 Unit I (Mangaone Tephra)
Subgroup Unit H
(caldera modification) Unit G 81 22
Unit F (total) (total)
36 700 Unit E (Te Mahoe Tephra)
Unit D (Maketu Tephra)
Unit C
Unit B
43 000 Unit A
Rotoiti Tephra c. 05 ka Rotoehu Ash 90 40
Formation Rotoiti Ignimbrite 150 80
(caldera formation) Matahi Scoria (basaltic) 1 0.5

See following page for footnote.
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Table 2.3: Ages for post-caldera eruptive episodes at the Okataina Volcanic Centre

Eruptive Naim Froggatt and Lowe Lowe et al. Age Accepted
Episode (1981a, 1989) (1990) (1999) in this Study
C yrs B.P. 1C yrs B.P. “CyrsBP* cocal.ysBP® (c.cal yrsBP)
Kaharoa 800 770 £ 20 665 + 15 1314+11 AD.’ 1314111 AD.
Whakatane 5500 4830120 4830+20 5550 5550
Mamaku 7 500 7250 + 20 7250 £20 8 050 8 050
Rotoma 9 000 8530+ 10 8530+ 10 9500 9 500
Waiohau 11 000 11850 = 60 11 850 + 60 13 800 13 800
Rotorua 13 000 13 080 =50 15 800° 15 800
Rerewhakaaitu 15 000 14700110 14 700 £ 95 17 600° 17 600
Okareka 18 000 c. 18000 22 500° 22 500
Te Rere 21000 21100 £ 320 25 000° 25 000
# The error weighted mean (EM) age obtained from cluster analysis.

) The calibrated age (for details see Lowe et al., 1999) based on Stuiver et al. (1998).
[] D. Lowe pers. comm. (2001)

Two collapse features occurring adjacent to the Haroharo Caldera are attributed to
withdrawal of underlying magma associated with the Rotoiti Ignimbrite eruption. Lake
Rotoma occupies a 5 km diameter basin of subsidence, known as the Rotoma Caldera, which
coalesces with the northeastern corner of the Haroharo Caldera (Nairn, 1981a, Nairn and
Wood, 1987). In the southwestern OVC, lakes Okareka, Tikitapu and the northeastern part
of Lake Rotokakahi occupy a basin known as the Okareka Embayment. The geological
history and structure of this basin suggest that it may comprise a subsidiary embayment of
the Haroharo Caldera with subsidence partly controlled by pre-existing regional faults

(Nairn, 1981a).

Nairn (1989) and Beresford and Cole (2000) suggested that the Onuku-Pokopoko
pyroclastics (also known as the Pokopoko Breccia, Pokopoko Ignimbrite and Onuku
Pyroclastics) were also erupted from the OVC. However, Beresford and Cole (2000) did not

associate these pyroclastics with caldera formation.

Footnote to Table 2.2:

Names of eruptive episodes, hos lavas and associated pyroclastics from Nairn (1980, 1989). Mangaone terminology from
Jurado-Chichay and Walker (2000) with the equivalent units of Howorth (1975) in brackets. Rotoiti terminology from
Froggatt and Lowe (1990). Ages from Houghton et al. (1995), Lowe et al. (1999) (see Table 2.3) and Jurado-Chichay and
Walker (2000). Volume estimates from Froggatt and Lowe (1990) and Jurado-Chichay and Walker (2000). EMV =
Equivalent magma volume. * Volcanic complexes active given in brackets T = Tarawera, H = Haroharo, Ok = Okareka. #
These rhyolites were not individually named by Nairn (1980) and the names shown here will be used in this study.
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The eruption of the Mangaone Pyroclastics Subgroup is attributed to caldera modification
(Nairn, 1989). Eight tephra formations comprising the Mangaone Pyroclastics Subgroup
were identified and defined by Howorth (1975, 1976). More recently, Jurado-Chichay and
Walker (2000) and Smith (2001) have identified new tephras within this subgroup. The
revised sequence of eruptives according to Jurado-Chichay and Walker (2000) is given in
Table 2.2. Only four of the tephra formations identified and defined by Howorth (1975,
1976) are equivalent to new units. Smith (2001) identified two additional units, the
Pupuwharau and Pongakawa tephras, occurring between units C and D. Jurado-Chichay and
Walker (2000) presented some new '“C ages for some of the Mangaone Subgroup tephras.
An age of c. 31 400 years B.P. was obtained for the youngest of the tephras (Unit L) along
with an age of c. 36 700 years B.P. for the Te Mahoe tephra. These ages imply that the eight
youngest tephras were erupted in only c. 5 000 years. Jurado-Chichay and Walker (2000)
suggested that the earliest eruption (Unit A) may have been at c. 43 000 years B.P. and that
the entire subgroup may have been erupted over a period of time shorter than originally-

estimated by Froggatt and Lowe (1990).
2.2.2.2 Rhyolite Lavas - ho; and ho,

The ho, rhyolites were erupted prior to the eruption of the Mamaku Ignimbrite from the
Rotorua Volcanic Centre at 220 £ 10 ka. Figure 2.1 shows the location of these rhyolites in
relation to the collapse structures of the OVC. They generally occur on or adjacent to the
caldera rim, and vents may mark the locations of underlying ring fractures up which magma

was extruded early in the Okataina eruptive sequence (Nairn, 1989).

The ho, rhyolites can be divided spatially into three groups:

e The northeastern rhyolites of Maungawhakamana, North Rotoma, Waitangi, and
Matawhaura

e The western rhyolites of Whakapoungakau, Pukepoto, Crater Farm and Stancorp Quarry

e The southern rhyolite of Wairua

Ages are not available for the ho, rhyolites. However, Nairn (1989) mapped all ha, (ho;)
OVC rhyolites as older than the Matahina Ignimbrite (280 * 10 ka) and noted that this
ignimbrite has been observed in outcrop overlying Maungawhakamana rhyolite. Such a

relationship has not been observed for other ho, rhyolites. Nairn (1981a) thought that these
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ha, rhyolites were probably extruded both prior to and following eruption of the “quartz-

biotite tuffs” at 380 + 40 ka. Hence the ho, rhyolites may include both pre-caldera and post-

caldera eruptives and may be magmatically related to any of the three caldera-forming

ignimbrites erupted from the OVC prior to 220 * 10 ka.

The ho, rhyolites were erupted between 220 * 10 and c. 65 ka. The majority of lavas

erupted at this time occur adjacent to the caldera rim in the southwestern OVC. Two ho,

rhyolites occurring in the northwestern OVC, south of Lake Rotoiti (Nairn, 1989), were not

sampled in this study and will not be discussed further.

Maungawhakamana

Lake
Okarge:
S

Stancorp &
Quarry

Lake Tikitapu -
(Blue Lake) '

(Green Lake)

Figure 2.1: The distribution of ho; rhyolite lavas and their spatial relationships to the collapse
features of the Okataina Volcanic Centre. Redrawn and modified from Nairn (1989).
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Vents for the ho, rhyolites occur on a NW-SE trend and the rhyolites cluster spatially into

three groups, shown in Figure 2.2:

e The Moerangi Rhyolites comprising the Direct Road, Hill Road, Moerangi Road,
Chestnut Road, Green Lake, Blue Lake and Kakapiko domes

e The Tutaeheka Rhyolites which in this study have been numbered from northwest to
southeast (1, 2 and 3)

e The South Rotomahana Rhyolites of Waimangu and Hapeotoroa

Moerangi
Rhyolites

Lake Tikitapu Okareka
(Blue Lakey Embayment

Chestnut

Lake Rolok;:k‘ah
(Green Lake) -

Tutacheka
3

Tutaeheka
Rhyolites

Rotomahana
Rhyolites

Figure 2.2: The distribution of ho, rhyolite lavas and their spatial relationships to
collapse features in the southwestern Okataina Volcanic Centre. Complied from Ewart
(1968), Nairn (1981a, 1989) and Bellamy (1991).

The Te Wairoa Ignimbrites described by Bellamy (1991) were erupted in association with
the ho, rhyolites, and it is highly likely that there were other minor pyroclastic eruptions

during this episode.

Ages are not available for the ho, rhyolites. However, the range of possible ages based on
stratigraphy (220 % 10 - c. 65 ka) suggests that they may have been erupted following the

first episode of collapse at Okataina, associated with the eruption of the Matahina and
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Kawerau Ignimbrites, or prior to the second collapse event associated with the Rotoiti
Ignimbrite eruption. Some of the Moerangi domes are observed as being directly overlain
by Rotoehu Ash (I. Nairn, pers. comm., 1999), which was erupted contemporaneously with
the Rotoiti Ignimbrite. This suggests a temporal association with the second episode of
collapse. However, the distance between the source of this ignimbrite in the northern OVC

and the location of the ho, rhyolites may preclude a genetic relationship.

At approximately the same time as the Rotoiti Ignimbrite was being erupted in the northern
OVC, the Earthquake Flat (EQF) Ignimbrite was being erupted in an area adjacent to the
southwestern OVC that is currently considered to be a part of the Kapenga Volcanic Centre
(see section 2.4.2.2). Therefore the ho, domes are spatially adjacent to the source of the
EQF Ignimbrite and may be related to this eruption, which did not involve caldera collapse.
Some studies have classed these ho, rhyolites as eruptives of the Kapenga Volcanic Centre
(eg. Wilson et al., 1984) but others (eg. Ewart, 1968; Nairn, 1989) suggested they are part of
the OVC. Nairn (2000) has classed these rhyolites as eruptives of Kapenga (hk,) based
primarily on structural interpretation of the Okataina and Kapenga boundaries. It is hoped

that this study will shed some light on this problem.

The names used in this study for ho, and ho, rhyolites follow those used in previous studies

(eg. Nairn, 1989; Bellamy, 1991) or have been named after geographic localities.

2.2.2.3 Post-Caldera Eruptive Sequence and ho; Rhyolite Lavas

The post-caldera sequence of events at the Okataina Volcanic Centre has been well

established due to the work of Nairn (1980, 1981a), particularly for the last c. 25 000 years.

Post-caldera activity at the OVC has involved the eruption of rhyolite lava domes and flows

(ho;), with interbedded pyroclastic flow and fall deposits, that have largely infilled the

collapse structures. The eruptives can be divided spatially into three groups, shown in

Figure 2.3:

e The Haroharo Volcanic Complex has grown on the northern and central floor of the
Haroharo Caldera. Lavas and pyroclastics infilling the adjacent Rotoma Caldera are also
considered part of this complex.

e The Tarawera Volcanic Complex has grown on the southeastern floor of the Haroharo
Caldera.

e The Okareka Volcanic Complex has infilled the Okareka Embayment.
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The post-caldera rhyolitic activity forming these volcanic complexes has occurred in nine
eruptive episodes (Nairn, 1989) during the past c. 25 000 years separated by quiescent
periods. Table 2.2 lists the lavas and pyroclastics erupted during each episode according to
Nairn (1980, 1989), along with estimated volumes. Froggatt and Lowe (1990) proposed that
all the primary pyroclastic products of one eruptive episode should be referred to as a tephra
formation. This terminology will be adopted in subsequent discussions of the pyroclastics
associated with the rhyolite lavas. For example, the pyroclastics of the Mamaku eruptive
episode will be referred to collectively as the Mamaku Tephra Formation comprising the
Mamaku Tephra (previously the Mamaku Ash) and other associated pyroclastics. The

episodes are generally named after the major tephra erupted at that time.

Haroharo Volcanic
Complex

Haroharo Caldera

- Tarawera Volcanic ;
Complex -

Figure 2.3: The distribution of ho; rhyolite lavas and their spatial relationship to the
collapse features of the Okataina Volcanic Centre. Redrawn and modified from Nairn
(1989).
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It should be noted that no direct ages have yet been obtained for the ho; rhyolite lavas and
that they have been dated based on their stratigraphic relationships to the '‘C-dated
pyroclastics. Ages proposed for the eruptive episodes and those used in this study are given
in Table 2.3. Figures 2.4 and 2.5 show the distribution of lavas comprising the Haroharo
and Tarawera volcanic complexes, respectively. The names given to these lavas by Nairn
(1989), which will be used in this study, and the episode in which they were erupted, are
shown. Figure 2.6 shows the distribution of lavas comprising the Okareka Volcanic
Complex. Nairn (1980) did not formally name these lavas and the names appointed and

used in this study are given in Figure 2.6.

,,,,,,,,

Tikorangi

Rotongata Dome
Lake
Rotoatua
Haroharo
Okataina Flow
N
0 1 2 km
—

Key: Eruptive Episode

I:' Whakatane (c. 5 550 cal. yrs B.P.)

Mamaku (c. 8 050 cal. yrs B.P.)
Rotoma (c. 9 500 cal. yrs B.P.)

Te Rere (c. 25 000 cal. yrs B.P.)

Rotoroniu Flows

Tapahoro Flows

Figure 2.4: Rhyolite lavas of the Haroharo Volcanic Complex. Redrawn and modified from
Nairn (1989).

34



Chapter Two: Geologic Setting and Eruptive History

Key: Eruptive Episode
Kaharoa (1314111 A.D.)

Waiohau (c. 13 800 cal. yrs B.P.)
Rerewhakaaitu (c. 17 600 cal. yrs B.P.)

Okareka (c. 22 500 cal. yrs B.P.)

R o e e
A \\.»/;t«*‘::\f AR

A G o o o N AN, ./;v\

AR
S ENINENT NN N NS I AN e

Lake Tamwera\\_ \\,’\\,-t" o

Figure 2.5: Rhyolite lavas of the Tarawera Volcanic Complex. Redrawn and modified
from Nairn (1989).

Key: Eruptive Episode

Rotorua (c. 15 800 cal. yrs B.P.)

VAR

Te Rere (c. 25 000 cal. yrs B.P.)

Figure 2.6: Rhyolite lavas of the Okareka Volcanic Complex. Redrawn
and modified from Nairn (1980).

35



9¢

Haroharo Volcanic Complex

. Haroharo
Lake Okareka Lake Rotorua Lake Okataina Dome
| Parewhaiti Rotokohu
Dome Dome

Te Horoa S Rotoroniu Flows
Dome

Ruakokopu
Lake Tarawera Flow Tapahoro Flows

Mount Tarawera
(Ruawahia Dome)

Plate 2.1: View looking northwest from the summit of Mount Tarawera, across Lake Tarawera to the Haroharo Volcanic Complex.
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Chapter Two: Geologic Setting and Eruptive History

The Haroharo Volcanic Complex (shown in Plate 2.1) was built up in four rhyolitic eruptive
episodes beginning c. 25 000 years B.P. The Okareka Volcanic Complex was built up in
two eruptive episodes at c. 25 000 years B.P. (simultaneously with activity at Haroharo) and
at c. 15 800 years B.P. The vents for these eruptions lie within a 4 km wide, 050° trending
zone known as the Haroharo Linear Vent Zone (HLVZ) and shown in Figure 2.7. This zone
extends between the Okareka Embayment and the Rotoma Caldera, and represents a deep

seated basement fracture that has controlled the location of post-caldera activity (Nairn,
1989).

RN
Rolama//;

Okareka
Embayment

o
Lake Rotokakahi
(Green Lake)

0 2 4km

Figure 2.7: The Haroharo and Tarawera linear vent zones. The hos rhyolite vent locations are marked
with an asterisk. Redrawn and modified from Nairn (1989).

The Tarawera Volcanic Complex was built up in four different rhyolitic eruptive episodes
beginning c. 22 500 years B.P. (Nairn, 1989). This complex is the site of the most recent
rhyolitic eruption from the TVZ (Kaharoa Eruptive Episode, 131411 A.D.). The most
recent activity from this complex occurred on 10 June 1886, and was basaltic in

composition. As at Haroharo, the Tarawera Volcanic Complex vents appear to lie above a
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deep-seated basement fracture zone known as the Tarawera Linear Vent Zone (TLVZ) and
shown in Figure 2.7. All the known (both rhyolitic and basaltic) vent locations on the
Tarawera Volcanic Complex lie within a 5 km wide, 057° trending zone that extends
northeast from the basaltic phreatomagmatic/phreatic 1886 A.D. craters at Waimangu,
through Lake Rotomahana and Mount Tarawera. The 17 km long Tarawera fissure, defined
by the craters produced by the 1886 A.D. eruption, lies within the TLVZ (Nairn, 1989). The
deep craters of the fissure bisect the rhyolite domes and flows of the Tarawera Volcanic
Complex (Plates 2.2 and 2.3). At no time during the last c. 25 000 years have the Haroharo

and Tarawera linear vent zones been active simultaneously.

During the c. 25 000 years B.P. Te Rere Eruptive Episode, eruption of the Te Rere Tephra
Formation (Te Rere Tephra and associated pyroclastics) was followed by the extrusion of
the oldest exposed lava flows at the Haroharo and Okareka volcanic complexes. The Te
Rere Tephra Formation was erupted from multiple vents, now buried, along the HLVZ

(Nairn, 1981a; Nairn and Wood, 1987; Nairn, 1992).

The c. 22 500 years B.P. Okareka Eruptive Episode marks commencement of growth of the
Tarawera Volcanic Complex. Near-vent exposures of Okareka Tephra include a basal sub-
plinian basalt lapilli layer indicating a basalt eruption may have triggered the much larger
rhyolitic eruptions which followed (see section 2.2.2.4). The Okareka Eruptive Episode
terminated with extrusion of the oldest exposed lavas of the Tarawera massif and the vent
for the Okareka Tephra was probably the same as that for these lavas (Nairn, 1981a; 1992).
The Patiti (Banded) Island rhyolite was probably also erupted around this time as it is

overlain by Rerewhakaaitu Tephra (Nairn, 1981a).

The c. 17 600 years B.P. Rerewhakaaitu Eruptive Episode followed at Tarawera from vents
to the southwest. Rotomahana Dome was extruded early, followed by major pyroclastic
eruptions with widespread dispersal of the Rerewhakaaitu Tephra. These pyroclastic
eruptions were terminated by extrusion of Southern Dome in the vent. Lavas were extruded
from two other vents about this time forming Western Dome and the Te Puha Lava Flow

(Nairn and Wood, 1987).
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Plate 2.2: View northeast along the Tarawera fissure from Ruawahia Dome towards
Wahanga Dome.

Plate 2.3: View southwest along the Tarawera fissure from the edge of Tarawera
Dome across Lake Rotomahana towards the Waimangu Thermal Valley.
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The next eruptions at the Okataina Volcanic Centre took place in the Okareka Embayment
with the eruption of the c. 15 800 years B.P. Rotorua Tephra and associated local
pyroclastics. Lava extrusion was the final phase of the eruption, filling the main pyroclastic

vent (Nairn, 1980; Nairn and Wood, 1987).

During the c. 13 800 years B.P. Waiohau Eruptive Episode from Tarawera, Eastern Dome
was extruded before the main pyroclastic eruptions from the Kanakana vent. Pyroclastic
flows and voluminous lava flows (Waikakareao) accompanied the eruption of the
widespread Waiohau Tephra (Nairn and Wood, 1987). The eruption of the Waiohau Tephra
Formation was terminated by extrusion of Pokohu Lava Flows. The final event in this

eruptive episode was the extrusion of Kanakana Dome to fill the source vent (Nairn, 1981a).

At Haroharo the c. 15 500 year quiescent interval which followed the Te Rere eruption was
ended by the c. 9 500 years B.P. Rotoma Eruptive Episode. Within the Rotoma Caldera the
Rotoma Lava Flow was extruded. Dome-shaped elevations on the floor of Lake Rotoma
were assumed by Nairn (1981a) to be rhyolite domes extruded at the same time as the
Rotoma Lava Flow. The eruption of the Rotoma Tephra continued after lava extrusion had
ceased. Other lavas and pyroclastics were erupted from vents in the northern Haroharo
Caldera at about this time (Nairn and Wood, 1987). Extrusion of the Te Pohue Lava Flows
and associated pyroclastic deposits, from vents now buried under the younger Rotokohu
Dome, appears to have occurred during eruptions at Rotoma, because the Te Pohue
eruptives are interbedded with Rotoma Tephra (Nairn, 1981a). Vents approximately 5 km to
the southwest of the Rotokohu vents were also active at this time erupting the Tuahu

pyroclastics and tuff cone. No lavas are known to have been erupted from these vents.

The c. 8 050 years B.P. Mamaku Eruptive Episode began with northward extrusion of lavas
from vents now buried under the younger Haroharo and Rotokohu domes, followed by
eruption of the Mamaku Tephra, interbedded near source with small pyroclastic flow
deposits. Other flows and domes were extruded at this time to the southwest. The Mamaku
episode vents were spread over ~ 14 km of the Haroharo vent zone. The main pyroclastic

vent was probably in the vicinity of Hainini Dome or the younger Makatiti Dome (Nairn and
Wood, 1987).

The Whakatane Eruptive Episode at c. 5 550 years B.P. is the latest to have occurred from

the Haroharo Volcanic Complex, with eruptions from at least five vents over ~ 11 km of the
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Haroharo Linear Vent Zone. Pyroclastic eruptions depositing the Whakatane Tephra and
Whakatane Pyroclastics began from a main vent later buried under Makatiti Dome.
Voluminous lava flows and domes were extruded following the main pyroclastic eruptions
from this vent. Eruptions at the vents for Haroharo and Rotokohu domes also commenced
during the Makatiti sequence. Extrusion of Haroharo Dome followed the end of eruption of
Whakatane Tephra. Extrusion of Tikorangi Dome to the northeast concluded this episode of
activity (Nairn, 1981a; Nairn and Wood, 1987).

The Kaharoa Eruptive Episode (131411 A.D.) is the most recent rhyolitic episode to have
occurred from the Tarawera Volcanic Complex and the Taupo Volcanic Zone. This episode
involved the eruption of the Kaharoa Tephra Formation and the extrusion of Wahanga,
Ruawabhia, Crater and Tarawera domes, which are seen today capping the Tarawera massif.
Crater Dome is considered to have been erupted first and has subsequently been “buried” by
the younger Ruawahia and Tarawera domes (Cole, 1970a). The Green Lake Plug on the
eastern shore of Lake Rotomahana was also erupted at this time. This episode of activity is

also considered to have had a basaltic trigger (Leonard, 1999).

Within a particular eruptive episode it is common for more than one vent to be active. This
is particularly the case for the Mamaku and Whakatane eruptive episodes when
simultaneous or sequential eruptions occurred from multiple, widely separated vents along
the HLVZ. The vents active during these two episodes can be divided into ‘vent areas’.
Three vent areas were active during the Mamaku Eruptive Episode. Two of these were also
active in the following Whakatane episode along with an additional vent area to the
northeast (Figure 2.8). The ‘vent area’ concept introduced here will form an important part

of discussions in subsequent chapters.

2.2.2.4 Basaltic Eruptions

The most recent activity within the Okataina Volcanic Centre was the June 10 1886 basaltic
plinian eruption from Mount Tarawera, producing pyroclastics with an equivalent magma
volume of ~ 1.5 km® (Walker et al., 1984; Froggatt and Lowe, 1990). The eruption
commenced at Ruawahia Dome and extended both southwest and northeast across the
rhyolite domes and flows of the Tarawera Volcanic Complex (Keam, 1988).
Phreatomagmatic and phreatic explosions followed at Lake Rotomahana and Waimangu

(Nairn and Cole, 1981; Keam, 1988). Basaltic dikes can be seen exposed in the Tarawera
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fissure representing feeders for the pyroclastic eruptions (Cole, 1970a; Nairn and Cole,

1981; Walker et al., 1984) although no basaltic lavas were erupted.

Although the eruption of basalt from the OVC in 1886 A.D. was originally considered
unusual, six other pyroclastic eruptions involving a basaltic component have been identified
in the eruptive history of the OVC in the last c. 65 000 years. No basaltic lavas have been
erupted. The potential role of basalt in triggering rhyolitic eruptions at the OVC is not yet

fully understood, but has been discussed in recent studies (eg. Leonard, 1999).

Lakey
Ror 1 K
otongata Lake

Rotoatua

Key: Eruptive Episode

|:] Whakatane (c. 5 550 yrs B.P.)

Mamaku (c. 8 050 yrs B.P.)

Figure 2.8: Rhyolite lavas of the Haroharo Volcanic Complex erupted during the
Mamaku and Whakatane eruptive episodes. Vents that were active are marked
with an asterisk (from Nairn, 1989). The vents have been divided into four vent
areas.
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The Matahi Scoria is the basal member of the Rotoiti Tephra Formation of Froggatt and
Lowe (1990), also known as the Rotoiti Pyroclastics, erupted c. 65 ka. It consists of
vesicular black basaltic ash and lapilli with a minor content of rhyolite ash and lapilli (Pullar
and Nairn, 1972). The lack of basaltic clasts in the overlying rhyolitic deposits, as found by
Davis (1985), implies a short time break (though not sufficient for erosion or soil formation)
between the basaltic and rhyolitic events (Houghton et al., 1987). The scoria has a limited
distribution occurring beneath the Rotoiti Ignimbrite only in exposures to the east and
northeast of Lake Rotoma suggesting a source in the Rotoma area (Pullar and Nairn, 1972).
The Matahi scoria is petrographically similar to other TVZ high-alumina basalts, but since it
is contaminated by rhyolite, has an overall mixed “andesitic” chemistry (Nairn and Wood,

1987).

On the northwestern shore of Lake Rotomahana a basaltic scoria directly overlies a small
rhyolitic tuff cone. This deposit has been named the Rotomakariri Scoria and contains black
scoriaceous ash, lapilli and bombs with abundant rhyolite lithics. Rhyolite inclusions are
common within the scoria bombs. Some assimilation of rhyolite magma has produced
quartz-olivine hybrid rocks of andesitic composition. The source for the scoria and the
underlying rhyolitic tuff cone is thought to have been located beneath the present-day Lake
Rotomahana (Nairn, 1989). Nairn (1989) notes that Kawakawa Tephra mantles the upper
surface of the scoria, and that the Mangaone Pyroclastics are absent. Hence, ages for the
Kawakawa Tephra and the youngest of the Mangaone Pyroclastics (Unit L) constrain the
age of the Rotomakariri Scoria eruption to between c. 26 500 and 31 400 years B.P. (ages
from Wilson (1993) and Jurado-Chichay and Walker (2000)).

The c. 22 500 years B.P. eruption of the Okareka Tephra, from vents since buried beneath
the Tarawera volcanic massif, was immediately preceded by a small basaltic scoria eruption,
apparently from vents close to those for the rhyolite eruptions. The scoria consists of
loosely shower bedded, well-sorted, dark grey to black, weakly vesicular dense clasts up to
~ 1-2 cm in dimension (Nairn, 1992). Some clasts are pure basalt while others include
assimilated rhyolitic country rock. Many of the scoria clasts are coated with a grey rhyolitic
ash fused to the surface. The scoria is typical TVZ high-alumina basalt. Dacitic pumice
clasts and banded clasts also occur within the rhyolitic unit and represent basalt and rhyolite
magma mixing and mingling respectively (Nairn, 1992). Nairn (1992) saw this scoria as
analogous to the Matahi Scoria and suggested both rhyolitic eruptions were initiated by

basaltic intrusion.
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A basaltic component has been identified in the c. 9 500 years B.P. eruption of the Tuahu
Pyroclastics (also known as Pukerimu Pyroclastics) during the Rotoma Eruptive Episode at
the Haroharo Volcanic Complex (Nairn, 1981a; Houghton et al., 1987). Nairn (1981a)
observed basaltic accessory lithics in the pyroclastics, while Houghton et al. (1987)
suggested the eruptives show evidence for liquid-liquid mixing of basalt and rhyolite

immediately prior to eruption.

Basaltic phreatomagmatic eruptions occurred on the northwestern margin of the OVC
c. 3700 years B.P. during the Rotokawau Eruptive Episode (Froggatt and Lowe, 1990). The
four maars formed in these eruptions contain the lakes of Rotokawau, Rotoatua and

Rotongata (Beanland, 1981; Beanland and Houghton, 1991).

A basaltic component has also been identified in pyroclastics from the Kaharoa Eruptive
Episode (1314t11 A.D.). Pyroxene basalt was intruded into the Tarawera Volcanic
Complex prior to the eruption, and was subsequently erupted as small pillowed inclusions in
the eruptives and as rhyolite coated clasts (Nairn, 1981a; Nairn and Cole, 1981; Nairn and
Wood, 1987). Cole (1970c) identified the blocks found in the Kaharoa deposits as basalt
and dolerite, believing the dolerite to have formed from the sinking of olivine and augite
phenocrysts within the basaltic intrusion. Leonard (1999) provided evidence for both

mixing and mingling between basalt and rhyolite magmas in the Kaharoa eruption.

2.2.2.5 Modern Hydrothermal Activity

Evidence that the OVC remains active to this day is seen in hydrothermal activity that is
located throughout the centre. The Waimangu Thermal Valley, a well-known tourist
attraction, occurs in the southern OVC. At Lake Okataina bubbles of gas, dominantly CO,,
rise from the eastern side of the lake and a seepage of warm water occurs through the beach
sands at times of low lake level (Nairn, 1989). Hydrothermal activity is known in three
areas on the northern, eastern and southern shores of Lake Tarawera. The most intense
activity occurs on the southern shore where steam rises from the surface of the lake. On
shore, water can be seen discharging from rocks at a temperature of 37-90°C. This activity
is associated with the two arms of the bifurcating Paeroa Fault (Nairn, 1989). Lake

Rotomahana is up to 3°C warmer than Lake Tarawera in winter, both at the surface and at

depth. Lake bottom temperatures are 4-5°C higher in Rotomahana than in other nearby
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lakes of similar size and depth (Nairn, 1989). These elevated temperatures suggest the
presence of submerged hot springs. On the southwestern shore of Lake Rotomahana are the
“steaming cliffs” comprising hydrothermally altered rock with boiling springs, geysers and

fumaroles.

Some minor fumarolic activity has been noted on Mount Tarawera within the craters of the
1886 A.D. fissure (Nairn, 1989). Warm springs are located on the northwest toe of the
Hawea Lava Flow and on the southeast edge of the Fenton’s Mill Lava Flow. These springs
represent the highly diluted surface discharge of geothermal waters flowing outwards at
depth from the Haroharo and Tarawera volcanic complexes (Nairn, 1989). Evidence of
previous hydrothermal activity can been seen in areas of hydrothermally altered rocks, for

example on the eastern edge of the Kaipara Lava Flow.

Nowhere in the OVC does modern hydrothermal activity occur at great intensity. This
situation contrasts with that prior to 1886 A.D. when the Rotomahana Basin was the most
intensely active hydrothermal field in the Rotorua region with many boiling springs, geysers,
fumeroles and the siliceous sinter Pink and White Terraces (Nairn, 1989). Nairn (1981a,

1989) provided a more detailed discussion of hydrothermal fields associated with the OVC.

2.3 ROTORUA VOLCANIC CENTRE

2.3.1 Introduction

The Rotorua Volcanic Centre (RVC) occurs in the northern central Taupo Volcanic Zone to
the west of the OVC (Figures 1.1 and 1.2). The geology and geophysics of the RVC are not
known in as much detail as for the OVC. The RVC comprises the Rotorua Caldera which
coincides with a modest negative gravity anomaly modelled by Rogan (1982) as a 500-1500
m deep, 200 km® basement depression whose lowest point is in the southwestern part of the
caldera under Rotorua City. Basement highs clearly separate it from the adjacent Okataina
and Kapenga volcanic centres (Wilson et al., 1984). A disparity between gravity and
magnetic models implies the presence at depth of low-density nonmagnetic material (Rogan,
1982), which Wilson et al. (1984) thought likely to be hydrothermally altered. The caldera

is marked to the south, east and north by a roughly circular fault scarp approximately 17 km
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across, whereas to the west the ground surface is gently downwarped into the basin (Wilson

et al., 1984).

2.3.2 Eruptive History

2.3.2.1 Caldera-forming Eruptions

Wilson et al. (1984) described Rotorua as a single-event caldera formed by collapse
following the eruption of the Mamaku Ignimbrite at 220 + 10 ka (age from Houghton et al.,
1995). This ignimbrite covers a broad sector southwest to north of the caldera in a fan shape
(Nairn and Wood, 1987) and caps the Mamaku Plateau (Figure 1.2). Its in situ volume is at
least 300 km’ (Wilson et al., 1984). The distribution and stratigraphy of the Mamaku
Ignimbrite have been discussed in detail by Milner (2001). Recently, a more complex
history for the RVC has been implied with the centre being linked to the eruption of the
older Pokai Ignimbrite (Wood, 1992; Wilson et al., 1995). However, Karhunen (1993) and
Lynch-Blosse (1998) suggested that this ignimbrite is more likely to be sourced from the
Kapenga Volcanic Centre. Lynch-Blosse (1998) considered that Waimakariri Ignimbrite
(estimated age of c. 290-300 ka) was erupted from the RVC prior to the Mamaku Ignimbrite.
Any evidence of caldera collapse associated with the eruption of this ignimbrite has not yet
been found and may have been overprinted or buried by the subsequent Mamaku Ignimbrite
eruption (Lynch-Blosse, 1998). However, Milner (2001) considered the volume of the
Rotorua Caldera insufficient to accommodate eruption of the Waimakariri Ignimbrite. Table

2.4 gives a summary of activity at the RVC and eruptive volume estimates.

2.3.2.2 Pre-Mamaku Ignimbrite Eruptions - hr; Rhyolite Lavas

The only certain evidence of pre-Mamaku Ignimbrite activity at the RVC is the exposure of
hr, rhyolite lavas on the edges of the caldera. These rhyolites, shown in Figure 2.9, have a
combined volume of 1.5 km® (Wilson et al., 1984). They can be divided spatially into three

groups:

e The northern rhyolites of Hamurana and Fryer Road
e The western rhyolites of Endean Road and Umurua

e The southern rhyolites of Tokorangi and Hemo Gorge
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Table 2.4: Summary of the eruptive history of the Rotorua Volcanic Centre.

Unit Age Volume EMV Caldera
(ka) (km®) (km’) Collapse

hr; rhyolites
Mokoia Island <c.65 <0.2 <0.2
Hinemoa Point (>c. 15800 yrs B.P.)*
Vaughan Road

Rotoiti Tephra Formation

(Okataina Volcanic Centre) c. 65

hr;, rhyolites
Ngongotaha Complex
Pukehangi Complex c.65-220+ 10 4 4
Kawaha Point
Pukeroa Hill

Paradise Valley Ignimbrites

Mamaku Ignimbrite 220+ 10 5300 ~200 yes

hr; rhyolites

Endean Road/Umurua

Hamurana/Fryer Road >220+10 1.5 1.5
Hemo Gorge/Tokorangi

no
?Waimakariri Ignimbrite ¢. 290 - 300 ? ? evidence
to date

Ages for the Rotoiti and Mamaku Ignimbrites from Houghton et al. (1995), Waimakariri Ignimbrite from Lynch-
Blosse (1998). ¢ Age from Table 2.3. Volume estimates from Wilson et al. (1984). EMV = Equivalent magma
volume.

The Fryer Road rhyolite has not been sampled in this study and, other than initial
identification (Dravitzki, 1999) and petrographic observations (Milner, 2001), little is
known about this unit. The Umurua rhyolite, first identified by Dravitzki (1999), has also
not been sampled in this study. The relationship of these two rhyolites to adjacent hr,
rhyolites is not clear. Milner (2001) suggested that the Endean Road and Umurua rhyolites
may be the same unit. Ewart (1968) noted that the Tokorangi/Hemo Gorge rhyolites may
comprise part of the Haroharo-Waiotapu group rhyolites (Figure 1.6), which are now known

to be associated with the Kapenga Volcanic Centre.

Lynch-Blosse (1998) proposed that at least some of these hr, lavas represent the effusion of
degassed magma following the eruption of the Waimakariri Ignimbrite and considered that
the current best estimate for the age of the hr; domes in the Rotorua Basin is ¢. 290-300 ka.
Ages for the hr) rhyolites have either not yet been determined or published and so this

possibility cannot be discounted.
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Figure 2.9: The distribution of rhyolite lavas associated with the Rotorua Volcanic Centre and their
spatial relationship to the Rotorua Caldera boundary fault (of Thompson, 1974). Compiled from
Ewart (1968) and Dravitzki (1999).

2.3.2.3 Post-Caldera Eruptions - hr; and hr; Rhyolite Lavas

Post-Mamaku Ignimbrite activity from the RVC has been limited to dome formation,
unaccompanied by significant pyroclastic eruptions (Wilson et al., 1984). These domes

occur within the caldera and are divided into two groups shown in Figure 2.9:

e The hr, rhyolites, erupted between the Mamaku and Rotoiti Ignimbrites (220 £ 10 -
c. 65 ka), comprise the Ngongotaha and Pukehangi dome complexes, Kawaha Point
Dome and the rhyolites which are dominantly buried beneath Rotorua City but outcrop at
Pukeroa Hill.

o The hr; rhyolites, erupted after the Rotoiti Ignimbrite (in the last c. 65 ka), comprise the
Mokoia Island, Hinemoa Point and Vaughan Road Domes. However, these domes are
older than c. 15 800 years B.P. as they are mantled by Rotorua Tephra (Nairn and Wood,
1987; age from Table 2.3).
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Several studies (eg. Wood, 1992) have suggested that the Ngongotaha and Pukehangi
rhyolites may in fact be part of a very extensive rhyolite volcano complex which includes
Kawaha Point and the concealed domes which lie beneath Rotorua City. Aeromagnetic data
indicate the possible presence of another, largely buried, rhyolite complex in the southeast

of the caldera, represented by outcrops at Hinemoa Point (Bibby et al., 1992; Wood, 1992).

The hr, Ngongotaha-Pukehangi domes, Kawaha Point and the rhyolites buried under the city
are considered to represent the effusion of degassed magma following the Mamaku
Ignimbrite eruption (Nairn and Wood, 1987; Wood, 1992). Any relationship between the
hr; rhyolites and the Mamaku Ignimbrite has not yet been investigated, although Wilson et

al. (1984) suggested that they were sourced from a separate magma batch.

Dravitzki (1999) noted four minor localised ignimbrites, collectively termed the Paradise
Valley Ignimbrites, outcropping in the Paradise and Utuhina Valleys to the west of Rotorua
City and adjacent to the Ngongotaha and Pukehangi complexes. These ignimbrites were
suggested to represent pyroclastic episodes during the development of the dome complexes,

similar to the Te Wairoa Ignimbrites identified in the southwestern OVC by Bellamy (1991).

Within the Ngongotaha and Pukehangi Dome complexes individual domes can be identified.
Shepherd (1991) identified eight domes at Ngongotaha with a relative chronology inferred
from morphology and weathering. Dravitzki (1999) revised the division of Shepherd (1991)
and also provided a division of the Pukehangi Complex. Figure 2.10 shows the division of
the Ngongotaha and Pukehangi Domes, their names and their relative ages. Dravitzki (1999)
noted difficulty in integrating the Pukehangi domes into the Ngongotaha stratigraphic
sequence due to lack of contacts between most of the domes, but concluded that Te Miri

Dome (V) is younger than Dome 5 and Relph Dome (6).

The names given to hry, hr, and hr; rhyolites in this study follow those used previously. An
exception is the Vaughan Road Dome, which has previously been known as the Owhata
Dome (Shepherd, 1991). The Pukeroa Hill Dome, which has not been sampled in this study,
has also been known as the Kuirau Reserve Dome (Ewart, 1968). Plate 2.4 is a view across
the RVC from Mount Ngongotaha showing rhyolites of the Rotorua and Okataina Volcanic

Centres.
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Figure 2.10: The names given to the domes of the Ngongotaha and Pukehangi dome
complexes by Shepherd (1991) and Dravitzki (1999). Numbers indicate relative ages
with Ngongotaha domes numbered from oldest (1) to youngest (8) and Pukehangi domes
numbered from oldest (I) to youngest (V) (from Dravitzki, 1991).

2.3.2.4 Modern Hydrothermal Activity

The Rotorua Geothermal System is located in the southern part of the Rotorua Caldera. As
defined by surface activity and shallow drillholes it covers an area of about 12 km* (Wood,
1992). The principal production aquifers are Mamaku Ignimbrite and the rhyolites buried
beneath the city. New Zealand’s last remaining geyser field occurs at Whakarewarewa,
which contains the famous Pohutu Geyser. Boiling mud pools occur in Kuirau Park in the
central city. A small phreatic eruption occurred at Kuirau Park in January 2001. In recent
years there have been several occurrences of ground subsidence, mud pools, springs and
steaming ground appearing on private property in the vicinity of Kuirau Park. An acidic
spring feeds the Polynesian Pools, which are a popular tourist attraction. There is also
thermal activity around the southern shore of Lake Rotorua, at Ohinemutu and Sulphur Point

(Figure 1.3).
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The Rotorua Geothermal Regional Plan (Environment Bay of Plenty, 1999) discussed the
use of the Rotorua geothermal field. Population growth and energy crises contributed to
significant increases in well drilling between the 1950s and 1970s. Increasing concern over
the effect of fluid withdrawal on the Whakarewarewa area led the Government to take
emergency measures in 1986. This included a shutdown of all bores within a 1.5 km radius
of Pohutu geyser. A resource rental (geothermal royalties) regime was imposed by the
Ministry of Energy from April 1987. These measures resulted in recovered geyser and

spring activity.

24 KAPENGA VOLCANIC CENTRE

2.4.1 Introduction

The existence of a caldera centred near Kapenga settlement 9 km south of Rotorua (Figure
1.2) was postulated from geophysical evidence by Rogan (1982) who observed a large body,
2.5 km thick, of low density, magnetised rocks beneath the area and inferred that these were

rhyolites and ignimbrites infilling a volcanic collapse structure.

The geophysical anomalies defining the Kapenga Volcanic Centre (KVC) cover 250 km®
and suggest that the centre is composed of at least two distinct collapse structures of
differing ages. A smaller 2.5 km deep basin occurs to the northeast with a larger 3 km deep
basin in the central and southern parts (Figure 2.11). These are referred to as the northeast
and central-southern centres respectively (Wilson et al., 1984). Wilson et al. (1984) stated
that the northeast centre had previously been considered as part of Okataina, but gravity data
indicates the presence of a basement ridge separating the two centres. They also noted that
the relationships between northeastern Kapenga and Okataina require further study. On the
basis of observations and unpublished mapping, Wilson et al. (1995) considered that the
KVC as presently defined consists of four temporally separate but geographically

overlapping volcanic centres.
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2.4.2 Eruptive History

2.4.2.1 Caldera-forming Eruptions

Due to the age of the KVC and its complex history, the eruptive sequence and relationships
between caldera-forming ignimbrites and rhyolite lavas are not known in any detail. Studies
have focused on the ignimbrites (eg. Langridge, 1990; Karhunen, 1993; Ritchie, 1996;
Bowyer, 1997; Spinks, 1998; Hildyard et al., 2000) and not on linking all the eruptives

together to unravel a detailed history of the centre.

Mapping and age determinations indicate that the area termed Kapenga Volcanic Centre by
Rogan (1982) and Wilson et al. (1984) is a composite structure that developed during at
least three periods of volcanism, two of which were accompanied by inferred caldera-

forming ignimbrites (Wilson et al., 1995), as shown in Table 2.5.

The first period of caldera-forming ignimbrite activity occurred from c. 0.89 - 0.68 Ma
(Houghton et al., 1995). Houghton et al. (1995) identified the Tikorangi Ignimbrite as the
earliest caldera-forming ignimbrite from the KVC (0.89 + 0.04 Ma). They did not mention
the older Pukerimu Ignimbrite but, due to the gradational contact between these units
(Bowyer, 1997; Hildyard et al., 2000), it is likely to have been included under the name
Tikorangi Ignimbrite. Hildyard et al. (2000) concluded that there is only one ignimbrite and
formally adopted Tikorangi Ignimbrite as its name. The eruption of the Tikorangi
Ignimbrite was followed by the eruption of at least three caldera-forming ignimbrites from

source(s) within the KVC, the Rahopaka (0.77 = 0.03 Ma), Waiotapu (0.71 £ 0.06 Ma) and
Matahana (0.68 + 0.04 Ma) ignimbrites (Houghton et al., 1995).

The second period of volcanism at Kapenga resulted in the eruption of the Waihou (Chimp),
Pokai and Ohakuri caldera-forming ignimbrites. The Ohakuri Ignimbrite has been dated at
0.27 £ 0.03 Ma (Houghton et al., 1995). Lynch-Blosse (1998) used field stratigraphy and
the nature of contacts between units in the southern Mamaku Plateau area to estimate ages
of 0.26-0.25 Ma and 0.23-0.22 Ma for the Waihou (Chimp) and Pokai Ignimbrites,
respectively. However, these ages are not in agreement with the ignimbrite stratigraphy
implied by Houghton et al. (1995) and an age of 0.27 + 0.03 Ma for the Ohakuri Ignimbrite

(Table 2.5). More work on these ignimbrites is required to resolve their stratigraphic
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associations and ages. This second period of caldera-forming activity at the KVC overlaps
with the eruption of the Matahina and Kawerau ignimbrites from the OVC, and occurs prior
to the eruption of the Mamaku Ignimbrite from the RVC. The southern portion of the KVC
is now concealed beneath the Ohakuri Ignimbrite and pumiceous lacustrine sediments of the

Huka Group (Wilson et al., 1984).

Table 2.5: Summary of the eruptive history of the Kapenga Volcanic Centre.

Unit Age Caldera
Collapse
Earthquake Flat Tephra Formation
Earthquake Flat Ignimbrite
Rifle Range Ash ¢ 65 ka
Rotoiti Tephra Formation
(Okataina Volcanic Centre) c. 65 ka
hk, rhyolites
Haparangi
Round Hill 220+ 10-c. 65 ka
Ongahoro
Domes 1 -3
Mamaku Ignimbrite
(Rotorua Volcanic Centre) 220+ 10 ka
hk; rhyolites
Horohoro
Tumunui >220% 10ka
Waikorapa
North Haparangi Ridge
Ohakuri Ignimbrite 027 +0.03 Ma yes
Pokai Ignimbrite 0.23 - 0.22 Ma* yes
Waihou (Chimp) Ignimbrite 0.26 - 0.25 Ma* yes
Matahana Ignimbrite 0.68 + 0.04 Ma. yes
Waiotapu Ignimbrite 071+ 006 Ma yes
Rahopaka Ignimbrite 077 +0.03 Ma yes
Tikorangi Ignimbrite 0.89 + 0.04 Ma yes

Ages from Houghton et al. (1995). * Estimated ages from Lynch-Blosse (1998).

54



Chapter Two: Geologic Setting and Eruptive History

2.4.2.2 Non Caldera-forming Ignimbrite Eruptions

Wilson et al. (1995) stated that the youngest activity in the KVC occurred in its northeast
portion generating numerous lava domes (presently classified as ho, in this study) and
ending with the c. 65 ka. Earthquake Flat (EQF) Ignimbrite eruption, which was not
accompanied by caldera collapse. This eruption is considered to have followed, without
significant time interval, the Rotoiti Ignimbrite eruption in the northern OVC (Nairn and

Kohn, 1973; Davis, 1985).

The northeastern portion of the KVC was originally considered part of the OVC (Wilson et
al., 1984; Langridge, 1990) and is largely filled by the EQF Ignimbrite (Langridge, 1990).
Schmitz (1995) considered that evidence existed to support a similar parental magma and
mixing between the Rotoiti and EQF magmas and that this establishes connectivity between
the OVC and northeastern KVC at the time of these eruptions. He therefore suggested that
the EQF Ignimbrite should be grouped with other eruptives from Okataina, rather than
Kapenga. Langridge (1990) suggested that the area known as Earthquake Flat might in fact
be a separate caldera occurring at the junction of three major calderas. Neither of these

concepts has been widely accepted.

2.4.2.3 Rhyolite Lavas - hk; and hk;

KVC rhyolite lavas can be divided into two groups (Figure 2.11):

e The hk, rhyolites erupted prior to the Mamaku Ignimbrite (220 £ 10 ka) are Horohoro,
Tumunui, Waikorapa and the ridge north of Haparangi. Trig 8566 of Ewart (1968),
shown in Figure 1.6, is now associated with the Reporoa Volcanic Centre.

e The hk, rhyolites erupted between the Mamaku and Rotoiti Ignimbrites (220 + 10 -
c. 65 ka) are Haparangi, Round Hill, Ongahoro (formally Trig 8523) and Domes 1-3

northeast of Ongahoro.

The ridge north of Haparangi and Domes [-3 were not identified in the earliest studies of
this area (e.g. Ewart, 1968). Dunham (1981) first documented the ridge north of Haparangi.
Domes 1-3 that protrude above the surrounding Earthquake Flat Ignimbrite were first

suggested by Nairn (1989) and were subsequently mapped by Gaston (1991).
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Figure 2.11: The distribution of rhyolite lavas associated with the Kapenga Volcanic Centre.
Compiled from Ewart (1968), Dunham (1981) and Gaston (1991). Solid line gives the outline of
the KVC according to Wilson et al. (1984) with the dashed line separating the central-southern
and northeastern parts of the centre. Dot-dash line shows the approximate northeastern margin
of the KVC according to Houghton et al. (1995). Shading indicates the distribution of ho,
rhyolites (light) and ho, hyolites (dark) in the area (from Nairn, 1989). Double dot-dash line
shows the location of the Rotorua Caldera Boundary Fault of Thompson (1974). Cross-hatch
shading indicates hr; rhyolites in the southern Rotorua Volcanic Centre.

It is not known which of the two periods of caldera-forming ignimbrites the hk, rhyolites are
associated with because no ages for the rhyolite lavas are available. Due to mineralogical
similarities it would seem likely that the hk, rhyolites are genetically associated with the

Earthquake Flat Ignimbrite eruption.

The names used in this study for hk,; and hk, rhyolites follow those used in previous studies
(Ewart, 1968; Dunham, 1981; Gaston, 1991). Of most interest is the hk, lavas and how they

compare with the ho, lavas in this area.
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Chapter Three: Petrography

3.1 INTRODUCTION

Rhyolite lavas comprise phenocrysts set in a silicic glass groundmass, which may contain
quench crystals and vesicles. Fragments of foreign rocks and minerals, known as xenoliths
and xenocrysts respectively, may also be present. This chapter discusses the petrography of
rhyolite lavas erupted from the Okataina, Rotorua and Kapenga volcanic centres. The
internal textural variations that occur within the glass groundmass of rhyolite domes and
flows will be described along with the factors involved in their formation. Groundmass
textures and phenocryst assemblages will then be discussed for rhyolites of each volcanic
centre and age group. Several basaltic xenoliths have been identified and their petrographic
characteristics will also be described. The characteristics of the phenocrysts, such as habit,
colour and size, show little variation between volcanic centres and age groups, and will be

discussed for the rhyolites collectively in Chapter Five.

3.2 INTERNAL TEXTURAL VARIATIONS IN RHYOLITE LAVAS

The interiors of subaerial silicic lava flows and domes display diverse textures, involving the
distribution of coherent versus autoclastic facies, variations in vesicle size and abundance,
and the effects of devitrification, crystallisation and hydration (McPhie et al., 1993). A
simplified cross-section through a subaerial silicic lava flow (Figure 3.1) shows the
distribution of four main textures - crystallised rhyolite, obsidian, pumiceous rhyolite and
autobreccia. Within each of these textural groups variations in colour, vesicularity and
degree of devitrification may occur. The contacts between textural zones may be inter-

fingered or gradational, and can range in thickness from centimetres to metres.

Development of these textures reflects the interplay of pre-eruption conditions (composition,
especially volatile and phenocryst content), processes that operate during extrusion
(vesiculation, autobrecciation, crystallisation and devitrification) and post-emplacement
changes (further crystallisation and devitrification, hydration and joint development)
(McPhie et al., 1993). Primarily, textural variations are the product of cooling processes and
hence rhyolite domes and flows of different volumes and thicknesses may show different

textural patterns. For example small domes may cool relatively quickly and the central core
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of crystallised rhyolite may be absent. The sequence of formation of many of the textural

features observed in rhyolite lavas, and discussed in this study, is shown in Figure 3.2.

A textural orientation of
variations flow foliations

B carapace breccia |
| — finely vesicular pumiceous lava glassy
obsidian ’ 11
—— spherulitic obsidian
X P devitrified &
crystallised rhyolite crystallised

—— spherulitic obsidian 1l
—— obsidian } g[assy
coarsely vesicular pumiceous lava
‘ flow-base breccia
—hf — pyroclastic deposits

Figure 3.1: A) Simplified cross-section through a subaerial silicic lava flow. The left side
shows the internal textural variations arising from vesiculation, devitrification and flow
fragmentation. The right side shows the orientations of internal flow foliations, and crude
layering in flow margin breccia. B) Vertical section through the flow at the position indicated
in A, showing the major textural zones. Redrawn from McPhie et al. (1993).

In practice, the stratigraphic relationships between the main textural types can be much more
complex than shown in Figure 3.1. For example, Fink and Manley (1987) observed coarsely
vesicular pumice outcropping on the surface of Little Glass Mountain, a rhyolitic obsidian
flow on the Medicine Lake Highland Volcano in northern California. A layer of coarsely
vesicular pumice is considered to have formed within the upper obsidian layer of the flow as
a result of gases released by crystallisation. The buoyancy of this layer subsequently gave
rise to diapirs that rose to the surface through the overlying obsidian and finely vesicular

pumice. Fink and Manley (1987) noted that the size of an extrusion is a decisive factor in
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determining whether or not a coarsely vesicular pumice layer develops. Stevenson et al.
(1994) present an interpretation of the textural stratigraphy of the Haumingi and Waiti lava
flows in the northern Haroharo Volcanic Complex. They show both flows to be comprised
of an upper finely vesicular pumice, overlying a layer of obsidian, with a crystalline,
spherulitic flow centre. The coarsely vesicular pumice unit of Fink and Manley (1987) was
not observed in either flow. However, the Haumingi Flow contained small pockets of

coarsely vesicular foam at its surface.

Time _—

Flow

- Magma Magma Eruption cessation
Characteristics formation | ascent to of lava Lava flows across surface Cooling to
surface ambient

temperature

Isothermal Crystallisation
Phenocrysts I
Microlites 1

Vesiculation (gas release)
Vesiculation of magma
Lava vesiculation _
Vesicles/bubbles ]

Gas blisters 1 10 EE—
Secondary voids [ L] ]

Flow layering

Layer formation [ 111] ll— [ L] ]

Layer folding IEEEE——
Refolding/brittle deformation

Brecciation
Pumiceous rhyolite breccia L J]J]

Basal breccia ]

Crystallised rhyolite/obsidian breccia —

Isobaric crystallisation
Formation of crystallised rhyolite layer
Spherulites
Devitrification/hydration

Joint formation
Skin cracks mm
Columnar joints E——

Figure 3.2: The sequence of formation of the textural features observed in rhyolite
lavas, from magma generation to cooling of the lava to ambient temperature.
Modified from Bonnichsen and Kauffman (1987) and Stevenson et al. (1993).

It is not the purpose of this study to provide an extensive discussion of the textures found in
rhyolite lavas and their associated chemical and physical processes. The following is an
overview and more detailed information can be obtained by consulting the references given.
The texture of a particular sample of rhyolite lava can be used to give an idea of the

approximate position in the dome or flow that the sample has come from, interior or exterior.

61



Chapter Three: Petrography

Samples are dictated by outcrop availability, which varies depending on a number of factors
including the degree of erosion of the dome or flow, thickness of overlying pyroclastics and
covering vegetation. Hence, even though a particular textural zone occurs within a lava

dome or flow, obtaining a sample of it may not be possible.

3.2.1 Crystallised Rhyolite

Crystallised rhyolite occurs in the interior of a lava flow or dome. The slower rates of
cooling in the interior of the lava are primarily responsible for the textural characteristics of
these samples. The glass groundmass becomes thermodynamically unstable, resulting in
devitrification and crystallisation (section 3.2.5). A spherulitic texture is most commonly
formed, and other possible textures include lithophysae, orb, micropoikilitic and granophyric
(Lofgren, 1971a, 1971b; McPhie et al., 1993). In some samples the glass has become
hydrated and a perlitic texture has formed (section 3.2.6). Some of the crystallised rhyolites
sampled are among the most phenocryst rich rhyolites obtained in this study. This may also
be due to the slower rate of cooling in the interior of the lava flow or dome. In hand
specimen, samples of crystallised rhyolite are very dense and non-vesicular. They may be a
variety of colours, including grey, brown and pinkish brown, often a result of the colour of

the products of glass devitrification (Plate 3.1).

3.2.2 Obsidian

Rapid quenching of silicic melt produces solid silicic glass. This glass may be non-vesicular
obsidian, partially vesicular or highly vesicular and pumiceous (section 3.2.3). In some
cases quenching includes a short period of very rapid crystallisation, and the glass is
crowded with quench crystals (McPhie et al., 1993) (section 3.2.7). The samples of obsidian
obtained in this study commonly contain quench crystals, which are often aligned into bands
that define flow foliations within the lava (section 3.2.9). In hand specimen the obsidian
appears black, and commonly contains white, grey or pink spherulitic balls (Plate 3.2),
termed the glassy stage texture by Lofgren (1971b) (discussed further in section 3.2.5). The
obsidian may be seen to contain bands that are slightly lighter (dark grey) in colour. Thin
section investigation shows these to be bands comprised of densely packed, sub-parallel
quench crystals. Under crossed-polarised light unmodified silicic volcanic glass is isotropic,

but with inclusions of quench crystals small white/grey flecks may be seen in the glass.
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Plate 3.1: Crystallised, spherulitic rhyolite. Blue Lake rhyolite, Okataina Volcanic Centre (sample
number 152).

Plate 3.2: Spherulitic obsidian. Te Koutu Flow, Haroharo Volcanic Complex, Okataina Volcanic
Centre (sample number 23).
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While obsidian can occur on its own, it is also seen inter-fingered and flow banded with
crystallised, spherulitic rhyolite. Obsidian has a pronounced conchoidal fracture. As a
result, samples may not be found as smooth-surfaced glass but may instead have a coarse
sugary texture where small sub-spherical pieces of glass can be easily pulled away from the
sample, much like a clump of sugar grains. In thin section the conchoidal fracture is
expressed as cracks in the glass. These cracks are relatively large, both in length and width,
compared to other kinds of cracks that may form in volcanic glass (section 3.2.6) and

commonly extend from phenocryst to phenocryst.

3.2.3 Pumiceous Rhyolite

Rapid quenching of silicic melt and vesiculation in the outer portions of the lava dome or
flow produces a pumiceous texture. Vesicles may vary in abundance and size, and samples
may be coarsely vesicular with large vesicles or finely vesicular with small vesicles.
Vesicles may be round, oval, elongated and tubular. Elongation of vesicles in a dominant
direction may result from stretching/shearing during flow of vesiculating lava. Some
samples are highly vesicular and in hand specimen appear very much like pumice produced
in pyroclastic eruptions (Plate 3.3), while others are only poorly, or even incipiently,
vesicular (section 3.2.8). These latter samples have a texture intermediate between obsidian
and pumiceous rhyolite. Occasionally crystal-rich pumiceous samples may have a coarse
sugary texture, where the lava has a texture similar to a crystal-rich ash and lapilli tephra

deposit. Pumiceous rhyolite is generally white, cream, light brown or light grey in colour.

In thin section, samples of pumiceous rhyolite are seen to contain quench crystals which may
occur in bands, often aligned in the direction of elongation of the vesicles. These quench
crystals are commonly aligned parallel to each other and to the vesicle walls. McPhie et al.
(1993) noted that vesicle walls may consist of quench crystal-rich glass which may be folded
and crenulated. Pumiceous rhyolite may also contain isolated small spherulites that

commonly nucleate on phenocrysts.

3.2.4 Autobreccia

Silicic lava flows and domes typically have an upper, basal and marginal breccia composed
of lava blocks in a granular matrix (McPhie et al., 1993). The formation of this breccia is
due to temperature variations within the lava flow or dome. Minimum temperatures occur

at the top surface and base of the lava with increases to near-eruption temperatures in the
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Plate 3.3: Pumiceous rhyolite. Middle rhyolite, Okereka Volcanic Complex, Okataina Volcanic
Centre (sample number 175).

Plate 3.4: Autobreccia. Te Pohue Flows, Haroharo Volcanic Complex, Okataina Volcanic Centre
(sample number 60).
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centre (Fink, 1983; McPhie et al., 1993). Thus movement and deformation of the hot flow
interior causes fragmentation of the rigid non-deforming top and base (McPhie et al., 1993).
Obsidian and pumice have a strong tendency to fracture on cooling (Fink, 1983), and hence
the lava blocks comprising the breccia are commonly pumiceous rhyolite and obsidian (Plate
3.4).

For a geochemical study it is preferable to sample the coherent facies of a lava flow or dome
as problems may occur if a pyroclastic block and ash flow overlying a lava is mistaken for
the autobreccia associated with the lava. Of the rhyolite lava domes and flows studied from
Okataina, Rotorua and Kapenga, only one autobreccia was sampled due to outcrops of the

coherent lava flow not being available.

3.2.5 Devitrification and Spherulitic Textures

As volcanic glass cools it becomes thermodynamically unstable and will eventually
devitrify. Hence, all rhyolitic lavas are affected to some degree by devitrification.
Devitrification involves the nucleation and growth of crystals in glasses at subsolidus
temperatures (McPhie et al., 1993). Spherulites, lithophysae, orb texture and micropoikilitic
texture are characteristic products of devitrification of silicic glass (Lofgren, 1971a, 1971b).
Devitrification in the Okataina, Rotorua and Kapenga rhyolites is commonly seen in the
formation of spherulites and a spherulitic texture. Spherulites consist of radiating arrays of
crystal fibres. Each fibre is a single crystal that has only a slightly different crystallographic
orientation from adjacent crystals (McPhie et al., 1993). Shelley (1993) notes that with such
a high degree of undercooling, crystal habit is partly suppressed so that the minerals forming
grow as radiating masses of acicular branches, rather than their usual crystal forms. Lofgren
(1971a, 1974) demonstrated that spherulites are not always spherical (Figure 3.3) and that
the morphology of spherulites in rhyolitic glass varies as a result of the temperature at which
they formed. Axiolitic morphologies radiate from a line. Such a line may represent a

boundary between flow bands in the pre-devitrified glass.

Spherulitic material dominates the groundmass of crystallised rhyolite, but it may also be
found as a minor component of the groundmass in obsidian and pumiceous rhyolite. Lofgren
(1971b) distinguished three textural associations among the experimental devitrification
products of silicic glass. Glassy-stage texture consists of glass that contains isolated
spherulites (eg. spherulitic obsidian, Plate 3.5). This texture represents rapidly cooled water

undersaturated magma where little nucleation was possible. Spherulitic-stage texture is
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when devitrification is complete and former glass is crystallised to spherulites (eg.
crystallised rhyolite, Plate 3.6). Relatively slow cooling and maintenance of higher
temperatures favour the development of spherulitic-stage textures (Lofgren, 1971b; McPhie
et al., 1993). Hence, this texture occurs in the interior of lava flows and domes. A third
stage was hypothesised, although not reproduced experimentally, as having a granophyric or

granitic texture, with no evidence of glassy precursors.

spherical bow-tie fan plumose axiolitic

b ey

Figure 3.3: Spherulite morphologies seen in devitrified silicic glass. Note that fibres in axiolitic
spherulites radiate from a line. Redrawn from McPhie et al. (1993).

In hand specimen the spherulitic material may be seen as complete balls (common in
spherulitic obsidian), a mass of radiating fibres or as patches/bands of aphanitic material,
which can only be distinguished as spherulitic in thin section. Spherulitic material is
commonly grey, white, pink or light brown in colour. In thin section the different spherulite
morphologies present can be identified. Spherulites occurring in obsidian and pumiceous
rhyolite (glassy-stage texture) are commonly spherical in shape and the crystal fibres are
different shades of brown in plane-polarised light (Plate 3.5), with some fibres being opaque.
Under crossed-polarised light the crystal fibres comprising these spherulites appear almost

black.

In plane-polarised light the spherulitic material comprising a spherulitic-stage texture also
appears brown, with some opaque fibres. The spherulitic material may be spherical, fan,
plumose, bow-tie or axiolitic in shape (Figure 3.3) and coalesces so as to overtake the entire
groundmass. Small, poorly devitrified, irregular patches of interstitial residual glass may

remain. Under crossed-polarised light the white/grey interference colours of alkali feldspar
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Plate 3.5: Glassy-stage texture of Lofgren (1971b) where the glass groundmass contains isolated
spherulites. These spherulites have nucleated on plagioclase phenocrysts. The groundmass contains
cracks reflecting the conchoidal fracture of volcanic glass. Okataina Flow, Haroharo Volcanic
Complex, Okataina Volcanic Centre (sample number 25). Plane-polarised light. ~ 30x magnification.

Plate 3.6: Spherulitic-stage texture of Lofgren (1971b) where devitrification is complete and former
glass groundmass has crystallised to spherulites. Several of the spherulites have nucleated on
plagioclase phenocrysts. Stancorp Quarry rhyolite, Okataina Volcanic Centre (sample number 63).
Plane-polarised light. ~ 30x magnification.
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and quartz polymorphs (cristobalite) can commonly be seen comprising the spherulitic
material. Lofgren (1971a) noted that spherulites are not of a unique composition and in
addition to alkali feldspar and cristobalite, they may also comprise plagioclase feldspar and
pyroxene. Ewart (1971b) noted spherulites in Taupo Volcanic Zone rhyolite lavas consisted
of cryptocrystalline intergrowths of cristobalite and alkali feldspar, with minute granules of

magnetite, haematite and secondary goethite.

Spherulitic material, especially spherical balls, commonly shows concentric zoning
highlighted by colour variations (commonly different shades of brown in plane-polarised
light). This zoning may result from varying densities or compositions of the crystal fibres

comprising the spherulites or different periods of spherulite growth.

A number of the crystallised rhyolite samples obtained in this study have a texture
intermediate between the spherulitic-stage and granitic-stage of Lofgren (1971b). In these
samples spherulitic material can be readily identified and a fine grained equigranular mosaic
of crystals fills interstices between the spherulitic material. The interference colours and
shapes of these equigranular crystals suggest that they may be comprised of cristobalite and

alkali feldspars.

Cole (1966) noted that in some pumiceous rhyolites from the Tarawera Volcanic Complex,
very small (< 1 mm in diameter) individual spherulites were present that have a granophyric
appearance. These spherulites are near colourless in plane-polarised light but under crossed-
polarised light are seen to comprise worm or finger-like intergrowths of quartz and alkali
feldspar (anorthoclase). Cole (1966) also noted what he termed microspherulites in some
Tarawera rhyolites. These spherulites are very small (< 0.2 mm in diameter) and are usually
clear in plane-polarised light. In crossed-polarised light they show a black, well defined
extinction cross or two “pseudo-isogyres” on a white background. These spherulite features

are quite rare and can be seen in only a few samples obtained in this study.

In both glassy-stage and spherulitic-stage textures, spherulites commonly nucleate on
phenocrysts. Some spherulite balls have a phenocryst centre whereas other incomplete balls,
fan and plumose morphologies may nucleate on the comners of phenocrysts. While the
majority of spherical spherulites occur as quite compact balls, occasionally they are seen to
consist of long fingers of fan or plumose spherulitic material radiating from a more compact
core (Plate 3.7). This type of spherulite can be seen as a star-shape in hand specimen. The

size of spherulitic balls varies, with a maximum diameter of ~ 4 mm and a minimum of less
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Plate 3.7: Star-shaped spherulites with fingers of spherulitic material radiating from a more compact
core. Pokohu Flows, Tarawera Volcanic Complex, Okataina Volcanic Centre (sample number 5).
Plane-polarised light. ~ 30x magnification.

Plate 3.8: Glass groundmass exhibiting a classical perlite texture with arcuate cracks concentrically
arranged around spherical, non-hydrated cores. North Rotoma rhyolite, Okataina Volcanic Centre
(sample number 107). Plane-polarised light. ~70x magnification.
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than 0.5 mm. The largest are commonly found in spherulitic obsidian where they have been
free to grow unhindered by adjacent spherulites. Fan and plumose morphologies are
commonly less than 1.25 mm in length. Axiolitic bands may extend beyond the length of a

thin section slide (several centimetres) and may be up to several millimetres in width.

In addition to textural changes, devitrification can result in significant changes in the bulk
rock chemistry, particularly affecting SiO,, H,O, Na,O, K,0 and Al,O; contents (Lipman,
1965; Lofgren, 1970) and, in some cases, trace and rare earth element abundances (Weaver
et al., 1990). Ewart (1971b) concluded that progressive spherulitic devitrification of rhyolite
lava results in a marked fractionation, especially of alkalis, between the spherulites and

coexisting residual volcanic glass.

The least devitrified samples obtained in this study show evidence of minor devitrification
with the formation of individual crystal fibres within an otherwise unaltered glass
groundmass. In this case devitrification has not been sufficient to produce spherulitic

material.

Lithophysae are spherulites that have a central vug resulting from nucleation of spherulites
on small vesicles. The vugs vary from circular to star-shaped, and may remain open or be
lined or filled with minerals. Lithophysae range up to larger diameters than spherulites,
reaching a few tens of centimetres across (McPhie et al., 1993) and hence are often readily
identified in hand specimen. Crosby (1998) identified lithophysae in the Hamurana rhyolite
erupted from the Rotorua Volcanic Centre. Grapes et al. (1994) describe an interesting
assemblage of silicate and oxide vug minerals that occur in lithophysal cavities within one of
the Ngongotaha Dome Complex rhyolites, also erupted from the Rotorua Volcanic Centre.
The occurrence of lithophysae is generally restricted to highly devitrified crystallised

rhyolite and has not been observed in the rhyolite lavas obtained in this study.

Amygdales are former vesicles that have been partially or completely infilled with secondary
minerals (McPhie et al., 1993). Rhyolite lava comprising such vesicles has an amygdaloidal
texture, which is not common in the rhyolite lavas of this study.

3.2.6 Perlitic Textures

Perlite is the term given to volcanic glass in which there are abundant, delicate, intersecting,

arcuate and gently curved cracks that surround cores of intact glass, generally less than a few

71



Chapter Three: Petrography

millimetres across (McPhie et al., 1993). Perlitic cracks develop in response to hydration of
the glass, which involves the diffusion of water into the solid glass, accompanied by a
volume increase. Strain associated with hydration is released by means of perlitic cracks
(McPhie et al., 1993). In classical perlite (Figure 3.4) the cracks are distinctly arcuate and
concentrically arranged around spherical, non-hydrated cores (Allen, 1988). In strongly flow
banded glassy lava, perlitic fractures form a roughly rectilinear network, comprising cracks
that are subparallel and strongly oblique to the banding, known as banded perlite (Allen,
1988). Classical perlite is easily identified but banded perlite may be confused with tension
cracks, which are common in pumiceous rhyolite. Tension cracks are often small and
delicate, occurring perpendicular to flow direction, and are caused by stretching of the glass
during flow. Perlitic cracks may occur in the glassy domains between spherulites in partially
devitrified obsidian (McPhie et al., 1993). In the rhyolites studied a perlitic texture is most

readily identified in thin section (Plate 3.8).

Noble (1967) noted that hydrated glasses have lower Na/K and FeO/Fe,0; ratios and lower
silica contents. Lofgren (1970) noted that the rate of hydration is higher at higher
temperatures. This may explain the occurrence of perlitic textures in crystallised rhyolites

occurring in the interior of lava flows.

In this study the glass groundmass of rhyolite lavas will be referred to simply as cracked,

unless the cracks are clearly perlitic.

Classical perlite Banded perlite

Figure 3.4: Fracture patterns for classical and banded perlite. Redrawn and
modified from McPhie et al. (1993).
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3.2.7 Quench Crystals

The rapid quenching of silicic melt which results in the formation of obsidian and pumiceous
textures may include a short period of very rapid crystallisation, and the glass becomes
crowded with microscopic quench crystals. These crystals have been referred to as
microlites when they show birefringence and crystallites when they are so small as to be
isotropic. Microlites have also been subdivided based on size (eg. Cashman, 1992; Sharp et
al., 1996).  Crystallisation of abundant microlites occurs in response to high degrees of
undercooling and supersaturation related to degassing/loss of a vapour phase (H;0) prior to
and during the initial stages of eruption (Swanson et al., 1989; McPhie et al., 1993).
Swanson et al. (1989) observed that bands of microlites were deflected around phenocrysts
and crosscut by spherulites. Thus, microlites formed after the phenocrysts, but before the
devitrification. The crystals formed during quenching have a variety of distinctive
morphologies, which can be seen under the microscope using high-power magnification,
including laths with swallow tail terminations, rods, prisms, chains and spider-like
arrangements. The morphologies observed in the rhyolites of this study are shown in Figure

3.5 and Plate 3.9.

A variety of minerals comprise the microlites found in rhyolite flows with pyroxene being
the most common. Sanidine, amphibole, biotite and magnetite microlites have also been
noted (Ross, 1962). Pyroxene microlites were observed to have a very pale green colour
(Richnow, 1999) and a very low apparent birefringence in thin section (Ross, 1962;
Richnow, 1999). Positive identification of quench crystals may however be difficult due to
their small size. Richnow (1999) noted that analysis by Electron Microprobe might not be
possible due to the microlite not being exposed at the analysing surface but covered by a thin
film of glass. Swanson et al. (1989) studied the crystallisation history of Obsidian Dome,
Inyo Dome, California, and found the quench crystals to be pyroxene (ferroaugite) and
feldspar (Ca-plagioclase). Sharp et al. (1996) studied microlites in obsidian from the Ben
Lomond Dome, Taupo Volcanic Centre. Pyroxene microlites were dominant
(orthopyroxene, augite, pigeonite) with some plagioclase feldspar also present. Magnetite
and Dbiotite compositions were also found and some microlites had a composition
intermediate between amphibole and mica, known as biopyribole. Richnow (1999) noted
that microlites in rhyolite lavas exposed in the Ngongotaﬁa Quarry, Rotorua Volcanic
Centre, were of the same mineral assemblage as the phenocrysts - pyroxene, feldspar and

opaques (magnetite/ilmenite).
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Figure 3.5: Quench crystal morphologies. A) Granular/globular - small and often isotropic, B)
Laths/rods/prisms - may have pyramidal, rounded, swallow-tail or step-like terminations, C)
Spider-like arrangements - comprise long, thin, hair-like strands (also known as trichites) that may
or may not have a central crystal, D) Looped/coiled-spring shaped crystals, E) Hook shaped
crystals, F) Bead-like/chain-like arrangements - small stout rods or prisms arranged together, may
form clusters, strands, spider-like arrangements or hooks.

The shape of microlites has been related to their composition. Pyroxene microlites occur as
slender prisms, chains of stout prisms and as spider-like (trichitic) groups. These spider-like
groups may form around magnetite grains. Feldspar microlites occur as slender prisms or
laths often with forked, jagged or swallow tail terminations (Ross, 1962; Swanson et al.,
1989; Sharp et al. 1996; Richnow, 1999). Richnow (1999) found opaque microlites
occurring as rounded, often shapeless blebs and as four-sided shapes occurring individually

and in the centre of spider-like groups.

In a glassy matrix microlites are generally fresh and euhedral with well-defined crystal
edges. However, they may be altered to opaque minerals and have corroded outlines if they
are enclosed in spherulites or are in the vicinity of spherulites. This oxidation is facilitated
by localised water enrichment and temperature increase resulting from the growth of quartz
polymorphs and feldspars that constitute the spherulites (Richnow, 1999). Affected crystals

are primarily those of pyroxene and Fe-Ti oxide in which the Fe becomes oxidised.
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Plate 3.9: Quench crystals. a) Prismatic, lath and rod shaped. b) Stout rods and prisms forming a
bead-like strand. c) Bead-like strands of stout rods and prisms joined in a spider-like arrangement.
Eastern rhyolite, Okareka Volcanic Complex, Okataina Volcanic Centre (sample number 65). Plane-
polarised light. ~ 800x magnification.
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Pyroxene crystals will become opaque and lose birefringence (Richnow, 1999). Such
opaque microlites are seen in some Okataina, Rotorua and Kapenga rhyolites. A similar
process appears to be occurring to Fe-rich phenocrysts in some of the crystallised, spherulitic

rhyolite lavas sampled.

It is important to note that these oxidised microlites are different from the opaque fibres
commonly seen in crystallised, spherulitic rhyolite, which are products of rhyolitic glass
devitrification. These fibres occur in blobs and dendritic strands and do not have the
euhedral crystal form exhibited by many microlites. While microlites commonly show some
alignment due to flow, opaque fibre strands commonly occur in a radial pattern within

spherulites.

In this study all microlites and crystallites will be referred to collectively as quench crystals.
It is likely that quench crystals in the Okataina, Rotorua and Kapenga rhyolites are of the
same mineral assemblage as the phenocrysts - plagioclase feldspar, orthopyroxene,
amphibole, biotite, magnetite and ilmenite. The majority of quench crystals are colourless
and do not appear to have the very pale green colour that Richnow (1999) considered to
indicate a pyroxene composition. Their very small size gives them a low birefringence such
that the only interference colours observed are white and grey. Many crystals show no
interference colours. While some crystals appear to have straight extinction, which would
suggest an orthopyroxene composition, the majority of crystals that show interference
colours have oblique extinction. In addition, the moderate to high relief of many crystals
suggests that they are not plagioclase feldspar. While there is a lack of clinopyroxene in the
phenocryst assemblage of these lavas, it is possible, based on morphology, extinction angles
and relief, that quench crystals may be of clinopyroxene composition. Confirmation of the
compositions of quench crystals would require careful analysis by Electron Microprobe,

which was not undertaken in this study.

Quench crystals are most noticeable in samples of obsidian and pumiceous rhyolite, although
they are also seen to occur in some crystallised, spherulitic lavas. They are commonly
aligned in bands that are deflected around phenocrysts and may be deflected around, or
cross-cut by, spherulites. Quench crystals are a dominant feature of the groundmass in many
of the lavas sampled, although it is suspected that they are present in at least minor quantities

in all rhyolite lavas.
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3.2.8 Vesicularity

Rhyolite lavas show internal variations in vesicle abundance ranging from non-vesicular
obsidian to highly vesicular pumiceous rhyolite. These variations may occur on a large scale
as zones within a rhyolite lava flow or dome (Figure 3.1), or may occur on a small scale as
variations between flow bands observed in thin section (Plate 3.10). Vesicularity
percentages were determined for rhyolites obtained in this study that were seen in thin
section to contain vesicles, following the procedure of Houghton and Wilson (1989). Results
are given in Appendix II (Table II.1). These calculations give an idea of the overall
vesicularity of a 2-5 cm chip of the lava, but do not reflect small-scale variations that may
occur. Rhyolite lavas exhibiting a pumiceous texture in hand specimen contain ~30 - 70%
vesicles and are classed as poorly to highly vesicular. Samples of obsidian generally contain
less than 5% vesicles and are considered non-vesicular. Many rhyolite lavas can not be
classed as either obsidian or pumiceous rhyolite, as their texture is intermediate between
these two end members. Such rhyolites have ~5 - 30% vesicles and are classed as incipiently

to poorly vesicular.

3.29 Flow Banding

Rhyolite lavas commonly exhibit flow bands or foliations that record the history of internal
deformation and movement of the lava. The development of flow banding begins during
flow in the conduit and continues during extrusion and outflow (McPhie et al., 1993). Flow
banding can occur in crystallised rhyolite, obsidian and pumiceous rhyolite and is manifested

in a number of forms, which may be observed in hand specimen and/or thin section:

e Alignment of spherulitic material, variations in spherulite morphology, or spherulitic and
non-spherulitic bands. Alignment of spherical spherulites into trains and formation of
axiolitic morphologies may be due to preferential devitrification of bands of susceptible
glass, rather than a physical alignment due to flow.

e Varying degrees of glass devitrification, which may lead to colour variations.

e Alignment of quench crystals into bands or variations in the abundance or density of
quench crystals (Plate 3.11).

e Variations in vesicle size, shape and abundance (Plate 3.10), or elongation of vesicles
due to stretching/shearing during flow.

e Alignment of phenocrysts or variations in the abundance of phenocrysts.
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Plate 3.10: Flow banding defined by highly (coarsely) vesicular, poorly vesicular and devitrified glass
bands. Bands show deflection around phenocrysts. Haumingi Flow, Haroharo Volcanic Complex,
Okataina Volcanic Centre (sample number 56). Plane-polarised light. ~ 30x magnification.
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Plate 3.11: Flow banding defined by bands of densely packed and aligned quench crystals (brown and
grey bands). Flow bands are folded and show deflection around phenocrysts. Waikakareao Flows,
Tarawera Volcanic Complex, Okataina Volcanic Centre (sample number 38). Plane-polarised light.
~ 40x magnification.
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Flow bands may be inter-fingered, lensoidal, continuous or discontinuous and the thickness
of the bands can vary. Flow bands may be straight or folded. Folding is particularly
noticeable when the bands are being defined by the alignment, abundance and density of
quench crystals (Plate 3.11). The flow folds are commonly asymmetric with unequal limb
angles, lengths and thicknesses. The folds may verge in different directions, with a single
flow band forming both s- and z-shaped folds. Folded flow bands do not always parallel
each other and disharmonic folding may occur where adjacent layers develop folding of

different wavelengths, amplitudes and thicknesses.

Flow bands are commonly deflected around phenocrysts (Plates 3.10 and 3.11), and are
rarely deflected around spherulites, indicating spherulite growth before flow cessation.
Spherulites that overprint flow bands, indicating growth after flow cessation, are more

common.

33 FERROMAGNESIAN PHENOCRYST ASSEMBLAGES

In addition to plagioclase feldspar, quartz and Fe-Ti oxide phenocrysts, the rhyolites of the
Okataina, Rotorua and Kapenga volcanic centres may contain phenocrysts of the
ferromagnesian minerals orthopyroxene, calcic amphibole, biotite and cummingtonite in
varying quantities. Assigning a particular rhyolite lava or tephra to a ferromagnesian
assemblage has become a useful tool for identification, particularly for tephras. Cole (1966)
and Ewart (1968) first undertook the classifying of ferromagnesian assemblages for rhyolite
lavas in the study area. Froggatt and Lowe (1990) applied the ferromagnesian assemblage

principle to Quaternary silicic tephra formations of the Okataina Volcanic Centre.

Based on thin section point counting results given in Appendix III, the rhyolite lavas of the
Okataina, Rotorua and Kapenga volcanic centres have been assigned a ferromagnesian
phenocryst assemblage. Nineteen different assemblages are found within the rhyolites
obtained in this study, seventeen in Okataina lavas, five in Rotorua lavas and six in Kapenga
lavas. Mineral species have been listed in general order of abundance, followed by minerals
that may or may not be present (). Assemblages involving cummingtonite are generally
restricted to the Haroharo Volcanic Complex. The abundance of a particular mineral may
vary between thin sections and some degree of error is likely given the inaccuracies involved
in point counting. Hence for a particular ferromagnesian phenocryst assemblage it is more

important to note which mineral species are always present, which species occur in trace
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amounts and which species are absent, rather than placing too much emphasis on the exact

order in which minerals are listed.

Previous studies of the rhyolite lavas from the Okataina, Rotorua and Kapenga volcanic
centres have found them to lack clinopyroxene phenocrysts. However, studies of the tephras
erupted in conjunction with the ho; lavas (Lowe, 1988; Froggatt and Lowe, 1990; Nairn,
1992) have identified crystals of augite. Ewart (1967) noted that augite is only very rarely
found in Taupo Volcanic Zone rhyolite lavas, and Ewart et al. (1975) note that this mineral
species may only be seen in mineral concentrates. Hence Cole (1966) and Ewart (1968)
defined ferromagnesian assemblages not including augite. This practice has been continued
in this study, as the occurrence of clinopyroxene was not confirmed petrographically or by

Electron Microprobe analysis (Chapter Five).

34 THE ho; RHYOLITES

3.4.1 Groundmass Textures

Petrographic descriptions of the ho, rhyolites are given in Appendix IV (Table IV.1). All
samples are hypocrystalline and vitrophyric with phenocrysts set in a glass groundmass.
These oldest rhyolite lavas from the Okataina Volcanic Centre generally have a crystallised,
spherulitic glass groundmass. This is likely to be a result of age as any outer obsidian,
pumice and autobreccia layers of the rhyolite have been eroded away over time.
Alternatively they may comprise flow bands of crystallised, spherulitic glass and poorly
devitrified, non-vesicular glass (obsidian). The ho, rhyolite lavas commonly contain quench
crystals, often aligned with the flow banding, that were subsequently overprinted by the
spherulitic texture. Many quench crystals have been altered to opaque minerals in the
vicinity of spherulitic material. It is common for non-spherulitic glass, occurring between
spherulites or in flow bands, to show evidence of hydration with the formation of perlitic
cracks. The North Rotoma rhyolite is notable in that the spherulite content is minor and the
groundmass has a classical perlitic texture (Plate 3.8). In both hand specimen and thin
section the groundmass of Matawhaura rhyolite can be seen to contain large star-like

spherulites.
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3.4.2 Phenocryst Assemblages

Point counting results and ferromagnesian phenocryst assemblages for the ho, rhyolites are
given in Appendix III (Table IIl.1). Phenocryst contents range from 5 - 36%. Average
phenocryst contents and ferromagnesian phenocryst assemblages are given diagrammatically
for the ho, rhyolites in Figure 3.6. Samples which contain biotite in significant quantities
have the highest phenocryst contents (~22% and ~36%). Samples with orthopyroxene and
calcic amphibole as the dominant ferromagnesian phenocrysts have lower phenocryst
contents (<19%). Spatially, there are no clear patterns in terms of ferromagnesian
phenocryst assemblage. The southern rhyolite, Wairua, contains significant quantities of
biotite. The western rhyolites are dominated by orthopyroxene and calcic amphibole, as are
the northeastern rhyolites. The exception is North Rotoma rhyolite, which contains both

biotite and cummingtonite.

The five samples obtained of Maungawhakamana rhyolite show variations in phenocryst
content from 5 - 16%. There are also variations in plagioclase (3.4 - 12%), quartz (0.3 -
2.4%) and amphibole (0 - 1.3%) contents. Maungawhakamana dominates the northeastern
edge of the Okataina Volcanic Centre and Nairn (1989) identified six vents within this
rhyolite edifice, which is likely to be comprised of a number of individual flows and/or
domes. It is not clear on what basis Ewart (1968) divided the three rhyolites of this area.
The variations in phenocryst contents noted here may represent individual flows and/or
domes within this rhyolite, although sampling is insufficient to allow their identification.
This may be a problem with other older rhyolites where the level of erosion and difficulty in
obtaining fresh unaltered samples hampers identification of individual domes and flows.
Ewart (1968) suggested that Whakapoungakau comprised two units, an older underlying part
and a younger upper part, which have different phenocryst contents and ferromagnesian
assemblages. Only the rhyolite outcropping on the northwestern shore of Lake Okataina, the
older underlying part of Ewart (1968), has been sampled in this study. More recent maps of
the Okataina Volcanic Centre (Nairn, 1981a, 1989) have made no subdivision of

Maungawhakamana or Whakapoungakau.

While the phenocryst contents determined in this study are generally higher than those given
by Ewart (1968), most likely a result of the different techniques used, the ferromagnesian
phenocryst assemblages are in general agreement. The exceptions are Maungawhakamana,
which Ewart (1968) found to contain biotite, and North Rotoma, which Ewart et al. (1975)

found to contain clinopyroxene (augite).
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Figure 3.6: Phenocryst characteristics of the ho, rhyolites of the Okataina Volcanic Centre.
A) Average phenocryst content as a percentage of the total rock. B) Ferromagnesian
phenocryst assemblage. Collapse features from Nairn (1989).
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Ferromagnesian phenocryst assemblages suggest that the ho, rhyolites can be divided into

three groups:

Group I - Biotite, calcic amphibole and cummingtonite-bearing magma erupting in
the northeastern Okataina Volcanic Centre as the North Rotoma rhyolite.

Group2 - Orthopyroxene and calcic amphibole-bearing magma, with minor quantities
of biotite, erupting in the northeastern and western Okataina Volcanic
Centre as the Matawhaura, Waitangi, Maungawhakamana, Whakapounga-
kau, Pukepoto, Stancorp Quarry and Crater Farm rhyolites.

Group3 - Calcic amphibole, biotite and orthopyroxene-bearing magma erupting in the
southern Okataina Volcanic Centre as the Wairua rhyolite.

3.5 THE ho, RHYOLITES

3.5.1 Groundmass Textures

Petrographic descriptions of the ho, rhyolites are given in Appendix IV (Table IV.2). All
samples are hypocrystalline and vitrophyric with phenocrysts set in a glass groundmass.
These intermediate age rhyolite lavas from the Okataina Volcanic Centre fall into three
textural groups. Several samples appear pumiceous in hand specimen and comprise poorly
vesicular glass with vesicles commonly elongated or stretched due to flow. Individual flow
bands may show a higher level of vesicularity. These pumiceous lavas commonly contain
minor small spherulites. Many samples of ho, rhyolite have a crystallised, spherulitic glass
groundmass comprising a mosaic of coalesced spherulitic material. The flow direction can
be recognised by axiolitic textures, coalesced spherulites and variations in spherulite colour.
The third group comprises rhyolites with a texture intermediate between pumiceous rhyolite
and obsidian, with a groundmass comprising incipiently to poorly vesicular glass. One of

these rhyolites is seen in hand specimen to contain black obsidian bands.

Waimangu rhyolite has a crystallised, spherulitic glass groundmass, except for non-
devitrified glass occurring between the spherulites which has a classical perlitic texture. One
sample of Tutaecheka 3 is notable in that recrystallisation of the glass groundmass has
produced a fine grained equigranular texture, likely to be comprised of cristobalite and alkali

feldspars, filling interstices between spherulitic material.
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3.5.2 Phenocryst Assemblages

Point counting results and ferromagnesian phenocryst assemblages for the ho, rhyolites are
given in Appendix III (Table III.1). Phenocryst contents range from 17 - 32%. Average
phenocryst contents and ferromagnesian phenocryst assemblages are given diagrammatically
for the ho, rhyolites in Figure 3.7. As with the ho, rhyolites there is a correlation between
phenocryst assemblage and average phenocryst content. Samples which contain biotite in
significant quantities have the highest phenocryst contents (~26 - 32%). Samples with
orthopyroxene and calcic amphibole as the dominant ferromagnesian phenocrysts generally

have lower phenocryst contents (~17 - 27%).

The Moerangi, Tutaecheka and South Rotomahana rhyolites cannot be distinguished based on
ferromagnesian phenocryst assemblage or total phenocryst content. Spatially, spanning
these three groups, there appears to be a broad trend of increasing phenocryst content and the
introduction of biotite into the phenocryst assemblage towards the southeast. The
northwestern rhyolites contain no biotite and have total phenocryst contents of 17 - 21%.
The southeastern rhyolites of Hapeotoroa and Waimangu have phenocryst contents >30%
and biotite is the dominant ferromagnesian phenocryst type. Spatially intermediate rhyolites

have intermediate phenocryst contents and amounts of biotite.

While Ewart (1968) suggested subdivision of the rhyolite that is here called Tutaeheka 3, he
also noted similar phenocryst contents and ferromagnesian assemblages for the individual
units. The three samples of Tutaeheka 3 obtained in this study have similar phenocryst
contents and ferromagnesian phenocryst assemblages. As for the ho, rhyolites, phenocryst
contents determined in this study are generally higher than those given by Ewart (1968).
The ferromagnesian phenocryst assemblages are in general agreement, with the additional
discovery in this study of trace amounts of biotite in the Tutaecheka 2 and Tutaeheka 3

rhyolites.

Ferromagnesian phenocryst assemblages suggest that the ho, rhyolites can be divided into

two groups:

Group 1l - Biotite-bearing magma erupting as the Kakapiko, Blue Lake, Tutaeheka 1,
Hapeotoroa and Waimangu rhyolites.

Group2 - Orthopyroxene and calcic amphibole-bearing magma, with trace amounts of

biotite, erupting as the Direct Road, Hill Road, Moerangi Road, Chestnut
Road, Green Lake, Tutaeheka 2 and Tutaeheka 3 rhyolites.
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Figure 3.7: Phenocryst characteristics of the ho, rhyolites of the Okataina Volcanic Centre.
A) Average phenocryst content as a percentage of the total rock. B) Ferromagnesian
phenocryst assemblage. Collapse features from Nairn (1989).
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3.6 HAROHARO VOLCANIC COMPLEX ho; RHYOLITES

Petrographic descriptions of the ho; rhyolites of the Haroharo Volcanic Complex are given
in Appendix IV (Table IV.3). All samples are hypocrystalline and vitrophyric with
phenocrysts set in a glass groundmass. Point counting results and ferromagnesian
phenocryst assemblages are given in Appendix III (Table IIl.1). Average phenocryst
contents and ferromagnesian phenocryst assemblages are given diagrammatically for the
Haroharo Volcanic Complex rhyolites in Figures 3.8 and 3.9. The Haroharo Volcanic
Complex lavas are the only rhyolites found in the Okataina Volcanic Centre, with the
exception of the ho, North Rotoma rhyolite, that have ferromagnesian phenocryst

assemblages containing the amphibole cummingtonite.

3.6.1 Te Rere Eruptive Episode

The oldest lavas of the Haroharo Volcanic Complex were found in outcrop as incipiently
vesicular rhyolites and non-vesicular, spherulitic obsidian. A sample obtained from the
Haumingi Flow is poorly vesicular overall, but contains highly (coarsely) vesicular flow
bands (Plate 3.10). Stevenson et al. (1994) studied the textural stratigraphy of this flow in
more detail. In Te Rere Eruptive Episode rhyolites spherulitic material is present as singular
spherulite balls, coalesced masses, and axiolitic textures and is most abundant in the obsidian
samples. Where quench crystals are present they are aligned and indicate the flow direction.

These samples are commonly highly cracked due to the conchoidal nature of volcanic glass.

The Te Rere Eruptive Episode rhyolites are relatively phenocryst poor (7 - 12%) and all have
the same ferromagnesian phenocryst assemblage of orthopyroxene + calcic amphibole.
Quartz is a very minor component of these samples and occurs only in trace amounts in the
Te Koutu and Haumingi flows. The petrographic and mineralogical similarity of the
rhyolites of this episode is to be expected as they are considered to have been erupted from

the same vent or vent area now buried beneath younger pyroclastics (Nairn, 1981a).

The eruption of rhyolite lavas at the Haroharo Volcanic Complex during this episode of
activity was preceded by the eruption of the Te Rere Tephra. Nairn (1992) noted variations
in thickness, lithology and grain size which show that the Te Rere Tephra has a complex
eruptive origin from multiple vents along the Haroharo Linear Vent Zone (HLVZ). The
thickest and/or coarsest deposits occur in exposures to the north and east of the Haroharo

Caldera. Here the tephra is crystal-poor and characterised by a lack of phenocrystic quartz
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and an orthopyroxene - hornblende - augite ferromagnesian assemblage. Biotite is absent.
In exposures to the southwest of the caldera the Te Rere Tephra displays variations in texture
and mineral content. The tephra has an orthopyroxene - hornblende - augite assemblage at
its base and an ash-size distribution consistent with a distant source. However, upward in the
sequence rare biotite and quartz phenocrysts appear and then become increasingly abundant,
accompanied by small pumice lapilli with a biotite - hornblende ferromagnesian assemblage
(Nairn, 1992). However, Nairn (1992) considers quartz-biotite ejecta in southwestern

exposures of the Te Rere Tephra to have an accessory lithic origin.

The crystal-poor, quartz-free nature of the Te Rere Tephra in northern and eastern exposures
is consistent with Te Rere episode lavas erupted at the Haroharo Volcanic Complex. Nairn
(1992) noted that the lack of quartz makes the eruptives of this episode unique in the

Haroharo Volcanic Complex.

3.6.2 Rotoma Eruptive Episode

During the Rotoma Eruptive Episode three vent areas were active, two of which erupted
rhyolite lavas, one in the northeastern Haroharo Caldera and another in the Rotoma Caldera.
The only outcrops of the Te Pohue Flow, erupted in the Haroharo Caldera, found in this
study were of an autobreccia deposit assumed to overlie the coherent flow (as documented
by Nairn (1981a)). This is the only autobreccia sampled in this study and the two samples
obtained have petrographic differences. Both have a pinky-brown ash matrix but one sample
contains large white/grey sub-angular rhyolite blocks (Plate 3.4) while the other contains
smaller grey/black obsidian lapilli. These blocks and lapilli represent pieces of the
underlying lava flow and both clast types have a ferromagnesian phenocryst assemblage of
cummingtonite + calcic amphibole * orthopyroxene. While the obsidian lapilli were too

small to point count, phenocrysts comprise ~ 14% of the larger rhyolite blocks.

Also during this eruptive episode the Rotoma Flow was erupted in the Rotoma Caldera to the
northeast. Samples obtained from this flow are pumiceous in hand specimen, comprising
poorly to moderately vesicular glass, with vesicles stretched due to flow. Less vesicular
areas of glass contain cracks. Spherulites are absent. This rhyolite contains ~10 - 11%
phenocrysts and has a ferromagnesian phenocryst assemblage of calcic amphibole +

orthopyroxene + cummingtonite.
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The ferromagnesian assemblages for these two rhyolites are consistent with observations that
the Rotoma Tephra has a dominant ferromagnesian assemblage of orthopyroxene +

cummingtonite + hornblende (Froggatt and Lowe, 1990).

3.6.3 Mamaku Eruptive Episode

During the Mamaku Eruptive Episode rhyolite lavas were erupted from three vent areas
within the Haroharo Volcanic Complex (Figure 2.8). In hand specimen these lavas range
from obsidian (non-vesicular) to pumiceous rhyolite (moderately to highly vesicular), with
many samples having an intermediate texture (incipiently to poorly vesicular). Vesicles are
commonly stretched due to flow. Spherulites may occur singularly or as coalesced masses
and are most common in obsidian. They are rare or absent in the majority of samples.
Quench crystals are common and may be aligned in bands. All samples contain cracks in the

glass groundmass, with the non-vesicular obsidian samples being the most highly cracked.

The phenocryst content of the Mamaku episode rhyolites varies from ~8 - 19%. There is
little variation in phenocryst content between vent areas and all rhyolites have the same
ferromagnesian phenocryst assemblage of orthopyroxene + calcic amphibole =
cummingtonite. Differences between vent areas occur in the abundance of individual
minerals. The rhyolite erupted from vent area 2 (Waiti Flow) contains low amounts of
quartz (< 0.7%) relative to the rhyolites of vent areas 1 and 3 (1.7 - 4.6%), and hence has a
much higher plagioclase/quartz ratio. In addition, the Waiti Flow has higher amphibole
contents (0.7 - 1.6%) than the vent area 1 and 3 rhyolites (0.4 - 0.9%).

A sample obtained of the Kaipara Flow was hydrothermally altered preventing determination
of the original phenocryst content and assemblage. Parewhaiti Dome and Te Matae Flow
were not sampled in this study. Ewart (1968) noted that these three lavas had a phenocryst
assemblage similar to the other Haroharo rhyolites of orthopyroxene + hornblende. Ewart et
al. (1975) noted the occurrence of cummingtonite in Parewhaiti Dome. Wright (2000)
observed a ferromagnesian phenocryst assemblage of orthopyroxene + calcic amphibole +
clinopyroxene for Mamaku Eruptive Episode lavas and pyroclastics.  However,
clinopyroxene was only observed in ferromagnesian concentrates and its composition was
not confirmed by Electron Microprobe analysis. The exception was the Kaipara Flow, in
which Wright (2000) found cummingtonite to be the dominant ferromagnesian mineral

coexisitng with trace amounts of orthopyroxene and calcic amphibole. In light of the
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mineral assemblages determined in this study for other Mamaku Eruptive Episode lavas, it
can be assumed that Parewhaiti Dome and the Te Matae Flow have an orthopyroxene +
calcic amphibole £ cummingtonite assemblage. Stevenson et al. (1994) noted the presence
of biotite in the Waiti Flow. Wright (2000) observed very rare biotite only in

ferromagnesian concentrates, and not in thin section.

Froggatt and Lowe (1990) assigned the Mamaku Tephra a dominant ferromagnesian
assemblage of orthopyroxene + hornblende + augite. Lowe (1988) noted the occurrence of

trace amounts of cummingtonite. This assemblage is consistent with the rhyolite lavas.

3.6.4 Whakatane Eruptive Episode

During the Whakatane Eruptive Episode rhyolite lavas were erupted from three vent areas
within the Haroharo Volcanic Complex (Figure 2.8). In hand specimen these lavas range
from obsidian (non-vesicular) to pumiceous rhyolite (poorly to moderately vesicular), with
many samples having an intermediate texture (incipiently to poorly vesicular). Vesicles are
commonly stretched due to flow. Spherulites may occur singularly or as coalesced masses in
obsidian and obsidian flow bands. They are rare or absent in the majority of samples.
Quench crystals are common and may be aligned in bands. All samples contain cracks in the

glass groundmass, with samples of non-vesicular obsidian being the most highly cracked.

The phenocryst content of the Whakatane episode rhyolites varies from ~11 - 17% and there
is little variation in phenocryst content between vent areas. Vent areas 1 and 2 erupted
rhyolites with ferromagnesian mineral assemblages dominated by cummingtonite. The
exception is the Tapahoro Flows, which have a calcic amphibole + orthopyroxene *
cummingtonite assemblage. The rhyolite erupted in vent area 4 (Tikorangi Dome) also has a
calcic amphibole + orthopyroxene * cummingtonite assemblage. A variation between the
vent areas can be seen in the amphibole content. Vent area 1 lavas contain less amphibole

(0.7 - 1.1%) than vent area 2 and 4 lavas (1.3 - 1.6%).

For vent area 2, comparing Whakatane and Mamaku lavas shows that the lavas have become
richer in quartz and cummingtonite and poorer in orthopyroxene. For vent area 1, lavas of
the Whakatane Eruptive Episode are richer in cummingtonite and poorer in orthopyroxene.
There is little change in the quartz content. The orthopyroxene content of rhyolite lava

appears to be a good predictor of the importance of cummingtonite in the phenocryst
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assemblage. Rhyolites with a phenocryst assemblage dominated by cummingtonite have

lower orthopyroxene contents.

Tapahoro Dome was not sampled in this study, or by Ewart (1968). In light of the mineral
assemblages determined in this study for other Whakatane Eruptive Episode lavas, it can be

assumed that this rhyolite contains calcic amphibole, orthopyroxene and cummingtonite.

Froggatt and Lowe (1990) assigned the Whakatane Tephra a dominant ferromagnesian
assemblage of orthopyroxene + cummingtonite + hornblende. Lowe (1988) noted the
occurrence of small amounts of biotite. This assemblage for the Whakatane Tephra is

consistent with the rhyolite lavas.

3.7 OKAREKA VOLCANIC COMPLEX hos; RHYOLITES

Petrographic descriptions of the ho; rhyolites of the Okareka Volcanic Complex are given in
Appendix IV (Table IV.3). All samples are hypocrystalline and vitrophyric with phenocrysts
set in a glass groundmass. Point counting results and ferromagnesian phenocryst
assemblages are given in Appendix III (Table III.1). Average phenocryst contents and
ferromagnesian phenocryst assemblages are given diagrammatically for the Okareka

Volcanic Complex rhyolites in Figure 3.10.

3.7.1 Te Rere Eruptive Episode

The oldest lavas of the Okareka Volcanic Complex have a glass groundmass that may be
crystallised and spherulitic or incipiently to poorly vesicular with vesicles stretched due to
flow. Where quench crystals are present they are aligned. One sample of the Eastern
Rhyolite contains notably large quench crystals. The rhyolites of this episode contain 12 -
21% phenocrysts and have orthopyroxene and calcic amphibole as dominant ferromagnesian
phenocrysts. Eastern Rhyolite contains small amounts of biotite and quartz and Te Rere

dome contains ~ 3% quartz.
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Figure 3.10: Phenocryst characteristics of the Okareka Volcanic Complex ho; rhyolites.
A) Average phenocryst content as a percentage of the total rock. B) Ferromagnesian

phenocryst assemblage.
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Nairn (1992) also noted that a dome situated adjacent to the Okareka Embayment (classed as
an ho, rhyolite in this and other studies) may have been erupted in this episode. A lack of
deep exposures on Tutaeheka 1 means that it can only be dated as older than Rotorua Ash.
The greatest evidence for its eruption as an ho; rhyolite is that it is morphologically young
and outcrops are of a coarse-sugary textured rhyolite with obsidian bands. This study has
found Tutaeheka 1 to have a ferromagnesian assemblage of biotite + calcic amphibole *
orthopyroxene with ~ 6% quartz. It is phenocryst rich and contains considerably more

biotite and quartz than lavas erupted in the Okareka Embayment at this time.

Nairn (1992) considers that pyroclastic eruptions in the Okareka Embayment during the Te
Rere episode were restricted to vent clearing phreatic explosions, with only accessory quartz-

biotite lithic material erupted.

3.7.2 Rotorua Eruptive Episode

Outcrops of the youngest lavas of the Okareka Volcanic Complex are of pumiceous rhyolite.
The glass groundmass is poorly to highly vesicular, with vesicles stretched due to flow and
no spherulites present. These rhyolites contain ~17 - 20% phenocrysts and have biotite as the
dominant ferromagnesian phenocryst. Small amounts of calcic amphibole are also present
and orthopyroxene is absent. In comparison with lavas erupted during the Te Rere Eruptive
Episode, these younger lavas are richer in biotite and quartz and poorer in amphibole and

orthopyroxene.

Froggatt and Lowe (1990) assigned two dominant ferromagnesian mineral assemblages to
the Rotorua Tephra, orthopyroxene + hornblende * augite in the lower parts and
orthopyroxene + hornblende + biotite in upper parts. Hence the upper parts of the tephra are
more mineralogically consistent with the rhyolite lavas, which is to be expected as lava
extrusion followed eruption of the tephra. Nairn (1980) noted the Rotorua Ash to have an
orthopyroxene - hornblende - biotite assemblage and made no mention of a change in

composition between upper and lower parts.
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3.8 TARAWERA VOLCANIC COMPLEX ho; RHYOLITES

Petrographic descriptions of the hos rhyolites of the Tarawera Volcanic Complex are given
in Appendix IV (Table IV.3). All samples are hypocrystalline and vitrophyric with
phenocrysts set in a glass groundmass. Point counting results and ferromagnesian
phenocryst assemblages are given in Appendix III (Table III.1). Average phenocryst
contents and ferromagnesian phenocryst assemblages are given diagrammatically for the

Tarawera Volcanic Complex rhyolites in Figures 3.11 and 3.12.

3.8.1 Okareka Eruptive Episode

The oldest lavas of the Tarawera Volcanic Complex outcrop as non-vesicular obsidian or
poorly vesicular rhyolite with some stretching of vesicles due to flow. The glass groundmass
of these samples is cracked and contains quench crystals which are commonly aligned.
Spherulitic material may be present in minor quantities. The two rhyolites sampled from this
episode of activity were erupted from vents ~10 km apart along the Tarawera Linear Vent
Zone (Nairn, 1992). Patiti Island contains 24% phenocrysts and has a calcic amphibole +
orthopyroxene ferromagnesian assemblage. Ridge Flow contains 15% phenocrysts and, in
addition to orthopyroxene and calcic amphibole, contains trace amounts of biotite. The
Hawea Flow was not sampled in this study. Nairn (1992) notes that this lava has an
orthopyroxene - hornblende assemblage with rare biotite, similar to that found in this study

for the adjacent Ridge Flow.

The eruption of rhyolite lavas during this episode of activity was preceded by eruption of the
Okareka Tephra. Nairn (1992) observed that the Okareka Tephra is quartz-bearing,
characterised by the presence of biotite along with orthopyroxene and hornblende, and most
likely has a vent buried under the Kanakana Dome - Ridge Dome area. Ridge Dome occurs
to the west of the Ridge Flow and is buried under younger pyroclastics (Nairn, 1989). Naimn
(1992) notes that a significant change in mineralogy must have occurred during the eruption
sequence, as the lavas generally lack biotite, but noted that such changes are not unknown at
the Tarawera Volcanic Complex, having also occurred in the Rerewhakaaitu Eruptive

Episode.
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Figure 3.11: Average phenocryst content, as a percentage of the total rock, for the Tarawera Volcanic
Complex ho; rhyolites. A) Okareka Eruptive Episode, B) Rerewhakaaitu Eruptive Episode,
C) Waiohau Eruptive Episode, D) Kaharoa Eruptive Episode (Green Lake Plug contains 16%
phenocrysts). Rhyolites erupted in each episode have been labelled. Rhyolites that have been
labelled, but without shading, were not sampled in this study.
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rhyolites. A) Okareka Eruptive Episode, B) Rerewhakaaitu Eruptive Episode, C) Waiohau Eruptive
Episode, D) Kaharoa Eruptive Episode (Green Lake Plug contains Bio + Opx * Ca-Amph).

Rhyolites erupted in each episode have been labelled. Rhyolites that have been labelled, but without
shading, were not sampled in this study.
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3.8.2 Rerewhakaaitu Eruptive Episode

During the Rerewhakaaitu Eruptive Episode rhyolite lavas were erupted from vents in the
southwestern Tarawera Volcanic Complex. In hand specimen these lavas range from non-
vesicular obsidian to incipiently to poorly vesicular rhyolite. Singular spherulites or areas of
spherulitic material and devitrified glass may be present. The exception is Rotomahana
Dome, which contains a crystallised, spherulitic glass groundmass consisting of a mosaic of
coalesced spherulitic material. Non-vesicular glass occurring between spherulites contains
perlitic cracks. The glass groundmass of all other samples is cracked and if quench crystals

are present, they are commonly aligned.

Western Dome contains ~22% phenocrysts and has orthopyroxene and calcic amphibole as
the main ferromagnesian phenocrysts. Rotomahana Dome contains ~29% phenocrysts and
has biotite as the dominant ferromagnesian phenocryst. The two samples obtained of the Te
Puha Flow have different phenocryst contents and assemblages. One sample contains ~22%
phenocrysts and has biotite as the dominant ferromagnesian mineral (similar to Rotomahana
Dome). Another sample contains ~7% phenocrysts and has orthopyroxene and calcic

amphibole as the dominant ferromagnesian phenocrysts.

Cole (1966, 1970a) observed intimate mingling between a phenocryst-poor orthopyroxene
lava and a phenocryst-rich homnblende-biotite lava in rhyolites erupted during the
Rerewhakaaitu episode. This mingling was not directly observed in the rhyolites of this
study, but the two lava types are represented in the samples obtained. The two samples
obtained of the Te Puha Flow highlight the occurrence of both lava types in a single unit.
Hence the overall ferromagnesian phenocryst assemblage shown for the Te Puha Flow in
Figure 3.12 is calcic amphibole * orthopyroxene * biotite. However, it actually contains two
lava types, one containing orthopyroxene + calcic amphibole and another containing biotite

+ calcic amphibole + orthopyroxene.

Southern Dome was not sampled in this study. Cole (1970b) assigned the rhyolite now
known as Southern Dome a ferromagnesian phenocryst assemblage of orthopyroxene (+
hornblende + biotite). It was in this dome that Cole (1966) noted mingling between two lava
types. Cole (1966) also noted the occurrence of two magma types within deposits of the
Rerewhakaaitu Tephra, which contains two types of pumice occurring in approximately
equal quantities throughout. Low crystal content pumice has orthopyroxene as the only

ferromagnesian mineral present and quartz is absent. Higher crystal content pumice contains

98



Chapter Three: Petrography

hornblende, biotite and quartz. Such a bimodal pumice population is consistent with the lava

compositions.

3.8.3 Waiohau Eruptive Episode

During the Waiohau Eruptive Episode rhyolite lavas were erupted from vents that now lie
beneath Kanakana Dome and Eastern Dome. The samples obtained of lavas erupted in this
episode have glass groundmass textures that span the range found in rhyolite lavas -
crystallised and spherulitic glass, incipiently vesicular glass containing spherulitic material
(spherulitic obsidian), incipiently and poorly vesicular coarsely flow banded glass, and
moderately vesicular glass (pumiceous rhyolite). Vesicles are commonly elongated or
stretched due to flow. Cracks are seen in the glass groundmass of non-crystallised samples.
When present, quench crystals are aligned with this direction. One sample of the Pokohu
Flows found at Tarawera Falls on the Tarawera River contains large star-like spherulites

(Plate 3.7) which can be observed in hand specimen.

The Waikakareao and Pokohu flows have low phenocryst contents (<11%) and the same
ferromagnesian phenocryst assemblage of orthopyroxene * calcic amphibole. Kanakana
Dome and Eastern Dome were not sampled in this study. Cole (1970b) found Eastern Dome
and Plateau Dome to have an orthopyroxene * homblende ferromagnesian assemblage.
Plateau Dome has subsequently been divided into Kanakana Dome and the Waikakareao
flows. Speed (2001) observed orthopyroxene as the dominant ferromagnesian phenocryst in
Waiohau Eruptive Episode pyroclastics and lavas (including Kanakana and Eastern domes),
occurring in association with trace amounts of calcic amphibole. Speed (2001) also noted

trace amounts of cummingtonite in Kanakana Dome.

The Waiohau Tephra was noted by Cole (1966) to be typified by the minerals orthopyroxene
* hornblende, with traces of augite in the top of the unit due to contamination from the
overlying tephra sequence. Lowe (1988) also noted augite in the Waiohau Tephra and
Froggatt and Lowe (1990) assigned the tephra a dominant ferromagnesian assemblage of

orthopyroxene + hornblende * augite.
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3.8.4 Kaharoa Eruptive Episode

During the Kaharoa Eruptive Episode rhyolite lavas were erupted from vents along ~ 6 km
of the TLVZ. The samples obtained of lavas erupted in this episode range from poorly
vesicular rhyolites to poorly to moderately vesicular pumiceous rhyolites. Vesicles are
elongated or stretched due to flow and when quench crystals are present in the glass
groundmass they are aligned with this. The glass groundmass of these rhyolites is

commonly cracked and the spherulite content is minor.

With the exception of Green Lake Plug the rhyolites of this episode have high phenocryst
contents (~24 - 26%). All rhyolites have ferromagnesian phenocryst assemblages dominated
by biotite. Calcic amphibole and orthopyroxene may or may not be present in small

amounts.

The Kaharoa Tephra was given the ferromagnesian assemblage of orthopyroxene +
hornblende * biotite by Froggatt and Lowe (1990), which is consistent with the rhyolite
domes. Leonard (1999) noted that the products of the Kaharoa episode contain rare

cummingtonite.

39 ROTORUA VOLCANIC COMPLEX RHYOLITES

3.9.1 Groundmass Textures

Petrographic descriptions of the Rotorua Volcanic Centre rhyolites are given in Appendix IV
(Table TV.4).  All samples are hypocrystalline and vitrophyric with phenocrysts set in a
glass groundmass. The oldest rhyolites erupted from the Rotorua Volcanic Centre (hr;) have
either a crystallised, spherulitic glass groundmass or comprise perlitically cracked non-
vesicular glass (obsidian) with abundant spherulitic material. Alignment and morphology of
spherulitic material commonly suggests the flow direction. Hamurana Dome was found by

(Crosby, 1998) to be lithophysal, although such features were not observed in this study.

Intermediate age rhyolites erupted from the Rotorua Volcanic Centre (hr,) exhibit a range of
groundmass textures - crystallised and spherulitic glass, non-vesicular glass containing

spherulitic material (spherulitic obsidian), and moderately vesicular glass with vesicles
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elongated or stretched due to flow (pumiceous rhyolite). Where present, quench crystals

show an alignment.

The youngest rhyolites erupted from the Rotorua Volcanic Centre (hrs) are comprised of
either crystallised, spherulitic glass or are pumiceous in hand specimen and comprise poorly
vesicular glass with vesicles elongated or stretched due to flow. In pumiceous samples the

glass groundmass is cracked and no spherulitic material is present.
3.9.2 Phenocryst Assemblages

Point counting results and ferromagnesian phenocryst assemblages for the Rotorua Volcanic
Centre rhyolites are given in Appendix III (Table IIL.1). Average phenocryst contents and
ferromagnesian phenocryst assemblages are given diagrammatically for the Rotorua
Volcanic Centre rhyolites in Figure 3.13. Overall the rhyolites contain ~3.5 - 30% total
phenocrysts. There is a correlation between phenocryst content and ferromagnesian mineral
assemblage, with the most phenocryst-rich rhyolites generally containing significant

amounts of biotite.

The hr, rhyolites have a range in phenocryst contents from ~3.5 - 23%, being most
phenocryst poor in the southern rhyolites of Tokorangi and Hemo Gorge and most
phenocryst rich in the western rhyolite of Endean Road. The northern rhyolite of Hamurana
has an intermediate phenocryst composition. Endean Road has a ferromagnesian phenocryst
assemblage of orthopyroxene + calcic amphibole + biotite, with biotite occurring in
significant quantities. Hamurana contains orthopyroxene + calcic amphibole. The southern
phenocryst-poor rhyolite of Tokorangi contains only orthopyroxene. The sample of Hemo
Gorge contains only plagioclase, quartz and Fe-Ti oxides as phenocrysts and therefore
cannot be assigned a ferromagnesian phenocryst assemblage. The hr, rhyolites of Umurua
and Fryer Road were not sampled in this study. Point counting by Dravitzki (1999) gives the
Umurua rhyolite a biotite + orthopyroxene + calcic amphibole ferromagnesian phenocryst
assemblage, similar to that for the adjacent Endean Road rhyolite. Milner (2001) observed
orthopyroxene as the only ferromagnesian phenocryst type in the Fryer Road rhyolite,

comparable to the adjacent Hamurana rhyolite.

The hr, rhyolites are relatively phenocryst poor containing ~ 4 - 9% phenocrysts. These
rhyolites are quartz poor containing generally only trace amounts. Orthopyroxene is the

dominant and often only ferromagnesian mineral present. Calcic amphibole may be present
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Figure 3.13: Phenocryst characteristics of the Rotorua Volcanic Centre rhyolites. A) Average
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assemblage.
ferromagnesian minerals. Rotorua Caldera Boundary Fault from Thompson (1974).
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in trace amounts. Dravitzki (1999) sampled many of the domes of the Ngongotaha and
Pukehangi dome complexes that were not sampled in this study, finding orthopyroxene to be
the dominant ferromagnesian phenocryst. Summit Dome (Ngongotaha) was found to
contain biotite, and Te Miri Dome (Pukehangi) also contains calcic amphibole and biotite.
This is in contrast to the sample of Te Miri Dome obtained in this study which contained
only orthopyroxene. Dravitzki (1999) considered that the Summit and Te Miri domes are the
last domes erupted from the Ngongotaha and Pukehangi complexes respectively, hence
providing a possible explanation for their more diverse ferromagnesian assemblages. Milner
(2001) notes that the Pukeroa Hill rhyolite contains orthopyroxene as the only

ferromagnesian phenocryst type, similar to the other hr, rhyolite lavas.

The hr; rhyolites are relatively phenocryst rich containing ~29 - 30% phenocrysts and are
quartz rich relative to the hr, rhyolites. The Hinemoa Point and Vaughan Road domes
contain biotite + calcic amphibole + orthopyroxene. Mokoia Island lacks biotite and has a

calcic amphibole + orthopyroxene assemblage.

3.10 KAPENGA VOLCANIC COMPLEX RHYOLITES

3.10.1 Groundmass Textures

Petrographic descriptions of the Kapenga Volcanic Centre rhyolites are given in Appendix
IV (Table IV.5). All samples are hypocrystalline and vitrophyric with phenocrysts set in a
glass groundmass. The oldest rhyolites erupted from the Kapenga Volcanic Centre (hk,)
have either a crystallised, spherulitic glass groundmass or comprise highly cracked non-
vesicular glass (obsidian) with abundant spherulitic material. Alignment and morphology of
spherulitic material commonly suggests the flow direction. Quench crystals are abundant in

the obsidian and are aligned.

The youngest rhyolites erupted from the Kapenga Volcanic Centre (hk;) exhibit two
groundmass textures - crystallised, spherulitic glass and poorly to moderately vesicular glass
with vesicles elongated or stretched due to flow (pumiceous rhyolite). The pumiceous lavas
contain no spherulitic material. The flow direction in these lavas may be suggested by

alignment of spherulitic material, stretching of vesicles or bands of quench crystals.
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3.10.2 Phenocryst Assemblages

Point counting results and ferromagnesian phenocryst assemblages for the Kapenga Volcanic
Centre rhyolites are given in Appendix III (Table III.1). Average phenocryst contents and
ferromagnesian phenocryst assemblages are given diagrammatically for the Kapenga
Volcanic Centre rhyolites in Figure 3.14. Overall the rhyolites contain ~ 5.5 - 29%
phenocrysts and again there is a correlation between phenocryst content and ferromagnesian
mineral assemblage, with the most phenocryst-rich rhyolites containing significant amounts

of biotite.
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Figure 3.14: Phenocryst characteristics of the Kapenga Volcanic Centre rhyolites. A) Average
phenocryst content as a percentage of the total rock. B) Ferromagnesian phenocryst assemblage.
North Haparangi Ridge rhyolite contains < 10% phenocrysts and the only ferromagnesian phenocryst
present is orthopyroxene. Outlines of the Kapenga Volcanic Centre according to Wilson et al. (1984)
and Houghton et al. (1995).
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The hk, rhyolites have a range in phenocryst contents from ~ 5.5 - 15%. These rhyolites
contain orthopyroxene as the dominant ferromagnesian phenocryst. Horohoro, Tumunui and
Waikorapa also contain varying amounts of calcic amphibole. Waikorapa contains trace

amounts of biotite.

The hk, rhyolites are phenocryst rich compared to the hk; rhyolites, containing ~ 23 - 29%
phenocrysts. The ferromagnesian phenocryst assemblage of these rhyolites is dominated by
biotite with lesser amounts of calcic amphibole and orthopyroxene. The exception is
Ongahoro in which calcic amphibole is the dominant ferromagnesian mineral. Dome 1 was
not sampled in this study, although Gaston (1991) showed it to have a similar mineralogy to

the other hk, rhyolites.

3.11 XENOLITHS

Xenoliths were found in three of the rhyolite lavas obtained in this study, all of which were
erupted from the Okataina Volcanic Centre. Based on texture and mineralogy they appear to
be of basaltic composition. They occur in the North Rotoma (ho;), Te Koutu (ho; -
Haroharo) and Green Lake Plug (ho; - Tarawera) rhyolites and range in size from 9-15 mm.
The boundary between these xenoliths and the surrounding rhyolite lava is sharp and may be
a site of spherulite nucleation in the rhyolite lava. The basalt xenoliths are hypocrystalline
and porphyritic with a fine-grained intergranular groundmass comprised of plagioclase

feldspar, pyroxene, Fe-Ti oxides and olivine with small amounts of glass.

The North Rotoma xenolith contains sparse phenocrysts, which are < 1 mm in length, of
plagioclase feldspar, pyroxene, corroded/resorbed amphibole and Fe-Ti oxides. One very
large plagioclase clot, 7.5 mm in length, is out of character for the otherwise fine-grained
xenolith. The crystals comprising this clot are subhedral and show resorption features and
internal melting. The xenolith found in the Te Koutu Flow contains phenocrysts up to | mm
in length with the most common being clinopyroxene. Plagioclase phenocrysts are highly
resorbed and some have been completely resorbed so all that remains is a brown glass
occupying the prismatic shape of the phenocryst. The Green Lake Plug xenolith contains
phenocrysts of olivine and pyroxene up to 1.5 mm in length. Quartz phenocrysts up to
1.75 mm have embayed and resorbed margins. Plagioclase phenocrysts are up to 1 mm.
Some are highly resorbed and have a sieve-like texture while others have been entirely

resorbed and a brown glass is all that remains.
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The existence of quartz crystals in these olivine-bearing basaltic xenoliths suggests that the
quartz is xenocrystic. The resorbed nature of the quartz, as well as the resorption seen in
plagioclase and amphibole phenocrysts, suggests these crystals were out of equilibrium with

the crystallising magma and hence the plagioclase and amphibole may also be xenocrystic.

Brown et al. (1998a) and Burt et al. (1998) discuss the nature and occurrence of plutonic
lithics in ignimbrites derived from the Taupo Volcanic Zone and Okataina Volcanic Centre
respectively. Rare crystal clusters observed in rhyolites obtained in this study show textural
and mineralogial similarities to plutonic lithics documented by Brown et al. (1998a) and Burt
et al. (1998). They have an equigranular texture and may exhibit intergrowth textures

similar to those that are most commonly seen in plutonic rocks.

A crystal cluster found in the Tutaeheka 3 rhyolite (ho,) is equigranular with fine grained
crystals, most of which are < 0.25mm in length. The fine-grained nature of these crystals
compared to the phenocrysts in the rhyolite lava suggests that this is not simply a phenocryst
clot. The crystals are comprised of roughly equal amounts of plagioclase feldspar and
amphibole (hornblende), with very small amounts of Fe-Ti oxides and apatite, and are
subhedral to euhedral in shape. The cluster is 8§ mm in length and has an irregular boundary

with the surrounding rhyolite.

The mineralogy and texture of this crystal cluster is similar to fine grained microdiorite
fragments found in the Rotoiti Ignimbrite and small (< 2 mm) mafic fragments found within
the Earthquake Flat Ignimbrite (Burt et al., 1998). Both of these fragment types contain
hornblende as the dominant mafic phase. Chemically and isotopically these fragments are
very similar to Taupo Volcanic Zone high alumina basalts and andesites and are therefore
interpreted as their plutonic equivalents. The differing mineralogy (Taupo Volcanic Zone
high alumina basalts and andesites contain pyroxene as the dominant mafic phase) is a
consequence of crystallisation under high Pu,0 conditions (PH,0 = Prqy) at relatively shallow

levels in the crust (< 2 kbar pressure, < 6 km depth) (Burt et al., 1998).

Two equigranular crystal clusters were seen that exhibit intergrowth textures. The
Waikorapa rhyolite (hk;) contains a cluster of feldspar and quartz with apparent graphic,
myrmekitic and perthitic intergrowths between quartz and alkali feldspar, quartz and
plagioclase feldspar and two feldspar species respectively. Without electron microprobe
analyses the species involved in the intergrowths cannot be positively determined. The

cluster is 5 mm in length and has an irregular boundary with the surrounding rhyolite lava,
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on which spherulites have nucleated. The cluster is medium-grained with subhedral to
anhedral crystals. Rotomahana Dome (ho; - Tarawera) contains a cluster of crystals 2.5 mm
in length comprising feldspar exhibiting apparent perthitic intergrowth textures. Small
flakes of biotite (< 0.25 mm) occur in the centre of the cluster and appear to be intergrown
with the plagioclase. ~Sparse Fe-Ti oxides, quartz and amphibole are also present.
Plagioclase crystals around the edge of the cluster are subhedral. Plagioclase crystals in the
interior of the cluster, along with biotite, Fe-Ti oxides, quartz and amphibole are generally

anhedral.

Burt et al. (1998) document granitoid lithic fragments within the Rotoiti Ignimbrite that have
a similar mineralogy and show similar intergrowth textures. Lowenstern et al. (1997) note
that degassing of a shallow magma, perhaps due to eruption of a portion of the magma or
migration towards the surface, forces undercooling of the magma. As a result, feldspar and

quartz intergrowths may crystallise from the magma remaining in the intrusion.

Similar processes of formation to those suggested for microdiorite and granitoid lithic
fragments in the ignimbrites can be invoked for the crystal clusters observed in the rhyolite
lavas. In the absence of any chemical or isotopic data for the crystal clusters seen in the
Waikorapa rhyolite and Rotomahana Dome, it is unknown whether they represent chilled
portions of the same magma or whether they are true xenoliths. However, their rarity may
suggest a xenolithic origin. The implications of the nature and composition of lithic
fragments in ignimbrites for the evolution of the Okataina Volcanic Centre will be discussed

further in Chapter Seven.

3.12 FERROMAGNESIAN ASSEMBLAGES OF ASSOCIATED PYROCLASTIC ERUPTIVES

The ferromagnesian assemblages of the pyroclastics erupted in association with rhyolite
lavas (hos) during the post-caldera eruptive sequence at the Okataina Volcanic Centre have
already been discussed for each eruptive episode (sections 3.6 - 3.8). Pyroclastics erupted
earlier in caldera-forming and caldera-modifying eruptions at Okataina have similar

ferromagnesian assemblages to the ho, and ho, rhyolite lavas.

The Quartz-Biotite Ignimbrite (tuffs) contains abundant biotite in addition to hornblende and
orthopyroxene (Nairn, 1981a), which is a similar assemblage to the ho, southern Wairua

rhyolite. Pumice clasts in the Matahina Ignimbrite contain orthopyroxene and, towards the
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top of the unit, hornblende (Carr, 1984). This assemblage is similar to some of the
northeastern and western ho, rhyolites. Bailey and Carr (1994) also note the occurrence of
rare clinopyroxene in the Matahina Ignimbrite. Studies of the Onuku-Pokopoko pyroclastics
(Nairn, 1989; Crosby, 1998) have shown them to have a similar assemblage of
orthopyroxene * calcic amphibole. The Kawerau Ignimbrite also has a similar assemblage
with pumice clasts containing hornblende + orthopyroxene, with less than 1% of the clasts

erupted being of dacitic composition and also containing augite (Beresford and Cole, 2000).

Schmitz (1995) observed cummingtonite to be the dominant ferromagnesian mineral in the
Rotoiti Ignimbrite, which also contains smaller amounts of orthopyroxene and calcic
amphibole, and biotite in upper units. The ho; North Rotoma rhyolite has a ferromagnesian
assemblage similar to the Rotoiti Ignimbrite. This may be coincidence or perhaps the North
Rotoma rhyolite, located on the northern edge of the Rotoma caldera that is attributed to the

Rotoiti Ignimbrite eruption, is genetically related to this ignimbrite.

Smith (2001) discusses ferromagnesian assemblages for the Mangaone Pyroclastics
Subgroup tephras. All tephras contain orthopyroxene. Calcic amphibole dominates the
ferromagnesian mineralogy of Unit A and Unit B and is abundant in Units G - L. It is found
in lesser proportions in the Pupuwharau and Pongakawa tephras and Unit E, and is scarce in
Unit D and Unit F. Clinopyroxene is found in the Pupuwharau and Pongakawa tephras,
Units D - F and occasionally in Unit A and Unit B. Biotite is very rare and was observed in
trace amounts in Unit E. A mineralogical feature of the Mangaone Pyroclastics Subgroup is
the occurrence of clinopyroxene only in the older units (Units A - F). These ferromagnesian
assemblages for the Mangaone Pyroclastics are similar to some of the younger hos rhyolites
comprising the Haroharo Volcanic Complex. However, the Mangaone Pyroclastics do not
contain cummingtonite, which dominates Haroharo Volcanic Complex assemblages, and the

rhyolite lavas lack clinopyroxene.

None of the previously mentioned pyroclastic eruptives are known to have a source in the
southwestern Okataina Volcanic Centre and for this reason, despite possible mineralogical
similarities, it is considered unlikely that they are genetically related to the ho, rhyolite lavas
in this area. Bellamy (1991) used mineralogical similarities between the Te Wairoa
Ignimbrites, outcropping in this area, and the non-biotite bearing ho, Moerangi rhyolites to
suggest a genetic relationship. The biotite-bearing ho, rhyolites have similar ferromagnesian
assemblages to the Earthquake Flat Ignimbrite (Naim, 1981a; Froggatt and Lowe, 1990),

erupted in an area adjacent to the southwestern Okataina Volcanic Centre that is considered
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to be part of the Kapenga Volcanic Centre. This is one of the lines of evidence for
associating these rhyolite lavas with the Kapenga Volcanic Centre. The hk, rhyolite lavas

also have ferromagnesian assemblages similar to the Earthquake Flat Ignimbrite.

The caldera-forming ignimbrites erupted from the Kapenga Volcanic Centre generally have
ferromagnesian assemblages dominated by orthopyroxene. In addition, the Tikorangi and
Waiotapu Ignimbrites contain clinopyroxene (augite) and rare hornblende (Bowyer, 1997;
Ritchie, 1996; Lynch-Blosse, 1998; Hildyard et al.,2000), the Pokai Ignimbrite contains
augite (Lynch-Blosse, 1998) and the Waihou Ignimbrite contains small amounts of augite
and hornblende (Lynch-Blosse, 1998). Langridge (1990) noted that the Ohakuri Ignimbrite
contains orthopyroxene and calcic amphibole, and that biotite is an important mineral in
upper parts. Murphy and Seward (1981) and Spinks (1998) note that the abundance of
hornblende is a characteristic feature of the Rahopaka Ignimbrite. These assemblages are
consistent with the hk, rhyolites which have assemblages dominated by orthopyroxene and

calcic amphibole.

Lynch-Blosse (1998) observed that orthopyroxene is the dominant ferromagnesian mineral
in the Waimakariri Ignimbrite and that biotite occurs in trace amounts. This assemblage is
comparable to the hr; Endean Road rhyolite. Milner (2001) observed that orthopyroxene is
the dominant ferromagnesian mineral in the Mamaku Ignimbrite and that clinopyroxene
(augite) and calcic amphibole occur in generally trace amounts. This is comparable to the
hr, rhyolite lavas. In addition, the low phenocryst contents of Mamaku Ignimbrite pumice
clasts (4 - 7 %) are comparable to low phenocryst contents in the hr, rhyolite lavas. No
pyroclastic eruptives have been identified from the Rotorua Volcanic Centre that match the
biotite dominant ferromagnesian assemblage of the hr; Hinemoa Point and Vaughan Road
domes. Dravitzki (1999) used mineralogical similarities between the Paradise Valley

Ignimbrites and the hr; rhyolites to suggest a genetic relationship.
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4.1 INTRODUCTION

A study of the major and trace element compositions of rhyolite lavas can provide important
information for identifying magma batches, assessing magma source characteristics, and
determining evolutionary paths. This chapter examines the geochemistry of rhyolite lavas
from the Okataina, Rotorua and Kapenga volcanic centres, and attempts to distinguish lavas
both within and between volcanic centres, and to place them into spatial and temporal

groups.

Major and trace element X-ray Fluorescence (XRF) analyses were obtained for 113 rhyolite
lava samples from the Okataina, Rotorua and Kapenga volcanic centres (Appendix V, Table
V.1). These analyses have been used to classify the lavas as dominantly peraluminous,
medium-K calc-alkaline rhyolites and have formed the basis of a division of the lavas into
possible magma batches. In addition, 43 of these samples, representative of different
rhyolite groups identified by age, ferromagnesian phenocryst assemblages and whole rock
geochemistry (XRF), were analysed by Laser Ablation, Inductively Coupled Plasma Mass
Spectrometry (LA-ICPMS) for trace and rare earth elements (Appendix V, Table V.1).

Geochemical data available in the literature for the caldera-forming ignimbrites and
pyroclastics erupted in association with the lavas have also been used and compared with

data obtained in this study.

4.2 SUMMARY OF RHYOLITE LAVA GEOCHEMISTRY

This chapter presents new geochemical data for the rhyolite lavas erupted from the
Okataina, Rotorua and Kapenga volcanic centres. Representative samples were analysed for
whole rock major and trace elements by XRF (113 samples), and trace and rare earth

elements by LA-ICPMS (43 samples).
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4.2.1 Geochemical Characteristics

SiO; contents for the majority of rhyolite lavas sampled from the Okataina, Rotorua and
Kapenga volcanic centres range from = 73 - 78 wt. %, and the lavas are classified as
medium-K calc-alkaline rhyolites (Figure 4.5). On the basis of Shand’s index the lavas are

predominantly peraluminous (Figure 4.5).

Chondrite-normalised multi-element patterns (Figure 4.1) show enrichment in large-ion
lithophile elements (eg. Ba, Rb, Th and K) relative to the high-field-strength elements (eg.
Sm, Zr and Hf) and depletion in Nb, P and Ti. These features are typical of arc-related
magmas (Pearce, 1983; Wilson, 1989; Pearce and Peate, 1995). The patterns may be
controlled at least in part by fractionation of minerals seen in the phenocryst and accessory
assemblage of these lavas, and modeling of possible crystal fractionation and other
magmatic processes is discussed in Chapter Six. Rhyolite lavas from the Okataina, Rotorua
and Kapenga volcanic centres overlap in their trace element abundances and chondrite-

normalised multi-element patterns.

Chondrite-normalised REE abundance patterns (Figure 4.1) are typical of TVZ silicic
eruptives observed in other studies (e.g. Reid, 1983; Briggs et al., 1993; Brown, 1994;
Beresford, 1997; Wright, 2000), characterised by a strongly enriched light REE pattern with
steep slopes (Lan/Smy = 2.82 - 5.43), a pronounced negative Eu anomaly (Eun/Eun* = 0.43 -
0.86), and flat heavy REE pattern (Gdn/Yby = 0.99 - 1.34). Generally the most REE
depleted lavas have the smallest negative Eu anomalies. Overall, there is no systematic
correlation between Eu anomaly and SiO,. However, increasing Eu anomalies are
accompanied by increasing Rb/Sr. The negative Eu anomaly is generally attributed to
fractionation of plagioclase feldspar. It is unlikely that the fractionation of calcic amphibole
and orthopyroxene alone could produce the strong enrichment in light REE relative to heavy
REE, and hence this is largely attributed to fractionation of the accessory phases zircon and
apatite. REE abundances and chondrite-normalised patterns for Okataina, Rotorua and

Kapenga lavas overlap (Figure 4.1).

4.2.2 Okataina Volcanic Centre

Rhyolite lavas erupted over time at the Okataina Volcanic Centre (ho,, ho,, hos) have similar

major, trace and rare earth element compositions. There are no systematic changes in
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composition over time that would suggest the lavas have tapped a single, magma body
evolving in the crust. Analysing the data for each age group and volcanic complex
separately has facilitated characterisation of individual magma types. A number of elements
and element ratios have been plotted, but it was found that Rb and Zr are the most suitable
elements for characterising the magma types, and they are therefore used in this summary.
Rb is one of the most incompatible elements, and Zr is compatible, in these zircon-bearing
rhyolite lavas. Characterisation of magma types using these elements allows use of the

larger XRF data set.
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Figure 4.1: Range in chondrite-normalised a) multi-element (spider) patterns (normalisation
values from Thompson et al., 1984), and b) REE abundance patterns (normalisation values
from Boynton, 1984) for the Okataina, Rotorua and Kapenga rhyolite lavas.
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4.2.2.1 The ho, rhyolite lavas

There are no distinct groupings in major or trace element compositions for the ho, rhyolite
lavas that coincide with either spatial position or ferromagnesian phenocryst assemblage
(Figures 4.2, 4.6 and 4.7). Hence geochemistry cannot be used as a means to identify
magma types for the lavas of this age group. Some of the orthopyroxene and calcic-
amphibole bearing ho, lavas have major and trace element compositions similar to pumice
clasts from the Matahina Ignimbrite (Carr, 1984; Figures 4.6 and 4.7). This group of
samples shows a reduction in Zr and an increase in Rb with increasing SiO,, trends that are
typical of fractional crystallisation processes involving the phenocryst and accessory phases
in these lavas. Hence, on the basis of available major and trace element contents, these
lavas and the Matahina Ignimbrite may record the evolution of a single magma body beneath

the OVC during this time period.

4.2.2.2 The ho, rhyolite lavas

The ho, lavas fall into two geochemical groups that coincide with ferromagnesian
phenocryst assemblages (Figures 4.2, 4.9 and 4.10). The biotite-bearing lavas have lower Zr
than the biotite-free/poor lavas. Within each of the two groups a reduction in Zr and an
increase in Rb accompany increasing SiO,, trends typical of fractional crystallisation
processes involving the phenocryst and accessory phases in these lavas. REE abundance
patterns for the two groups are distinct (Figure 4.11), with biotite-bearing lavas having
lower REE abundances. However, there is a lack of consistent trends in REE compositions,
or SiO; content, between the two groups. These geochemical characteristics provide support
for the existence of two separate magma types, initially suggested by ferromagnesian
phenocryst assemblages. The biotite-bearing lavas have comparable major and trace element
compositions to the Earthquake Flat Ignimbrite (Davis, 1985; Figures 4.9 and 4.10) and hk,
rhyolite lavas (Figure 4.31). The biotite-free/poor lavas have comparable major and trace
element compositions to the Te Wairoa Ignimbrites (Bellamy, 1991; Figures 4.9 and 4.10).
Although the Rotoiti Ignimbrite was also erupted at this time it is geochemically distinct
(particularly in terms of incompatible elements) from the ho, rhyolite lavas (Schmitz, 1995;
Figures 4.9 and 4.10). Hence the ho, and hk, lavas, and geochemically associated
pyroclastics, may record the evolution of two spatially adjacent magma bodies beneath the

southwestern OVC - northeastern KVC during this time period.
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Figure 4.2: Rb vs. Zr plots for ho, and ho, rhyolite lavas from the Okataina Volcanic Centre.

4.2.2.3 Haroharo Volcanic Complex ho; rhyolite lavas

There are no systematic trends in major and trace element compositions over time in the
Haroharo Volcanic Complex rhyolite lavas. Within the lavas erupted in each episode,
geochemical groups can be identified which correspond with vent position (Figures 4.3, 4.12

and 4.13). The lavas erupted in the Te Rere episode (from a single vent) have very similar
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Figure 4.3: Rb vs. Zr plots for Haroharo, Okareka and Tarawera volcanic complex rhyolite

lavas from the Okataina Volcanic Centre.

118



Chapter Four: Geochemistry

compositions in terms of all major and trace elements. During the Rotoma episode, lavas
erupted in the Rotoma caldera have higher Zr than lavas erupted in the northern Haroharo
caldera. During the Mamaku episode the Waiti Lava Flow (vent area 2) has lower Rb and
higher Zr than the lavas erupted from vent areas 1 and 3, which have overlapping major and
trace element compositions. Whakatane episode lavas erupted from vent area 2 have higher
Zr than the group of lavas erupted from vent area 1. Tikorangi Dome (vent area 4) has
higher Zr and lower Rb than all other lavas erupted during this episode. REE abundance
patterns for Haroharo lavas are very similar and no distinction can be made between the
Rotoma, Mamaku and Whakatane episodes (Figure 4.14). One lava erupted in the Te Rere
episode has a slightly enriched REE pattern. While there are no systematic trends in lava
compositions over time for the Haroharo Volcanic Complex as a whole, lavas erupted from
vent areas 1+3 and 2 during the Mamaku and Whakatane eruptive episodes show
compositional changes typical of fractional crystallisation of the observed phenocryst and
accessory phases. A comparison of the geochemical data available in the literature (Wright,
2000) shows lavas and pyroclastics erupted in each of the Rotoma and Mamaku episodes

have comparable major and trace element compositions.

4.2.2.4 Okareka Volcanic Complex ho; rhyolite lavas

At the Okareka Volcanic Complex, lavas erupted during the Rotorua episode have very
similar major and trace element compositions (Figures 4.18 and 4.19). They have high Rb
and low Zr compared to Te Rere episode lavas (Figure 4.3). Such compositional changes in
addition to differences in REE abundance patterns (Figure 4.20) suggest that the Rotorua
and Te Rere episode lavas may be genetically related by fractional crystallisation of the

observed phenocryst and accessory phases.

4.2.2.5 Tarawera Volcanic Complex hoj; rhyolite lavas

There are no systematic trends in major and trace element compositions over time in the
Tarawera Volcanic Complex rhyolite lavas (Figures 4.3, 4.21 and 4.22). Lavas erupted
during the Okareka episode differ in many of their major and trace element compositions,
particularly SiO,, but have similar Rb and Zr contents (Figure 4.3). During the
Rerewhakaaitu episode three groups of lavas were erupted that correspond with
ferromagnesian phenocryst assemblages. A low Rb, high Zr group comprises samples of

Western Dome, which contains only trace biotite. A high Rb, intermediate Zr group
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comprises samples of Rotomahana Dome and the Te Puha Flow, which contain significant
amounts of biotite. A biotite-free, phenocryst poor sample from the Te Puha Flow
comprises the third group with the lowest Zr content. These two latter groups are consistent
with previous studies that have observed an intimate mingling between two lava types in the
Rerewhakaaitu eruptives (Cole, 1966; 1970a). Rhyolite lavas erupted during the Waiohau
episode cluster together with very similar compositions for all major and trace elements.
Rhyolite lavas erupted during the Kaharoa episode generally cluster together with very
similar compositions for all major and trace elements. The exception is a sample taken from
Green Lake Plug, which has high Rb and low Zr. REE abundance patterns for Tarawera
lavas are very similar and are neither distinct for particular eruptive episodes nor biotite-
bearing and biotite-poor/free lavas (Figure 4.23). Geochemical differences between eruptive
episodes, in association with mineralogical differences, suggest that eruptions at Tarawera
may have tapped a number of discrete magma types. A comparison of the geochemical data
available in the literature (Leonard, 1999; Speed, 2001) shows lavas and pyroclastics
erupted in each of the Waiohau and Kaharoa episodes have comparable major and trace

element compositions.

4.2.3 Rotorua Volcanic Centre

There are no systematic trends in major and trace element compositions over time in the
Rotorua Volcanic Centre rhyolite lavas that would suggest the lavas have tapped a single,
magma body evolving in the crust (Figures 4.4, 4.27 and 4.28). Instead, the lavas appear to
have tapped several individual magma types, which can be characterised by their major and

trace element compositions, and are summarised here using Rb and Zr abundances.

4.2.3.1 The hr, rhyolite lavas

The hr, rhyolites have a wide range in composition (Figures 4.4, 4.27 and 4.28). Samples
from the Tokorangi and Hemo Gorge lavas on the southern rim of the RVC have lower Zr
than the Endean Road and Hamurana rhyolites, and are geochemically similar to hk,; lavas
erupted from the Kapenga Volcanic Centre (Figure 4.4). Comparable major and trace
element compositions for some of the hr; lavas and the Waimakariri Ignimbrite (Lynch-

Blosse, 1998; Figures 4.27 and 4.28) may suggest the lavas represent the eruption of
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degassed magma following the ignimbrite eruption, and support a Rotorua source for the

Waimakariri Ignimbrite.
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Figure 4.4: Rb vs. Zr plots for rhyolite lavas from the Rotorua and Kapenga volcanic centres.
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4.2.3.2 The hr, rhyolite lavas

The hr;, rhyolites have very similar major and trace element compositions (Figures 4.4, 4.27
and 4.28). The rhyolite dome at Kawaha Point has a composition indistinguishable from the
Ngongotaha-Pukehangi lavas. This lends support to the theory that these rhyolites are all
part of an extensive, partially buried rhyolite volcano complex. Geochemical similarities
between the hr, rhyolite lavas and the Mamaku Ignimbrite (Milner, 2001; Figure 4.30), in

association with mineralogical similarities, support a genetic relationship.

4.2.3.3  The hr; rhyolite lavas

The hr; rhyolites fall into two geochemical groups that coincide with ferromagnesian
phenocryst assemblages (Figures 4.4, 4.27 and 4.28). The biotite-bearing lavas have lower
Zr and Rb contents than the biotite-free lava, suggesting two magma types may have been

tapped during these most recent eruptions from the RVC.

4.24 Kapenga Volcanic Centre

The two groups of rhyolite lavas erupted from the Kapenga Volcanic Centre (hk,, hk,) differ
in their major and trace element compositions (Figures 4.4, 4.31 and 4.32) and there is no

geochemical evidence to suggest a genetic relationship between these two groups of lavas.

4.2.4.1 The hk, rhyolite lavas

There are no distinct groupings in major or trace element compositions for the hk; rhyolite
lavas that coincide with spatial position (Figures 4.4, 4.31 and 4.32). Geochemical
similarities to the Tokorangi and Hemo Gorge rhyolites, previously classed as hr,, may
suggest a genetic relationship. The Upper Atiamuri rhyolites, which lie on or just beyond
the southwestern edge of the Kapenga Volcanic Centre, have compositions with notably
higher Zr than the hk, rhyolites. The hk,, Tokorangi and Hemo Gorge rhyolites show
geochemical similarities to the Pokai Ignimbrite (Karhunen, 1993; Lynch-Blosse, 1998;
Figure 4.34).
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4.2.4.2 The hk; rhyolite lavas

The hk; lavas have similar major and trace element compositions to the biotite-bearing ho,
rhyolites erupted in the southwestern OVC and the EQF Ignimbrite (Davis, 1985; Figure
4.34), suggesting a genetic relationship.

Hence, geochemical data for rhyolite lavas erupted from the Okataina, Rotorua and Kapenga
volcanic centres show no clear trends over time and do not suggest that each of these centres
has tapped a large progressively evolving magma body. Instead the data suggest that
eruptions from each of these centres have tapped a number of smaller, discrete magma types.
In some cases, spatially and/or temporally associated magma types may have similar
geochemical characteristics, but differ in their ferromagnesian phenocryst assemblages.
This may be due to differences in the intensive parameters of the magmas (eg. temperature,
pressure, oxygen fugacity, water content), which are discussed further in Chapter Five.
Geochemical variations between spatially and/or temporally associated magma types will be

discussed further and modeled in Chapter Six.

4.3 ANALYTICAL TECHNIQUES

Major and trace element concentrations were determined at the University of Canterbury by
X-ray Fluorescence spectrometry (XRF), using a Philips PW 2400 automatic X-ray
Fluorescence Spectrometer. Lithium tetraborate glass fusion beads (major element analysis)
and pressed powder pellets (trace element analysis) were prepared following the general
methods of Norrish and Hutton (1969). Volatile loss on ignition (LOI) was determined by
weight loss after fusing at 1000°C for 20 minutes. Estimates of analytical uncertainty for
major and trace elements determined by this machine are published in Weaver et al. (1990),

and are generally < 1% for major elements and < 5% for trace elements.

Trace and rare earth element concentrations were determined by Laser Ablation-Inductively
Coupled Plasma Mass Spectrometry (LA-ICPMS) at the Research School of Earth Sciences,
Australian National University, Canberra. Samples were prepared as Li-borate glasses
following standard procedures for fusion discs employed for XRF analyses. A pre-ignited
(dehydrated) 12:22 mixture of Li-tetraborate and Li-metaborate (Sigma Chemicals) was

used as a flux, in a 3:1 mixture with powdered sample. Analyses were preformed on a
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polished, scratch-free surface cut through the disc (cross section). The ArF (193nm)
EXCIMER laser sampling system and ICPMS instrumentation (Agilent 7500s) have been
described by Eggins et al. (1998a; 1998b). All standards and unknowns were analysed using
a scanning procedure (scanning across the glass with a 100um circular spot, at a laser pulse
repetition rate of 10 pulses/second, for a period of 120 seconds) which, when combined with
optimal laser power, produces precisely controlled ablation and delivers exceptionally stable
analyte signals to the ICPMS. Down-ablation pit element fractionation and the transient
variations in signal intensities associated with conventional laser ablation analysis are
circumvented. NIST 612 glass was used for external calibration of the instrument. BCR2g
glass was used as a secondary reference standard. ““Ca was employed as the internal
standard, based on CaO concentrations previously measured by XRF for the samples. Data
reduction was performed following the methods outlined by Longerich et al. (1996). Eggins
et al. (1998b) note that the limits of detection are typically in the range 0.2 - 2 ppb for most
high-mass elements (>80 amu) and 1 - 100 ppb for lower mass elements. Kamenetsky et al.

(2000) note an analytical precision in the range 1 - 5% for most elements.

For samples analysed by both XRF and LA-ICPMS methods, some of the trace element
analyses have been duplicated. In this study it was decided to use Rb, Ba, Zr and Sr
concentrations obtained from XRF analyses and all other trace elements and REE from
LA-ICPMS analyses. The analytical precision for Rb, Ba, Zr and Sr analyses by XRF is
good and hence the larger data set (113 samples) can be utilised. The remaining trace
elements and REE are more accurately determined by LA-ICPMS and in many cases the
detection limits are lower. Hence the smaller LA-ICPMS data set (43 samples) will be used
for these elements. Analyses for the major elements have been normalised to 100%, volatile
free (Appendix V, Table V.1). All further discussions of major element compositions,

including values plotted on variation diagrams, will involve these normalised values.

4.4 RHYOLITE CLASSIFICATION

One of the most useful classification schemes for fresh, unweathered, unaltered, non-
metamorphosed volcanic rocks is the total alkalis (Na,O + K,O) versus silica (Si0,) or TAS
diagram of Le Bas et al. (1986). Figure 4.5a shows the TAS diagram for lavas from the
Okataina, Rotorua and Kapenga volcanic centres. As expected, these lavas plot in the

rhyolite field. SiO, contents range from ~ 72.5 - 79.5 wt. % and total alkali contents range
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from ~ 5.7 - 8.0 wt. %. The K,O versus SiO, diagram of Le Maitre (1989) and Rickwood
(1989) classifies the lavas as medium-K calc-alkaline rhyolites (Figure 4.5b) with K,0O
contents ranging from ~ 2.0 - 3.8 wt. %. On the basis of Shand’s index (Maniar and Piccoli,
1989) the lavas are predominantly peraluminous (Figure 4.5c). On all classification
diagrams the compositions for lavas from the Okataina, Rotorua and Kapenga volcanic
centres overlap. Several samples show some scatter away from the main group, and this is
likely to be a result of post-depositional alteration processes such as weathering,
devitrification or hydrothermal alteration. A sample from the Kaipara Flow, Haroharo
Volcanic Complex (sample no. 145, indicated on Figure 4.5a), showed evidence in thin
section of hydrothermal alteration and has been omitted from further diagrams and

discussions of rhyolite geochemistry.

4.5 OKATAINA VOLCANIC CENTRE

The preparation of preliminary variation diagrams to display the geochemistry of rhyolite
lavas from the Okataina Volcanic Centre showed that lavas of the three age groups (ho,, ho,,
hos) overlap in their major and trace element compositions. Within the ho; rhyolites, lavas
from the Haroharo, Tarawera and Okareka volcanic complexes overlap in major and trace
element compositions. Hence geochemistry cannot be used to distinguish between rhyolite
lavas of these three age groups, or the ho; volcanic complexes, and there are no coherent
trends over time in major and trace element compositions. In addition, several groupings
were identified within the ho, and hos rhyolites that required further investigation.
Therefore, the geochemistry of rhyolite lavas from the Okataina Volcanic Centre will be
discussed for each age group, and for the hos; rhyolites for each volcanic complex,
individually. This will facilitate characterisation of magma batches erupted in each time

period and possible processes operating within these magma batches.
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4.5.1 The ho, Rhyolites

Major and trace element compositions for the ho, rhyolites are shown in Figures 4.6 and 4.7
respectively. These rhyolites have been divided into five groups based on spatial position
and ferromagnesian phenocryst assemblage (see section 2.2.2.2 and Figure 3.6) and have
SiO, compositions ranging from ~ 73.1 - 77.2 wt. %. There are no distinct groupings in
major or trace element compositions that coincide with either spatial position or

ferromagnesian phenocryst assemblage.

Two samples have anomalous high ALO; contents and this may be attributed to
weathering/alteration and the formation of secondary minerals, although this was not evident
in thin section. Anomalous geochemical compositions for rhyolite lavas (or scatter seen on
variation diagrams) may also be attributed to vapour-phase alteration and/or
crystallisation/devitrification of the lava during cooling. Samples of the ho, rhyolites
obtained were either completely or partially crystallised and spherulitic (discussed in
Chapter Three). Lipman (1965), Lofgren (1970) and Weaver et al. (1990) have investigated
the effects of devitrification on bulk rock chemistry. Lipman (1965) and Lofgren (1970)
noted that, in terms of the major elements, SiO,, Na,O, K,O and Al,O5 are particularly
affected. From a study of peralkaline silicic lavas Weaver et al. (1990) compared crystalline
and glassy samples from the same lava flow. Crystalline samples were found to have
suffered a loss in Na,0, F, Cl, Cs, Y and REE and a gain in Al,0;, MgO, and Sr. Changes
in bulk rock chemistry may also result from silicic glass hydration as Noble (1967) observed

that hydrated glasses have lower Na/K and silica contents.

Where multiple samples have been obtained from the same rhyolite lava, and include glassy
and crystallised/devitrified textures, a comparison of compositions can be made. A similar
calculation procedure was followed to that used in Weaver et al. (1990) where the
compositional differences are expressed as numbers of standard deviations. The standard
deviations given in Weaver et al. (1990) are referred to throughout the literature as being
indicative of analytical precision for the XRF spectrometer at the University of Canterbury.
The results of these calculations are given in Appendix V, Table V.3. The compositional
differences seen in the lavas of this study are not as great as those observed by Weaver et al.
(1990). This may in part be due to the dominantly peraluminous nature of these lavas,
although it is more likely to be due to a smaller degree of crystallisation/devitrification in

these samples than those studied by Weaver et al. (1990).
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In this study crystallised/devitrified portions of the rhyolite lavas were avoided where at all
possible during sample collection. In terms of the ho, lavas, glassy equivalents of the
crystallised samples obtained were not available and hence comparisons could not be made.
With the exception of a sample from Tutaeheka 3 (117) none of the lavas used in these
calculations can be classed as completely crystalline. Many contain only singular
spherulites or coalesced spherulites with interstitial areas remaining undevitrified. Hence
the compositional differences between glassy lavas and these partially crystallised lavas will
be much less obvious. From Table V.3 it would seem that whether an element is enriched or
depleted in these partially crystallised lavas is very much lava dependent and in many cases
the documented gains or losses equate to less than the standard deviation. Such small
variations may be due to minor compositional variations within the lava or analytical error,
and not devitrification of the glassy groundmass. Notably, some of the largest differences
are seen in the Tutacheka 3 lava. Hence, scatter on variation diagrams for lavas that show
some degree of crystallisation/devitrification (e.g. the ho, rhyolites) may be attributed to

variable gains and losses in major and trace elements due to the devitrification process.

It is thought that the biotite-bearing southern rhyolite (Wairua) and the biotite and
cummingtonite-bearing northeastern rhyolite (North Rotoma) are representative of two
magma compositions which are separate from that which erupted as the orthopyroxene and
calcic amphibole-bearing lavas (sometimes with small amounts of biotite) of this age group.
This division is based entirely on ferromagnesian phenocryst assemblages as no distinctions
can be made between these three groups geochemically. This distinction is somewhat
hindered by the lack of data for the two biotite-bearing lavas, with only one sample of each
rhyolite obtained. However, eleven samples are available from the orthopyroxene and calcic
amphibole-bearing lavas. The range in major element compositions within this group of
samples shows a reduction in Al,O;, TiO,, Fe,0; MgO, CaO and increase in K;O with
increasing SiO,, trends which are typical of fractional crystallisation processes involving the
phenocryst and accessory phases in these lavas. Na,O remains fairly constant over the range
in SiO, shown by these lavas. The range in trace element compositions within this group of
samples shows an increase in incompatible elements (Rb and Ba) and a decrease in
compatible elements (Sr and Zr) with increasing SiO,, trends which are also typical of
fractional crystallisation processes. Hence these lavas may record the evolution of a magma

batch beneath the Okataina Volcanic Centre during this time period.
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Of note is the wide range in compositions for samples from the Maungawhakamana rhyolite
(e.g. SiO, = 73.1 - 77.2 wt. %, Sr = 78 - 179 ppm). It has been noted previously that this
rhyolite, despite being treated as a single unit in this study, has been erupted from multiple
vents and is likely to be comprised of a number of individual flows and/or domes. The wide
range in major and trace element compositions supports this observation, and this edifice
may have been erupted over a period of time that allowed evolution of the magma between

eruptions.

Figure 4.8 shows chondrite-normalised multi-element (spider) and REE abundance patterns
for representative ho, rhyolite lavas. These patterns are typical for Taupo Volcanic Zone
(TVZ) silicic eruptives seen in other studies (e.g. Reid, 1983; Briggs et al., 1993; Brown,
1994; Beresford, 1997, Wright, 2000). The REE abundance patterns are characterised by a
strongly enriched light REE pattern with steep slopes (Lan/Smy = 3.23 - 5.43), a pronounced
negative Eu anomaly (Eun/Eun* = 0.54 - 0.86), and flat heavy REE pattern (Gdn/Yby = 1.01
- 1.33). The negative Eu anomaly seen in the lavas can be attributed to fractionation of
plagioclase feldspar, as it is the most abundant phenocryst phase and mineral/melt partition
coefficients for Eu in plagioclase range from ~ 2 - 5 (Arth, 1976; Nash and Crecraft, 1985),
significantly higher than for the other REE. One sample (110) shows a small negative Ce
anomaly, which was noted by Briggs et al. (1993) as a possible effect of weathering or

vapour-phase alteration.

In silicic melts accessory phases such as zircon and apatite may strongly influence the REE
pattern. Although they may be present in only small quantities, their very high partition
coefficients for the REE lead to a disproportionate influence on the REE pattern (Nagasawa,
1970; Arth, 1976; Watson and Green, 1981; Mahood and Hildreth, 1983; Henderson, 1984;
Rollinson, 1993). Both of these mineral species are found as accessory phases in the
rhyolite lavas of the Okataina, Rotorua and Kapenga volcanic centres. The fractionation of
zircon will deplete the heavy REE, and fractionation of apatite will deplete the middle REE
relative to the light and heavy REE. The implications of REE geochemistry for rhyolite

petrogenesis will be discussed further in Chapter Six.

There is no systematic variation in REE abundance with silica content. However, the most
REE enriched lava (63) has the highest Rb/Sr ratio and the most REE depleted lava (119)
has the lowest Rb/Sr ratio. Rb/Sr ratios tend to increase with increasing REE content for the

other lavas. Rb/Sr also shows a correlation with the Eu anomaly. Increasingly negative Eu
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anomalies are generally accompanied by increasing Rb/Sr. The largest Eu anomaly
(Eun/Eun* = 0.55) is seen in the most REE enriched lava and the smallest anomaly
(Eun/Eun* = 0.86) in the most REE depleted lava. There is no clear distinction in REE

patterns between spatial groups or biotite-bearing and biotite-free/poor lavas.
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Figure 4.8: a) Chondrite-normalised multi-element (spider) patterns for the ho, rhyolite lavas from the
Okataina Volcanic Centre (normalisation values from Thompson et al., 1984). b) Chondrite-
normalised REE abundance patterns for the ho, rhyolite lavas (normalisation values from Boynton,
1984). Symbols as in Figure 4.6.
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The multi-element (spider) patterns show more troughs and peaks due to the wider range of
elements included. The patterns show enrichment in large-ion lithophile elements (e.g. Ba,
Rb, Th and K) relative to the high-field-strength elements (e.g. Sm, Zr and Hf) and depletion
in Nb, P and Ti. These features are typical of arc-related magmas (Pearce, 1983; Wilson,
1989; Pearce and Peate, 1995). The troughs are likely to be controlled at least in part by
fractionation of minerals seen in the phenocryst and accessory assemblage of these lavas - Sr
(plagioclase), P (apatite), Ti (Fe-Ti oxides, hornblende) and Nb (hornblende, biotite, Fe-Ti
oxides). Ba, Rb and K are concentrated in the continental crust and the high abundance of
these elements may reflect crustal involvement in magma genesis. Any depletion in Ba, Rb
and K that may be caused by fractionation of biotite in some samples is not evident in the
multi-element patterns.  The implications of trace element geochemistry for rhyolite

petrogenesis will be discussed further in Chapter Six.

Eruption of the Quartz Biotite, Matahina and Kawerau ignimbrites resulted in caldera-
formation during this period of activity at the Okataina Volcanic Centre. To establish an
overall picture of the chemical evolution of the centre during this time requires a
comparison of all eruptives, however there are several problems when trying to achieve this.
Firstly, no absolute ages are available for the ho, rhyolites, therefore their ages relative to
each other and the three caldera-forming ignimbrites are unknown. Hence which ignimbrite
they are temporally associated with, and their status as pre- or post-caldera eruptives, is
unknown. Nairn (1989) mapped all ha, (ho,) Okataina Volcanic Centre rhyolites as older
than the Matahina Ignimbrite and noted that this ignimbrite has been observed in outcrop
overlying Maungawhakamana rhyolite. Such a relationship has not been observed for other
ho, rhyolites. Nairn (1981a) thought that these ha, rhyolites were probably extruded both

prior to and following eruption of the “‘quartz-biotite tuffs”.

In addition, geochemical data for these caldera-forming ignimbrites is limited. Data for the
Quartz Biotite Ignimbrite exists as singular analyses in several studies (Nairn, 1981a;
Dravitzki, 1999) that have been obtained from either whole rock or matrix samples. Carr
(1984) provided major and trace element data for pumice clasts from the Matahina
Ignimbrite, which are compared to the ho, rhyolites in Figures 4.6 - 4.7. Matahina
Ignimbrite pumice clasts have higher SiO, contents than most of the ho, rhyolites and are
most geochemically similar, in terms of major and trace elements, to several samples from
the northeastern rhyolites (Maungawhakamana and Matawhaura). A possible hypothesis is

that the orthopyroxene and calcic amphibole-bearing lavas may record the evolution of a
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magma batch beneath the Okataina Volcanic Centre prior to eruption of the Matahina
Ignimbrite, which has a similar ferromagnesian phenocryst assemblage to the lavas and more
evolved major and trace element composition. However, without better age control on the
ho, rhyolites and isotopic data for the Matahina Ignimbrite (discussed in Chapter Six) it
becomes difficult to draw conclusions as to the geochemical sequence erupted during this
period and the genetic relationship between the rhyolite lavas and the Matahina Ignimbrite.
Data for the Kawerau Ignimbrite is limited to five preliminary analyses obtained for pumice
clasts by Beresford (1997), which should not be considered representative of the whole
ignimbrite. Three of these analyses are of rhyolitic composition and are compared to the ho,
rhyolites in Figures 4.6 and 4.7. While these pumice samples have compositions similar to
many of the ho; rhyolite lavas, such a small data set prevents any meaningful conclusions

being drawn.

4.5.2 The ho, Rhyolites

Major and trace element compositions for the ho, rhyolites are shown in Figures 4.9 and
4.10 respectively. These rhyolites have been divided into five groups based on spatial
position and ferromagnesian phenocryst assemblage (see sections 2.2.2.2 and 3.5.2) and
have SiO, compositions ranging from ~ 73.9 - 76.0 wt. %. There are no distinct groupings
in major or trace element compositions that coincide with spatial position, although the

lavas fall into two groups that coincide with ferromagnesian phenocryst assemblages.

These two groups, for biotite-bearing and biotite-free/poor lavas, are seen in Figures 4.9 and
4.10 to be most distinct in terms of their MgO, CaO, Sr, Zr, Ce, La and Ta compositions.
Generally the biotite-bearing lavas have lower SiO,, Zr, Ce, La and Ta contents and higher
MgO, CaO and Sr contents than the biotite-free/poor lavas. The more mineralogically
evolved biotite-bearing lavas have lower SiO, and Rb/Sr, and are hence geochemically less
evolved than the biotite-free/poor lavas. These characteristics provide support for the
existence of two separate magma batches, initially suggested by ferromagnesian phenocryst
assemblages. Evolution of the biotite-free/poor lavas from the biotite-bearing lavas seems
unlikely, since the biotite-free/poor lavas are not relatively depleted in Rb and Ba. One
sample from the biotite-free/poor Moerangi rhyolites has elevated Al,O; and Ba and reduced
SiO, compared to the other biotite-free/poor lavas. This may be due to weathering/alteration
and the concentration of Al,O; and Ba in secondary minerals. In a plot of Rb versus Sr this

lava falls neatly into the biotite-free/poor group.
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The range in major element compositions within each of the two groups shows a reduction
in AlOs3, TiO,, Fe;03;, MgO, CaO and increase in Na,O and K,O with increasing SiO,,
trends typical of fractional crystallisation processes involving the phenocryst and accessory
phases in these lavas. Na,O remains fairly constant over the range in SiO, shown by the
biotite-bearing lavas. The range in trace element compositions within each of the two
groups shows an increase in incompatible elements (Rb and Ba) and a decrease in
compatible elements (Sr and Zr) with increasing SiO,, trends which are also typical of
fractional crystallisation processes. Hence these lavas may record the evolution of two
spatially adjacent magma batches beneath the southwestern Okataina Volcanic Centre

during this time period.

Figure 4.11 shows chondrite-normalised multi-element (spider) and REE abundance patterns
for representative ho, rhyolite lavas. Once again these patterns are typical for TVZ silicic
eruptives seen in other studies. Similar observations can be made regarding the shape of the
patterns, and controls on pattern shapes, to those made for the ho, rhyolites. The REE
abundance patterns are characterised by a strongly enriched light REE pattern with steep
slopes (Lan/Smy = 2.82 - 4.61), a pronounced negative Eu anomaly (Eun/Eun* = 0.43 -
0.71), and flat heavy REE pattern (Gdn/Yby = 1.03 - 1.34). The two groups have distinct
REE abundance patterns, with the biotite-bearing lavas having lower REE abundances than
the biotite-free/poor lavas. Within each of these two groups the negative Eu anomaly is
related to SiO, content. For the biotite-bearing lavas small decreases in SiO, accompany
small increases in the negative Eu anomaly. In addition, the lava with the highest SiO,
content (64) has the most depleted REE pattern. For the biotite-free/poor lavas small
increases in SiO, accompany increases in the negative Eu anomaly and the lava with the
highest SiO, content (72) has the most enriched REE pattern. Lack of consistent trends in
REE compositions, and their relationship to SiO,, for these two groups provides further
evidence that they have been derived from discrete magma batches. In terms of the multi-
element (spider) patterns the two groups have distinct compositions for most of the elements

displayed, the exceptions being Ba, Rb, Th, K, P, Zr and Ti.
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Figure 4.9: Selected major element variation diagrams for the ho, rhyolite lavas from the Okataina
Volcanic Centre. Compositions for the Rotoiti, Earthquake Flat and Te Wairoa ignimbrites, from
Schmitz (1995), Davis (1985) and Bellamy (1991) respectively, are enclosed by the plain, dashed and
dotted lines respectively.
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Figure 4.10: Selected trace element variation diagrams for the ho, rhyolite lavas from the Okataina
Volcanic Centre. Symbols as in Figure 4.9. Compositions for the Rotoiti, Earthquake Flat and Te

Wairoa ignimbrites, from Schmitz (1995), Davis (1985) and Bellamy (1991) respectively, are enclosed
by the plain, dashed and dotted lines respectively.
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Figure 4.11: a) Chondrite-normalised multi-element (spider) patterns for the ho, rhyolite lavas from
the Okataina Volcanic Centre (normalisation values from Thompson et al., 1984). Dashed outline and
diagonal fill indicate the range in patterns for available Te Wairoa and Earthquake Flat ignimbrite data
respectively (from Bellamy (1991) and Davis (1985)). b) Chondrite-normalised REE abundance
patterns for the ho, rhyolite lavas (normalisation values from Boynton, 1984). Symbols as in Figure
49.

Eruption of the Rotoiti Ignimbrite resulted in caldera formation during this period of activity
at the Okataina Volcanic Centre. In addition, two pyroclastic eruptions that did not result in
caldera formation have been identified as occurring at this time. The Te Wairoa Ignimbrites
consist of a series of small ignimbrites, lying stratigraphically between the Mamaku and

Rotoiti ignimbrites, confined to stream valleys between lakes Rotorua and Okareka
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(Bellamy, 1991). Because of the small, localised nature of these units Bellamy (1991)
considered them to be related to the growth of the adjacent Moerangi rhyolites. The
Earthquake Flat (EQF) Ignimbrite was erupted at approximately the same time as the Rotoiti
Ignimbrite in an area adjacent to the southwestern Okataina Volcanic Centre that is currently
postulated to be part of the Kapenga Volcanic Centre. These three ignimbrites have been

compared to the ho, rhyolites in Figures 4.9 - 4.11.

At least some of the Moerangi rhyolites were erupted immediately prior to the Rotoiti
Ignimbrite, as Rotoehu Ash directly overlies Kakapiko Dome (I. Nairn, pers. comm., 1999).
Initial support for the theory that these rhyolites are not genetically related to the Rotoiti
Ignimbrite magma is gained from the distance between their vent areas. Further evidence is
obtained from the lack of geochemical similarity particularly seen in their K,O, Rb, Sr,

Rb/Sr and Zr/Y compositions.

Bellamy (1991) established a geochemical relationship between the Te Wairoa Ignimbrites
and the Moerangi rhyolites, which is supported by data collected in this study. Pumices
from the Te Wairoa Ignimbrites have similar major and trace element compositions to
several of the biotite-free/poor Moerangi and Tutaeheka rhyolites. Bellamy (1991) did not
study the Tutaeheka rhyolites, and from the data presented in this study no conclusion can
be reached as to whether the Te Wairoa Ignimbrites accompanied Moerangi or Tutacheka

rhyolite dome growth, or both.

Davis (1985) identified two compositionally distinct magma types within the EQF
Ignimbrite with Type 1 being enriched in SiO; and K,O and depleted in Zr relative to Type
2. These two groups are shown in Figures 4.9 and 4.10. Similar Rb, Sr, Rb/Sr and Zr/Y
compositions for these two magma types means they plot as one group on several diagrams.
Of these two magma types, Type 1 has similar major element compositions to the biotite-
bearing ho, rhyolites and both types have similar trace element compositions to these lavas.
Davis (1985) proposed that these two magma types were erupted from a single layered
chamber with Type 1 overlying Type 2. This seems consistent with eruption of the biotite-
bearing lavas, similar in composition to the Type 1 magma, from the top of the chamber
prior to the ignimbrite eruption. In addition to a geochemical similarity to the EQF
Ignimbrite, the biotite-bearing ho, rhyolites are geochemically similar to the hk, rhyolites
erupted during the same time period but well within the Kapenga Volcanic Centre (see

section 4.7, Figures 4.31 - 4.33).
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A comparison of chondrite-normalised multi-element (spider) abundance patterns for the ho,
rhyolites with patterns for the Te Wairoa and EQF ignimbrites (Figure 4.11) shows that the
patterns for these two ignimbrites overlap. A lack of data for many element abundances in
the ignimbrites prevents a detailed comparison, although based on available data the patterns
for each rhyolite group and its associated ignimbrite are similar. However, the element
abundances available for the ignimbrites are generally those in which the two groups show
little difference (Ba, Rb, Th, K, P, Zr and Ti). Differences in Y and Nb for the two groups

are mirrored by slight differences in the ignimbrites.

4.5.3 The Haroharo Volcanic Complex (hos) Rhyolites

Major and trace element compositions for the Haroharo Volcanic Complex hos rhyolites are
shown in Figures 4.12 and 4.13. The rhyolites of this complex have SiO, compositions
ranging from ~ 75.1 - 77.4 wt. %. A sample taken from the Kaipara Lava Flow (145)
showed evidence in thin section of hydrothermal alteration. It contains ~ 79.6 wt. % SiO,
and has been omitted from all diagrams and will not be discussed further. In Figures 4.12
and 4.13 the rhyolites have been divided into four groups based on eruptive episode. The
range in compositions and compositional groupings within each episode are indicated on the
enlarged SiO, versus Al,O; plot in Figure 4.12. However, these groups are seen on all plots
and within each eruptive episode they correspond to particular vents or vent areas that were
active at that time. Of note is that there are no systematic trends in geochemical

composition over time in the Haroharo Volcanic Complex rhyolite lavas.

The lavas erupted during the Te Rere episode have very similar compositions in terms of all
major and trace elements with SiO, contents of ~ 76.2 - 76.5 wt. % (negligible difference
given the analytical precision). These lavas are considered to have been erupted from the
same vent or vent area now buried beneath younger pyroclastics (Nairn, 1981a). In addition
to their petrographic and mineralogic similarity, noted in Chapter Three, they are also

geochemically similar.
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Figure 4.12: Selected major element variation diagrams for the Haroharo Volcanic Complex ho;
rhyolite lavas from the Okataina Volcanic Centre.
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During the Rotoma episode lavas were erupted from two vent areas. These lavas have
different major and trace element compositions. Lavas erupted in the Rotoma caldera have
lower Si0,, K,O, Ba, Rb/Sr and higher Al,O;, Fe,0s, CaO, Sr, Zr, Hf, Cs, Th/Ce and K/Ce

than lavas erupted in the northern Haroharo caldera at this time.

The compositions of lavas erupted during the Mamaku episode fall into two groups, which
correspond to the vent areas shown in Figure 2.8. Lavas erupted from vent areas 1 and 3
have compositions that overlap. The Waiti Lava Flow, which was erupted from vent area 2,
has lower Si0O,, KO, Rb, Ba, Rb/Sr, Cs, K/Ce, Th/Ce and higher Al,0s, Fe,0;, CaO, Na,0,
Sr, Zr, Hf and Sm than the group of lavas erupted from vent areas 1 and 3. The relative ages
of lavas erupted during the Mamaku episode was proposed by Nairn (1989) and this is
shown in Table 2.2. Within the lavas erupted from vent areas 1 and 3 there is no systematic

change in composition from oldest to youngest.

The compositions of lavas erupted during the Whakatane episode fall into three groups,
which correspond to vent areas 1, 2 and 4 in Figure 2.8. The two lavas erupted from vent
area 2 have lower SiO,, K,O, Rb/Sr, Hf, K/Ce, Th/Ce and higher Al,O;, Fe,0;, CaO, Na,O,
Sr, Zr and Cs than the group of lavas erupted from vent area 1. Tikorangi Dome, erupted in
vent area 4, has higher Al,O;, Fe,0;, CaO, Sr, Zr, Hf and lower SiO,, K,O, Rb, Ba, Rb/Sr
and Cs than all other lavas erupted during this episode. The relative ages for lavas erupted
in the Whakatane episode are shown in Table 2.2. Within the lavas erupted from vent area 1

there is no systematic or significant change in composition from oldest to youngest.

Of interest is the compositional variation in samples taken from the same lava dome or flow.
Multiple samples were obtained of nine lavas from the Haroharo Volcanic Complex
(Appendix V, Table V.1). The difference in SiO, between samples is generally less than
0.3 wt. %. Considering that the analytical uncertainty in XRF measurements of SiO, is
~ 0.2 wt. % (Weaver et al., 1990) these differences are negligible. The exceptions are the
Waiti, Te Pohue and Makatiti lava flows where differences of 0.5 - 0.7 wt. % are seen. In

many samples the differences between other elements are also negligible.

Figure 4.14 shows chondrite-normalised multi-element (spider) and REE abundance patterns
for representative Haroharo Volcanic Complex rhyolite lavas. Once again these patterns are
typical for TVZ silicic eruptives seen in other studies. Similar observations can be made

regarding the shape of the patterns, and controls on pattern shapes, to those made for the ho,

143



Chapter Four: Geochemistry

and ho, rhyolites. The REE abundance patterns are characterised by a strongly enriched
light REE pattern with steep slopes (Lan/Smy = 3.35 - 3.96), a pronounced negative Eu
anomaly (Eun/Eun* = 0.61 - 0.72), and flat heavy REE pattern (Gdn/Yby = 1.02 - 1.10).
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Figure 4.14: a) Chondrite-normalised multi-element (spider) patterns for the Haroharo Volcanic
Complex hos rhyolite lavas from the Okataina Volcanic Centre (normalisation values from Thompson
et al., 1984). b) Chondrite-normalised REE abundance patterns for the Haroharo Volcanic Complex
hos rhyolite lavas (normalisation values from Boynton, 1984). Symbols as in Figure 4.12.
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The patterns for all the lavas overlap and are nearly identical except for the Fenton’s Mill
Flow from the Te Rere episode (92) and the Waiti Flow from the Mamaku episode (173),
which have slightly enriched REE patterns. For the Rotoma, Mamaku and Whakatane
episodes, lavas erupted at the same time but from different vent areas have nearly identical
REE abundance patterns. All of the lavas have very similar negative Eu anomalies, which
show no relationship to SiO,, Rb/Sr or REE abundance. In terms of the multi-element
(spider) patterns the lavas also have nearly identical patterns, showing the widest range in
compositions for Zr and Hf, which may be due to variable zircon fractionation as both Zr

and Hf are highly compatible in this accessory phase.

While there are no systematic trends in lava compositions over time for the Haroharo
Volcanic Complex as a whole, lavas erupted from vent areas 1+3 and 2 during the Mamaku
and Whakatane eruptive episodes show compositional changes typical of fractional
crystallisation of the observed phenocryst and accessory phases. Figure 4.15 shows in more
detail two of the plots from Figures 4.12 and 4.13. Over the ~ 2 500 years between
eruptions the magma erupted from vent area 2 has become more evolved with increased
SiO,, Rb/Sr and decreased Al,O; and Zr. A similar change in magma composition has
occurred at vent area 1. Also of interest is how the different groups of magmas erupted in
each episode are related. For example, the vent area 14+3 magma erupted in the Mamaku
episode may have evolved from the vent area 2 magma. These variations between and
within the Mamaku and Whakatane eruptive episode lavas will be discussed further and

assessed by fractional crystallisation modelling in Chapter Six.

Pyroclastic eruptions accompanied rhyolite lava extrusion during the four eruptive episodes
that built up the Haroharo Volcanic Complex. There is a lack of published geochemical
data for these pyroclastic deposits. Nairn (1981a, 1992) present analyses which cover all
four eruptive episodes, but they are few in number and no indication is given as to whether
they represent single or multiple clasts. To date the only data set of any size is that

presented by Wright (2000) for the Mamaku episode.

Figure 4.16 compares data obtained in this study for Mamaku episode lavas with the data
obtained by Wright (2000) for pyroclastics erupted at this time. In addition, Wright (2000)
also obtained samples of Parewhaiti Dome and the Te Matae Flow, which were not sampled
in this study, and unaltered samples of the Kaipara Flow. These compositions are also

indicated in Figure 4.16. The Te Matae Flow has similar compositions to other vent area 1

145



Chapter Four: Geochemistry

eruptives, which is consistent with its spatial position. The composition of Parewhaiti
Dome, which lies spatially between vent areas 1 and 2 (Figure 2.8), is also similar to the
vent area 1 lavas. The Mamaku episode pyroclastics are most comparable to the vent area
143 lavas, especially in terms of their trace element (Rb/Sr, Zr) compositions. This is
consistent with observations made by Nairn and Wood (1987) that the main pyroclastic vent

was probably in the vicinity of Hainini Dome or the younger Makatiti Dome (vent area 1).
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Figure 4.15: Selected major and trace element variation diagrams showing the changes in composition
between rhyolite lavas erupted from vent areas 1, 2 and 3 in the Mamaku and Whakatane eruptive
episodes at the Haroharo Volcanic Complex.
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Figure 4.16: Selected major and trace element variation diagrams for rhyolite lavas erupted during the
Mamaku episode at the Haroharo Volcanic Complex (open triangles). Also shown are the
compositions of Parewhaiti Dome (P) and the Te Matae (T) and Kaipara (K) flows from Wright
(2000). The shaded area indicates compositions for the Mamaku episode pyroclastics from Wright
(2000).

The Kaipara Flow is unusual as its composition differs from other Mamaku episode
eruptives, in particular the Waiti Flow that was erupted almost immediately after from the
same vent. Wright (2000) noted that its ferromagnesian phenocryst assemblage differed
from the other Mamaku lavas in that it is dominated by cummingtonite with minor amounts
of orthopyroxene and calcic amphibole. This ferromagnesian phenocryst assemblage is
similar to the older Te Pohue Flow, erupted from the same vent area in the Rotoma episode.
Comparison of Figure 4.16 with Figures 4.12 and 4.13 shows that samples of the Kaipara

Flow are also geochemically similar to Te Pohue Flow.
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Wright (2000) also presented previously unpublished data from I. Smith for eruptives from
the Rotoma episode. It is unknown whether this data set includes both lavas and
pyroclastics. These data have been compared to compositions for lava flows erupted during
the Rotoma episode obtained in this study in Figure 4.17. The data span the range of
compositions observed in the Rotoma and Te Pohue flows. In addition, CaO, Zr and Sr
compositions suggest the possibility of two compositional groups that coincide with the
different lava compositions. Taking into account this previously unpublished data, the gap
in compositions between the two possible magma batches represented by the lava
compositions becomes much smaller, and this allows for the possibility of a genetic

relationship between batches.
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Figure 4.17: Selected major and trace element variation diagrams comparing rhyolite lavas erupted
during the Rotoma episode at the Haroharo Volcanic Complex (filled squares) with unpublished data
for Rotoma episode eruptives from I. Smith and discussed in Wright (2000) (shaded areas).
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4.5.4 The Okareka Volcanic Complex (ho;) Rhyolites

Major and trace element compositions for the Okareka Volcanic Complex hos rhyolites are
shown in Figures 4.18 and 4.19, where the rhyolites have been divided into two groups
based on eruptive episode. The rhyolites of this complex have SiO, compositions ranging
from ~73.7 - 75.6 wt. % and the range of compositions within each episode is indicated on

the enlarged SiO, versus Al,Os plot in Figure 4.18.

Two lavas were erupted during the Te Rere episode. Samples of the Eastern Rhyolite plot
together on all major and trace element plots with a SiO, content of ~ 73.7 - 74.1 wt. %. Te
Rere Dome was also erupted at this time and has an elevated SiO, content of 75.6 wt. %.
However, in terms of some trace elements (e.g. Rb, Ba, Zr) this dome has comparable
compositions to the Eastern Rhyolite. The possibility that the Te Rere Dome lava is a more
evolved equivalent of the Eastern Rhyolite lava cannot be ruled out. However, the
compositional differences may also be due to post-depositional alteration processes. The
sample of Te Rere dome (174) is highly crystallised and devitrified. Samples of the Eastern
Rhyolite are either non-spherulitic or comprise spherulites which reside in an unaltered,
undevitrified glass. In addition these compositional differences in Te Rere dome are similar
to differences seen in the Kaipara Flow (Haroharo Volcanic Complex), which was observed
in thin section to be hydrothermally altered. Comparing Figures 4.18 and 4.19 with major
and trace element variation diagrams for the Haroharo Volcanic Complex (Figures 4.12 and
4.13) shows that lavas erupted during the Te Rere episode at Okareka are compositionally
distinct from lavas erupted during the same episode at Haroharo. The Okareka lavas
generally have lower SiO,, K,O, Rb, Rb/Sr and higher Al,Os, Fe,0;, CaO, Sr and Zr. In

addition, the distance between vents suggests the eruption of two separate magma batches.

During the Rotorua episode the Trig 7693 Dome and Middle Rhyolite were erupted. These
two lavas, which are petrographically and mineralogically identical, have very similar major
and trace element compositions with SiO, contents of ~ 74.8 - 75.6 wt. %. The Middle

Rhyolite has a slightly lower SiO, content than the two samples of Trig 7693 Dome.

Only one sample from each eruptive episode was analysed by LA-ICPMS for trace and rare
earth elements. The differences between these two samples are most readily seen in

chondrite-normalised multi-element (spider) and REE abundance patterns (Figure 4.20).
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Figure 4.18: Selected major element variation diagrams for the Okareka Volcanic Complex ho;
rhyolite lavas from the Okataina Volcanic Centre.

150



Chapter Four: Geochemistry

150 T T 1000 T T
Rb (ppm) Ba (ppm)
900 T
e} °©
A
100 fe) o
A A A A o
800 -
A A
A
50 1 1 700 H L
73 74 75 76 73 74 75 76
SiO, (wt %) SiO, (wt %)
200 i T 300 T
Sr (ppm) Zr (ppm) I
A A
A
150 ) Laa
o)
200 + =
oo A
100 -
A
o SIS
50. ' | 100 . ‘
73 74 75 76 73 74 75 76
Si0, (wt %) SiO, (wt %)
300 T
Zr (ppm)
A
»
200 - a b
° 9
100 L
0 05 1.0 1.5

Rb/Sr

Figure 4.19: Selected trace element variation diagrams for the Okareka Volcanic Complex ho;
rhyolite lavas from the Okataina Volcanic Centre. Symbols as in Figure 4.18.

The REE patterns are similar to those for the ho,, ho, and Haroharo (hos) rhyolites and are
characterised by a strongly enriched light REE pattern with steep slopes (Lan/Smy = 3.32 -
4.47), a pronounced negative Eu anomaly (Eun/Eun* = 0.64 - 0.76), and flat heavy REE
pattern (Gdn/Yby = 1.03 - 1.13). Trig 7693 Dome (176) is depleted in most REE (except La
and Ce) relative to the Eastern Rhyolite (113). The largest negative Eu anomaly is seen in

the lava with the highest SiO, and Rb/Sr and most depleted REE pattern. Comparison with
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the pattern for the Fenton’s Mill Flow erupted during the Te Rere episode at Haroharo shows
that the Okareka lavas are relatively depleted in REE. In terms of the multi-element (spider)

patterns, Eastern Rhyolite is enriched in all elements from Sr - Yb and depleted in all

elements from Ba - Ce (except Nb) relative to Trig 7693 Dome.
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Figure 4.20:
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a) Chondrite-normalised multi-element (spider) patterns for the Okareka Volcanic
Complex hos rhyolite lavas from the Okataina Volcanic Centre (normalisation values from Thompson
et al., 1984). b) Chondrite-normalised REE abundance patterns for the Okareka Volcanic Complex
hos rhyolite lavas (normalisation values from Boynton, 1984). Symbols as in Figure 4.18. Grey
shading indicates the pattern for the Fenton’s Mill flow (sample number 92) erupted from the

Haroharo Volcanic Complex during the Te Rere episode (see Figure 4.14).
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Compositional changes on major and trace element variation diagrams and differences in
multi-element and REE abundance patterns suggest that the Rotorua episode magma (Trig
7693) may have evolved from Te Rere episode magma (Eastern Rhyolite) over the ~ 9 200
years between eruptions by fractional crystallisation of the observed phenocryst and
accessory phases. Some input from the crust may also have been involved. The lower REE,
Zr, P and Hf composition of the Rotorua lava can be attributed to fractionation of accessory
phases such as zircon and apatite. Lower Ti and Sr compositions can be attributed to
titanomagnetite, ilmenite, hornblende and plagioclase feldspar fractionation. An increase in
the abundance of Ba, Rb, K suggests that the effect of any biotite fractionation may have

been offset by crustal assimilation. This will be discussed further in Chapter Six.

Major and trace element geochemistry do not support eruption of the Tutacheka 1 Dome
during the Te Rere Eruptive Episode (see section 3.7.1), as this dome is geochemically

comparable to the biotite-bearing ho rhyolites (see section 4.5.2).

Pyroclastic eruptions accompanied rhyolite lava extrusion during the Rotorua Eruptive
Episode at the Okareka Volcanic Complex. To date no data set of any size has been

published for these pyroclastics.

4.5.5 The Tarawera Volcanic Complex (ho;) Rhyolites

Major and trace element compositions for the Tarawera Volcanic Complex hos rhyolites are
shown in Figures 4.21 and 4.22. The rhyolites of this complex have SiO, compositions
ranging from ~ 72.5 - 77.5 wt. %. In Figures 4.21 and 4.22 the rhyolites have been divided
into four groups based on eruptive episode. The range in compositions and compositional
groupings within each episode are indicated on the enlarged SiO, versus Al,Os plot in Figure
4.21, however these groups are seen on all plots. Of note is that there are no systematic
trends in geochemical composition over time in the Tarawera Volcanic Complex rhyolite

lavas.

Samples have been obtained of two lavas erupted during the Okareka episode. The Ridge
Flow contains ~ 75.4 wt. % SiO-,. Patiti Island has lower SiO, (~ 72.5 wt. %), Na,0, K,O,
Rb, Ba, Rb/Sr, Sm, Hf and higher Al,Os, Fe,0;, CaO, Sr, Cs, K/Ce. It is possible that this

lava has suffered some effects of weathering due to its elevated Al,Os content.
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Figure 4.2]1: Selected major element variation diagrams for the Tarawera Volcanic Complex hos

rhyolite lavas from the Okataina Volcanic Centre.
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During the Rerewhakaaitu episode three groups of lavas were erupted that correspond with
ferromagnesian phenocryst assemblages. The low SiO,, K;O, Rb, Rb/Sr and high Al,O;,
Fe,0s, CaO, Sr, Zr group comprises samples of Western Dome, which contains only trace
biotite. The intermediate group comprises samples of Rotomahana Dome and the Te Puha
Flow, which contain significant amounts of biotite. A sample from the Te Puha Flow (40)
comprises the third group with a high SiO, content of ~ 77.1 wt. %. This lava is biotite-free
and phenocryst-poor, containing only ~ 7 % phenocrysts (Chapter Three, Appendix III).
These two latter groups are consistent with previous studies that have observed an intimate
mingling between two lava types in the Rerewhakaaitu eruptives (see section 3.8.2).
Compositional differences between the three lava types erupted during the Rerewhakaaitu
episode suggest that the biotite-bearing magma or the biotite-free phenocryst-poor magma
may have evolved from the biotite-poor Western Dome magma by fractional crystallisation
of the observed phenocryst and accessory phases. This will be discussed further in Chapter

Six.

Rhyolite lavas erupted during the Waiohau episode cluster together with SiO, contents
ranging from 76.8 - 77.0 wt. % (negligible difference given the analytical precision) and
very similar compositions for all major and trace elements. These lavas (Pokohu and
Waikakareao flows) were erupted from the same vent beneath Kanakana Dome and also
have similar total phenocryst contents and ferromagnesian phenocryst assemblages. The
relative ages for lavas erupted in this episode are shown in Table 2.2. There is no systematic

change in composition from oldest to youngest lavas.

Rhyolite lavas erupted during the Kaharoa episode generally cluster together with SiO,
contents ranging from 76.2 - 76.4 wt. % (negligible difference given the analytical
precision) and very similar compositions for all major and trace elements. The exception is
a sample taken from Green Lake Plug (133) which has a SiO, content of ~ 77.3 wt. %. This
lava has a slight white colouration in hand specimen suggestive of minor hydrothermal
alteration, although no evidence for this was seen in thin section. Leonard (1999) also
observed this compositional difference between the Green Lake Plug and other Kaharoa
rhyolite lavas. The rhyolite lavas erupted during the Kaharoa episode have similar total
phenocryst contents, ferromagnesian phenocryst assemblages dominated by biotite and were
erupted from several vents up to ~ 6 km apart in the central Tarawera Linear Vent Zone.
The relative ages for lavas erupted in this episode are shown in Table 2.2. There is no

systematic or significant change in composition from oldest to youngest lavas.
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Where multiple samples have been taken from the same lava dome or flow they are found to
be compositionally similar. Multiple samples obtained from Western Dome (Rerewhakaaitu
episode), Pokohu Flow and Waikakareao Flow (Waiohau episode) and Crater Dome
(Kaharoa episode) have SiO, content differences of less than 0.3 wt. %. The exception, as

discussed previously, is the two samples obtained of the Te Puha Flow.

Figure 4.23 shows chondrite-normalised multi-element (spider) and REE abundance patterns
for representative Tarawera Volcanic Complex rhyolite lavas. The REE patterns are similar
to those for the ho;, ho,, Haroharo (hos;) and Okareka (hos) rhyolites and are characterised
by a strongly enriched light REE pattern with steep slopes (Lan/Smy = 3.74 - 4.42), a
pronounced negative Eu anomaly (Eun/Eux* = 0.64 - 0.74), and flat heavy REE pattern
(Gdn/Yby =0.99 - 1.11). The patterns show some degree of overlap and are not distinct for
particular eruptive episodes nor biotite-bearing and biotite-poor/free lavas. The most REE
enriched samples are those from the Ridge (Okareka episode) and Waikakareao (Waiohau
episode) flows. The most REE depleted samples are those from the Rerewhakaaitu Eruptive
Episode (Western and Rotomahana domes). All of the lavas have very similar negative Eu
anomalies, which show a relationship to Rb/Sr, with increasing Rb/Sr generally
accompanying increasingly negative Eu anomalies. Multi-element (spider) patterns also
show some degree of overlap for the Tarawera Volcanic Complex rhyolite lavas. The most
variation is seen in Sr, P and Ti, which will be affected by variable degrees of fractionation
of observed phenocryst and accessory phases. In the Rerewhakaaitu episode the biotite-

bearing lava (134) has notably higher Ba, Rb, Th and K than the biotite-free/poor lava (44).

As at the Haroharo Volcanic Complex, pyroclastic eruptions accompanied rhyolite lava
extrusion during the four eruptive episodes that built up the Tarawera Volcanic Complex.
Cole (1966) and Nairn (1992) present geochemical analyses which include the pyroclastic
deposits all four eruptive episodes but, as for analyses of Haroharo pyroclastics, they are
few in number and no indication in given as to whether they represent single or multiple
clasts. Two recent studies have presented data sets for the Waiohau episode (Speed, 2001)

and Kaharoa episode (Leonard, 1999).
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Figure 4.23: a) Chondrite-normalised multi-element (spider) patterns for the Tarawera Volcanic
Complex hos rhyolite lavas from the Okataina Volcanic Centre (normalisation values from Thompson
et al., 1984). b) Chondrite-normalised REE abundance patterns for the Tarawera Volcanic Complex
hos rhyolite lavas (normalisation values from Boynton, 1984). Symbols as in Figure 4.21.
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Figure 4.24 compares data obtained in this study for Waiohau episode lavas with the data
obtained by Speed (2001) for pyroclastics erupted at this time. In addition, Speed (2001)
also obtained samples of Eastern Dome and Kanakana Dome, which were not sampled in
this study. These compositions are also indicated in Figure 4.24. Eastern Dome and
Kanakana Dome have similar compositions to other lava flows erupted during this episode
and sampled in this study. All of the lavas are compositionally similar to the Waiohau
episode pyroclastics. There is no compositional difference between Eastern Dome and the
lavas and pyroclastics erupted from the vent beneath Kanakana Dome. Speed (2001) noted
that all eruptives from the Waiohau episode were derived from a magma that lacked a
compositional or physical gradient, suggesting that the magma may have been vigorously

convecting prior to eruption and/or did not reside in the crust for a prolonged period.
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Figure 4.24: Selected major and trace element variation diagrams for rhyolite lavas erupted during the
Waiohau episode at the Tarawera Volcanic Complex (open diamonds). Also shown are the
compositions of Eastern Dome (E) and Kanakana Dome (K) from Speed (2001). The shaded area
indicates compositions for the Waiohau episode pyroclastics from Speed (2001).
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Figure 4.25 compares data obtained in this study for Kaharoa episode lavas with the data
obtained by Leonard (1999) for lavas and pyroclastics erupted at this time. Leonard (1999)
noted that block and ash flow rhyolites are petrographically and chemically identical to the
outer carapace of the rhyolite lava domes, confirming their origin. He also found airfall
rhyolite clasts to comprise two compositional groups, which generally correspond to the two
groups of lavas. He went on to suggest that the range in compositions for the Kaharoa lavas
and pyroclastics was the result of eruption from a stratified magma chamber with low-Zr and
high-Zr layers. The low-Zr layer may have been depleted towards the end of the eruption, as

the rhyolite domes are dominantly of the high-Zr magma type.
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Figure 4.25: Selected major and trace element variation diagrams comparing rhyolite lavas erupted
during the Kaharoa episode at the Tarawera Volcanic Complex (filled circles) with data for the
Kaharoa lavas and pyroclastics from Leonard (1999) (shaded areas).
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Figure 4.26 compares data obtained in this study for the oldest rhyolite lavas from the
Haroharo, Okareka and Tarawera volcanic complexes, erupted in the Te Rere and Okareka
episodes, with data for the Rotoiti Ignimbrite (from Schmitz, 1995) and the Mangaone
Pyroclastics Subgroup (from Smith, 2001).  Smith (2001) divided the Mangaone
Pyroclastics into two main geochemical groups, which correlate with the stratigraphic
sequence of eruptions and vent locations. The Old Mangaone Subgroup comprises Unit A -
Unit F, erupted from a general north-south trending zone within the central part of the
Haroharo Caldera. The Young Mangaone Subgroup comprises Unit I - Unit L, erupted from
an east-west trending zone in the upper Puhipuhi Basin. Units G and H have compositions

intermediate between the Old and Young Mangaone Subgroup (Smith, 2001).

Trends are observed in both major and trace elements with time for the Mangaone
Pyroclastics. However, least squares modelling (Smith, 2001) indicates that the change in
composition between the Old Mangaone Subgroup and Young Mangaone Subgroup is
inconsistent with the expected effects of closed-system fractional crystallisation. Smith
(2001) therefore concluded that the Old and Young Mangaone Subgroup tephras were
derived from completely different magma systems with separate sources. Linear
relationships in major and trace element compositions within each of these two groups are
most likely to be associated with fractionation of the two individual magmatic systems

(Smith 2001).

A comparison of the Rotoiti Ignimbrite and the Old Mangaone Subgroup shows that there
are geochemical inconsistencies between these eruptives, with the Old Mangaone Subgroup
erupting less evolved magma. There are also mineralogical and thermal differences, as the
Old Mangaone Subgroup represents high temperature clinopyroxene-bearing magma (Smith,
2001), whereas the Rotoiti Ignimbrite contains cummingtonite and biotite and represents a
lower temperature magma (Shane, 1998). Hence, it is unlikely that the Old Mangaone

Subgroup tapped residual magma from the Rotoiti Ignimbrite eruption.

Geochemistry does not preclude a genetic relationship between the Young Mangaone
Subgroup and the rhyolite lavas of subsequent eruptions, particularly the Te Rere lavas from
Haroharo that are more evolved in terms of major and trace elements. However, Smith
(2001) considered that the spatial separation of vent locations is compelling evidence for a
lack of genetic relationship between the Young Mangaone Subgroup eruptives and the first

eruptions from the Haroharo, Okareka and Tarawera volcanic complexes. In addition there
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are temporal and thermal inconsistencies between the Young Mangaone Subgroup and

subsequent eruptions (discussed further in Chapter Seven).
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Figure 4.26: Selected major and trace element variation diagrams comparing rhyolite lavas erupted in
the Te Rere and Okareka episodes, at the Haroharo/Okareka and Tarawera volcanic complexes
respectively, with compositions for the Rotoiti Ignimbrite (from Schmitz, 1995) and the Mangaone
Pyroclastics Subgroup (from Smith, 2001).
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4.6 ROTORUA VOLCANIC CENTRE

Major and trace element compositions for the Rotorua Volcanic Centre rhyolite lavas are
shown in Figures 4.27 and 4.28 respectively, where the rhyolites have been divided into
three groups based on age. A small data set for the Rotorua Volcanic Centre rhyolite lavas
facilitates plotting and discussion of the rhyolites as a group. Also shown in Figures 4.27
and 4.28 are compositions for the Endean Road and Umurua hr, rhyolites and the
compositional field for the hr, rhyolites from Dravitzki (1999). There are no systematic
trends in major and trace element compositions between the three age groups for the

Rotorua Volcanic Centre rhyolite lavas.

The lavas obtained in this study have SiO, compositions ranging from ~ 73.5 - 77.6 wt. %.
The hr, rhyolites have a wide range in compositions with SiO, ranging from
~ 73.7 - 77.6 wt. %. Samples from the Tokorangi and Hemo Gorge lavas on the southern
rim of the Rotorua Volcanic Centre have higher SiO,, K,0, Ba, Rb/Sr and lower Al,Os,
Fe,0;, CaO, Sr and Zr than the Endean Road and Hamurana rhyolites. Both of these
rhyolites are phenocryst-poor (~3 - 5 %) and Tokorangi contains minor amounts of
orthopyroxene while Hemo Gorge contains no ferromagnesian phenocrysts. These two
factors are likely contributors to the elevated SiO, content and relatively depleted Al,Os,
Fe,0; and CaO contents of these lavas. In addition, the Tokorangi and Hemo Gorge lavas
are geochemically similar to hk, lavas erupted from the Kapenga Volcanic Centre (section
4.7, Figures 4.31 and 4.32) and the possibility that they are Kapenga eruptives cannot be
ruled out. Compositions from Dravitzki (1999) for the Endean Road and Umurua hr,
rhyolites are similar to the Hamurana and Endean Road samples obtained in this study. In
particular the two Endean Road samples are nearly identical in terms of their Fe,0;, CaO,
K-O, Rb, Sr and Zr compositions. The Endean Road, Hamurana and Tokorangi lavas have
distinct compositions on plots of Sm vs. Hf and Ce vs. Eu. A small data set for the hr,

rhyolites prevents a possible spatial subdivision based on geochemistry.

The hr, rhyolites sampled in this study have a restricted range in compositions and cluster
into a single group with SiO, ranging from ~ 75.3 - 75.8 wt. %. Dravitzki (1999) sampled a
larger number of the lavas comprising the Ngongotaha and Pukehangi dome complexes and
compositions for these samples overlap with the compositions of samples obtained in this
study. He noted a lack of substantial variation in major element compositions with Al,Os

and K,O varying by 0.5 wt. % and all other major elements by less than 0.2 wt. %.

163



Chapter Four: Geochemistry

Dravitzki (1999) also observed that no clear distinction could be made between Ngongotaha
and Pukehangi lavas based on their geochemistry and that there are no consistent trends in
composition with age within either of these dome complexes, suggesting the domes were
erupted over a relatively short period of time. In addition, no geochemical evidence was
found to support the suggestion of evolution associated with fractionation of biotite and

hornblende within the Summit and Te Miri domes (Chapter Three, section 3.9.2).

The rhyolite dome at Kawaha Point has a composition indistinguishable from the
Ngongotaha-Pukehangi lavas. This lends support to the theory, suggested by Wood (1992),
that these rhyolites are all part of an extensive, partially buried rhyolite volcano complex.
The Pukeroa Hill rhyolite, which is also considered to be part of this complex, lies adjacent
to the Kuirau Park geothermal area. Previous studies have found it to be hydrothermally
altered both in outcrop and at depth in drill cores and consequently it was not sampled in

this study. However, its composition can be expected to be similar to the other hr, rhyolites.

The hr; rhyolites fall into two groups. The sample of biotite-free Mokoia Island has a SiO,
content of ~ 75.4 wt. % and has a generally similar composition to the hr, rhyolite lavas.
The biotite-bearing lavas from Hinemoa Point and Vaughan Road have lower SiO,, Rb/Sr
and higher Al,O;, Fe,03, Ca0O, Ba, Sr contents. While many major and trace elements show
differences for these two groups of lavas, they have similar Ce, Eu, Th/Ce and K/Ce

compositions.

Figure 4.29 shows chondrite-normalised multi-element (spider) and REE abundance patterns
for representative Rotorua Volcanic Centre rhyolite lavas. These patterns are similar to
those seen for the Okataina Volcanic Centre rhyolite lavas. The REE abundance patterns
are characterised by a strongly enriched light REE pattern with steep slopes (Lan/Smy =
3.33 - 4.97), a pronounced negative Eu anomaly (Eun/Eun* = 0.48 - 0.77), and flat heavy
REE pattern (Gdy/Yby = 1.01 - 1.28). With the exception of the sample of Tokorangi (84)
the Eu anomaly varies systematically with REE abundance, with the most depleted lavas
having the smallest negative Eu anomalies and the most REE enriched lavas having the
largest negative Eu anomalies. The Eu anomaly shows no relationship to SiO, content or
Rb/Sr. The hr, rhyolite lavas have the most enriched REE patterns while the hr; and hr;
rhyolite lavas show overlapping patterns. The two biotite-bearing lavas (Endean Road (87)
and Vaughan Road (104)) have the lowest compositions of most REE, with Endean Road

being depleted relative to Vaughan Road. With the exception of La, Ce and Lu, Vaughan
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Figure 4.27: Selected major element variation diagrams for rhyolite lavas from the Rotorua Volcanic
Centre. Also shown are compositions for the Endean Road (E) and Umurua (U) hr, rhyolites and the
hr, rhyolites (shaded area) from Dravitzki (1999). Compositions for the Waimakariri Ignimbrite (from
Karhunen (1993) and Lynch-Blosse (1998)) are enclosed by the dashed line.
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Figure 4.28: Selected trace element variation diagrams for rhyolite lavas from the Rotorua Volcanic
Centre. Symbols as in Figure 4.27. Compositions for the Waimakariri Ignimbrite (from Karhunen
(1993) and Lynch-Blosse (1998)) are enclosed by the dashed line.
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Road has lower REE contents than the temporally similar but biotite-free Mokoia Island lava
(103). Multi-element (spider) patterns show the same relative abundances of the elements as
the REE patterns. Once again the most variation between patterns is seen in Sr, P and Ti.

The sample from the Endean Road rhyolite stands out as having lower Yb, Y, Sm, P, Nd, Ce

and La than the rest of the Rotorua rhyolite lavas.

1000

Sample/Chondrite

Sample/Chondrite

Figure 4.29: a) Chondrite-normalised multi-element (spider) patterns for rhyolite lavas from the
b) Chondrite-
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Rotorua Volcanic Centre (normalisation values from Thompson et al., 1984).

normalised REE abundance patterns for rhyolite lavas from the Rotorua Volcanic Centre

(normalisation values from Boynton, 1984). Symbols as in Figure 4.27.
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To date three pyroclastic units have been attributed to the Rotorua Volcanic Centre.
Dravitzki (1999) noted four minor localised ignimbrites, collectively termed the Paradise
Valley Ignimbrites, outcropping in the Paradise and Utuhina Valleys to the west of Rotorua
City and adjacent to the Ngongotaha and Pukehangi complexes. Dravitzki (1999) noted
that, although they show greater scatter resulting from higher crystal contents and LOI
values, the compositions of these ignimbrites are similar to the Ngongotaha and Pukehangi
rhyolites providing strong evidence for a genetic relationship. Lynch-Blosse (1998)
attributes the Waimakariri Ignimbrite to the Rotorua Volcanic Centre. The range in
composition for pumice clasts from the Waimakariri Ignimbrite is indicated in Figures 4.27
and 4.28. A small data set for the hr; rhyolites, a lack of absolute ages and hence
uncertainty as to whether the lavas represent pre- or post-ignimbrite eruptives, prevents a
detailed comparison. However, Lynch-Blosse suggested that at least some of the hr
rhyolites represent the eruption of degassed magma following the Waimakariri Ignimbrite
eruption. Comparable compositions for the hr, lavas and the ignimbrite may be consistent

with such a theory.

Figure 4.30 compares data obtained in this study for the Rotorua Volcanic Centre rhyolite
lavas with data obtained by Milner (2001) for pumice clasts from the Mamaku Ignimbrite,

which is attributed to caldera collapse at the Rotorua Volcanic Centre.

Milner (2001) notes that geochemistry reveals the occurrence of three silicic pumice types.
Types 1 and 2 are rhyolitic, with Type 2 being the most common pumice type, and Type 3 is
dacitic. No large compositional gaps exist between the pumice types hence providing
support for the evacuation of a gradationally zoned magma chamber. Modelling by Milner
(2001) suggests that the more silicic pumice compositions were probably derived by ~ 20%
plagioclase dominated fractionation from the dacitic magma. Pumice clasts from the
Mamaku Ignimbrite have compositions similar to many of the rhyolite lavas erupted from
the Rotorua Volcanic Centre. However, differences in ferromagnesian mineralogy preclude
a genetic relationship between most of the hr; and hr; rhyolite lavas and the Mamaku
Ignimbrite. Milner (2001) considers that geochemical similarities between the hr, rhyolite
lavas and the Mamaku Ignimbrite, in association with mineralogical similarities (which have

also been noted in this study), support a genetic relationship.
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Figure 4.30: Selected major and trace element variation diagrams for rhyolite lavas from the Rotorua
Volcanic Centre. Symbols as in Figure 4.27. Also shown are the compositions of pumice clasts
(Types 1 - 3, see text for explanation) in the Mamaku Ignimbrite (from Milner, 2001).

4.7 KAPENGA VOLCANIC CENTRE

Major and trace element compositions for the Kapenga Volcanic Centre rhyolite lavas are
shown in Figures 4.31 and 4.32 respectively, where the rhyolites have been divided into two
groups based on age. Also shown are compositions for the Tokorangi and Hemo Gorge hr,
rhyolites, the Upper Atiamuri rhyolites and the compositional field for the biotite-bearing
ho, rhyolites. A small data set facilitates plotting and discussion of the Kapenga Volcanic

Centre rhyolite lavas as a group.

Rhyolite lavas obtained in this study from the Kapenga Volcanic Centre have SiO,
compositions ranging from ~ 72.7 - 76.8 wt. %. The hk, rhyolites have compositions

ranging from ~ 75.8 - 76.8 wt. % SiO,. Samples of the Tokorangi and Hemo Gorge
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rhyolites, which have been previously classed as hr, eruptives, have slightly higher SiO,
compositions but very similar Fe,O;, CaO, Na,O, K,O, Rb, Sr, La, Ce and Th/Ce
compositions to the hk; rhyolites. The Upper Atiamuri rhyolites, which lie on or just
beyond the southwestern edge of the Kapenga Volcanic Centre, have compositions with
notably lower SiO, and higher CaO, Sr and Zr than the hk; rhyolites. The Horohoro and
North Haparangi Ridge rhyolites have very similar major and trace element compositions.
Spatially adjacent Tumunui and Waikorapa show some differences in composition,
particularly in Si<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>