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The 15.7 cal yrs B.P. Rotorua eruptive episode is the latest expression of western
Okataina volcanism. Okataina is one of the world’s most active rhyolitic volcanoes and
this eruptive episode provides an ideal opportunity to examine the nature, dynamics and
impacts of a large magnitude explosive eruption from this volcanic centre.

This re-investigation of the Rotorua eruptive episode has lead to the grouping of the
deposits into two distinct phases of eruption. The Rotorua Tephra and Eastern Dome
(previously thought to be Te Rere-related) are termed ‘Rotorua A’ phase. Trig 7693 and
Middle domes (previously linked to the source of the Rotorua Tephra) have been
grouped with the Upper Rotorua Tephra into the ‘Rotorua B’ phase. These groupings
are predominantly based on mineralogy and geochemistry on samples of pyroclastic and
dome deposits.

The eruptive sequence began with a small initial ash without a basalt trigger, followed
soon after by a plinian fall deposit (1.62 km®) directed to the NW. Dome growth ensued
(Eastern dome), creating an extensive rhyolite dome (0.72 kma) in the Okareka
Embayment. Soon after Eastern dome growth (based on the absence of paleosol
development) the Rotorua B phase was initiated. This phase of predominant effusive
dome growth lead to the construction of the coalesced Trig 7693 and Middle domes.
Periodic vulcanian explosions and dome collapses lead to the localised dispersal to the S
and E, of pyroclastic density currents and fall.

A new age of 12941 + 75 '*C years BP was obtained from charcoal in a surge deposit at
a proximal site. This results in a revised age for the Rotorua eruption of 15 700 cal yrs
BP. The eruption duration is estimated to exceed 15 yrs, based on a total dome volume
of 1.37 km®, assuming a growth rate of 3 m/s.

To the NW, the Rotorua A plinian deposit (A,-1 to A,-10 sub units) is overall normally
graded, however cm-scale bedding is evident throughout the deposit. The grain size
ranges from a block-sized, basal sub unit to a medium ash, upper. The plinian tephra is
biotite-poor compared to the distinct Rotorua B deposits (previously ‘Upper Rotorua
Tephra’), which is biotite-rich.

Whole rock geochemistry on the Rotorua A pyroclastics, forms an apparent trend,
suggesting the magma supplying the explosive phase was compositional zoned prior to
eruption and was subsequently disrupted immediately prior to or during eruption. The
Rotorua A and B phases plot as distinct clusters in all binary element plots. Intensive
parameters calculated on Fe-Ti oxides highlights the distinction between Rotorua A
(Rotorua Tephra and Eastern Dome) and Trig 7693 and Middle domes. Isotopic
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Abstract

evidence indicates the Trig 7693 and Middle domes were supplied by a separate magma
batch to the Rotorua A phase, suggesting small (<1 km®) magma batches were residing
in close proximity.

An eruption of this size today would cause the total destruction of Rotorua City (home
to >50,000 people) due to ~1.5 m of volcanic ejecta accumulating in this region. This
would cripple the central North Island for weeks to months. Due to the length of the
eruption, mitigation would be required for an extended period after the initial phase of
the eruptive episode. Livestock would be severely affected from blanketing tephra,
along with the complete collapse of intensive forestry operations in the Rotorua District.
National and international flights from Hamilton and Auckland airports would be
heavily disrupted causing major economic losses. Respiratory problems and
contaminated water intake would continue for a long period after the cessation of
volcanic activity.
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Chapter One
Infroduction

1.1 Infroduction

Volcanic eruptions involving silicic magma can be the most long-lived and
catastrophic of all natural phenomenons. Okataina volcano has produced numerous
moderate to large-volume silicic eruptions over at least the last 250 ka, most recently
650 years ago from Tarawera (Nairn, 1981, Froggatt & Lowe, 1990, Naim et al.,

2001 and references therein).

The most recent silicic eruption from the western side of Okataina caldera was the
Rotorua eruptive episode (Nairn, 1980) at 15,700 cal yrs BP. This eruption is

notable for a number of reasons that make it worthy of detailed study.

1) Dispersal was atypically to the NW, providing a rare opportunity to trace the
products of a plinian eruption to its distal margins.

2) This dispersal pattern is across the now built-up areas of Rotorua city and
extends to New Zealand’s largest population centre of Auckland. The
Rotorua eruptive episode therefore provides an excellent scenario for
modelling the impacts of an eruption on New Zealand, at a range of spatial
and temporal scales.

3) The deposits are generally well exposed in proximal and medial areas and
exhibit highly variable grain size over narrow vertical intervals. These
deposits provide an opportunity to study a plinian-style eruption of

apparently widely fluctuating intensity.
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4) The Rotorua eruptive episode involved a transition from explosive to effusive

behaviour.

1.2 Aims of Study

The main objectives of this study are:

1) Examine in detail the products of the Rotorua eruptive episode to
determine the nature and dynamics of the eruption processes.

2) Re-evaluate the eruption history of the Okareka Embayment of Okataina
volcano.

3) Assess the impacts of the eruption/s on today’s society using a scenario-

based approach.

1.3 Geological Setting

1.3.1  Taupo Volcanic Zone (TVZ)

Active rhyolitic volcanism is entirely concentrated in the Taupo Volcanic Zone
(TVZ). The TVZ is the most frequently active and productive rhyolitic system on
Earth (Wilson et al., 1995). Development of the TVZ is the result of westward
subduction of the Pacific Plate beneath the North Island (Figure 1.1). Extending
from Ohakune to White Island (Whakaari), the TVZ is aligned in a NNE to SSW-
trending zone of late Pliocene to Quaternary arc volcanism (Wilson et al., 1995).
Wilson et al. (1995) define the TVZ as an area enclosed around all caldera structural
margins and individual vent sites, and on land extends up to ca. 200 km in length and
ca. 60 km maximum width. Rhyolitic volcanism occurs in the middle of three
distinct segments between two andesitic-dacitic provinces (Figure 1.2), and rhyolite
makes up ca. 95 % of the total of TVZ eruptives (Graham et al., 1995; Houghton et
al., 1995). Eight rhyolitic centres have been identified to date, based primarily on
the evidence of structural depressions, namely: Taupo, Whakamaru, Maroa,
Reporoa, Mangakino, Kapenga, Rotorua and Okataina. Of these, Taupo and

Okataina are considered to be active.
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1.3.2  Okataina Volcanic Centre (OVC)

The Okataina Volcanic Centre is the most recently active rhyolitic centre in TVZ.
Okataina may have become active ca. 500 ka with eruptives presently only partially
exposed (Manning, 1996). Okataina Volcano consists of three segments (Figure 1.3)
1) Haroharo caldera — the central and predominant feature containing the Haroharo
and Tarawera Vent Zones, 2) Puhipuhi basin to the east and 3) Okareka Embayment
— the south-western sector containing the Northern Dome (Te Rere related) and the

Trig 7693 rhyolite complex (Rotorua A and B related — see section 1.4)

The history of Okataina can be conveniently divided into two phases, ‘caldera
forming’ (ca. 500 — 65 ka) and ‘caldera filling’ (ca. 65 ka — present) (Table 1.1).
Caldera forming events involved large ignimbrite eruptions, causing repeated
subsidence. These events formed multiple overlapping collapse structures of the

Haroharo caldera and Puhipuhi basin (Nairn, 1989).

Caldera filling events occurred after the voluminous Rotoiti eruption (ca. 65 ka),
consisting of the Mangaone (ca. 45 — 22.8 ka) and Rotorua (ca. 21 ka to the present)
subgroups (Froggatt & Lowe, 1990). The Mangaone subgroup consists of at least
12 pyroclastic units, as suggested by Jurado-Chichay & Walker (2000). The Rotorua
subgroup consists of 11 previously known eruptions (Froggatt & Lowe, 1990). Of
these, only the Te Rere and Rotorua Eruptive Episodes have been derived from the

Okareka Embayment.
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Fig 1.1 The tectonic regime acting to create the active Taupo Volcanic Zone. Westward subduction of
the Pacific Plate beneath the North Island of New Zealand has lead to conditions for intensive activity
in the zone of the central North Island. TVZ = Taupo Volcanic Zone; CVZ = Coromandel Volcanic Zone;
NISB = North Island Shear Belt. Arrows indicate the direction of subduction (modified from Graham
et al. 1995).
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Table 1.1 The post Rotoiti tephrostratigraphy of the Taupo Volcanic Zone. Ages taken from (i) Froggatt
and Lowe (1990), (#) Wilson ez al. (1988), (f) Calibrated ages based on Stuiver et al. (1998) and Lowe et
al. (1999), (§) Jurado-Chichay and Walker (2000), (#) Hogg et al. (in press), ($) New age calculated in this

study.

Subgroup Formation Age (**C yrBP) Age (Cal. yr BP) Volcanic Centre
Rotorua Kaharoa Tephra 770+/-20* 1314 +/-11* Okataina
Taupo Taupo Tephra 1850 +/- 10* c. 200 AD Taupo
Rotorua Rotokawau Tephra 3440 +/- 70* - Okataina

Whakatane Tephra 4830 +/- 20* 5550 t
Mamaku Tephra 7250 +/- 20* 8050 +
Rotoma Tephra 8530 +- 10* 9500 +
Waiohau Tephra 11 850 +/- 10* 13800 t
Rotorua Tephra 13020 +/- 80° 15700°
Rerewhakaaitu Tephra 14700 +/- 110* 17600 t
Okareka Tephra 18000* 22500 t
Te Rere Tephra 21100 +/- 320 25000
Kawakawa Tephra 22600* 26500 # Taupo
>Aokautere Ash
Mangaone L (post Omataroa) 28220 +/- 630* Okataina
K Omataroa (Om) c.29000*
J Awakeri (Aw) 27730 +/- 350*
| Mangaone (Mn) 31600 +-250* 31400 §
H
G 33000 §
F Hauparu (Hu) c. 39000*
E Te Mahoe (Tm) c.41000%
D Maketu (Mk)
Pongakawa (Pg) 36700 §
Pupuwharau (Pp) c.43000*
Tahuna (Ta) (Taupo)
[¢) c.45000* Okataina
B Ngamotu (Nt)
A Basal Ngamotu 43000 §
Rotoiti Rotoiti Tephra c. 50 000* 55 000 #

> Rotoehu ash
> Rotoiti Ignimbrite
> Matahi Scoria

1.4 The Rotorua eruptive episode and nomenclature

The Rotorua Tephra was first described by Thomas (1888) and later by numerous
authors (Grange, 1929; Vucetich & Pullar, 1964; Ewart & Healy, 1965) in a

tephrostratigraphic and soil development context. Nairn (1980) was the first to apply

a volcanological interpretation of the nature and dynamics of the eruption.

The deposits of the Rotorua eruptive episode lie stratigraphically between the

Rerewhakaaitu and Waiohau eruptive episodes. The Rotorua event has been divided

in this study into two distinct stages, 1) an explosive plinian phase producing a

widespread plinian fall deposit to the NW with associated dome growth (Eastern

dome see later chapters) and 2) a subsequent and distinct dome-building phase

leading to the growth of the coalesced Trig 7693 and Middle domes and pyroclastics
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previously known as the ‘Upper Rotorua Tephra’ (Nairn, 1980). ‘Rotorua Tephra’
and ‘Upper Rotorua Tephra’ will be used synonymously with Rotorua A and B
eruptive phases respectively. The proposed nomenclature for the eruption that
produced the ‘upper Rr’ pyroclastics and the Trig 7693 and Middle domes is here
termed ‘Rotorua B’. Rotorua B is used to distinguish products that are
geochemically distinct from the plinian pumice fall deposits of Rotorua A. The
general term used to describe Rotorua A and B phases are collectively termed the

‘Rotorua eruptive episode’ and will be used herein.

1.5 Age of the Rotorua episode

Using previously obtained dates on the Rotorua Tephra at distal sites (Froggatt &
Lowe, 1990 and references therein) and from charcoal samples within proximal
density currents (one obtained in this study), a revised age of 13,020 + 80 (15,700 cal
yrs BP) has been determined based on 8 analyses. The age of the Rotorua eruptive
episode has been re-examined due to the interpretation of the stratigraphy and

geochemistry (see section 2.10)

1.6 Outline of Thesis

The thesis is presented in seven chapters.

Chapter 2 describes the stratigraphy and dispersal of the Rotorua A and B pyroclastic
deposits. Calculations of the pyroclastic and dome volumes are given, along with
models of eruption dynamics. Chapter 3 examines the textural and component
characteristics of the Rotorua A and B pyroclastic deposits to quantify the state of
the magma and vent conditions immediately prior to and during the eruption. In
chapter 4, whole rock geochemistry on pyroclastic rocks from this study is presented,
in conjunction with recent unpublished data. This is used to quantify the state of the
distinct batches of Rotorua magma. Data quoted in literature is included to validate
the derived magmatic models within the Okareka Embayment of the Okataina
Volcanic Centre. A revised model for the eruptive history of the Rotorua A and B
phases is presented in chapter 5, and the implications of the new findings are
discussed. Chapter 6 assesses the hazard posed by the Rotorua eruptive episode

today using volcanological interpretations to examine the quantitative effects locally
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and regionally. Chapter 7 concludes the thesis with the key findings of this study

and provides recommendations for future research.



Chapter Two
Stratigraphy and Dispersal

2.1 Introduction

Thomas (1888) was the first to describe the Rotorua Tephra. Subsequent authors (eg.
Grange, 1937; Vucetich & Pullar, 1964) established the tephrostratigraphy of the
deposits from the Okataina Volcanic Centre (OVC). These studies were conducted
largely in order to understand the soil forming processes rather than to determine the
volcanological implications of the tephras. Nairn (1980) was the first to describe the
deposit in a volcanological context, by providing a general account of the unit
stratigraphy and the nature of the associated eruptions. However, a detailed analysis of

the eruption was not attempted due to the limited scope of that study.

This chapter provides a detailed account of the internal stratigraphy of the Rotorua
Tephra and gives the dispersal of the assigned sub-units, from a large number of site
localities (Figure 2.2). Using the isopach data collected in this study in conjunction with
results from Waikato (Lowe, 1988) and Auckland lake cores (Sandiford et al., 2001)
(Figure 2.1), a revised estimated volume is calculated using the method of Pyle (1989).
Isopleth maps have been produced in order to model column heights and plume

dynamics using the method of Carey & Sparks (1986).

10
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2.2 Field Methods

The collection of field data involved a number of descriptive characteristics to be noted
at the > 80 sites (Figure 2.2) described, primarily by drawing detailed stratigraphic
columns and providing descriptions at each locality. Characteristics such as: total
thickness, subunit stratigraphy and thickness, and the maximum 5 pumice and lithic

clasts at each sub-unit, were needed for creating the isopach and isopleth maps.

xS

Auckland
Cores

. Waikato Lake
Cores
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" ;.-'-;{E
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> N

Fig 2.1 Locations of site localities used in the dispersal and volume calculations of the Rotorua
Tephra. Waikato lake core data from Lowe (1988), and Auckland core data from Sandiford et al,
(2001). Inset indicates area sampled of North Island, New Zealand.

2.3 General Description

In this study, two distinct phases of the Rotorua eruptive episode have been identified
based on mineralogy, geochemistry and stratigraphy. These phases are termed Rotorua
A and Rotorua B phases of the Rotorua eruptive episode. The Rotorua A phase consists
of the ‘Rotorua Tephra’ (of previous studies) and Eastern dome of the Okareka

Embayment (previously considered part of the Te Rere eruption). The Rotorua B phase

11



Chapter Two Stratigraphy and Dispersal

consists of the ‘Upper Rotorua Tephra’ (as defined by Nairn, 1980)) and the coalesced
Trig 7693 and Middle domes.

2.3.1 Rotorua A

The Rotorua Tephra is a conspicuous, crystal-poor pyroclastic deposit in the western
Bay of Plenty. The highly permeable fine to coarse lapilli is characteristically Fe-
stained in many sections. Along State Highway 5, the red-brown tephra overlays the
Mamaku Ignimbrite and in parts, rest directly on it. At more proximal locations, the
deposit is characterised by coarse lapilli and block-sized pumice in the basal coarse unit
(proximal subunit Ap-2; see section 2.5), with a medium and fine lapilli upper (subunit
Ap-10). Due to this change in the grain size of the deposit from proximal to distal

locations, a description of the deposit in the proximal, medial and distal sites is given.

Eastern dome in the Okareka Embayment is a relatively low-lying dome compared to
the Trig 7693 and Middle domes. Eastern dome has an irregular topography with low
angle flow margins. It is bounded by Lakes Tikitapu and Rotokakahi to the west, Lake
Okareka to the north, and Lake Tarawera in the east (see Figure 2.13). Previously this
lava dome was considered part of the older Te Rere eruptives (22.0 cal ka BP). New
data from this study are presented here and in chapter 4 on which Eastern dome is

assigned to the Rotorua eruptive episode.

2.3.2 Rotorua B

The Upper Rotorua Tephra is a locally dispersed (to the south and east), crystal-rich
pyroclastic deposit. In very proximal locations (1-2 km) the Upper Rotorua Tephra

contains a range of grainsizes, from medium ash to coarse lapilli.

The coalesced Trig 7693 and Middle domes have the typically steep-sided morphology
of a rhyolite dome (see Figure 2.13). The surface of the domes has been heavily incised,
leading to an irregular topography. Situated towards Lakes Tikitapu and Rotokakahi,

these domes are located on the westernmost limb of the Okareka Embayment.

12
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2.4 Stratigraphic History of the Okareka Embayment

Previous investigations by Nairn (1980; 1992) have established the volcanic history of
the Okareka Embayment of Okataina Volcanic Centre. Two major eruptive episodes
have been sourced from the Okareka Embayment: 1) portions of the Te Rere eruptive
episode (21.1 '%C ka) and 2) the Rotorua eruptive episode. The Eastern dome was
inferred by Nairn (1992) to be of Te Rere origin, due to the presence (at one locality) of
Okareka tephra (18 '*C ka) immediately overlying the dome (I.A. Nairn, 2002 pers
comm.). However, the locality (U16/ 063305) used to determine the age of the dome is
problematic as it is situated at the confluence of two lava flows (Eastern and Crater
Férm). A re-investigation of this site indicates the dome lava at the base of the section
represents the flow front of Crater Farm dome. A geochemical investigation (see Ch. 4)
indicates the Eastern dome is more probably related to the Rotorua Tephra (Rotorua A).
Trig 7693 and Middle domes are geochemically related to the Upper Rotorua Tephra

(Rotorua B), with a distinction between the two phase being significant (see chapter 4).

2.5 Stratigraphic Determinations of the Rotorua Tephra

The climactic phase of the Rotorua eruptive episode (Rotorua Tephra) is a uniquely well
exposed plinian fall deposit. The excellent exposure has enabled the tephra to be traced

over a large area, which allows the nature of the deposit to be examined in detail.

By logging in detail the deposit at over 80 sites throughout the region, it has been
possible to identify a proximal and medial subunit stratigraphy. These subunits have
provided the framework for mapping the dispersal of individual phases of the eruption.
The proximal stratigraphy (within 5 km of the vent) has been divided into 10 subunits
(Ap-1 to Ap-10) (#1 in Figure 2.4), based on grain size and componentry. However, as
distance increases from the vent, the number of recognisable and mappable subunits
decreases. The medial stratigraphy (10-20 km) (#4 - #34a in Figure 2.4) exhibits 6
subunits (Ap-1 to Ay-6), depending on location. At distal locations (>20 km) (#43 in
Figure 2.4), such as on the Mamaku plateau, 3 sub-units are visible and can be traced

into the Waikato lakes.

13
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2.6  PROXIMAL PYROCLASTIC STRATIGRAPHY

The proximal Rotorua eruptive episode deposits are of two main types: 1) proximal
equivalents of the widespread plinian fall — ‘Rotorua Tephra’, and Rotorua A of this
study 2) pyroclastic density current deposits and associated fall — ‘Upper Rotorua
Tephra’ and Rotorua B of this study. The proximal fall stratigraphy is based on 5
locations within 5 km of the vent. Limited exposure is available very close to source (1-
2 km) due to dense vegetation and burial during subsequent dome growth. Proximal
sites give the best indication of vent and plume dynamics; therefore the type section was
used for quantifying the eruption dynamics. The type section of the Rotorua Tephra is
located in the Okareka Quarry (Figure 2.3) as assigned by Nairn (1980). Although the
quarry is situated 3.7 km NW of the vent, the site is retained as the type locality due to
the quality of exposure and proximify to the vent. As the quarry lies along the dispersal
axis, the location provides an excellent location to determine the internal stratigraphy of

the Rotorua Tephra.

Site Localities 60
59 58 7.5
2 76
56 5/ 65 o h :
PR 53 86,
A . 54
7945-3 "t 4 4 53 52 !
L[]
» SOV - K%% ‘: )
. 45 * 34b, 35 .1
48 49 5p 51
46 34a

323
7 2831'?7%‘623?22“
2930 25 .21
24 4 - 9 .
1
3

788
N 8 5 ®
6 8°
16 1 7.0
' 15 < 1718

1 .
I = N 451 19 /
(kem) . .20 A
m, L]

Fig. 2.2 Map showing numbered site localities referred to in the text. Grey dot indicates vent
location. Insetindicates thelocation of the field sites in the Rotorua District Grid references are given
in Appendix L.

14



Chapter TWO Stratigraphy and Dispersal

The stratigraphy in the quarry exhibits conformable bedding. The deposit is generally
normally graded, which is unusual (Sparks et al., 1997) however fine-scale (cm) pulses
throughout the unit are evident suggesting rapidly varying eruption intensities (Figure
2.3). While the quarry provides the type location for the Rotorua Tephra (Rotorua A),
the Upper Rotorua Tephra (Rotorua B) is not represented in the quarry due to the very
localised dispersal to the south and east of the vent. The Te Mu Road section (U16/
048273) provides a limited exposure of the proximal Rotorua B deposits (see 2.5.2).
This site exhibits pyroclastic density currents with intermittent fall (Figure 2.4). Nairn
(1980) describes deposits that are inaccessible due to lack of outcrop such as block and

ash flows and fall deposits.

Fig. 2.3 Proximal stratigraphy of the
Rotorua Tephra at the Okareka Quarry type
locality (U16/ 018316). Note the overall
normal grading with fine scale bedding
throughout the deposit.

Thickness (m)

1
' Block/
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2.6.1  Roforua A - Proximal Fall Stratigraphy (A,)

A -1

The base of this subunit lies on a paleosol overlying the Rerewhakaaitu tephra. This
basal subunit is a fine-medium ash and has a patchy distribution, is moderately sorted

and is up to 10 cm thick. Componentry of this medium ash consists of vesicular pumice

(75 %), lithics (20 %) and dense pumice (5 %). Bedding is massive.

A, -2

Due to the discontinuous nature of A;-1, this subunit is often found in contact with the
basal paleosol. The grain size of A,-2 ranges from fine lapilli to block-sized (>100 mm)
pumice clasts. The unit is reverse to normally graded and contains 2 reversely graded
block beds. The pumice has a sub-angular to sub-rounded morphology, is vesicular,
crystal poor and contains hypersthene, hornblende +/- augite (crystals found throughout
the sequence). Pumice makes up 75-80% of the subunit. The lithics are solely rhyolite
lava, and comprise 15-20% of the deposit. The lithic clasts are angular to sub-angular.
Maximum lithic sizes are approximately 35-40mm in diameter. A fine ash layer of 10

mm thickness marks the top of subunit Ap-2.

A -3

Subunit Ap-3 is finer grained than A,-2, containing coarse ash to medium lapilli + rare
block—sized pumice. This subunit exhibits fine scale bedding, involving 19-20 packages
of coarse and fine beds within ~80 vertical cm. The subunit consists of 80-85% pumice,
10-15% lithics and ~5% obsidian. The pumice is slightly more vesicular (75-78 %) in
hand specimen than Ap-2 (72-74 %) and has a sub-angular morphology. Numerous fine
ash units (6) are present at the base of the bedded units. 2 block beds occur within this
predominantly coarse ash and medium lapilli subunit. A 15 mm fine ash layer caps the

top of Ap-3.
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A - 4

Subunit Ay-4 is a finer-grained unit than A,-3. The deposit ranges from coarse ash to
fine lapilli and is well sorted. Seven graded units are evident with no fine ash layers
over the 30 cm thickness. The distinguishing feature of Ap-4 is the slightly higher
proportion of lithics (15-20%) with rare (5%) black-green obsidian. Grain morphology

is more angular (sub angular) than C, for both the pumice and lithic clasts.

A -5

A 25 mm fine ash bed marks the base of A,-5. This subunit is a 50 cm thick subunit and
predominantly consists of medium to coarse lapilli. Six reversely graded beds are
identified, of these, two are block sized. The overall grain size ranges from fine lapilli
(5-10 mm) to blocks (90-100 mm). Lithics are highly concentrated at the base (15-20
%) while in the block beds the lithic concentration is lower (5-10 %). Dense pumice is
rare (<5 %), therefore the proportion of vesicular pumice ranges from 80-85 % for the
base, to 90-95 % elsewhere. The pumice clasts are sub rounded to sub angular, while
the lithics are sub angular. A;-5 is a moderately sorted subunit. A 25 mm fine ash bed

marks the top.

A -6
Overlying the fine ash bed, a concentration of coarse ash sized rhyolite lithics (15-20%)
forms the base of the first reversely graded bed. 3 such beds, ranging from coarse ash to
coarse lapilli are identified. Each bed is well sorted and contains sub rounded pumice
(85-90%) and sub angular rhyolite lithics (10-15 %). Rare dense pumice and streaky

pumice make up <5 % of this subunit.

A -7

A thick (30 mm) fine ash unit marks the base of A,-7. This 35 cm thick subunit is
poorly sorted and lithic rich. Its appearance is much greyer than the other units due to
the ~20 % lithics and 10 % dense pumice. A series of fine scale bedding occurs at a 25-

30 mm frequency. The subunit is normally graded, with 2 medium lapilli beds
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underlying nine coarse ash beds. The pumice is sub rounded and the lithics and dense

pumice are sub angular.

A,- 8

Coarser than A,-7, Ap-8 is a coarse ash to medium lapilli bedded subunit. The six
reversely graded beds are vesicular, pumice rich (80-85 %) compared with Ap-7.
Rhyolite lithics make up 10-15 % of the subunit, with rare dense pumice (<5 %).
Moderately dense pumice is evident within this subunit. The pumice clasts are sub
rounded with sub angular lithics. The beds are moderately to well sorted and are

regularly spaced (15-20 cm).

A,-9

This subunit is light brown and is massive, showing no signs of bedding. The grainsize
is coarse ash to fine lapilli and is well sorted. The clasts are predominantly sub-rounded
pumice (85-90 %) with sparse amounts of sub angular lithics (10 %) and dense pumice

(<5 %). 60 cm thick, Ap-9 is defined at the top by a rapid decrease in grain size (A,-10).

A, - 10

Subunit Ap-10 represents the uppermost unit of the quarry in the NW direction. The
grain size ranges from medium to coarse ash and grades into a soil, below the Waiohau
tephra. No bedding is visible in this well sorted, 60 cm thick subunit. The proportion of
components is: pumice — 90 %, lithics — 5 %, dense pumice — 5 %. The pumice and

lithic clasts are sub angular.

2.6.2  Rotorua B - Proximal Fall and Flow Stratigraphy (B,)
B, - 1
Nairn (1980) described a block and ash flow deposit at the base of the Te Mu Rd

p

section. The deposit consists of angular lithic blocks up to 1 m diameter in a lapilli

matrix. The deposit is approximately 2 m thick to the base of the exposure.
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B, - 2
Subunit B2 is a fall unit of bedded coarse ash to lapilli. The subunit consists of
multiple beds reverse to normally graded. This subunit is presently not exposed and is

described in Nairn (1980).

B, - 3

This ignimbrite unit consists of coarse lapilli, moderately rounded, crystal-rich pumice
in a peach-grey matrix. The base is not exposed. The coarse pumice clasts in the
ignimbrite are denser compared to the fall deposits above and contain a higher crystal

content compared with the Rotorua tephra. Rare lithics and dense pumice are evident.

B, - 4

A sharp contact exists between the ignimbrite and the overlying fall deposit. This fall
deposit consists of four packets of tephra. The 30 cm thick unit has a coarse lapilli,
reversely graded unit overlain by a finely bedded sequence of medium ash to fine lapilli.
Pumice clasts are crystal-rich and are dominant in the deposit. Fine scale bedding (cm)

exists in this fall deposit.

B, -5

A sharp contact at the top of subunit B,-4 marks the transition from a fall deposit to a
series of light grey pyroclastic surges. The 10 cm thick unit contains four superposed
events. The composite surge bed is continuous over a short area exhibiting limited
pinch and swell bed morphology. The deposit has a fine ash base reversely grading into
a fine lapilli overlain by a coarse ash upper.

B,-6

P
A fall deposit overlies subunit Bp-5 and contains a coarse ash to coarse lapilli (reversely
graded) base and medium ash/fine lapilli upper. The coarse ash base contains
approximately 50-60 % dense pumice overlain by coarse lapilli of predominantly

crystal-rich pumice. Clast morphology is sub-angular. The medium ash/fine lapilli unit

19



Chapter TWO Stratigraphy and Dispersal

is moderately well sorted and exhibits fine scale bedding over the 25 cm thickness of the

subunit

Subunit

14-3

Bp-8

Bp-7 12|

BP-G ’ " 5, ;
1.0F2

Bp-5 ]
— 08"]:

Bp-4

Thickness (m)
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Fig. 2.4 The Te Mu Rd section (U16 048273) showing the Rotorua B pyroclastic deposits. Pyroclastic fall
units (Bp-4, 6 and 8) are intercalated with pyroclastic density currents (Bp-3, 5 and 7).

B, - 7
Subunit B - 7 contains a series of five fine surge beds. The deposit is a 10 cm thick unit

consisting of an overall normally graded coarse to fine ash. The surge beds are laterally
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continuous over short distances but exhibit fine pinch and swell over greater lengths.

Brown vitric ash separates the five grey surges.

B, - 8
A normally graded fall deposit overlies the surge below. The fall deposit is finely
bedded over the 23 cm thickness from a coarse lapilli base to a medium ash upper.
Pumice clasts are crystal-rich with the deposit containing rare lithics (<2 %). Clast
morphology is sub-angular and the deposit is moderately sorted. A gradation of the

medium ash upper into the paleosol above marks the latest stage of the sequence.

2.7 Rotorua Tephra Medial Stratigraphy (A.)

2.7.1 General Description

The stratigraphy in the medial sections is based on a large number (> 40) of site
localities. Small variations in both syn- and post - eruptive atmospheric effects, lead to
variability in the number of medial subunits present at a gi\;en location. The medial
deposits (all associated with the Rotorua A phase) often can be traced to their proximal
equivalents, however local turbulence and near-vent effects will be decreased leading to

a more composite stratigraphy further from the vent.

Apn—1

Subunit Ap-1 lies on a paleosol overlying the Rerewhakaaitu tephra. This subunit is a
massive, medium ash with rare (5-10 %) fine lapilli. Clasts are sub angular — sub
rounded and are moderately sorted. Sub angular lithics make up 5-7 % of the deposit.

The thickness of this unit is variable along the dispersal axis.

A -2
A gradational contact with Ap-1 marks the base of this subunit. This unit is the thickest
(>40 cm) and coarsest of the medial stratigraphy. According to proximity to the vent,
the subunit is a bedded coarse and medium lapilli to a massive medium lapilli with

occasional fine lapilli. Vesicular pumice is the predominant component of the unit (85-
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90 %) with rare lithics and dense pumice (~10 %). Lithic and dense pumice

morphologies are sub angular — angular, while the vesicular pumice is sub rounded.

An—3
A sharp contact exists between this unit and An-2. Grainsize ranges from a coarse ash
to fine lapilli, with sub rounded to sub angular clast morphologies. The unit is massive
and contains 90-95 % vesicular pumice with rare dense pumice and lithics. Free crystals

of quartz, hornblende and biotite are rare as well as obsidian fragments.

A,-4

A gradational contact exists between this unit and Ap-3. The deposit is variable in
thickness, ranging from a ~35 cm medium - coarse lapilli to a 10 cm fine lapilli. Lithic
concentrations are higher than the underlying units (~10 %) leading to a grey-tan colour.
Componentry is dominated by vesicular pumice (85 %) with rare free crystals (~5 %).

Bedding is massive throughout the medial stratigraphy.

A, -5

This subunit is not evident everywhere throughout the medial stratigraphy. The unit is a
lithic-rich (20-25 %) medium — coarse ash with rare fine lapilli. A sharp contact on Ap,-
4 forms the base of this poorly sorted subunit. The bedding is variable and ranges from
a finely bedded, coarse ash to a massive fine lapilli. Dense pumice clasts and obsidian
form a small percentage (10 %) of the medium ash-sized portions of the deposit. Clast
morphologies are sub angular and sub rounded for the lithic and vesicular pumice clasts

respectively.

A, -6
This subunit is evident throughout the medial stratigraphy. Varying in thiclaess
between 20 and 30 cm, this moderately sorted unit forms the top of the tephra sequence.
Massively bedded, the unit ranges in grainsize from fine to coarse ash with rare fine

lapilli. Lithics are rare (~5 %) with sub angular to angular morphologies. Sub rounded
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vesicular pumice is the dominant component of this unit. The top of this subunit
weathers progressively into the developing soil. The Waiohau tephra is the succeeding

eruption.

2.8 Rotorua Tephra Distal Stratigraphy (Ay)

2.8.1 General Description

Distal sites involve locations as far north as Auckland (Sandiford et al., 2001). These
data along with the Waikato lake cores (Lowe, 1988) has increased the mapped area of
tephra dispersal. The distal stratigraphy (3 subunits) on the Mamaku plateau can be
correlated with the deposit in the Lake Okoroire core in the south Waikato region

(Figure 2.5).

Ay-1
The base of this subunit forms a sharp contact with the paleosol of the Mamaku
Ignimbrite. The orangey-brown basal unit is a well-sorted, coarse ash - fine lapilli.
Lithics and dense pumice are rare (~5 %) in this vesicular pumice-rich unit. Bedding is

massive. Clast morphology is sub rounded.

Ay -2
A gradational contact with Ag-1 marks the boundary between the subunits. This unit is a
massive, fine and medium lapilli with sub rounded pumice clasts. The deposit is
predominantly vesicular pumice (95 %) with rare lithics and dense pumice (5 %). This

subunit represents the coarsest of the three distal subunits.

Ay-3

A sharp contact marks the transition from an orangey-brown unit (A4-2) to this tan-
grey, uppermost unit. Grainsize ranges from fine to medium ash and sorting is
moderate. Sub rounded pumice clasts are dominant in this lithic-poor deposit. Rare
dense pumice is evident (5 %). A gradation into the paleosol marks the limit of this

massive unit.
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2.9 Proximal — Medial — Distal Correlations

Correlations of the subunits are based on grain size, componentry (lithic and dense
pumice abundances relative to vesicular pumice) and clast morphology. Columns were
drawn and correlated along the dispersal axis to examine the changes in the deposit

characteristics, as shown in Figure 2.6.

2.10 Eruption Chronology

The age of the Rotorua eruptive episode has been determined by 1C. However, past
dates have not separated the distinct phases of the eruptive episode, as determined by

this study.

Nairn (1980) sampled charcoal within a pyroclastic surge deposit from the Rotorua B
phase (his ‘Upper Rotorua Tephra’), which occurred after the Rotorua A phase, based
on stratigraphy. This date was incorporated with Rotorua Tephra (Rotorua A) charcoal
and peat samples (Froggatt & Lowe, 1990 and references therein). The sample collected
by Nairn (1980) in addition to a sample collected in this study (which obtained a date of
12,941 = 75 *C yrs BP), should ideally not be pooled with the Rotorua A dates due to
the distinct phases of the eruptive episode. However, a distinction between the two
events using C is not possible due to the inherent errors in the age determination (as
shown in Table 2.1). This in conjunction with the lack of stratigraphic evidence for
paleosol development suggest the maximum time break between A and B phases was no

more than in the order of tens of years.
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Table 2.1 Pooled radiocarbon dates with corrected calendar ages from the Rotorua A and B events based
on the revised stratigraphy of the Okareka Embayment, as determined in this study. Dates collated from,
(%) Topping & Kohn (1973), (#) Nairn (1980), (1) Hogg er al. (1987) and (B) this study. Note: Topping &
Kohn data is likely to have been misidentified.

Eruption Phase Age Determined
Rotorua A 13150 + 300¢
12810 + 580°¢
12900 + 310*

12800 + 150*
13300 + 110¢
12950 + 110*

Rotorua B 13450 + 250*
12941 + 75°
Pooled Age "“C 13020 + 49
Corrected Cal yrs BP 15700

2.11 Isopach / Isopleth Dispersal Maps

Isopach maps were constructed for the assigned subunits of the medial stratigraphy
(Ap-1 to Ap-6) (Figure 2.7) in order to examine the dispersal of the main plinian phases
of the eruption over the widest possible area. All subunit isopach maps have a
distinctive NW dispersal, with little variation from the whole deposit isopach. Small
variations in the dispersal axis do occur but do not significantly deviate from the general
dispersal axis. Site localities to the SE of the vent contain only trace amounts of the
plinian fall deposit, suggesting a strongly demarcated upwind margin to the plinian
plume. Field evidence around the vent suggests the dome building pyroclastics of the
Rotorua B phase were extremely localised proximal to the vent and are dispersed to the
S and E only. Topographic controls from the older Te Rere related dome (25 ka) to the
NW provided an obstacle for density currents and vulcanian fall. Deposits associated

with the Rotorua B phase are not evident within the quarry, 3.7 km NW of the vent.
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The total dispersal of the Rotorua Tephra has been extended from incorporation of core

data from the Waikato (Lowe, 1988) and Auckland (Sandiford et al., 2001). The

dispersal of the tephra does not extend east off the Coromandel Peninsula (Carter et al.,

1995), therefore eliminating the previously described northern lobe of Vucetich & Pullar

(1964) and Nairn (1980). Trace amounts have been identified to the SE of Ruapehu on
the ring plain (T19/ 489238) (Donoghue er al., 1995). These data have lead to a more

accurate account of the primary pyroclastic coverage over the North Island (Figure 2.5).

18

Lttt i)
0 5 10

(km)

Fig. 2.7 (a-g) Subunit isopach maps based on the medial stratigraphy (Ap-1 - Ap-6). Each subunit
is given (a-f) along with a total isopach (g). Thickness contours are in cm. Black dot represents the

vent location in all maps.
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2.12 VOLUME ESTIMATE — PYROCLASTIC

2.12.1 ROTORUA TEPHRA

Due to the unform dispersal of the subunits in the NW direction, the volume of the
Rotorua Tephra can be accurately calculated on the basis of the whole unit dispersal
rather than the sum of the subunits. Using the method of Pyle (1989), tephra volume
requires a plot of /n thickness versus square root of area enclosed in the isopachs. This
method assumes an exponential decay from the vent. Four isopachs were used in the
volume calculation based on the ability to adequately define the contours. The
Geographic Information System (GIS) program ArcView calculated the isopach area, by
calculating the area of a manually drawn polygon. This was chosen due to the accuracy

of the GIS program.

The calculated volume of the tephra in this study was expected to be less than that
estimated by Nairn (1980) which was based on the mapping of Vucetich & Pullar (1964)
who included paleosol thickness in deposit measurements. As shown in Figure 2.8, the
dispersal of Nairn (1980) covers a much greater area for the 20 cm isopach than this
study’s 10 cm isopach. Therefore the volume calculation of Nairn’s is likely to be

overestimated.

The data produced (Figure 2.9) lead to a straight-line relationship for the four isopachs,
indicating an exponential decay in thickness. However, the core data from Waikato and
Auckland appear over thickened relative to the more proximal exponential decay. This
may be explained by the fine ash component of the tephra being more mobile in the
atmosphere (Bonnadonna er al., 1998). The Waikato cores contain fine to medium ash,
which is easily transported by slight wind currents. This will lead to an underestimate of
the volume using a simple exponential decay model. This is evident in large volume
eruptions (Fierstein & Nathenson, 1992) exhibiting three straight segments due to (1)
near vent ballistic fall (2) deposition from the convecting column and (3) deposition of

lapilli and ash from the umbrella cloud.
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Volume was calculated using the formula of Pyle (1989):

Volume = 27y/k*

Where 7 = extrapolated maximum thickness at vent

k = slope of the best fit line on the /n thickness versus square root of isopach area

The new volume obtained for the Rotorua Tephra is calculated here as 1.61 km®. Other

well-known eruptions for comparison are Taupo lapilli — 9.00km’ and Mt. St. Helens —

1.22km’ (Pyle, 1989). The overlying Waiohau tephra has a volume of 4.53 km® (Speed,

2001). This volume of tephra equates to an equivalent magma volume of 0.4 km” (using

a DRE of 2350 kg/m®).

Volume Determination
1000 -
*
y = 656.65e0-0903x
E 100
S Taupo
o Measured ¢
‘é’ Thickness
-
2
}.E 10 == ?
St. Helens Bog + Craters
| |
1 ; - r r ' "
0 20 40 60 80 100 120
SqRt Area (km)

140

Fig. 2.9 Volume determination for the Rotorua Tephra using the method of Pyle (1989). Data from this study
(measured thickness-black) form a single straight line segment. These data were used to determine the volume
of the deposit. Distal data from Waikato and Auckland cores (Bog + Craters) are included to show the volume
determined is underestimated and considered to be a minimum volume. Taupo (Red) and May 18, 1980 Mount

St. Helens (blue) tephra thickness decay included for comparison (Pyle, 1989).
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2.12.2 UpPPER ROTORUA TEPHRA

Due to the extremely localised dispersal and poor exposure of the Upper Rotorua

Tephra, an exact volume cannot be calculated. The volume is estimated to be minimal.

2.13 ROTORUA A - ISOPLETH MAPS

The maximum dimensions of pumice and lithic clasts are used to model vent location,
eruptive energy and wind strength (Carey & Sparks, 1986; Sparks et al. 1997). The
average maximum dimensions of the five largest clasts within a subunit were used to
construct isopleth maps. Initially, the clasts were measured in the three principal axes in
order to quantify average clast shape. Pumice and lithic clasts exhibited little variation
throughout the dispersal; therefore the largest axis was measured to produce the isopleth
maps. Maximum pumice and lithic clasts were measured in the six subunits of the
medial stratigraphy (see section 2.6). Three subunits were used to model eruption
dynamics based on confidence of isopleth contours. The two coarsest units (Ap-2 and
An-4) and a fine unit (Ap-6) provided a spectrum of dispersal, stratigraphic position and
grainsize for modelling purposes (Figure 2.10 a-f) . The isopleth maps exhibit dispersal
axes in similar azimuths to the isopach maps, indicating factors controlling dispersal

were constant throughout the plinian phase of the eruptive episode.

Models have been developed by Carey & Sparks (1986), Wilson & Walker (1987) and
Pyle (1989) to quantify tephra deposits. Of these, plume height, eruption intensity and
duration have been calculated using the method of Carey & Sparks (1986) as it is most
commonly used in the literature, and therefore allows for easier comparison of results

from other examples globally.

To model the column height and wind speed, the method of Carey & Sparks (1986)
requires a measure of down and crosswind axis measurements of the 8 mm lithic
isopleth (Figure 2.11). This produced column heights of 20, 17 and 13 km for subunits
An-2, 4 and 6 respectively, with an average wind speed of 25 m/s. These column height
values indicate the plume waned from the early climax of An-2 to the later stage

deposits of Ax-6. The vertical wind profile in the atmosphere is a function of
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geographic position and the day of eruption; therefore wind speed is a semi-quantitative
or qualitative interpretation (Sparks et al., 1997). However, it is a useful indicator of

conditions during the eruption, accounting for the narrow isopach and isopleth contours.

Peak eruption intensity was calculated using the buoyant plume rise model of Sparks
(1986). Intensities were calculated (Figure 6b from Sparks (1986)) assuming an average
magma temperature of 800 °C with a maximum column height of 20 km (from Carey &
Sparks, 1986). Eruption intensities are determined by the maximum height of the plume
(during Ap-2), therefore the calculation leads to a peak eruption rate. As indicated by
the grain size variations of the deposit, the peak intensities were achieved early in the
eruption sequence; therefore, intensities for the later stages of the eruption are not
accounted for in the model. This has implications for the inferred plinian eruption
duration (3.5 hours), which will be underestimated (based on the maximum discharge
rate of 1.0 x 10° kg/s). Quantitative eruption dynamics are summarised in Table 2.2

with comparisons of deposits elsewhere.

a Am-2 (ML)

lasaalisusl
[ 5 10
(km)

2

Fig 2.10 (a-f) Isopleth maps of maximum pumice (MP) and lithics (ML) for units Ay-2, 4 and 6.
Contours are in mm. Black circle marks the vent location in all isopleth maps.

36



Chapter TWO

Stratigraphy and Dispersal

12

| I |
[ 5 10
(km)

i

Ay -4 (ML)

| NS S
[ 5 10
(km)

37



Chapter TWO

Stratigraphy and Dispersal

A -4 (MP)

liroa bl

G

A -6 (ML)

Tvroaluioanl
5 ™

38



Chapter TWO

Stratigraphy and Dispersal

f
A, - 6 (MP)
1 )
1.
1 .
ﬂ <
. 1
Ap ) . 6
1
1
0 5 10
(km) &
0.8 cm diameter
2500 kg m-3
40
A Santa Maria 1902
B Askja 1875 N / P / > / > t{km
. @ Mt St Helens 1980 K >
é 30 A Tarawera 1886 N
&
s A
g 20t A 356km
§ Rotorua
1
g o Ap-2
o) 28.3 km
G 107 / // / ® At
%55 ® Aub
)
13.8 km
0 L :6‘8 k‘\‘ ! 1 1 i i . 1 1 1
0 10 20 30 40 50 60

Fig 2.11 Column height and wind speed estimation of the Rotorua Tephra based on down and crosswind range
of the 8 mm maximum lithic (MIL) isopleth contours (with an estimated density of 2500 kg/m®) of (Rotorua A

medial subunits) Ay-2, 4 and 6 (circles). Historic eruptions for comparison fit well with the modelled

Maximum downwind range (km)

predictions (after Carey & Sparks, 1986).
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Pyle (1989) provides a reclassification scheme for eruption styles of pyroclastic fall
deposits (Fig 2.10). This is based on the relationship between the half distance of the
deposit thickness (b;) and clast size (b;). The total deposit plots within the plinian field
with values by = 7.5 km, bc/b; = 0.6. This compares well with the smaller eruptions of A,
G, H, J and L of the Mangaone subgroup (Jurado-Chichay & Walker, 2001a), and unit E
of the Waiohau eruption (Speed, 2001).

To calculate the mass of the plinian fall deposit, the bulk density was measured to
quantify the mass of the deposit. The bulk density ranged from 600 — 900 kg/m3 (due to
the predominance of coarse and fine clasts respectively) with an average density of 700
kg/m3. In order to convert the bulk volumes to dense rock equivalent (DRE), a density

of 2350 kg/m3 was used.

Table 2.2 Summary table of the modelled parameters using the methods of Carey & Sparks (1986) and Pyle
(1989). DRE is the dense rock equivalent using a magma density of 2350 kg/m®. Mass is calculated with an
average bulk density of 700 kg/m®. Duration is based on a peak eruption discharge. Data (+) from Carey & Sparks
(1986), (*) Mangaone data from Jurado-Chichay & Walker (2001b) and (#) Mt St Helens data from Carey &
Sigurdsson (1986).

Pyle -1989 Carey & Sparks -1986
Eruption be(km) b bdby Fallvol (km®) DRE (km®)  Mass Ht Intensity (kg/s) Duration (h)
(km) (kg) (km)
Rotorua 75 45 0.6 1.61 0.4 1.28 x10% 20 4.0x 107 8.9
15 700 BP
UnitG * 83 79 09 25 0.63 1.5x 10" 32 1.44x 108 2.9
Unitd * 59 59 1 0.77 0.23 55x 10" 25 6.24 x 10’
(*) Mangaone
Tarawera + 34 1.8x 10° 4
1886
Mt St Helens # 0.3 6.3x 10" 19 9.1
1980
Taupo + 51 1.1x10° 3.8
181 AD
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Fig 2.12 Revised classification scheme of Pyle (1989). The half distance ratio (b./b,) represents the total
grainsize population and the thickness half distance (b,) represents the dispersal. Grey dot is Rotorua Tephra.

2.14 VOLUME ESTIMATE — DOME

2.14.1 EASTERN DOME (ROTORUA A)

Eastern dome is interpreted in this study to be the product of an effusive phase following
the main plinian eruption of Rotorua A. The volume of Eastern dome is calculated by
taking the inferred surface area of the dome, extending beneath Trig 7693 and Middle
domes, multiplied by the average elevation of the dome, estimated from contour data.
Using ArcView to determine the area of the dome, using the polygon function lead to

the calculation of the area (Figure 2.13). The dimensions are as follows:

Area = 12.51 km?
Average thickness of the dome = 60 m (0.06 km)

Volume = Area x Height

=12.510 km? x 0.6 km
=0.75 km>
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2.14.2 Trig 7693 and Middle Domes (Rotorua B)

Two coalescing domes (Trig 7693 and Middle Rhyolite) are located immediately west
of Lake Tikitapu and extend to the western shores of Lake Tarawera (as shown in Figure
2.12). These domes, on the basis of geochemistry and stratigraphy are inferred to be

part of the Rotorua B, later-stage dome-building phase.

Froggatt & Lowe (1990) calculated the volume of the domes to be 1 km’. The volume
of the domes was recalculated using the formula of a frustrum (Figure 2.14). Due to the
coalescing nature of the domes, the volume was calculated using two frustrum, both for
the Trig 7693 and Middle Rhyolite domes. This formula is used to best represent the

dome morphology as seen at the youthful Wahanga Dome of Mt Tarawera.

L. Okareka

Northefiie
. Dome ™

Eastern
Dome

L. Tarawera

Fig. 2.13 Oblique view of a Digital Elevation Model (DEM) of the vent area. The margins of the domes are
dashed according to morphology and Nairn (1980). White dashed lines mark the outline of the two frustrum.
The solid white line demarcates the boundary of Eastern dome.
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Fig. 2.14 Frustrum dimensions used to calculate the formula of the two rhyolite

The volume calculated using the frustrum equation is:
Volume = %h(Rz +Rr+r?)

Using the dimensions of the Middle Rhyolite:
h =160 m, R = 1000 m, r =400 m

Volume = 0.26 km>
Trig 7693:
h=180m, R=900m, r =700 m
Volume = 0.36 km>
Therefore the total volume of the coalesced dome is 0.62 km?>.

Wahanga dome in comparison has dimensions:
h=520m,R=1375m,r=625m

Volume = 1.71 km®

c.f. 2.0 km® of Nairn et al., (2001)
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This method assumes the base of the dome is at the transition from dome slope to the
surrounding surface. This may lead to an underestimation of the erupted magma, due to
subsequent burial. No account has been made of the associated block and ash flows
generated during dome growth. This has been difficult to quantify due to lack of
exposure in the proximal locations. Due to the topographic controls surrounding the
vent, the likely flow directions would have been dominantly to the S and E. Due to the
age of the dome (15.7 ka), erosion has incised the edifice, which may have lead to an

underestimation of the dome volume.

2.15 Eruption Duration

Historic growth rates of andesite and dacite domes (eg. Mt St Helens, Pinatubo and
Montserrat) are the best analogues for rhyolite dome growth. Observations of historic
dome building eruptions have found extrusion rates of 1-10 m’/s (Wolfe & Hoblitt,
1996). The mean discharge rate observed at Montserrat is 3 m*/s (present annual rate),
which compares well with Newhall & Melson (1983) who examined the discharge of 67

dome eruptions of dacitic and andesitic composition.

2.15.1 Eastern Dome (Rotorua A)

Eastern dome has an estimated volume of 0.75 km®. Therefore assuming an average
discharge rate of 3 m%/s, Eastern dome would have taken over 8 years to be extruded.
The presence of Rotorua B pyroclastics overlying this dome suggests Eastern dome was

extruded before the later dome-building and explosive phases of the Rotorua B event.

2.16.2 Trig 7693 and Middle Dome (Rotorua B)

The total volume of Trig 7693 and Middle domes is estimated at 0.62 km’. Assuming
the 3 m’/s growth rate, the domes would have been extruded over approximately 6.5
years. The presence of Trig 7693 derived tephra on Middle dome, suggests extrusion of
the Trig 7693 dome was still occurring after the cessation of Middle dome growth.
Middle dome with a volume of 0.26 km® extruding at 3 m*/s could have taken at least

2.7 years, while the 0.36 km’ Trig 7693 dome could have been extruded over 3.8 years.
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2.16 CONCLUSIONS

o The stratigraphy of the plinian Rotorua Tephra (Rotorua A) is normally
graded with cm-scale bedding demonstrating the widely varying eruption
intensities. The thickness distribution maps indicate a strongly directed fall
deposit to the NW with trace amounts of Upper Rotorua Tephra (Rotorua B)
to the S and E of the vent.

o In the proximal sites, there is no evidence for widespread pyroclastic density
currents, probably due to the older rhyolite domes surrounding the vent (to
the NW, W and NE) creating a topographic barrier. This forced block and

ash flows and pyroclastic density currents to the S and E of the vent.
o Dispersal of the plinian fall to the NW extends to Waikato and Auckland.

o Using the method of Pyle (1989), the Rotorua plinian tephra volume is
calculated at 1.61 km> with an equivalent magma volume of 0.4 km® for this,
the main explosive phase of the Rotorua eruptive episode. This is likely to
be a minimum value due to the effect of distal fine ash being difficult to

model.

o Isopleth maps were used in plume modelling. The maximum height of the
eruption plume was reached early in the Rotorua A eruption at 20 km, with a
maximum discharge rate of 1.0 x 10° kg/s. This equates to a minimum

eruption duration for the plinian phase at 3.5 hours.

o Dome volume calculation using the formula for a frustrum results in a total
volume of 1.37 km>. This volume includes Eastern dome (0.75 km3) and the
coalescing Trig 7693 (0.36 km3) and Middle (0.26 km3) domes. The total
DRE volume for the eruptive episode (Rotorua A and B) is 1.37 km® (dome)

+ 0.4 km® (pyroclastics) = 1.77 km®. The inclusion of Eastern dome in the
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volume calculation increases the amount of magma erupted during the
Rotorua eruptive episode. The pyroclastic volume is significantly smaller
than previous estimates and may represent a minimum volume.
Interestingly, the volume of magma erupted explosively is less than 25 % of

the total eruptive episode.

A total eruption duration of at least 15 years is calculated for the entire
eruptive episode assuming a constant dome growth rate of 3 m>/s. The lack
of a significant paleosol suggests the eruption phases of A and B were

closely spaced in time.

Such long eruption durations have implications for civil defence authorities

as shown at Montserrat (see Chapter 6).
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3.1 Introduction

Textural and component analysis provides a quantification of the nature and dynamics
of the eruption. The plinian fall component of the eruptive episode provides a well
exposed deposit to analyse the textural characteristics. Grainsize, componentry,
vesicularity, petrography and SEM were used to describe the deposit in detail, both
spatially and temporally. Samples for componentry, vesicularity, petrography and SEM
were taken from proximal sites in order to record the temporal changes within the
eruption sequence. Grainsize samples were taken from a transect down the dispersal
axis in order to quantify the change in the deposit with distance from the vent. Figure

3.1 indicates the location of the samples obtained for textural analysis.

3.2 Grain Size
3.2.1 Methods

Samples for grain size were collected on the basis of the assigned stratigraphy from a
proximal site (#2 — Red Tank Road) and down the dispersal axis (Figure 3.1) to examine
the change in grainsize with distance from vent (37 samples). Vertical collection at

individual sub-units was achieved by creating a trench from the top of each section to
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the base, thus eliminating the collection of foreign grains. Samples were then oven-
dried to eliminate coagulation of grains at 60 °C. Using standard Endacott sieves, the
samples were sieved at 0.5 ¢ intervals, from -4.0 ¢ down to 4.0 ¢ (Walker 1971; Cas &
Wright, 1987). For sieves coarser than -1.0 ¢, hand sieving was used, while for finer
sieves ie. —0.5 ¢ and finer, the mechanical shaker was used at a low amplitude to limit
abrasion of clasts. Each sieved sample weight was recorded and kept for componentry
analysis. Inman (1952) parameters were determined graphically to obtain descriptive

statistics ie. Mean diameter, sorting, kurtosis and skewness (Appendix 2).

3.2.2  Results and Discussion

Grain size distributions of the Rotorua plinian fall samples are entirely unimodal and
well sorted (1.7-1.1 ¢) for pyroclastic deposits, (Walker, 1971) although classed as
poorly sorted in sedimentological classifications (Folk & Ward, 1957) (see Appendix
II). The normal size distribution enables the samples to be characterised by the median
phi value, which is plotted in Figure 3.2 to indicate the trend of changing grainsize
within the stratigraphy. The tephra is reverse to normally graded, ranging from a
medium lapilli (-2.0 ¢) — block-sized unit (-5.0 ¢) — coarse ash (0.0 ¢). The coarsest
grainsize of the tephra is in the lower third of the deposit. This trend of reverse to
normal grading is seen at proximal to distal locations. However the fine scale variations

seen in the proximal sites are not evident further from the vent (Figure 3.1).

As the distance from the vent increases, along the dispersal axis, the tephra exhibits
progressive changes in grainsize characteristics as would be expected. In proximal sites,
the tephra contains coarse pumice (up to 1 m) and lithic clasts due to ballistic fall from
the low portion in the column. Fine scale bedding is also evident due to highly variable
syn-eruptive winds close to the vent. This leads to the relatively poor sorting (1.7 ¢) in
comparison to the medial and distal sites (1.1 ¢). As distance increases from the vent,
the premature fall-out is reduced due to equilibrium fall from the umbrella region of the

plume causing a progressive fractionation of the deposit (Sparks et al., 1997).
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Also, better sorting can result from the increase in pumice density as particle size
decreases (Walker 1971). This acts to reduce the density contrast as settling velocity

becomes approximately equal to grain size.

The skewness of the tephra samples throughout the deposit is near symmetrical or finely
skewed. This indicates the deposit follows a normal distribution curve and does not
involve a significant population of fine particles. At one location (# 4), the deposit has

been hydrothermally altered leading to an increase in fines.

Rotorua A Pyroclastics Granulometry
Phi

Sample N
umber

«—16
15

~—14

_._ Modal Phi

-#~ Std Dev Phi

e . yememy
FMCF M Cigow
ASH I LAPILLI :Bomh

Fig. 3.2 Median and sorting values through a proximal site (Red Tank Road). Site
locations marked with arrows with corresponding grainsize data.
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3.3 Componeniry
3.3.1  Methods

One site was chosen for detailed componentry analysis, being the proximal Red Tank
Road site (site # 2). The individual samples for the section were analysed by hand
picking (-5.0 to —1.0 ¢) and under a binocular microscope (<-0.5 ¢) to determine the
proportions of the various constituents. The coarse samples (>-1.0 ¢) were weighed to
0.01 g and the finer fraction (<-1.0 ¢) on a 0.0001 g scale due to the small amount of
sample separated. Samples well below the grain size median were not analysed and for
analysis, the median grainsize was used to quantify the componentry of the subunits.
This was based on the unimodal distribution of the grainsize samples. Problems were
encountered when distinguishing components finer than 1.0 ¢, due to the subtle

differences in pumice vesicularities.

Walker (1971) divided the components of tephra into pumice, lithics, obsidian and
crystals, however due to the spectrum of dense pumice observed, it was necessary to
quantify the proportions of the various juvenile components. Samples were separated
into 7 categories: 1) vesicular pumice (~75 % vesicles) 2) dense pumice — low density
(~50 % vesicles) 3) dense pumice — medium density (~30 % vesicles) 4) dense pumice —
high density (~ 10 % vesicles) 5) lithics 6) obsidian and 7) free crystals. The free crystal
component consisted of plagioclase, quartz, hypersthene, hornblende and biotite. The
range of dense pumice clasts was classified according to the vesicle morphology and
colour. Vesicles of the very dense pumice exhibited collapsed morphologies and clasts
are dark grey in colour. The range of juvenile clast vesicularity was quantified where
possible in order to determine the relative proportions of the juvenile clasts.
Determining the proportions of the variously dense pumice clasts was possible for grains
coarser than 0.0 ¢, however finer clasts were difficult to separate due to the inability to
closely examine the vesicle morphology and colour was not a sole indicator of apparent

density.
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3.3.2 Results and Discussion

As Figure 3.3 shows, the variability of componentry data is a function of position in the
stratigraphy and modal grainsize. Componentry data can be a valuable tool in
determining the character of eruptions. Trends of componentry data within a complete

proximal section indicate changes in the eruption evolution through time.

% V. Pumice % Lithics % (high) D. Pumice % Crystals
Weight % Weight % Weight % Weight %
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Fig 3.3 Componentry data from the four major categories of the Rotorua tephra. Data collated from modal phi
samples from the grainsize samples. Samples taken from the proximal site and locations of Fig. 3.2. V. Pumice
represents the vesicular pumice component, (high) D. Pumice represents highly dense (~10 % vesicles)
pumice.

Vesicular pumice abundance as determined by componentry, decreases with time, from
80-100 % to ~45 %. This indicates a steady decrease in gas-charged magmatic input
during the eruption. This trend is mirrored in the clast vesicularity data (see 3.4) and the

median grainsize trend (Figure 3.2).
Lithics within the Rotorua tephra are ~100 % rhyolite lava. Very rare (< 0.05 %)

diatomite was found in the lower portions of the tephra, indicating magma ascent

through lake sediments early in the eruptive episode. Lithic proportions are inversely
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related to the vesicular pumice trend ie. as vesicular pumice abundances decrease, lithics
increase. An increase in lithic percentages may suggest the progressive widening of the
vent or a change in vent location. However, the systematic nature of the increase in
lithics suggests progressive vent widening occurred rather than an abrupt change in vent
position. The lithic proportions in the early stage of the eruption decrease from
10-0 %. This indicates that after initial conduit development and the ejection of
moderate amounts of lithics, the conduit appears to have stabilised. The steady increase
in lithics to 15 wt % from 2.6 m (12 on Figure 3.2), corresponds to the climax in

grainsize, suggesting greater vent erosion due to increased eruption intensity.

Very dense pumice and free’crystals contribute minor components of the tephra. The
dense pumice and free crystals exceed 5 wt% at three samples of the proximal
stratigraphy. Although in small volume, the dense pumice may indicate particular
conditions existed in the conduit and around the vent walls during eruption. Hammer et
al., (1999) have shown that the presence of dense pumice (with collapsed vesicle walls)
indicates an open degassing system (Figure 3.4), in which the upper portion of the
magma chamber forms a degassed and permeable cap, which facilitates degassing. This
leads to a gradation of dense pumice capping the gas-rich centre. Therefore the dense
pumice may represent episodes of degassing during the eruption as seen at Mt St Helens

(Klug & Cashman, 1994) and Mt Pinatubo (Hammer et al., 1999).

3.4 Vesicularity
3.4.1 Methods

To determine the vesicularity of the pumice within the deposit, the Archimedes method
(Houghton & Wilson, 1989) was employed (as seen in Figure 3.5). Samples were
collected over narrow stratigraphic levels at the proximal type locality (Okareka
Quarry). This involved wrapping medium lapilli-sized (16-32 mm), vesicular pumice
(refer to 3.3.1) clasts in parafilm to ensure a watertight outer surface. The parafilm was
moulded into surface irregularities that were not vesicles and covered the edges of larger
vesicles. It was important to eliminate the introduction of pore spaces on the outer

portions of the pumice clast in order to gain accurate vesicularity results. Once

53



Chapter Three

Textural and Component Analysis

Plinian Column

g4 Fragmentation

Exsolution

Gas and ash
emission

Gas-permeable

foam Degassed

plug

Volatile-rich
magma

Open system degassing during intra-eruptive periods

Fig. 3.4 Model of degassing leading to the arrange of densities in pumice clasts. Degassing occurs during repose
periods between explosive events. Redrawn from Hammer et al., (1999)

wrapped, the clast was weighed first in air (dry), then weighed in water. A lead weight

(of known mass) prevented the buoyant pumice from floating.

Vesicularity was calculated on a crystal free basis. To measure the crystal content of the

pumice, large clasts were weighed and crushed to free the crystals. The crystals were

separated by wet-sieving, then weighing the remaining crystals as a proportion of the

original clast weight.
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Fig 3.5 Schematic diagram of the Archimedes method for the determination of pumice clast vesicularity
(redrawn from Houghton & Wilson, (1989).

To calculate the vesicularity, first the clast density and dense rock equivalent are

required:
Clast Density =
Clast,i/ { (Clastar+Sheetyater)—(Clast+Sheet+Sinkerwater)— Sinkerwaer} (1)
(using a sinker)
Then to convert to vesicularity:

Assuming a dense rock equivalent (D.R.E) of 2.4 g/em’

Vesicularity = 100 (D.R.E. dnsity - clast density)/ D.R.E. density 2)
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3.4.2 Results and Discussion

Temporal changes in vesicularity indicate changing eruption dynamics, such as the
involvement of water in driving the eruption. Several authors have reported on the
implications of pumice vesicularity in describing the eruption dynamics, which leads to
information on the state of the magma at fragmentation (eg. Thomas er al., 1994;
Kaminski & Jaupart, 1997; Tait er al., 1998). The vesicularity of the juvenile component
of the Rotorua tephra is approximately 75 % throughout the plinian phase of the eruptive
episode until the uppermost subunit, where a sudden drop to ~65-45 % vesicles is
obtained. The tight range of values around the mean suggest the driving force for the
eruption was sourced predominantly from gases within the magma (Houghton &
Wilson, 1989). This is due to the equilibrium fragmentation level (~75 %) reached just
prior to eruption compared with magma: water interaction creating a wide vesicularity
range in each sample (Houghton & Wilson, 1989). Although the range in vesicularity
increases at the top of the section, the range in values is a result of varying clast
densities of suitable size for the laboratory method. However, the coarsest clasts are
~60 % vesicular. Therefore, the plinian phase exhibits a slow decline in mean
vesicularity with little variation within each sample (Figure 3.6), indicating the

magmatically driven eruption tapped steadily gas-poor magma.

The Te Mu Road section contains pyroclastics of the Rotorua B phase of the eruptive
episode. Due to the increased crystal content, the density is much higher than that of the
Rotorua A phase juveniles. Vesicularities range from 50-20 %, suggesting the
involvement of gas-depleted magma in the later phase of the eruption. There is no
major decrease in vesicularity through the short sequence indicating similar eruptive
processes were occurring within this period of time. The trend of these samples
indicates small (vulcanian) magmatic explosions through a growing dome complex lead

to their emplacement on the south and east vectors of the vent (see Chapter 2).
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Fig. 3.6 Juvenile clast vesicularity data for
proximal locations at (a) Okareka Quarry
(plinian phase) and (b) Te Mu Road section
(dome building phase). The black circles and
bars represent, respectively, the mean and range
of vesicularities within the sample population.
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3.5 Scanning Electron Microscope (SEM)
3.5.1  Methods

To analyse the pumice textures of whole clasts and vesicle morphology, SEM was used
to produce images of the juvenile clasts. Ash-sized samples from the Te Mu Road
section were analysed under reflected light to examine edge modification, and other
aspects of ash morphology. Also a spectrum of dense pumice clasts, representative of
the deposit, were made into thin-sections and polished in order to examine bubble wall

morphology under backscattered imaging.

3.5.2 SEM - Reflected Light Images

Reflected light was used to examine the morphology of ash-sized juvenile clasts
sampled from pyroclastic flow, surge and fall units in the proximal site in the Rotorua B
phase. The proximal site sampled is located within 1.5 km of the vent (Te Mu Road
section). Images in Figure 3.7, indicate the presence of subtle edge modification in
density current deposits. Density current deposits indicate that edge modification has
occurred due to grain-grain interaction during transport. Rounding of the density
deposits is seen at a range of grain sizes (fine ash to fine lapilli) and reflects the energy
contained in the flow to cause friction and collision of grains. Fall deposits exhibit
angular margins with fragile edges still intact. Some fall derived clasts show signs of
minimal edge modification probably due to turbulence in the eruption plume, or

derivation from co-surge plumes.
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a b

Fig. 3.7 SEM images of Rotorua B ash-sized
juvenile clasts sampled from (a) pyroclastic fall
(b) pyroclastic flow, and (c) a pyroclastic surge
deposit at the Te Mu Road section. Subtle edge
modification is evident in the density current
deposits. Due to the proximity to source, the
degree of clast rounding is minimal.

3.5.3 SEM - Backscatter Images

Representative samples of the lapilli-sized juvenile component of the Rotorua eruptive
episode were examined under the SEM using backscatter imaging. Backscatter imaging
assesses the vesicle morphology and can be used to determine the record of magmatic

processes preserved in the juvenile clasts
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The vesicular pumice of the Rotorua Tephra (Rotorua A) exhibits unimpeded growth of
vesicles, leading to bubble coalescence. The growth of vesicles has lead to the ~ 75 %
vesicularity of the crystal-poor Rotorua A pyroclastic deposit (Rotorua Tephra). Due to
the low crystal content (<5 %), the vesicle walls are free to grow and are therefore not
;, ref&ded due to the presence of crystals. Vesicles can be deformed according to the
position in the conduit, however the predominant vesicle morphology is sub rounded

and vesicles are of approximately equal size (Figure 3.8 a).

Dense pumice clasts of the Rotorua A pyroclastics exhibit ~ 0 % vesicularity due to the
complete collapse of pre-existing vesicles (seen in hand specimen). Under backscatter,
the dense clasts exhibit perlitic cracks. Crystals are rare (< 5 %), however microlites
(seen in petrographic thin sections) are not evident, even at high magnification (Figure

3.8b).

Rotorua B pyroclastics are crystal-rich (~ 20 %) and exhibit bubble wall modification in
backscatter images. Vesicles in the Rotorua B pyroclastics have been deformed around
large phenocrysts (Figure 3.8 ¢, d) leading to elongation of flattened vesicles.
Vesicularity is significantly lower in the Rotorua B compared to Rotorua A pyroclastic

deposits.
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»

P Titanomagmetite
X A@/ g

Fig. 3.8 SEM backscatter images of representative samples from (a) Rotorua B pyroclastics indicating bubble
deformation around rigid crystals, (b) Rotorua B pyroclastics at a higher magnification showing vesicle growth
modification around single crystals, (c) Rotorua A pyroclastic fall (Rotorua Tephra) exhibiting unimpeded vesicle
growth leading to bubble coalescence, (d) a dense pumice clast from the Rotorua A fall deposit, with completely
collapsed vesicles.

61



Chapter Three Textural and Component Analysis

3.6 Conclusions

Grainsize for the Rotorua A (Rotorua Tephra) pyroclastics ranges from a
block/bomb basal sub unit to a medium ash upper sub unit. Maximum
grainsize (and intensity) was achieved early in the plinian phase of the
eruption. Fine scale bedding on a cm scale is evident throughout the deposit
and indicates eruption intensity fluctuated significantly over very short

intervals of time.

The deposits of the Rotorua A pyroclastic phase are well sorted (1.7-1.1 ¢).

All sub units exhibit a normal grainsize distribution indicating the explosive

Rotorua A phase was driven by magmatic gases.

Componentry analysis on the Rotorua A pyroclastic phase indicates a trend
of increasing lithic content with stratigraphic height, suggesting the conduit

was becoming increasingly unstable.

Vesicularity of the plinian juvenile clasts in much of the deposit is constant
at ~ 75 %. However in the uppermost sub units (Ap-9 and Ap-10) clast
vesicularity decreases to ~ 50 % vesicles. This indicates the eruption tapped

progressively gas-poor portions of the magma.

SEM images of whole clasts from the Rotorua B phase indicates subtle edge
modification occurred in density current derived deposits. Fall deposits have

maintained their angular margins.

Backscatter images under the SEM, indicate vesicle growth was unimpeded
during the Rotorua A pyroclastic phase. Dense pumice clasts from the
Rotorua A phase exhibit completely collapsed vesicles leading to a perlitic

glassy texture. In contrast, Rotorua B pyroclastic deposits show that growth
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of vesicles was retarded due to the presence of crystals. This has led to

significant elongation of the vesicles.
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Mineralogy and

Geochemistry

4,1 Infroduction

Detailed studies of mineralogy and geochemistry of pyroclastic deposits can provide
important constraints on magmatic evolution and petrogenesis. Pumice clasts and
accessory lithics were sampled for geochemical analysis at two proximal locations (Red
Tank Road — Whakarewarewa Forest and Te Mu Road). Samples of the dome lavas in
the Okareka Embayment collected by Bowyer (in prep) were used to compare with the
pyroclastic deposits collected in this study. These proximal sites were chosen to
determine whether the magma supplying the Rotorua eruption was the source for both
the Rotorua A (Rotorua Tephra) and the Rotorua B (‘upper Rotorua’ of Nairn, 1980).
The Rotorua Tephra was sampled at closely spaced stratigraphic intervals through the
sequence to determine whether the magma was compositionally zoned prior to eruption.
bunbar et al, (1989) showed that many TVZ magmas are compositionally
heterogeneous, while more recent investigations (eg. Briggs et al., 1993; Sutton et al.,
1995) have shown that compositionally zoned magma chambers are common in TVZ

rhyolitic eruptions.
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Pumice clasts were examined petrographically to determine the mineral assemblage of
the Rotorua A and B phases. Samples were collected in stratigraphic sequence through
the A and B phases to determine whether any mineralogical changes were occurring

during the eruption.

4,2 Mineralogy

The Rotorua A and B phases of the Rotorua eruptive episode can be distinguished based
on their distinct mineral assemblages. Representative samples were pooled and used to

describe the nature of the juveniles from each phase of the eruptive episode.

4.2.1 Rotorua A Pyroclastics

Thin sections of the Rotorua A pyroclasts exhibit a mineral assemblage of plagioclase,
quartz, orthopyroxene, hornblende, biotite, opaques, augite, apatite and zircon.
Phenocrysts make up ~2-5 % of the pumice clasts and are constant in abundance
throughout the deposit. Phenocryst descriptions are given below.

o Plagioclase is the dominant mineral (~ 70 % of the total phenocryst
abundance) in the Rotorua Tephra. Morphology of the minerals is generally
subhedral with rare euhedral boundaries. The size of the crystals ranges
from 1-2 mm. Plagioclase crystals are predominantly twinned and
commonly zoned. In some zoned plagioclase crystals, the core is resorbed
with a euhedral overgrowth. Apatite forms tiny asicular inclusions in
plagioclase crystals.

. Quartz crystals (1-1.5 mm) are estimated to be 15 % of the total phenocryst
abundance in the plinian pumice clasts. The morphology of the crystals is
generally anhedral with subconchoidal fracture. Common embayments of
the crystal margins are common.

o Orthopyroxene abundance is estimated at 8 %. Generally, orthopyroxene
phenocrysts are subhedral and prismatic, and range in size from 0.5 to 0.75

min.
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4.2.2

Hornblende phenocrysts range in size (1-2.5 mm) and abundance (2-5 %).
They are subhedral and are free from opacite rims.

Opaque crystals of predominantly titanomagnetite, and occur as subhedral
phenocrysts. Their abundance is estimated at 2 %.

Biotite phenocrysts are rare (~ 1 %) and are found as small (0.25 mm)
anhedral-subhedral flakes.

Accessory minerals of augite, apatite and zircon are rare, totalling less than
2 % of the phenocryst abundance.

Some of the crystals within the pumice clasts show a jigsaw-fit texture
indicating that they have been fractured in siztu.

The glass of the plinian pumice clasts is clear and white, and contains perlitic
cracks. Vesicles are abundant (75 %) and are rarely infilled with crystals.
Dense pumice clasts exhibit similar mineralogy to the vesicular pumice
clasts, however microlites are abundant. Plagioclase microlites occur
throughout the dense pumice, but are extensive (50 %) in bands of
concentrated regions within a given pumice clast.

Apparent ‘mingled’ pumice clasts are evident within the plinian phase
pyroclastics. These clasts are characterised by similar mineralogy, however
the banding occurs due to the presence of altered glass.

The mineral assemblage of the Rotorua A pyroclasts is similar to that of

Eastern dome.

Rotorua B Pyroclastics

The mineral phases present in the Rotorua B eruptives are plagioclase, quartz, biotite,

orthopyroxene, augite, apatite and zircon. Phenocrysts consist ~15-20 % of the pumice

clasts and their descriptions are given below.

Plagioclase consists ~80 % of the total phenocrysts within the pyroclastic
deposits. Plagioclase phenocrysts are dominantly subhedral, commonly
zoned, and some show evidence of resorption in their cores. Plagioclase
crystals are the largest phenocryst in the pumice clasts and range from 1.25-

3.25 mm.
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o Quartz crystals exhibit rounded anhedral and embayed crystal margins. They
commonly display subconchoidal fracture and abundance ranges from 5 to
15 %.

o Biotite phenocrysts occur as flakes with subhedral habit, ranging in size from
0.25 to 1.0 mm, and 5 to 10 % in abundance.

o Orthopyroxene, hornblende, augite, apatite and zircon are rare and make up
1-2 % of the total phenocrysts observed.

o Glass 1s clear and contains perlitic cracks.

4.3 Geochemical Methods

The proximal section at Red Tank Road (Rotorua A) was sampled at ca. 30 cm intervals
(Figure 4.1). Sampling at the Te Mu Road site (Rotorua B) included a pyroclastic flow
and three fall units, which were extremely local in their dispersal. Where available, a
single pumice clast was used, although this was often not possible due to the medium
lapilli-sized samples available. If samples were combined, they were extracted from a

narrow stratigraphic horizon.

Preparation of the clasts involved removal of the outer, weathered portion of the clast.
Samples were then individually placed in a sonic bath of distilled water for at least 5
minutes in order to extract fine material within vesicles. If the samples contained a
significant amount of fines, the samples were rinsed with distilled water, then returned
to the sonic bath. After a period of 3-4 days in a 110°C oven, the samples were crushed
for approximately 30 seconds by a tungsten-carbide head in a ring mill. Pressed powder
pellets and fusion beads were analysed by XRF at the University of Canterbury,
Christchurch.
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Rotorua A Pyroclastics Rotorua B Pyroclastics
Sample Sample
Number Number

-~ 1

— 15

—— 13

A 4(Fall

<——— 3(Fall)

Thickness
(m)

Thickness
(m)

= 2(Fall)

~— 1(PF)

-— 1 :- Fomce i Block/
ASH v LAPILLI Bomb

00 ; 7
F M C N F M C 1 Block/
ASH ! LAPILLI ¢{Bomb

, :

Fig 4.1 Sample locations from two proximal sites for geochemical (XRF) and mineralogical analysis. Numbers on the
Red Tank Road section (Rotorua A) represent stratigraphic level of Rotorua Tephra single pumice clasts. (L) represents
accessory lithics. A pyroclastic flow (PF) and three fall (Fall) deposits were sampled from Rotorua B at the Te Mu Road,

Rotorua B site.

4.4 Geochemical Classification

The Rotorua eruptivé episode involved two geochemically distinct populations,
classified as Rotorua A and B. Rotorua A deposits consist of the Eastern dome and the
plinian deposits known as the Rotorua Tephra, while the Rotorua B deposits consist of
Trig 7693 and Middle domes, and associated pyroclastics ‘Upper Rotorua Tephra’ of
Naim (1980). The deposits of this eruptive episode are chemically similar to the
average TVZ rhyolites as indicated by the total alkali (Na,O + K;0) and K;O vs SiO,

plots (Figure 4.2 and 4.3). The pyroclastic deposits are classified as medium-K rhyolites

and range from 73 to 76 wt % SiO,.
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Fig. 4.2 K,0O vs SiO, plot indicating the deposits of the Rotorua episode (Rotorua A - Red, Rotorua B -
Blue) lie within the range of TVZ magmas (green outline) (classification fields from Le Maitre, 1989; TVZ
data from Graham et al., 1995).
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Fig. 4.3 Total alkali vs SiO, indicating the Rotorua episode (Rotorua A - Red, Rotorua B - Blue) lies within
‘normal’ TVZ (green outline) calc-alkali fields (fields from Le Bas et al., 1986; TVZ data from Graham et al.,
1995).
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4.5 XRF —Whole Pumice Analysis

4.5.1  Major Elements

Analyses of pumice clasts from the plinian deposit of Rotorua A plot as an apparent
trend of 1) relative decrease in compatible elements and 2) an increase in incompatible
elements with an increase in SiO; content (Figure 4.5). On a plot of Al,O3 versus SiO,
(wt %) (Figure 4.4), there is an apparent trend in the data, but there is no systematic
trend with stratigraphic height. Briggs et al. (1993) have shown that trends in
geochemical plots, randomly positioned according to stratigraphic height, indicate the
magma was compositional zoned prior to eruption. These data indicate the original

zonation of the magma was disturbed during or immediately prior to eruption.

Al203/Si0:

15.60

15.40 -
+10
15.20 - J5

15.00 -

14.80 -

ARO3
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14.40 - ’4 ‘13
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14.00 T T T T
72.20 72.40 72.60 72.80 73.00 73.20 73.40 73.60
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Fig. 4.4 Al,O, vs SiO, binary plot of single pumice clasts in the Rotorua Tephra at the Red Tank Road section.
Sample numbers refer to relative stratigraphic height in the section (not in metres).

70



Mineralogy and Geochemistry

Chapter Four

ve e e le X4 8l °14 14 74 yxd le 8¢ 9¢ 9 92 9¢ °14 A
el St el 148 1918 ¢l 0] 8 0] 8 6 L cl cl 6 8 (0] ot oL ulL
991 9Lt SLE LHE ]88 eel vS1 €9} (01°]} S9L Y9t S9l 91 29l 891 691 (0°]8 ES)
6 1498 CHE cHE 43" 45" S8 G8 L6 /8 /8 88 88 98 68 /8 16 qd
el 9l 143 9l vi Vi vi el cl ch cl 113 Sl St el ct ¢l ad
el cl 518 cl ¢l el 14" vl Vi Sl 148 14" v 14" Vi i cl eH
62 ve JA" ok> L el 6} 8t el Ve Vx4 61 e ve Ge €c 9l PN
0s 1214 0S 1514 €S VA% .S 86 9G GS 3] 0s 14°] [4°) €S €S 29 80
Vi Sl 8l 61 St 61 1974 L 0c 9l L) t44 61 8l [<]8 %4 61 e
662 9.8 cv8 /€8 2cs8 9/8 86.L €81 618 888 868 [4°1] [4°1] 861 128 98 Se8 ed
A L L L L L L 8 L 8 8 8 8 8 L 8 8 aN
vee Sel och [ord 8 6ct Sel 9€¢ ove Sie GGe Sve YAy 8€e cve 6€C 8v¢ €ee 1z
1914 143 143 ce €e 9€ Sy €14 (9274 0s 6% 214 174 514 6% 6% (0}4 uz
€> £> £> € £> €> £> £> £> £> £> £> £> € € €> € N
€> €> £> £> £> € £> £> £> £> £> €> £> € £> £> 14 10
e St St 9l L 8l 8l 6} 0c L) 0c 6} (/4 /4 61 L 9l N
(wdd) syuawsje aoes|
96°66 €.°86 ¥2'86 L086 <086 G286 €896 €696 €CL6 €696 L696 0C'L6 1896 V696 /[E/6 8896 9l'L6 felol
00 c0'0 €00 €00 €00 <200 |00 100 00 900 900 200 900 000 00 80°0 800 SOcd
89°¢ GE'e 62'¢ og'e g€ 02'€ |8S7¢C 2ese 0L¢ €5°¢ 9G°¢ 6S°¢ ¥9°¢ 6S¢ ¢9¢ Gg¢c 99°¢ o
or'v 14574 SO'¥y 10V 0y  e0v [ LIV ey o4 14 6LY 8L'Y Sy gk'y 02V 6LV 154 OCcZEN
€0'¢ VA'AY 8Yv’'L eVl oS’} MLV | 66°) LL'e 80'¢ 90¢ 80¢ gl'e Ge'e L0¢ St¢ 6L¢c 90°¢ 0oe)d
60 820 €e'0 820 82’0 Lg0 |6V0 cso 8v'0 S0 6¥°0 8Y°0 [*1°4l0] IS0 1S°0 IS0 Lv0 OB
200 90°0 90°0 900 90'0 900 |800 800 00 80°0 80°0 800 200 800 800 800 200 OUN
oce €9°1 LL) c9't SS'L 6L | 9€°¢ ) e 9¢¢ ¢se eve 9e'¢ €c'¢c 6e¢ LE'¢C VA4 vee £0ced
LLEl GG'EL 09'cl Oeel 89'¢€hk 08¢€k|c6vE LLSE 9€vE SE€GE  LL'SE SLVE 89YE 2LvLE 8EYVLE 90°'SE 8LV €0civ
€0 610 [RAL0] 02’0 0c0 V20 |se0 LE°0 €0 8€°0 L0 9€'0 £e’0 9€'0 9¢0 LE0 Se0 cOLL
SOvL 0ge°'SL 02'SL 9/.°'SL 8€SL /9v.|l6¢cL 2S2L WelL €€¢L €9¢cL 66¢L Lk'el €0€L GgeL 1SelL 2SEL cols
(% W) syusws|e Jofepy
(v1d) pisao (gid)lled |zisod LiIsod Laid Add 9Ly Sl [ 4%3) 0L 69 89 99 R) Vo €9 19 Jequinu ajdwes
622290 /9LN g eniojoy Y enlojoy adAj aidwes

'SISBQ 99IJ-9[1JB[OA B UO PIseq ‘(g M) Son[eA snoIpAyue o)
PaJe[NO[ed31 Ik SJULWRIR JofeA “yreawapun sonse[ooIAd g enioloy yim YO0[q URIPISqO Ue SUTUTEIUOD SWOP UISISeq JO UISIeWw ay) Uo (642,90 /91[) s & pue ‘eryda],
enojoy toddn ‘e(eryda], 1y) v eniojoy jo susodop uerurd ay1 woy uave) arom sojdureg -oposide aandnis eniol0y Syl UO BIBP ANSIWLYD098 YOOI A[OYAL I'v diqel,

71
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Fig 4.5 Major element binary plots of pumice, lithics and an obsidian block with an underlying tephra (Rr B)
(this study) with the Rotorua and Te Rere dome lavas (Bowyer, in prep) for comparison. All major elements
are recalculated to anhydrous values. Major elements are expressed as wt %. Legend is constant for all
geochemical plots.
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If the apparent trend of decrease in compatible elements with an increase in SiO; is
projected further, it corresponds with the Eastern dome lavas in all major element binary
plots (Figure 4.5), and in some cases overlaps (eg. Fe;O3 vs. Ca0O). The Rotorua B
deposits (Te Mu Road) have significantly higher SiO, (~74.8-75.5 wt %) compared to
the Rotorua A deposits (~72.3-73.5 wt %). The Rotorua Tephra has high Al,O3 (14-
15.5 wt %), Fe,03 (2.0-2.25 wt %) and CaO (2.25-2.5 wt %) compared to the Rotorua B
pyroclastics (13-13.8, 1.5-1.7 and 1.65-1.8 wt % respectively). The SiO; vs K;O and
Al,O3 plots show the distinctive chemistry of the Rotorua Tephra from the Rotorua B
pyroclastics, also the distinction between Te Rere and Rotorua related domes. The
Rotorua B pyroclastics correlate well with the Trig 7693 and Middle dome lavas in all
major element plots, while the Northern and Eastern domes show a significant
separation. These have been previously identified as Te Rere related domes by Nairn
(1980; 1992). The debris flow deposit correlates well with the Eastern dome, while the

underlying tephra has similar composition to the Rotorua B pyroclastics.

4.5.2 Trace Elements

The Rotorua deposits exhibit similar trends in trace element compositions to the major
elements (Figure 4.6). The Rotorua A and B deposits plot in two distinct clusters in all
trace element plots (Sr vs Rb, Y vs Zr and Zr vs SiO,). Rotorua A deposits have higher
contents of Zr (215-255 ppm), Y (25-28 ppm) and Sr (152-170 ppm) compared to the
Rotorua B eruptives (120-135, 18-21 and 110-132 ppm respectively). Rotorua A
deposits plot in a very tight cluster in the Sr vs Rb and Y vs Zr plots while the Rotorua

B deposits show more scatter.

A close correlation exists between the Rotorua B pyroclastics and the Rotorua dome
samples (Trig 7693 and Middle domes), as shown in both the Y vs Zr and Sr vs Rb
plots. Eastern dome and the Rotorua Tephra (Rotorua A) exhibit tight clustering in all

trace element plots, but Northern and Eastern domes show a significant separation.

73



;

o -Minefatlogy-and-Geocheristy

250 ® 9.
b4 ®
PR

200

N 150
L) +AP o

100
50

0
72.00 7250 73.00 7350 7400 7450 75.00 7550 76.00 7650 77.00

SiO2

29
27 * o
o e o

25 * [ RZ 24

23

21 * @A

100 120 140 160 180 200 220 240 260

200 |

o
160 *eT 10y

120 N

100

80

80 85 90 95 100 105 110 115 120 125 130
| Rb |
LO(A) Fall Lith (B) PF #(@B)Fall  ®Eastern(D)

@Northern(D) ® Trig7693(D) ® Middle(D) A Fall (RrB) 4 Obsid (RrA
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4.6 Intensive Parameters

The composition of iron-titanium (Fe-Ti) oxides in silicic volcanic rocks is sensitive to
magmatic properties, such as chemistry, temperature (T) and oxygen fugacity (fO,).
Subtle changes in Fe-Ti oxides can be used to distinguish deposits from a similar or

common source (Shane, 1998).

Shane (1998) sampled numerous pyroclastic deposits from the TVZ including Okataina.
That study involved the distinction of pyroclastic units based on intensive parameters.
Bowyer (in prep) analysed the rhyolite domes of Okataina, including a study on Fe-Ti
oxides. Both studies calculated T and fO, using the method outlined by Ghiorso and
Sack (1991). Data from Bowyer (in prep) shows that the Eastern dome lavas have
eruption temperatures (T°C) and oxygen fugacities (Alog fO;) of ~ 850 °C and 2.0
respectively, while the Rotorua lavas (Trig 7693 dome) have modelled parameters of
~ 650 °C and 0.75. When the data are combined (Figure 4.7) the pyroclastic samples
plot closely with the Eastern dome lavas. The Rotorua Tephra sampled by Shane (1998)

has modelled intensive parameters of 856 °C and 1.8 based on six samples.

Intensive Parameters

2.1
19- o
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Fig. 4.7 Temperature and Alog fO, (FMQ) estimates for the Rotorua Tephra (Shane, 1998) with Eastern
and Trig 7693 Domes (Bowyer in prep) for comparison.

75



Chapter Four Mineralogy and Geochemistry

4.7

Isotopic Data

Isotopic data on lavas can be used to determine whether the magma feeding two

eruptions can be linked by a common source. Bowyer (in prep) used samples from

Eastern and Trig 7693 rhyolite domes to quantify the differences between the two lavas.

The isotopic data indicated the two lavas were sourced from a different magma batch

due to their distinct isotopic composition.

4.8

Conclusions

Mineralogy of the pyroclasts and lavas of the Rotorua A and B phases are
distinct. The Rotorua A tephra contains abundant orthopyroxene, hornblende *
biotite, while the Rotorua B pyroclastics contain abundant (15 %) biotite with

rare orthopyroxene and hornblende.

The average composition of the Rotorua A deposits is 73 wt % (SiO2) compared

to the Rotorua B deposits of 75.5 wt % (S10,).

Major and trace element data suggest that the explosive phase of the Rotorua
eruptive episode tapped a compositionally heterogeneous and zoned magma

chamber.

The distinct geochemical population cluster of the Rotorua A and B pyroclasts

and lavas indicates they are the product of separate eruption phases.

Major and trace element geochemistry, isotopic and intensive parameter
analyses suggest the Rotorua A tephra was associated with growth of Eastern
dome, while the ‘upper Rotorua Tephra’ of Nairn (1980) (Rotorua B — this
study) is distinct and related to the growth of the Trig 7693 and Middle domes.
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5.1 Introduction

The various forms of data obtained and analysed in this study leads to the production of
an eruptive history for the Rotorua episode. Each technique has been used to quantify
the deposits of the eruption in order to evaluate the conditions of the magma and the
sequence of events that occurred during the eruption. Geochemical analysis was used to
examine the state of the magma immediately prior to eruption, indicating whether the
magma was compositionally zoned or homogeneous. The stratigraphy records the
nature of the eruption, such as the initiating conditions, plume stability, column height,
eruption duration and intensity. Dispersal of the lithic portion of the plinian tephra
indicates the inclination of the plume, the wind speed and direction, at the time of the
eruption. Textural analysis determined the process of fragmentation, explosivity and the

role external water played in driving the eruption.

In this chapter, a modelled eruption chronology is provided, based on the compilation of
the data collected from the various aspects of this study. The eruption chronology
models the magmatic, vent and atmospheric processes acting during the eruptive

episode.
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5.2 Geochemistry and Mineralogy

Geochemical and mineralogy data collected on the Rotorua eruptive episode products
describe the magmatic conditions prior to and during the eruption. With stratigraphic
control and high resolution sampling, geochemical plots of major and trace elements can

be used to constrain changes in magmatic conditions during the eruptive episode.

5.2.1 Geochemistry

Both the major and trace element plots exhibit similar trends in compositional
variability. The chemical composition of the Rotorua A and B eruptives is distinct on
geochemical plots. The trends in the data of the two deposits are significantly offset,
indicating that there was probably two phases of the eruptive episode. The clustering of
the Rotorua A pyroclastics (previously ‘Rotorua Tephra’) with the Eastern dome lavas
in the major and trace element plots, implies the source of this plinian deposit was
compositionally related to Eastern dome. Trig 7693 and Middle dome lavas plot closely
with the Rotorua B pyroclastics (previously ‘Upper Rotorua Tephra’) indicating that
they are probably genetically related and derived from the same batch of magma that

was spatially distinct from the Rotorua A batch.

5.2.2  Mineralogy

The mineralogy of the Rotorua A tephra consists of plagioclase, quartz, orthopyroxene,
hornblende * biotite. The mineralogy of the plinian deposit is similar to Eastern dome
lavas. Rotorua B pyroclastics consist of plagioclase, quartz and biotite. Orthopyroxene
and hornblende are rare to absent in the biotite-bearing Rotorua B pyroclastic deposits.
Biotite flakes exceed 1 mm in the Rotorua B deposits compared to the 0.2 mm flakes in
samples from the Rotorua A tephra. The clear difference in mineralogy between these

two phases suggests the eruptions were sourced from a distinct magma body.
Hornblende phenocrysts are unstable at low temperatures and are therefore key

indicators of the residence time of magma at shallow levels (Rutherford & Devine,

1988). The absence of a reaction rim suggests the magma rose rapidly, as found at
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Mount St Helens, 1980 (Rutherford & Hill, 1993). Opacite rims on hornblende are
indicative of magma residence at low pressures but are absent from hornblende crystals
in the Rotorua A tephra. This implies the plinian eruption was sourced by a magma that
did not reside at shallow levels for an extensive period of time. Hornblende is rare

within the Rotorua B pyroclastic deposits.

Zoned plagioclase crystals are common in the Rotorua tephra samples. A euhedral outer
rim often surrounds a resorbed core. This indicates the crystal periodically went into
and out of equilibrium to create the zoned crystals. This phenomenon could be
facilitated by relative rise and fall of magma within the vent prior to eruption or influxes

and mixing of new magma into the system.

The presence of abundant microlites in dense pumice clasts of the Rotorua A tephra
suggests short-term residence occurred at very shallow levels periodically during the
eruption. The development of permeability in degassing magma leads to the growth of
microlites (Hammer et al.,, 1999). This leads to a reduction in vesicularity due to the

collapsing of vesicle walls and infilling of pore spaces.

5.2.3 Intensive Parameters

Modelled eruption temperature (T°C) and oxygen fugacity (fO,) data from the Rotorua
A tephra and Eastern dome plot in a tight cluster. Similar eruption temperatures and
fO, of the Eastern dome and the Rotorua A tephra indicate a strong petrogenetic

relationship. The large difference between the Rotorua tephra and the Trig 7693 domes,
previously attributed to the source of the plinian tephra (Nairn, 1980; 1992), suggests

the Eastern dome more likely represents an effusive episode of the Rotorua A phase.
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5.2.4  Isotopic Data

Data from Bowyer (in prep.) indicate the Eastern and Trig 7693 lavas are isotopically
different, which indicates the Rotorua A and B phases were sourced from distinct
magma batches. This is unexpected due to the close temporal and spatial relationship of

the vent areas and resulting deposits.

5.3 Stratigraphy and Dispersal

The stratigraphy of the Rotorua eruptive episode has been reinterpreted from Nairn
(1980). Stratigraphic information provides an account of the series of events that
occﬁrred during the eruption. By examining the sub unit stratigraphy of the plinian fall
deposit, the dynamics of the Rotorua A tephra of the eruptive episode can be estimated.
Detailed stratigraphy also provides a basis for quantitative techniques such as

geochemistry, mineralogy, vesicularity, grainsize and componentry.

The dispersal of the Rotorua eruptive episode deposits is used to identify the syn
eruptive conditions, such as atmospheric effects and intensity. Dispersal maps of sub
unit and total thickness, maximum pumice and maximum lithics provided data to model
the eruption using accepted models from the literature (eg. Carey & Sparks, 1986; Pyle,
1989). Estimates of parameters such as plume height, erupted volume, eruption duration
(Rotorua A and B phases) and wind speed, were made to quantify conditions during the

eruption.

5.3.1  Stratigraphy

The stratigraphy of the Rotorua eruptive episode was described using data from > 80
sites ranging from proximal to distal locations. Based on stratigraphic control, the

Rotorua A phase occurred before the Rotorua B phase.
The Rotorua A phase included an explosive plinian event followed by dome-building

(Eastern rhyolite dome), which is a common sequence for silicic eruptions in TVZ eg.

Puketarata (Brooker et al., 1993) and globally eg. Mount St. Helens (Newhall &
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Melson, 1983). A variably distributed phreatomagmatic unit, found in rare locations to
the NW, marks the base of the plinian fall deposit. This represents the precursor to the
plinian eruption. Significantly, there is no evidence of a basalt trigger to the plinian
phase, in the stratigraphy or mineralogy. Basalt triggers have been noted in other
studies at Okataina eg. Kaharoa (Nairn ef al., 2001) and Okareka (Nairn, 1992) eruptive
episodes. The Rotorua A tephra is reverse to normally graded, with the maximum
grainsize occurring very early in the eruptive sequence. This suggests the climax of
eruptive energy occurred early in the eruptive sequence. Fine scale bedding is a key
feature of the Rotorua A proximal fall stratigraphy indicating the plume height was
variable and discharge rate fluctuated throughout the eruption. 10 sub units have been
defined in the proximal stratigraphy (Ap-1 to Ap-10) based on grainsize and

componentry, while 3 sub units are mappable in the distal stratigraphy (A4-1 to Ag-3).

Dome building of the Rotorua A phase occurred at the cessation of the plinian phase.
This led to construction of Eastern Dome. During dome growth, limited block and ash
flows were produced (compared to the later B phase of the eruption) due to the low

angle flow fronts of the dome margins.

The Rotorua B phase primarily involved dome building. This involved tapping of a
compositionally distinct magma batch to the Rotorua A phase. Soon after the cessation
of the Rotorua A phase (based on a lack of paleosol development), growth of Middle
Dome ensued. During dome growth, periodic expulsion of gas-rich portions of the
magma generated vulcanian-style explosions of crystal-rich pumice to the south and east

of the vent.

5.3.2 Dispersal

The precursor to the Rotorua A tephra was a small phreatomagmatic event that was
locally dispersed. The dispersal of the Rotorua A tephra was predominantly to the NW
in a well-defined lobe (> 25 000 kmz) reaching as far north as Auckland (Sandiford et
al., 2001) and Northland (D. Lowe pers comm.). Isopach maps were constructed largely

from data obtained in this study and supplemented by distal data in the literature eg.
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Lowe et al., (1988) and Sandiford et al., (2001). These data enable the completion of
more robust contours, which are then used to determine the tephra volume (Pyle, 1989).
Eruption modelling using widely accepted formulae (Carey & Sparks, 1986; Pyle, 1989)
has quantified the eruption dynamics for comparison with other Okataina eruptions and

global examples. The modelled eruption dynamics for the Rotorua A plinian phase are:

Maximum plume height =20 km

Eruption intensity =4x 10 kg/s

Eruption duration =8-9h

Volume = 1.62 km’ (bulk volume)
Wind speed =25m/s (SE)

Subsequent to the Rotorua A phase (and Eastern dome growth), Rotorua B dome growth
occurred with sporadic pyroclastic eruptions. These pyroclastic eruption deposited
Rotorua B tephra to the S and E. The deposits of these sporadic eruptions are dispersed
up to 8 km SE of the vent. Local pyroclastic density currents are observed within 3 km
of the vent but do not extend beyond this. Topographic controls of the older,
surrounding domes to the N and W are the likely cause of this limited dispersal.
Volumetrically, the Rotorua B pyroclastics are a minor portion of the total magma

erupted during the Rotorua eruptive episode.

5.4 Textural and Component Analysis

The analysis of the Rotorua A and B pyroclastics can be further quantified by the use of
textural and component analysis. Textural data are used to determine the processes of
fragmentation, vent processes and the state of the magma immediately prior to eruption.
These data are collated and compared with observed eruptions to understand the timing
of events and eruption dynamics. Grainsize samples were collected along the dispersal
axis to determine the median size and sorting downwind. Componentry indicates the
relative abundances of pumice (in its various densities), lithics, obsidian and crystals.
Vesicularity indicates the presence or absence of magma-water interaction and the

extent magmatic gases were driving the eruption.
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54.1 Grainsize

A range in grainsize exists throughout the Rotorua A tephra. The initial sub unit (A,-1)
is =2 ¢. The deposit reversely grades into the coarsest sub unit (=5 ¢) (Ap-2) ~2 m from
the base. The deposit is then normally graded (with fine scale bedding) to an upper fine
lapilli/medium ash (0.5 ¢). The Rotorua A tephra is well sorted in a volcanological
context (Cas & Wright, 1987) with sorting values of ~1.5 ¢, indicating deposition
involved discrete clast fallout from a relatively dry plume. The vertical grainsize
variations in proximal deposits indicate that the peak eruption intensity was achieved

early in the plinian sequence and waned unsteadily throughout the eruption sequence.

542 Componentry

Samples for componentry analysis were obtained from the retained proximal grainsize
samples of Rotorua A pyroclastics. Vesicular pumice clasts (~ 75 % vesicles) were the
most abundant component of the tephra (~ 95 %), however the juvenile clasts were not
of uniform density. The separation of variably dense pumice clasts into categories was
necessary to quantify the range in densities. A spectrum from ~ 75 % vesicular pumice
to high-density (obsidian-like) pumice was observed containing variably collapsed
vesicles. This indicates that perhaps periodic capping of a gas-rich magma occurred
during quiescence, with a degassing plug of formally exsolved magma residing below.
This phenomenon has been observed during the 1991 eruption of Mt. Pinatubo

(Hammer et al., 1999).

The lithic component of the Rotorua A tephra consists of (~ 95 %) rhyolite lava. Lithic
abundances increase steadily through the deposit. Due to this steady trend, it is likely
that progressive vent erosion occurred during the Rotorua A explosive phase. Rare lake
deposits (< 5 %) are evident in the basal portions of the Rotorua A tephra, suggesting

the eruption initiated through or in close proximity to a lake or paleolake.
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5.4.3 \Vesicularity

The vesicularity of the plinian tephra clasts are predominantly constant (~ 75 %)
throughout the deposit. A tight range of vesicularity values exists in the lower portions
of the tephra indicating a constant level of fragmentation. In the upper portions of the
tephra (sub units A,-9 and A,-10), the vesicularity decreases (~ 60 %) and the range
increases.  This progressive increase in density suggests the eruption tapped

progressively gas-poor portions of the Rotorua A magma.

5.5 Eruption Chronology

The chronology of the Rotorua eruptive episode is based on data obtained and
interpreted in previous chapters. The eruptive sequence is given graphically in Figure

5.2. The eruption chronology as determined by data collected in this study is as follows:

1. Rapid convection of the initially heterogeneous Rotorua A magma occurred
beneath a shallow lake situated immediately SE of the pre-existing Northern
dome. Vigorous earthquakes rupturing the zoned magma chamber may have
caused convection. The Rotorua B magma batch was located within 1 km of

the Rotorua A magma.

2. The rise of Rotorua A magma led to short-lived magma-water interaction
with groundwater and/or a shallow lake. This lead to the production of a
small phreatomagmatic eruption during winds from the SE. This phase of

the eruption established the conduit for the later-stage phases to occur.
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Soon after the phreatomagmatic phase (minutes to hours), rapid rise of the
Rotorua A, (0.4 km?) gas-rich magma produced a high, buoyant but unsteady
plinian eruption column. This phase soon waxed and reached a climax
consisting of a 20 km high plume. Strong SE winds (~25 m/s) distributed
the tephra in a well-confined lobe to the NW. The eruption began to wane
unsteadily, tapping gas-poor magma until the cessation of activity. No
evidence exists for a widespread ignimbrite accompanying the plinian phase
indicating that although eruption intensity was widely variable, the plume
remained buoyant throughout. The duration of the plinian phase is estimated

at 8-9 hours.

At the cessation of explosive activity the remaining gas-poor portions of the
Rotorua A magma slowly ascended. The high temperature and low SiO;
content of the lava being extruded created the (0.75 km3) laterally extensive
and low-lying Eastern dome. The extent of the dome reached what now
occupies the barrier to lake drainage between Lakes Okareka, Tikitapu,

Rotokakahi and Tarawera.

The cessation of Eastern dome growth (after a period of several years)
enabled the rise of Rotorua B magma at a similar vent location to the
Rotorua A phase. Passive degassing of this magma may have been
facilitated by extensive rupture during the Rotorua A pyroclastic phase. The
Rotorua B magma supplied a long-lived (at least 8 years), predominantly
effusive phase of eruption leading to the construction of Middle rhyolite
dome. Periodic failure of the dome and the rapid rise of gas-rich portions of
the magma led to vulcanian-style pyroclastic eruptions. Block and ash flows
were produced radially from the vent during periods of instability during
dome construction. Topographic barriers (older domes) to the N and W
directed density currents to the S and E. Middle dome took at least 3.5 years

to be constructed.
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6. A resurgence in Rotorua B magma upwelling at a similar vent location led to
the growth of the steep-sided Trig 7693 rhyolite dome. The Trig 7693 dome
produced block and ash flows and pyroclastic density currents due to
periodic sector collapse during dome construction. The Trig 7693 dome
produced vulcanian-style, locally dispersed pyroclastic eruptions to the S and
SE as indicated. The Trig 7693 dome erupted over a period exceeding 2.5

years.

5.6 Comparisons With Other Examples

The Rotorua eruptive episode is a unique example of two distinct rhyolitic magma
batches erupting in close temporal and spatial dimensions. Magma mixing is a common
phenomenon (eg. Briggs et al., 1993) however, the Rotorua eruptive episode appears to
have involved the eruption of two compositional distinct magmas in succession without
a significant time break. Both eruption phases were sourced from a similar vent

location.

The eruption chronology of the Rotorua eruptive episode involved three main phases.
The explosive emplacement of the Rotorua A tephra was followed by effusive growth of
Eastern dome. The Rotorua A magma became exhausted or inactive, allowing the
predominantly dome building period of the Rotorua B phase to ensue with periodic

explosive events.

The 1980, Mount St. Helens eruption provides an analogy for the chronology of the
Rotorua A phase of the eruptive episode. In the Mount St. Helens eruption, a 9 hour
plinian event was the initial phase of the eruption (Crisewell, 1987). Soon after the
cessation of explosive activity, a series of dacitic domes grew and were later destroyed
by later collapse events. This is a likely series of events for the Rotorua A phase, due to
the chronology of initial plinian phase followed by dome growth. A similar volume of

magma was erupted in the Mount St. Helens eruption to the Rotorua A phase.
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The A.D. 1305 Kaharoa eruptive episode is the most recent rhyolitic eruption from the
TVZ. This eruption was initiated by a basalt trigger, unlike the Rotorua episode, that
lead to a plinian eruption depositing the widespread Kaharoa Tephra to the NW and SE
(Nairn et al., 2001). The Kaharoa eruption involved the growth of a series of rhyolite
domes in a NE-trending fissure. The chronology interpreted for the Kaharoa eruptive
episode from the pyroclastics and lavas indicates that a rhyolitic eruption (especially the
Rotorua A phase) is commonly initiated by a plinian phase, then succeeded by an

effusive dome growth phase.

The Rotorua B phase is a predominantly effusive series of events leading to the
construction of the coalesced Trig 7693 and Middle domes. Such long-lived effusive
activity is seen at Montserrat, where effusive activity has constructed a dome initiated in
1995. Sector collapse and minor upwelling of gas-rich portions of the magma have

triggered periodic explosive events.

Although there are modern analogues for the general chronology of explosive events
followed by effusive events, the Rotorua eruptive episode involved two distinct magma
batches residing in close proximity prior to eruption. The cessation of the Rotorua A
phase was soon succeeded by the more evolved and distinct Rotorua B phase. Such a
complex magmatic system at depth may be due to a deep-seated structural control in the

Okareka Embayment.

6.5 Conclusions

¢ The history of the Rotorua eruptive episode can be developed according
to the information interpreted in this study. The use of multiple
analytical techniques provides the framework for the eruptive history of

the Rotorua A and B phases.

¢ The Rotorua eruptive episode was initiated by an explosive plinian
eruption (Rotorua A tephra) followed by effusive growth of Eastern

dome (Rotorua A magma). Soon after the cessation of Eastern dome
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growth, the distinct Rotorua B magma batch erupted predominantly
effusively. This lead to the construction of the coalesced Trig 7693 and
Middle domes. Periodic pyroclastic eruptions were erupted by the rapid
rise of gas-rich portions of the magma through the existing domes, or due

to sector collapse of the dome margins.

Comparisons with historic eruptions indicate the chronology of explosive
followed by effusive activity to be common, however the eruption of two
distinct magma batches from a similar vent location without magma

mixing is unique to the Rotorua event.
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Chapter Six
Volcanic Hazards

6.1 Introduction

Volcanic eruptions have impacts at a wide range of temporal and spatial scales, from
widespread (eg. ash fall) to local (eg. gas emissions and ballistic fall) and from seconds
to a number of years. The effect of historic eruptions has highlighted the need for
hazard analysis in volcanically active centres, which endanger populated areas. The
Okataina Volcanic Centre (OVC) is an important location for hazard analysis due to its

proximity to the major cities of Rotorua, Tauranga, Whakatane and Kawerau.

The Rotorua eruptive episode involved two distinct phases (A and B). The Rotorua
phase involved a plinian explosive eruption and the growth of Eastern dome. The
Rotorua B phase predominantly involved dome growth of the Trig 7693 and Middle
domes. The distinct eruption phase produced unique hazards according to the mode of
emplacement and proximity to the vent. To analyse the effect of this eruption, a
scenario-based approach is given, which quantifies the impacts of a similar eruption
today. This approach requires accurate information on the volcanic processes (see
chapter 5), population of the region (census information), and economic value of the
forestry, agriculture and tourism industries within the effected region.

Using the definition of Blong (1996), risk is defined as:

RISK = Hazard x Vulnerability
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Where hazard refers to the physical events produced by an eruption and vulnerability
includes the consequences for people, buildings, infrastructure and economy.

The effects of the components of a plinian-dome building eruption will be discussed to
describe the specific hazards posed by pyroclastic fall, flow and surge, block and ash
flows and other phenomenon associated with dome growth. Modern examples will

provide a basis for effects from each.

6.2 Rotorua A - Plinian Phase

The plinian phase of the eruptive episode produced two main hazards 1) a widespread
tephra directed to the NW and 2) proximal ballistic fall. Due to the unusual pattern of
dispersal, the Rotorua eruption would cause a large amount of damage to the cities of

Rotorua, Hamilton and Tauranga (Figure 6.1) if this event occurred today.

6.2.1 Ballistic Fall

Proximal to the vent, both ballistic clasts and juvenile clasts from the outer margins of
the plume are deposited. Clasts from the outer margins of the plume fall close to the
vent due to eruption-induced wind vectors causing the clasts to be deposited close to or
inside the vent (Houghton & Smith, 1993). This would lead to the rapid deposition of
extremely hot clasts of lithic and pumice blocks and bombs on the settlements
surrounding Lakes Okareka and Tarawera. The area affected by ballistic fall is
approximately 3 km around the vent although exposures on the south and southeastern
margins of the vent do not indicate ballistic fall. This may be a result of both syn — and
post-eruption erosion. Lithic and juvenile clasts emplaced ballistically are normally
larger than 10 cm diameter and are able to penetrate modern house construction with
little difficulty (Blong, 1984). This leads to structural failure caused by impact of
supporting structures, and due to the inability of the clasts to reach thermal equilibrium,
temperatures of ballistic clasts may reach 200-300°C (Blong, 1984). Ballistic clasts
effect vegetation eg. the Whakarewarewa Forest, causing the stripping of branches and

due to the heat of the clasts, fires are likely to result.

91



Chapter Six Volcanic Hazard Analysis

x

?? 1 m Isopach
4;»" \
L Tauranga
.Hamlllon
Cambvidge Whakajania

Sulh ]
Rolo@’b (‘ji? .Kawarau

“a

Taupo
A

10 cm Isopach

X

Hamitten
L]

L
Cambridge %2
L)
Kawerau

]

(km)

2 cm Isopach

Tauranga
Whakatane
9 Kawerau

o (m) 100

gﬁupo

Fig. 6.1 100(a), 10(b) and 2(c) cm isopach maps indicating areas of impact from the plinian fall
component of the eruptive episode.
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6.2.2 Plinian Fall

The widespread tephra associated with the climactic phase of the Rotorua eruption
scenario forms the major hazard to the inhabitants of the Bay of Plenty, Waikato and

Auckland regions (Figure 6.1).

In the Rotorua region, the damage to the city would be total. Figure 6.2 highlights the
area enclosed by the 100 cm isopach has encompassed the entire Rotorua city and
outlying suburbs. The major hazards from the plinian phase of the eruption are given to

quantify the effects to aspects of society if a similar eruption occurred today.

Buildings

The main concern for the ca. 50,000 population of Rotorua would be the collapse of
houses and other buildings and infrastructure. Blong (1984) quantitatively assessed the
amount of loading required before failure in historic eruptions. However the data
compiled was based on eruptions primarily prior to 1900 A.D., before modern building
design and strength. The results indicate that a tephra thickness of 10-30 cm is required
before widespread collapse will occur. Failure depends on the state of the tephra (wet or
dry), the angle of the roof and the strength and direction of the wind during deposition
(Figure 6.3).

Phreatomagmatic (wet) eruptions (eg. Rotongaio and Hatepe ashes of the Taupo
eruption) produce water-laden ash creating a higher specific load than dry tephra.
Therefore, the amount of tephra required for failure will be less in phreatomagmatic
eruptions, such as at Rabaul in 1994 (Blong, 2001). The Rotorua tephra is the result of a
magmatic eruption (see previous chapters), therefore a conservative estimate of
complete collapse of buildings is bounded by the 100 cm isopach (Fig 6.1 a). This is
assumed due to the required building codes for Rotorua requiring a dead load strength of
(50 kg/mz) (NZS 3604, 1999). Due to the medium lapilli-sized pumice and lithics
modelled to affect Rotorua City, the bulk density of the Rotorua A tephra is

approximately 400 kg/mS. Therefore the tephra loading on houses within the 1 m
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isopach exceeds the standard for snow loading by 8 times. These data suggest all

residential buildings will collapse within the 0.5 m 1sopach.

Depending on roofing styles, deposition of tephra may exacerbate or reduce failure. Flat
roofs are more likely to fail with tephra loading due to the rapidly increasing volume of

tephra accumulating during the eruption.
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Fig. 6.2 100 cm isopach encompassing two large forestry blocks, the Rotorua airport and Rotorua city. Green -
vent location, red — Pinus radiata forest, dark blue — buildings, light blue - airport

Conversely, high-angle roofs deflect tephra away from the apex, therefore are less prone
to rapid build-up of tephra. During eruptions of small volume, clearing gutters is
advised in order to reduce the stress on guttering (FEMA, 1984). However, in the
Rotorua eruption scenario, the ability for houses to withstand 100 cm of tephra would be
unlikely. The peripheral towns of Putaruru and Tirau would be affected by tephra
thicknesses greater than 10 cm (Fig 6.1 b), therefore adequate information regarding the
danger of tephra loading would be required to be issued to the communities for proper

removal of excess tephra levels.
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Wind can affect the ability of structures to withstand the load of tephra. Small-scale
redeposition of the finer sized ash particles on the lee side of the wind direction will
cause localised regions of increased loading (Blong, 1984). This may lead to
preferential failure and may facilitate complete collapse of flat to moderately dipping

rooftops.

Wind direction

A

Fig. 6.3 The effect of roof design
and wind on roof strength during
build-up of tephra during a plinian
eruption (redrawn from Blong,
1984). Deposition of tephra on the
lee side of a roof may increase the
risk of failure to due heightened
loading.

Human Health

The effect on human health is likely to be widespread due to the mobility of fine ash
(including juvenile material, lithics, obsidian and free crystals) in the atmosphere.
Results from the 1995-1996 Ruapehu eruptions suggest a small increase in acute
bronchitis was caused by inhaling fine ash particles (Hickling et al., 1999). The study
involved subjects living within a region receiving > 0.25 mm of ash as the test case,
compared with an unaffected population. While the results showed only a borderline
increase in cases of acute bronchitis, the amount of tephra being deposited is considered
minimal compared with the Rotorua tephra scenario. Therefore, the effect of volcanic

ash on the population’s health is likely to be much larger in a plinian eruption. The 2
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cm isopach (Figure 6.1c) conservatively indicates the area that may be adversely
affected by fine ash. Fine ash may cause the most concern to people with respiratory
problems such as asthma and bronchitis. Accounts of historic eruptions indicate that
respiratory distress is the main cause for concern in prone patients and fragile
individuals ie. the elderly and children (Blong, 1984; Baxter, 1990). Due to the
dispersal to the NW, the tephra would have reached south Auckland, home to one of the
highest rates of asthma in New Zealand (South Auckland Health Board, 2001). This
may create a major logistical problem encountering large patient numbers for respiratory
distress. Cases of respiratory distress have been shown to continue well after the
cessation of an eruption, up to 1 month as noted from the 1977, Usu eruption (Blong,

1984 and references therein).

Associated with fine ash is the irritation of the eyes, which has lead to discomfort in
some individuals (especially those wearing contact lenses) as noted at St Helens,

Ruapehu and other historic accounts (Blong, 1984).

Forestry

Forestry is a major industry in New Zealand and one of the most profitable in the
Rotorua region. The blocks of forestry to the south (Highlands) and northwest of the
vent (Whakarewarewa) account for a large portion of Fletcher Challenge forests in
Rotorua. Figure 6.2 indicates that these blocks of forestry would have been inundated
with at least 100 cm of tephra during the eruption. The Highlands block to the south
would be buried under ca. 200 cm of tephra due to the proximity to the vent. These two
blocks of forestry cover an area of ca. 60km? (43 km*-Whakarewarewa Block, 16 km?-
Highlands Block). Current values for forestry are $40,000/ha, therefore the 60 km? of
forest that would be destroyed would be worth $240 M (NZ Forestry Statistics, 2002).
The Waipa sawmill, situated within the Whakarewarewa Forest is also likely to be
destroyed, with a current valuation of $15 M (NZ Forestry Statistics, 2002). According
to Blong (1984), most vegetation is killed with tephra thicknesses between 100-150 cm,
while all vegetation is destroyed with tephra greater than 200 cm thick. These data

suggest that the large forestry blocks would be destroyed and deemed unrecoverable for
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a long period after the eruption (10-20 years). The burial under such large volumes of
tephra would limit oxygen influx through the soil. Initial fall of tephra would strip a
large portion of the tree’s branches rendering the plant ineffective in acquiring energy
via photosynthesis (Blong, 1984). Also destruction of surrounding forestry blocks will

be increased due to the effect of forest fires, initiated by hot ballistic blocks and bombs.

Agriculfure

The hazard to livestock in New Zealand is an important factor to examine due to the
reliance on such an industry for nationwide economic prosperity. Historic eruptions
such as the 1785 Laki eruption highlight the devastation caused by volcanic eruptions
leading to the collapse of agriculture in Iceland. The Rotorua eruption scenario involves
burial and inundation of pastureland, and the introduction of minerals and heavy metals
into the soil. A widespread tephra blanket over the central North Island would lead to
intensive intervention by farmers to remove the tephra for livestock to adequately graze.
Depending on the amount of burial, the effectiveness of tephra removal will be greatly
decreased in locations within the dispersal axis or close to the vent. In the Rotorua
region, the depth of burial will be too great to mitigate against, therefore alternative feed

would be required if the property was viable to maintain.

Fluoride is an essential element for animal growth, not readily taken up by plants from
soils; however, acute fluorosis in grazing animals has the potential to cause widespread
sickness in livestock (Cronin et al., 2000). Fluorosis causes bones to become weak,
internal organs to develop ulcers and teeth and gums to become pitted and fragile, as
seen at Iceland due to the Laki, 1785 eruption (Blong, 1984). This leads to emaciated

herds due to the inability to chew, leading to a slow and painful death.

Tourism

Rotorua is a significant destination for tourists due to the hydrothermal and volcanic
activity seen in exhibits and in natural settings. The average yearly income from tourists
to Rotorua exceeds $350 M, providing the region with a substantial source of income.

The effect of tourism collapse to Rotorua would cause the loss of ~18 % of Rotorua’s
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employment and the loss of $462 M in tourism dependant spending in the Rotorua
District (Destination Rotorua, 2002). The numerous events stationed in and around the
city provide a destination for a wide range of people from international to national
visitors. Therefore due to the volume of tephra deposited in and around Rotorua city, an
eruption similar to that of the Rotorua eruptive episode would cause the complete
collapse of tourism operations in the Rotorua region. The burial of the city and
surroundings would eliminate the chance of a rapid return to the area after an
evacuation, due to remobilisation of the tephra, causing unstable foundations for
buildings etc. Recovery time of a significant population after a plinian eruption is

estimated at over 5 years after the eruption.

Aviation

The effect of volcanic ash on the aviation industry can be extremely costly. Due to the
corrosive nature of volcanic ash (carrying a film of corrosive acid) the delicate
machinery of jet engines is easily corroded and abraded causing costly engine failure,
requiring extensive maintenance (Blong, 1984; Houghton et al., 1988). This requires
aeroplanes to be placed in adequate storage hangers to eliminate the corrosive and
abrasive nature of volcanic ash on the fuselage, engine and computer equipment housed
inside the cockpit. This is a necessary measure due to the ability of fine ash to penetrate

small openings within the hanger and the plane itself.

Due to the increased awareness of the effect of volcanic ash on aviation, it is deemed too
dangerous to fly when 1 cm of ash is falling on the airport. During a Rotorua-type
eruption, this scenario would ground all international and national flights from Rotorua
(likely to be destroyed), Hamilton and Auckland airports. This would cause long delays
before it would be deemed safe for travel causing extensive economic losses. The
ability for flight would be delayed for several days in this scenario due to the ability for
fine ash to remain suspended in the atmosphere. The Ruapehu eruption of 1995-1996
caused the grounding of flights in Hamilton and Auckland for at least three days. This
was caused by a shift in wind direction causing ash to be deposited towards the NW.

Due to this precedent, it would be conceivable to delay flights for at least one week,
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lasting up to three weeks, depending on the ability to dampen the fine ash (naturally

and/or induced).

Hydropower

The Ruapehu 1995-1996 eruption highlighted the need for effective mitigative measures
for hydropower stations in the central north island for small-scale eruptions.
Considering the volume of the Rotorua eruption, the response of hydropower operators
would be required to be implemented very early in the eruption sequence. The amount
of abrasive ash and lapilli that would be deposited in the Waikato River, with 9
hydropower stations (Mighty River Power, 2002) would necessitate an early shutdown
of operations in order to reduce the input of ejecta into the turbines, causing expensive
maintenance as seen in 1995. An eruption of the Rotorua’s size would cause a major
increase in river turbidity and sediment load, leading to rapid sedimentation behind the
dams. This would cause a significant decrease in power production, which may last for
several years after the eruption. At maximum output the total power output of the 9
hydropower stations on the Waikato River is approximately 1 GW (Mighty River
Power, 2002). The shutdown of these hydropower stations would lead to a major
dependence on Huntly power station, which has a similar capacity (Genesis Power,
2002). However, power dependence for both the Waikato and Auckland regions would
need to be primarily sourced from Huntly. This would lead to a rapid increase in power

output at Huntly placing a major strain on sufficient power generation.

Also affected by the tephra would be the electrical insulators due to conductive ash
causing insulator flashover and line breakage caused by loading of the tephra. This will

lead to power outages in the Waikato and Auckland catchments (Johnston, 1997).

Drinking Water

The composition of volcanic ash can cause problems with drinking water due to the
introduction of increased proportions of heavy metals and gases downwind than would

otherwise occur. Metals such as Pb, As, Zn, Mn, Ti, Co, TIl, Se, Mo, Cr, Ni and Cl, F

and SO4 were sampled at Popocatepetl during a period from December 1994 - October
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1998 (Armienta et al., 2001). The composition of the ash further from the vent
indicated that the concentrations of F and SO, increased with distance (Armienta et al.,
2001). A number of factors could have exacerbated the trends, but it is necessary to
highlight the mobility of metals and gases within a plume to understand the hazard
posed by such events. Water tanks on farms surrounding the Rotorua region would be
heavily affected and residents would be advised to boil and/or purchase bottled water
until a clean water supply is regained. The effect of heavy metals and F can be
detrimental to young children and pregnant mothers, in extreme cases causing stillbirth
(Blong, 1984). The large amount of fine ash in catchment water will also increase the

turbidity of the drinking water requiring expensive filtration systems.

6.3 Dome building of the Roforua A and B phases

The Rotrua A and B phases both produced voluminous domes; however sites proximal
to the vent have not indicated whether the Rotorua A phase produced pyroclastic
deposits (upper Rotorua tephra) during dome growth. Therefore, the hazard posed by
dome growth has been modelled on the Rotorua B phase, which does show evidence of
vulcanian eruptions during lava extrusion. During dome growth, periodic explosive
events produced locally dispersed pyroclastic falls, surges, pumice flows and block and

ash flows.

The hazard posed by volcanic gases has been modelled on literature from Montserrat

and other historical dome-building eruptions.

6.3.1 Pyroclastic fall

Unlike the plinian phase of the eruption, the upper Rotorua tephra has been deposited
locally due to small vulcanian-type explosions from the domes late in the eruptive
sequence. The area of dispersal is located immediately south and east of the vent, only
recorded in 3 site locations. The main hazard with the upper Rotorua tephra is the
timing of such events. The plinian phase was over within a matter of hours, while the

transition into dome building may have lasted several years, although no soil

100



Chapter Six Volcanic Hazard Analysis

development is witnessed. There may have been a significant time delay before dome
building began (10 years). If a period of years marked the transition between plinian
and dome-building phases, the hazard may be due to the determination of local residents
to return to what is left of their dwellings. However, with effective emergency
management, a perimeter would be introduced as at Montserrat, to eliminate the risk

from a localised hazard.

6.3.2 Pyroclastic Flow

Baxter (1990) provides a graphic account of the hazards from pyroclastic flows as seen
in historic eruptions. The ignimbrite seen in the Te Mu Road section (see Chapter 2) is
the only evidence of pyroclastic flows from the Rotorua eruptive episode. This may be
a function of exposure or that the eruption did not produce extensive pyroclastic flows.
Due to the small volume of the ignimbrite, the topographic controls of the older domes
surrounding the vent would have contained the flow in the valley floors towards the
south and southeast eliminating the effect on more populated areas to the east and north.

This form of volcanic hazard is the most destructive due to the heat and impact damage
caused (Baxter, 1990). Asphyxiation from the fine particles within the dense current has
occurred at historic eruptions due to the rapid elutriation of fine ash into the throat and
lungs (Baxter, 1990). Due to the evidence of an ignimbrite to the southeast of the vent
alone, it is significant from a hazards perspective that there were no large pyroclastic
flows produced during either stage of the eruptive episode. If this eruption occurred
today, it would be standard procedure to include a probability-based hazard delineation

for likely pathways of pyroclastic flows due to complete or partial column collapse.

6.3.3 Pyroclastic Surge

Surge deposits are found within the dome-building sequence at the Te Mu Road section
on the southern side of the vent. Surges have devastating consequences due to the
abundance of fine material easily transported away from the flow itself. This can lead to
a wider hazard due to inhalation of very fine particles elutriated from the flow and
deposited downwind. Pyroclastic surges contain more gas, less particles and are more

turbulent than pyroclastic flows enabling them to surmount ridges and deposit as
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veneers on topographic highs (Houghton et al., 1994). The hazard posed by pyroclastic
surges is very high due to the turbulent nature creating asphyxiation and burns to those

trapped in their path.

6.3.4 Block and Ash Flow

During dome growth, the slopes of the dome become unstable due to the creation of
over steepened slopes. This leads to partial collapse of the dome leading to the
production of block and ash flows (Cas & Wright, 1987). As shown at Montserrat
(1995-present), the collapse of portions of the dome can lead to voluminous and
extensive block and ash flows being produced. Tectonic or volcanic related earthquakes
and pockets of gas-rich magma erupting periodically can cause these failures. This has
a secondary effect of physically crushing the rhyolite into extremely small particles due
to grain-grain interaction. This leads to the production of free silica in the form of
cristobalite, which in a respirable form (< 10 wm) can cause silicosis over long periods
of exposure (Blong, 1984; Baxter et al., 1999). However it has been shown from
Popocatepetl (1994-1995 eruptions), that short exposure to volcanic ash is associated

with reversible inflammation of the airways (Rojas-Ramos et al., 2001).

Nairn et al., (2001) has shown that block and ash flows are able to travel for extensive
distances from the Tarawera massif for up to 10 km from the vent, which has
implications for hazard zoning, extending restricted zones down likely flow channels.
There is limited evidence of block and ash flow generation around the vent area and
domes, but it is likely much of the block and ash flow material has been removed or

modified.

6.3.5 Debris Avalanche

After the cessation of volcanic activity, dome slopes may be over steepened. This leads
to the generation of debris avalanches due to sudden and catastrophic collapse from an

unstable portion of a dome. Unlike block and ash flows, debris avalanches are cold and
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momentum is provided by gravity rather than gas and heat flux within the hot flow. The
debris follows valleys and may evolve into a lahar if sufficient water is available
(Houghton et al., 1988). After the cessation of Rotorua eruption/s, debris avalanches
would have been a common site proximal to the vent. The likely radial dispersal would

endanger any residents returning to their dwellings on the shores of Lake Tarawera.

6.3.6 Volcanic Gas

During dome growth (as seen at Montserrat), degassing of the effusive dome creates a
series of short and long term health risks to the local residents. The main causes for a
health hazard are the enrichment of gases such as CO,, SO,, Cl, F (Blong, 1984). These
have the ability to cause asphyxiation, irritation to the nose, throat and eyes, and acid
rain. CO; emissions are a concern due to the odourless nature and slow effect on the
brain slowly starving it of oxygen (Baxter & Kapila, 1989). On February 20%, 1979,
142 inhabitants of Dieng Plateau, Indonesia were asphyxiated by what was later
determined to be caused by CO, (Le Guern et al., 1982). SO, when oxidised becomes

H,SO4 and is the cause of acid rain effecting proximal to distal locations.

During a period of heightened activity at Montserrat, Allen ez al., (2000) measured gas
levels in the capital of Plymouth (located 5 km southwest of the vent — downwind).
Aerosols were found to be highly acidic at source but rapidly neutralised during
transport. The concentration of sulphur dioxide was found to be too low to pose a health

risk.

6.4 Economic Losses

The cost incurred from the Rotorua eruption in modern terms would be economically
devastating. It is difficult to accurately gauge the primary effects and the long-lived
secondary effects from an explosive rhyolitic eruption. Forestry and tourism would be
the major industries to be affected by a large eruption and an estimated economic loss
can be attempted. However, other impacts such as damage to ecology over a wide area

of the central north island is difficult to estimate due to the varying ability for biota to
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adapt to increases in turbidity and acidity (eg. Masaya, Nicaragua) (Delmelle et al.,
2001).

The Ruapehu eruptions of 1995-1996 cost over $100 million due to the loss of two ski
seasons, rapid tourism decline, hydropower failure and aviation delays. These events
involved a relatively small volume of material (0.01 km?) and the effect of an explosive
rhyolitic eruption will be at least an order of magnitude more devastating. It is possible
to estimate minimal losses due to the loss of the two large forestry blocks of
Whakarewarewa and Highlands to the NW and S of the vent respectively. The
estimated loss of ca. 60 km” of Pinus radiata forest is ca. $200 million at present wood
prices, with the loss of two large forestry blocks being difficult to regenerate due to the
large volumes of burial. This figure includes the complete destruction of the forest saw
mill. The average yearly income from tourism to the Rotorua region is ca. $200 million,
which would be expected to be the minimal amount lossed by a Rotorua-type eruption.
An estimated cost to the destruction of property and dwellings of ca. 10,000 homes at an
average value of $100,000, lends to a loss of over $1 billion. No account has been made
of commercial buildings, while infrastructure costs- are difficult to obtain and quantify.

Therefore the estimates proposed in this study are considered minimal values.

Minimal estimates of economic losses indicates that an eruption similar to the Rotorua
episode would cause extensive economic losses, upwards of $1.3 billion. This figure
will be greatly increased due to both primary and secondary processes of the eruption.
The May 18, 1980 eruption of Mount St. Helens is estimated to have cost Washington
State approximately $950 million (MacCready, 1982).

6.5 Conclusions

o The plinian phase of the eruptive episode creates a widespread hazard due to
burial from the voluminous tephra, while the dome-building phase creates a

more localised but much longer-lived hazard zone.
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The 1 m isopach conservatively estimates the limit of complete building
failure, surrounding the city of Rotorua and its suburbs (>50,000 population).
Collapse of houses is expected in the communities of Ngongotaha and

Hamurana.

Data from historic eruptions suggest a load of 10-30 cm on a standard roof
will cause some collapse. This indicates the extent of roof collapse could
extend to Tirau, Putaruru and Cambridge depending on roof construction and

style.

Health effects from the plinian fall are expected to extend to the 2 cm
isopach, causing respiratory distress to prone individuals (ie. asthma and
bronchitis sufferers). The effect of this health hazard is likely to extend to

south and central Auckland.

Several effects of the plinian fall will cause major economic losses such as:

- collapse of forestry operations in the Rotorua region,

- cessation of tourism operations in and around Rotorua for several years,

- major agriculture losses primarily due to fluorosis and lack of feed and
land inundation,

- lengthy delays to aviation operations on the order of weeks to months,

- risk to health from drinking contaminated water due to the acidity of the
ash and

- hydropower operations being shut down for long periods due to abrasive
and corrosive nature of volcanic ash on turbines.

- Destruction of infrastructure networks in the central and upper North

Island

The dome-building phase creates a localised hazard from the production of
ash plumes and pyroclastic density currents, that are topographically

controlled around the vent.
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° Economic losses are estimated to exceed $1.3 billion within hours of the
eruption due to rapid burial of Rotorua city causing collapse of the tourism

industry and burial of the forestry in the region.

106



Chapter Seven

Conclusions

7.1 Introduction

The deposits of the (15.7 cal ka BP) Rotorua eruptive episode have been re-examined
and re-interpreted in this study. Through detailed stratigraphic, textural and component,
and geochemical analysis, the deposits of the Rotorua eruptive episode have been
grouped into A and B phases. This distinction between the two phases is based largely
on mineralogy, geochemistry and intensive parameters. The result of this study has re-
defined the volcanic history of the Okareka Embayment of the Okataina Volcanic
Centre. This work has also lead to a more accurate volcanic impact assessment of a

similar eruption today. The key findings of this study are summarised below.

/7.2 Key Findings

The Rotorua eruptive episode was sourced within the Okareka Embayment of Okataina
Volcanic Centre and is the most recent eruption (15.7 cal ka B.P.) from this part of the
Okataina caldera complex. Nairn (1980, 1981) identified four rhyolite domes (Northern,
Trig 7693, Middle and Eastern) within the embayment. The Northern and Eastern
domes were identified as been erupted during the (25 cal ka BP) Te Rere eruptive
episode on the basis of stratigraphy, while Trig 7693 and Middle domes were identified
as effusive remnants of the Rotorua eruptive episode due to their youthful appearance

and lack of older tephra overlying them.
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In this study the products of the Rotorua eruptive episode have been grouped into A and
B phases. Previous studies (Nairn, 1980; 1992) have indicated that Eastern dome was
erupted during the Te Rere eruptive episode, however this study has demonstrated
through geochemical analysis and general stratigraphic relationships, that Eastern dome
and the plinian Rotorua Tephra have similar compositions and are distinct from the
previously inferred vent of Trig 7693 and Middle domes. The Upper Rotorua Tephra of
Nairn (1980) has a similar composition to the Trig 7693 and Middle domes. The two
distinct compositions identified then are, A) Eastern dome and the Rotorua Tephra and
B) Trig 7693 and Middle domes, and the Upper Rotorua Tephra. These data indicate
the Rotorua eruptive episode involved a short but intense plinian eruption, followed by
long-lived effusive dome growth activity (Eastern Dome). After a brief time break
effusive activity resumed involving degassed magma from new vents. This led to the

construction of Middle and Trig 7693 domes.

Isotopic evidence suggests that the Rotorua eruptive episode involved the eruption of
two magma batches. The location of the effusive domes and volume of the eruptives
associated with the A and B phases, indicate the separate magma batches were small

(~1 km3) and resided in close proximity to each other.

Detailed analysis of the Rotorua tephra indicates the deposit was dispersed strongly to
the NW at least as far as Auckland and Northland. The dispersal of the tephra was
narrowly constrained perpendicular to the dispersal axis. Eruption modelling of the
isopleth and isopach maps suggests the tephra was dispersed from a plume up to 20 km

high, pushed by strong winds from the SE at approximately 25 m/s.

Geochemical analysis of the Rotorua Tephra indicates the A-phase magma was
compositional zoned prior to eruption. During withdrawal of magma in the plinian
phase, zones were disrupted and mixing within the plume resulted in variable clast

compositions through the stratigraphy.
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A scenario-based eruption hazard was based on the volcanological interpretations within
this study. Due to the dispersal of the plinian fall to the NW, Rotorua City and District
would be heavily impacted during a similar eruption today. The 1 m isopach
encompasses Rotorua City and a large portion of the district. Due to such large volumes
of pyroclastic material inundating and collapsing buildings, it has been determined that
all buildings and infrastructure within this area would be destroyed. An economic loss
of $1.3 billion was estimated based on collapse of tourism to Rotorua, job losses,

infrastructure failure, complete housing failure, and destruction of forestry operations.

7.3 Recommendations for Future Research

o Due to the lack of proximal exposure, it has been difficult to unequivocally
constrain the nature and timing of the relationship between the A and B
phases of the Rotorua eruptive episode. Therefore, it is necessary to locate
sections that contain both the Rotorua A and B pyroclastics. The
identification of a time break (or lack thereof), will determine whether or not
the plinian (Rotorua A) event lead to the eruption of Trig 7693 and Middle
domes, and the Upper Rotorua Tephra. This has implications for the hazard
assessment, due to the extension of the modelled eruption duration. These
data may model the dynamics of small magma batches residing in close
proximity and may lead to a re-appraisal of active volcanic centres due to the

danger of discrete magma batches erupting soon after each other.

o More detailed geochemistry is required to determine the relationships
between the A and B phase magma batches. Important issues include
whether the plumbing systems of these two, apparently distinct batches were
interconnected and under what conditions the B-batch magma was able to

passively degas.

o The Rotorua eruption represents a credible medium return period scenario

for a volcanic disaster in the Rotorua District. Therefore further study of the
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economic effects of relatively small (<1 km?) plinian eruptions is required to

determine the cost of an explosive rhyolitic eruption on today’s society.
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Appendix |
[sopach and Isopleth Data

Isopach Data

SITENUMBER _ MAP NUMBER NZMS 260 TOTAL (CM) Am-6 Am-5 Am-4 Am-3 Am-2 Am-1 EASTINGS NORTHINGS
1 u1é 018315 605 55 60 120 100 160 110 2801800 6331500
2 u1s 994 323 57979 100 70 60 160 110 2799400 6332300
3 u16 993 318 600 110 80 90 110 130 80 2799300 6331800
4 u1e 943 329 169 40 0 32 23 53 27 2794300 6332900
5 u1e 026 288 700 2802600 6328800
6 u1e 979263 154 38 0 28 83 15 0 2797900 6326300
7 u1e 004 280 226 56 0 15 37 101 17 2800400 6328000
8 u1e 003291 243 30 0 14 33 140 26 2800300 6329100
9 u1e 975 310 132 31 0 6 10 85 0 2797500 6331000
10 u1e 972 239 80 2797200 6323900
1" u1e 945 204 9 2794500 6320400
12 u1e 954 222 35 2795400 6322200
13 u1e 919196 16 2791900 6319600
14 u16 914 204 1 2791400 6320400
15 u1e 918 234 12 2791800 6323400
16 u16 871243 15 0 2787100 6324300
17 u1e 009 229 45 25 5 10 5 5 0 2800900 6322900
18 u1e 017 228 90 20 2 10 4 0 0 2801700 6322800
19 u1e 043193 12 0 2 5 2 0 2804300 6319300
20 u1s 060 188 9 2806000 6318800
20a u1s 063 184 10 2806300 6318400
20b u1s 067 176 9 2806700 6317600
21 u1e 903 355 180 45 0 25 30 55 25 2790300 6335500
22 u1e 899 363 229 46 0 65 26 65 27 2789900 6336300
23 u1e 888 366 180 57 0 12 30 56 25 2788800 6336600
24 u1e 883 353 640 0 0 0 42 22 2788300 6335300
25 u1é 883 359 110 20 0 0 0 70 20 2788300 6335900
26 u1e 878 365 128 37 10 33 10 30 8 2787800 6336500
27a u1e 912371 27157 22 27 36 87 42 2791200 6337100
27b u1e 873362 139 27 23 5 20 50 14 2787300 6336200
28 u1e 854 363 134 13 0 8 20 65 28 2785400 6336300
29 u1e 857 362 138 16 0 8 20 73 21 2785700 6336200
30 u1e 860 363 92 11 0 2 6 59 14 2786000 6336300
31 u1e 858 366 108 14 10 6 17 48 13 2785800 6336600
32 u1é 859 379 143 33 10 9 29 44 18 2785900 6337900
33 u1é 862 387 123 18 9 12 23 44 16 2786200 6338700
34 u1s 896 406 171 31 19 10 32 40 39 2789600 6340600
62 u1s 871428 100 9 0 4 8 65 14 2787100 6342800
35 u1s 881432 114 16 0 0 0 78 20 2788100 6343200
36 u1s 886 444 97 9 0 0 0 71 17 2788600 6344400
37 u1s 897 444 106 0 0 0 0 78 28 2789700 6344400
38 u1s 916 457 800 0 0 0 66 14 2791600 6345700
39 u1s 898484 800 0 0 0 70 10 2789800 6348400
40 u1s 890 465 48 0 0 0 0 31 17 2789000 6346500
41 u1s 863 475 76 23 1" 0 0 27 15 2786300 6347500
42 u1s 852 473 5115 1" 0 0 16 9 2785200 6347300
43 u1s 814471 538 0 0 0 34 1 2781400 6347100
44 u1s 747 434 310 0 0 0 25 6 2774700 6343400
45 u1s 771423 56 0 0 0 0 50 6 2777100 6342300
46 u1e 804 393 8117 0 0 0 50 14 2780400 6339300
47 uie 802 365 310 0 0 0 25 6 2780200 6336500
48 u1e 817 409 1007 9 0 0 71 13 2781700 6340900
49 u1e 833 408 84 15 0 0 0 58 1 2783300 6340800
50 u1é 858 407 142 21 1 15 18 59 21 2785800 6340700
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Isopach and Isopleth Data

MAP_NUMBER NZMS_260_ TOTAL (CM Am-6

Isopach Data cont’d
SITE NUMBER

51 u1e 887 414
52 u1s 998 464
53 u1s 991 466
54 u1s 970 470
55 u1s 935 494
56 u1s 923 507
57 u1s 947 514
58 u1s 006 545
59 u1s 959 544
60 u1s 001 566
61 u1s 028 421
63 V16 109 147
64 u1s 833 434
65 u1s 060513
66 u1s 065493
67 u1s 083 496
68 Lk Okoroire T15 555 612
69 Lk Rotoroa S14 106 753
70 u1e 046 247
74 V15 115514
75 V15 186 554
76 V15 231523
77 u16 975 325
78 u1e 967 323
79 u1s 801 449
Lk Maratoto S§15 129663
Lk Ngaroto S15 115583
Lk Mangakaware ~ S15 053610
Lk Mangahia S15 062 668
Lk Rotokauri S14 036 802
Lk Kainui S14 072 892
Lk Rotokaraka S14 166 965
Lesson's Pond S14 278 929
Lk Rotongata T16 376 380
Lk Tunawhakapeka S14 106 853
Lk Rotomanuka S15 136 615
Kohuora Crater R11 744675
Pukaki Crater R11 715674
7 u16 027 262
72 u1e 036 244
73 u1s 916 409
80 u16 022 316
81 u1e 054 296
82 u1e 944 319
83 u1s 765473
84 uie 015299
85 U16 048 273

146 16
288
65 36
4013
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17
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2788700
2799800
2799100
2797000
2793500
2792300
2794700
2800600
2795900
2800100
2802800
2810900
2783300
2806000
2806500
2808300
2755500
2710600
2804600
2811500
2818600
2823100
2797500
2796700
2780100
2712900
2711500
2705300
2706200
2703600
2707200
2716600
2727800
2737600
2710600
2713600
2674400
2671500
2802700
2803600
2791600
2802200
2805400
2794400
2776500
2801500
2804800

6341400
6346400
6346600
6347000
6349400
6350700
6351400
6354500
6354400
6356600
6342100
6314700
6343400
6351300
6349300
6349600
6361200
6375300
6324700
6351400
6355400
6352300
6332500
6332300
6344900
6366300
6358300
6361000
6366800
6380200
6389200
6396500
6392900
6338000
6385300
6361500
6467500
6467400
6326200
6324400
6340900
6331600
6329600
6331900
6347300
6329900
6327300

Waikato Lake data (sites labelled Lk Maratoto to Lk Rotomanuka) are taken from Lowe

(1988). Kohuroa and Pukaki Crater data are from Sandiford et al. (2001).
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Appendix |

Isopach and Isopleth Data

Isopleth Data
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Isopach and Isopleth Data

Appendix |

Isopleth Data cont’d
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Appendix Il
Grainsize Dafa

Grainsize samples were collected at five locations along the dispersal axis of the
Rotorua A plinian eruption. Grainsize data are included below. ‘Rt /’ samples represent
deposits taken from the Red Tank Road (# 2) proximal site of the Rotorua A

pyroclastics. All samples have a site number prefix referring to sample sites in the text.
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Appendix Il Grainsize Data

PARTICLE SIZE ANALYSIS

PARTICLE SIZE ANALYSIS Earth Sciences - University of Waikato
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Appendix Il

Grainsize Data

PARTICLE SIZE ANALYSIS

PARTICLE SIZE ANALYSIS
Earth Sciences - University of Walkato

Earth Sciences - University of Waikato Sample: n ¢/8
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PARTICLE SIZE ANALYSIS
Earth Sclences - University of Waikato
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Grainsize Data

PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato
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250 01768 3209.10 0.14 99.05
? 300 01250  3213.80 0.14 99.19
[ 350 0.0884  3216.40 0.08 88.21
0 00825 322010 o1 99.39
.

v 4o <o dy 9l Tolal weight = 3239.90

>4

University of Watkato
Rapid Sedimeat Avalvser
Operating System Version 7.1

PARTICLE SIZE ANALYSIS
Eacth Sciences - University of Waikato

Sample; rt b4
Size_diatribution_histexcnm Results summacy
a Textural size olasses
Graval= 97.43% Sand= 2.21% Sile 0.00% Clay= 0.00%
Gravel bearing detial sedment
Gravel
Moment method paramaters (phi)
Means 432 Sotting= 129 Skewness= 320 Kurtcsis= 6.19
Graphicsl method paramalars (phl)
Metn= 440 Sotng= 1.2 Skwmases 020 Kuroris= 127
Median= 452 Cax 645 D35= -4.88 DbSe -4.08
Textural gescription:
Poorly sorted, Fine skewed, Leptokunic
Raw dat
- Size slize Cumulative Interval  Cumulative
" welght {reguency Irequency
© hi mm % %
® .00 84.0000 21080 9.22 9.22
® -5.50 452548 323.90 45 1407
“ -5.00 1320000  662.00 14.80 2857
. 4.50 22,6274 115990 2179 50.76
= -4.00 16,0000  1547.90 16,99 67.74
a -3.50 113137 1826.20 1218 79.91
w -3.00 80000  1999.10 751 87.48
B AR mrere et R 56569  2095.20 421 91.69
L% LS e b lee 200 40000  2153.00 253 94.21
1.5 26284 219430 181 96.02
Cuniative frsquencs -1.00 20000 222650 141 97.43
- 2247.40 0.91 98.35
2258.20 047 98.82
» 2263.80 025 99.05
2 2268.30 020 93.26
2270.60 on 99.37
» 227240 0.07 89.4
2273.70 0.08 93.50
H 2275.10 0.08 8956
! 2276.00 0.4 99.60
2276.90 0.04 99.64
Unlversity of Walkate
Rapid Sediment Analyser
Operating System Version 7.1
PARTICLE SIZE ANALYSIS
Earth Sclences - Unlversity of Walkato
Results summary
Textural size classes
Grawk: 97.89% Send= 180%  Si= 0.00%  Clay= 0.00%
Gravel bearlng dotital sediment
Gravel
Noment method parameters (phi)
Moans 430 Sorings 1.28 Skewnosse 139 Kutosise 888
Graphloal method paramaters (phi)
Mons 440 Soring= 120 Skewnesss 024 Kudosis= 100
Madans 453 Ce -8.26 O35 497  Of5e 404
Textural description:
Poorly sortsd, Fina sxewsd, Mescsautic
Rayw _data summary
P Size Slze Cumulative Intarval Cumulative
. weight frequency firequency
" {phi) {mm) {g) (%) (%)
x -6.00 64.0000 6460 210 210
& 550 462548 516.40 14.69 18.79
% -500 320000 1045.20 17.20 33.99
) -450 228274 1568.50 17.02 51.00
2 4.00 18.0000  2035.50 15.19 .19
] -2.50 113137 2415.80 12.37 78.56
u -3.00 8.0000 2642.80 7.3 85.94
2 -2.50 56569  2810.50 545 91.39
Dasdedpaagis e b 900 40000 2917.00 348 94.86
" -1.50 28284 2978.70 184 95.80
Lumuialive. frsoesny .00 20000 301040 110 9780
- -0.50 14142 3027.90 0.57 9348
0.00 1 3038.60 035 9.81
i 050 07071 3045.30 0.2 99.03
» 1.00 0.5000  3051.00 019 %
150 03538 3054.80 0.12 934
o) 200 02500  3057.40 0.08 %942
250 01788 3059.60 0.07 99.49
K 3.00 01250  3081.40 0.05 20,55
250 00884 308350 007 99.62
4.00 00625  3085.90 008 0.70
.

Tolal weight = 3075.20 ¢

University of Walkate
Rapid Scdlment Analyser
Operating System Verslon 7.1
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Appendix Il

Grainsize Data

PARTICLE SIZE ANALYSIS

Earth Sciences - University of Waikato

Swmple: r &7
Size_distcibution. histegram Reults summary
- Textural size cinsses
Gravele 94.78% Surda 4.98% Sie 0.00%  Clays 0.00%
Gravel beanng detilal seckment
& Geavel
Woment mathod paramaters (phi)
" Means 376 Somings 147 Skewneas= 107 Kuross= 4 82
Graphical method parameters (phi)
' Moans 385 Somngs 141 Skowness 026 Kurowe~ 1.1
Medan= -4.05 Ce 627 038x 447  085= -345
Texdural description:
P RRETTRIFTRA N Poory 30rted, Fine skewed, Mesokutic
Cumulative_frequency Raw daia summary
= Size Size Cumulative Intervel  Cumuiative
» weight frequency frequency
° (phl) (mm) (g) (%) (%)
» -8.00 640000 5080 217 217
. -5.50 452348 18480 572 7.89
» -5.00 2?00 429.10 1046 18.33
a 4.50 2874 792,60 15.53 LR
x 4.00 160000 1215.10 18.05 5192
» -3.50 113187 1495.90 12.00 63.92
» -3.00 80000 175580 1110 75.02
‘N T o 56569 1942.50 798 83.00
e b RBTT 200 40000 2071.30 560 88.50
. § 15 2884 2150.50 a7 s227
Lumulaliss. [edengy 100 20000 221830 261 978
. 050 1442 2256.30 162 96.41
(1) 10000 2282.70 113 §7.53
. 050 07071 2301.20 079 .33
8 100 0.500 231550 061 98.94
150 03538 2322.90 032 99.25
» 200 02500  2327.40 018 944
250 01768 2330.40 013 9.5
1 300 01250  2331.80 0.06 99.64
' 350 00884 2333.10 0.05 80.60
400 00625 2334.90 008 9.7
.
it 2 30 1 Te T ol waight = 234040
Dniversity of Walkato
Rapid Scdlment Analyser
Operating System Version 7.1
PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato
Sumole: 4/s
Size distribution_histogram Besulu summary
n Testural size classes
Gmvels 75.03% Sande X.08% Sile 0.00% Claye 000%
Gravel baavig detrtal sedimen
Sevay Geavel
Womant mathod peramaters (phi)
Means 173 Soing= 116 Ghewnesss 035 Kudosisw 391
Graphical method parameters (phi)
Mowns -1.7¢ Sovge 116 004 Kuose= 1.06
Medane 177 Cx 435 03 222 D85 132
Taxtural description:
Poory sorted, Haar symmetrical, bhesakuric
Raw dat
Size Size Cumulative Interval  Cumulative
weight  frequency frsquency
(pht) (mm) (g} %) A%)
450 2827 840 on o7
“.00 16.0000 1550 085 166
-3.50 13137 5700 &) 60
-3.00 80000 121.80 B.6s 1289
2% 56589 243.80 1271 240
200 40000 408.10 1691 23
-1.80 28280 584.40 1845 8.80
-1.00 20000 726.00 1684 75,63
0.50 14142 82240 10.04 8558
000 10000 895.20 758 9128
050 07071 833.40 388 ST
-, 1.00 05000  946.20 1.3 8.5
15 035%  945.70 036 96.94
M 200 02500 951.90 02 %17
% 250 01760 953.50 017 9%.33
300 0.1250  $54.90 018 9048
8 380 00884 §56.00 0.1 92.59
R 4“0 0.0625  957.10 ot 9.71
¥
' Total weight = 959.90 g
<]
Ll 2 &

versity of Walkato
Rupld Sedimeat Anslyter
Operating System Version 7.1

PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato

Samole; /8
Size_distribution. histesram

Gravei= B6.16% Sand= 13.00% Sita  0.00%  Clays 000%
Gravel bearing datrtal sediment
Gravel
Moment method parameters (phi)
Means 287 Sodinge 158 Swewnem= 048 Kutosas 387
Qraphical method parametecs (phi)
Moan= 270 Soding= 1.58 Skewness= 005 Kutosis= 108
Medianm 274 Ca -5:88 035= 332  0BS= 218
Toxtursl duscripiion:
Poody sorted, Neat symmetrical, Mesokurtc
Raw dala summary
- Size Size Cumulative Inlarval  Cumulative
- —-— weight fraquency fraquency
. {en1) {mm) (g) (%) (%)
» -5.50 452548 89.20 424 Y
© -5.00 320000 127.20 180 604
% -6.50 26274 22380 459 10.8
N 400 160000 420.10 982 19.85
x -3.50 N33 84330 10.60 30.55
x -300 8.0000  904.30 1242 4298
] 250 5553 118710 13.40 56.37
3 200 40000 1458.40 1288 89.25
U I TS8R R 1.50 28284 1685.90 985 79.10
) 100 20000 1815.00 7.08 86.18
Lumualive (requsncy 050 14142 192040 500 9119
., 0.00 10000 1990.20 n U5
0.50 07071 2034.10 208 96.59
- 100 05000 2060.40 125 97.83
' / 1.50 0358 2070.80 049 9833
200 0250  2077.10 0% 98.83
® pd 250 01768 2081.20 019 98.82
300 01250  2084.90 0.12 99.00
¥ 3% 00884  2067.80 0.14 89.14
" 400 00625 2095.00 0.3 99.48
o) Total weight = 2106.00 g
B v i
Unlrersity of Walkato
ap cnt Auslyscr
Operating System Version 7.1
PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato
Results_summary
Texiursl aize classds
Grivel 81.99% Sance 13.48% She 000%  Claye 0.00%
Graval bewsing Cofrital sediment
Graved
Moment method parameters (phi)
Moo= 235 Soing= 162 Skewnses= 113 Kunosss .19
Graphice! method paramsters (pht)
Mesne 250 Sobge 178 Shownmss= 026 Kurosis= 145
Mecltn= 280 C= 600 D3= 308  D&x 204
Textural descripbon
Poody sored. Fine sawed, Lagiokuic
Raw dats_rummsry
Size Size Cumulalive Interval Cumulative
welght fraquency frequancy
(phi) (mm) (9) (%) (%)
4,00 20000 2800 1™ 194
450 26274 72% an 506
-4.00 160000 201.90 s 1297
350 13187 338.50 945 243
-3.00 80000  539.50 13.91 734
250 5656  765.50 15.64 5298
200 40000 $56.20 13.20 .18
-1.50 28284 1105.90 10.38 78.54
-1.00 2000 1213.60 745 899
-0.50 1412 1277.60 0 8.2
0.00 10000 1315.70 284 91.08
050 07071 1332.10 (3% 92.19
100 05000 1348.20 098 917
150 0.35%  1358.00 (X 9183
200 02500 137020 o84 9483
2% 01768 130170 0.80 95.63
30 01250  1394.40 088 9%.50
350 00884 140420 08 9718
400 00625  1414.10 0.6 9187
Total weight = 1444.90 g
'R e

Unlve
Rapid

Result summary
Textural size classes

ersily of Wuiksty

Sedlmeat Analyser
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Operating System Version 7.1
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APP

endix |l

. Cidinsize Data

Sample: 4fe
Size_distribution_hlstonram

PARTICLE SIZE ANALYSIS
Earth Sciences - University of Walkato

Results_summary

Textural size classes

Grovel= 0897% Sand= 1222% Sifx  0.00% Claye 000%
Gravel boaring datrtal sedimeat
Graval
Moment method parameters (phl)
Mesns 243 Soting= 149 Skewnesa= 081 Kudosis= 5.06
Graphi cal method paramstars (phi)
Mesns 251 Soninge 140 Skewnasss 001 Kudosiss 1.08
Medan= 250 C= -5.00 035« 300 DEs 200
Textural description:
Poorly sodted. Near symmerical, Mesokunic
Raw dafs summary
. Size Size Cumulative Intsrval  Cumulative
" weight frequency frequency
u (ehy (mm) (9) {%) (%)
a 5.00 20000 28.90 325 326
® 450 267 83.00 4% 761
% 400 160000 114.00 616 1377
© 350 13137 186.10 871 249
» -3.00 80000 290.40 12.60 36.08
a 2.50 56563 41350 14.87 49.98
w 2,00 40000 536.90 1491 84.87
) LC*_"T'T_T—T‘ -1.50 28284 641.60 1284 7751
B et 0 X 00 20000 719.80 946 897
-0.50 14142 767.30 574 9271
Sumulative freguency 000 10000 788.00 250 952
- 050 07071 791.40 041 95.63
100 05000 79540 048 9%.11
s 150 03538 800.40 0.60 98.71
s 200 02500 80540 080 97.32
250 01788 810.40 060 97.92
% 300 01250  815.10 057 9849
350 00884  818.00 035 98.84
H 400 00625  820.90 035 99.19
'
Tolal weight = 827.80 g
iy
0 3 ~:lull(‘,l 3
University of Waikatn
Rapid Sediment Analyser
Operating System Version 7.1
PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato
Sumple; 4/c
Size distribution histogeam Besylts summary
» Toxtral size classes
W Gravela $6.42% Sande 3.18% Sita 000% Clys 0.00%
» Gravel bowing datrital sedimon
Gravel
» Moment method parameiers (phi)
o Means 400 Sotinge 128 Skwness 210 Kudosis= 1037
Graphical method parametsrs (phi)
N Mean= 411 Soing= 1.05 027 Kurtosi 3= 1.33
n Mediana 423 Ca 550 D35« 454 DB8S= .89
N e Texwral descripiors
Ll Xo_'»};‘?-{nl' WL G Poorly soned, Fina skawed, Leplokuric
Sumulauve (reguency Ray dafa summary
. Size Size Cumulatlys Interval  Cumulative
x weight fraquency frequency
« {eh1) (mm)___ (g} (%) (%)
x 550 452508 4580 655 655
* -5.00 920000 107.40 881 15.37
» +5 226274 256.90 2.3 3876
“ 400 180000 428.90 261 837
» 350 13137 54340 18.38 s
L -3.00 8.0000  599.90 8.08 85.83
[ 250 5658 83400 488 071
ey e 2 40000 655.60 3.08 92.80
vl M bt X BT a0 28284 667.30 167 95.48
-1.00 20000 673.90 084 98.42
Cumulative_Irequency 050 142 678,80 087 97.10
. 000 10000 68240 054 97.64
050 07071 68420 020 9780
" 100 05000  887.00 0.40 98.30
¥ 150 0.353 689,60 037 98,87
200 02500 69130 024 96.01
5 250 04768  692.80 021 99.13
300 04250 69430 021 9.3
& 350 0.083¢  895.10 on 946
' 400 00826 896.00 013 98.59
[ Tolal weight = 698.90 9
NEPen "
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PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato

Samols: 4/d
Size-distribution histogram Results summary
a Taxtural sbe classes
Gravele 9.00% Sand> 54% Sit= 0.00%  Clay= 0.00%
Graval bearing Cewital sedment
" Graval
Homent method parameters (ph))
" Meane -3.20 Sortings 1.45 Skewross= 1.87 Kutosiss 8.36
Graphical method parameters (phi)
s Momns -3.35 Sofings 1.0 Skewness= 031 Kuoslse 128
Medana 351 Cu -5.00 D35. 350 D65~ -303
¢ d Toxtural descrplion:
ECERCERT] “ﬁv‘m*‘u' i 3 de Poorly sorted, Strongly fine skewed, Leplokurtic
Ruaw dats summary
@ Slze Size Cumulativs Intsrval Cumulative
”1 welght frequenoy frequency
o] (phi) (mm) (g} (%) (%)
n -5.00 20000 4000 290 150
2 450 28274 128.50 8.63 1253
5 -4.00 16.0000  319.90 18.67 31.20
« 350 L3137 517.00 1922 5042
« -3.00 80000  875.80 15.49 6591
® 2.5 56569  801.60 12.27 7817
» -2.00 40000 883.30 7.97 86.14
o —T T 28280 929.20 4.48 2062
32 Pt S L 0 20000 95440 246 93.08
. . 050 14142 966.00 1.33 94,40
Sumulotive {requency 000 10000 97600 078 95.18
™ 050 07071 979.00 02 9547
100 05000  983.20 0.41 9588
@ 150 0353 988.60 053 %541
% 200 02500 994.50 0.58 96.99
250 01768 999.70 051 9748
» 300 01250 1005.30 055 98.04
50 00884  1009.40 040 98.44
X 400 00625 1013.30 038 98.82
'
Total weight = 1025.40 g
[
- e 33
Ualversity of Waikato
Rapld Sediment Anslyser
Operating System Version 7.1
PARTICLE SIZE ANALYSIS
Earth Sclences - University of Walkato
Sample: 4/t
Size distribution histogram RBesalts sommacy
M Textural size clsssos
Gravels 73.00% Stnde 25.57% Sita 0.00% Coy= 000%
Gravel boaring detr talsedi ment
» 8andy Gravel
Moment method parameters (phi)
Moarm 175 Sodings 132 Skewnesse 074 Kulosise 4.40
s Graphical method paramaters (phi)
Moarm 180 Soting= 1.28 Skewnsdae 008 Kutosle= 101
Modan= -184 C= -4.00 03s= -235  D6Se -132
° Textural descdption:
Pooty sorted, Near symmelrical, Mesolurtic
Cumnlative {requency Raw data summary
- Slze Size Cumulative Interval  Gumulstive
* wolght frequency frequency
x {phl) {mm) {g) (%) (%)
® -4.00 160000 1230 227 227
" 350 nNT 520 544 mm
» .00 80000  98.80 (3 18.48
o -2.50 56863 179.30 1 3058
® 200 40000 265.40 1459 4527
s +1.50 28284 350.80 1457 5983
”* -1.00 20000  432.70 13.97 7380
14 -0.50 14142 495.90 1078 8458
A e ) 2 & 0.00 10000 538.20 721 91.80
050 07071 555.50 295 94.75
Comulative frequency 1.00 05000 56540 169 %44
w 1.5 0353 589.90 om 97.20
200 02500  573.20 056 a.m
» 250 01763 57820 051 928
5 300 Q1250 578.90 048 %Y
3% 00884 580.70 0.31 99.04
2 40 00825 58250 02 037
v Total welght = 688.30 ¢
ol
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Appendix |l

Crainsize Data

PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato

Sumple: # 222
Size_djstribution hlstegram

Reults summary
Toxtural size classas
Gravelz 43.09% Sands 55.48% Silla  0.00%

Graval baering dettal sediment
Sandy Gravel

Moment method paremetera (phi)
Meens= 0.80 Sorting« 1.11  Skewnosse 009 Kutosies
Qraphiasl method parameters (phi)

Clay= 000%

326

Mosn= -0.80 Soting= 1.11 Skewness= -0.03 Kutoss= 0.5
Medan. -0.79 C= -3.37 D= 125 DBs= -033
Textural cescription
Poarly sorted, Near symmeticel, Masolxtic
Baw dats summary
Size Size Cumulative Interval Cumulative
N weight frequency frequency
M (ehy) (mm) (g1 (%) (%)
a -3.50 13137 390 058 0.5
-3.00 8.0000 14.50 188 217
2.50 58689 4130 400 6.17
-2.00 4.0000 99.60 8&n 1488
1.50 28284 180.10 12,08 2691
-1.00 20000 288.40 16.18 43.09
-0.50 14142 398.40 16.44 59 52
0.00 1.0000  504.80 15.87 7538
0.50 07071 588.50 1254 87.83
1.00 05000  645.00 844 86.37
150 0353  657.60 188 9825
8 200 02500  660.90 049 88.74
250 01768 66270 0.27 £9.01
" 3.00 01250  664.40 025 99.27
% 350 00884  665.30 013 93.40
o 400 00625  666.40 016 %0.57
»4
Total woight = 889.30 ¢
H
04
PR P YR P P P TR T
Futek vu )
Dnivcrsity of Waikato
Rapld Scalment Annlyser
perating System Version 7,1
PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato
Results summary
Textural eize claases
Gravel= 92.46% Sande 7.30% Si= 000% Clay= 0.00%
Gravol bearing detritel eadiment
Gravel
Moment method parsmeters (phl)
Mean= 260 Sofing= 112 Skewnessa 1.01 Kutosa= 6.15

B EEER]

ot

Cumulative frequency

1,

2z 2

Universit
Kapld Sedlment A
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of Walkato
nalyser.

Graphical method parameters (phi)
Momne 264 Soing= 1.07 Skewhess= 010 Kurtosias 111

Medan: 260 C= -484 D36~ -3.04 DB~ -231
Toxtural description:

" Poorly aoried. Fine skowed, Lepiokurtic
Size Size Cumulative Interval Cumulative

welgnt froequency frequency

(eh1) (mm) {q} (%) (%)
4.50 2624 2480 3,08 308
-4.00 160000 8110 451 759
-3.50 13137 166.40 .84 19.42
-3.00 8.0000  292.50 16.90 3833
-2.50 56568 472.70 2238 s8.71
200 40000 604.50 18.37 75.07
150 28284 689.50 10.56 85.83
-1.00 20000  744.50 6.83 9246
-0.50 14142 774.80 376 96.22
000 10000  788.60 (R]] 97.94
050 0701 792.80 052 9846
1.00 05000  795.40 032 98.78
1.50 0.35%  797.00 020 %98
200 02500  796.50 0.19 9.17
250 0.1768  800.10 0.20 037
3.00 01250 801.60 0.19 9.55
3.50 00884  802.50 0.1 99.66
4.00 00826  803.30 0.10 93.76

Total weight = 805.20 g

Operating System Version 7.1

Samole: # 220
Slze_disteibution_ histogram

PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato

Reqits summary

Taxtural size clasaes

Gravil= 72.43% Sence 27.18% Si= 0.00% Ciay= 000%
Gravel boaring datrdal sadiment
Sancy Grevel
Momant method parameters {phi)
Mean= .1.77 Sorings 1.30 Skewness= 025 Kurosis= 315
Graphical method parameters (phl)
Meane .1.78 Sortihige 1.31 Skewnesse 0.03 Kurtosise 0.95
Medisn= 180 C= -4.49 035= -2.34 D8s=  -1.27
Textural description:
Poarly sorted, Near gymmatrical. Meaokutic
Size size Cumulative Interval  Cumulative
‘: welght frequency frequency
® {ehl) {mm) (a) .1 k]
x 450 2@ 0 0% 096
© 400 180000 2110 236 (R
» -3.50 N3137 5660 558 850
a -3.00 20000 114.30 9.07 17.97
® 250 . 56569 193.80 12.50 3047
® 200 40000 282.70 1398 “u
" 150 2828 373.10 1421 68.85
¢ -1.00 20000 46070 1 7243
) i e 55 0.50 14142 521.60 10.82 82.94
. 000 10000  578.70 8.0 %098
Lumglative freguency 0.50 0707 61020 455 95,93
100 05000  625.60 242 93.35
> 150 0353  628.80 050 98.85
n 2.00 02500  630.00 0.19 99.04
] 250 01768 831.10 017 021
ke 3.00 0125 63230 019 99.40
W 350 00884  833.10 013 99.53
1 4.0 00825  633.60 0.08 99.81
Total woight = 638.10 ¢
o
EEES m;"@rf[ e
Unlversity of Walkate
Rapid Sedlment Analyser
Operating System Version 7.1
PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato
Resulte summary
Textural slze classas
Gravelz 78.30% Senda 21.18% Sita  0.00% Clay= 0.00%

Gravel basring datitial seciment
Sandy Gravel
Uoment mathod paramaters (phi)

Mean= 190 Soringe 123 Skewnesss 061 Kutosisx 383
Graphicsl mathod paramaters (phi)
Meane 193 Soings 124 Skewnasas 015 Kurtosise 1.01
Modenz 204 C= -4.38 035= 246  D6%= -1.56
Toxtural description:
Pooy sorted, Fine skewsd. Mesokustic
Ray dats mummary
Size Size Cumulative Inlerval  Cumulative
welght  frequency frequency
{ah1) (mm) (9) {%) (%)
-4.50 226214 10 056 058
400 160000 1990 182 238
-3.50 113137 6040 4.84 1.2
-3.00 80000 157.90 11.84 18.88
2.50 58589 281.60 “n 33.63
-2.00 40000 431.60 12.91 51.54
1.50 28264 658.60 1517 .71
-1.00 20000 656.20 11,68 78.38
-0.50 14142 719.00 150 85.88
0.00 10000  772.20 8.35 s2.21
0.50 07071 809.30 443 96.64
100 05000  823.30 167 98.32
1.50 0353 826.20 0.35 98.68
2.00 02500 828.30 0.25 %8.91
250 01768  829.70 017 99.00
3.00 0.1250  831.20 0.18 99.26
35 00884 83210 011 99.37
4.00 00625 833,60 0.18 99.55

Total weight = 837.40
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Appendix Il

Grainsize Data

PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato

Sample: # 22
* Texturel size olusses
Qavel= 91.37% Sand= B2%  Site 0.00% Chayn 000%
Gravel beasing celrital sediment
" Gravel
Moment method parameters (phi)
" Mogne 270 Sorings 1.18  Skawnessa 0.82 Kurosiss  4.62
Graphical method prrametses (phi)
¥ Maan= 276 Soding= 1.16 Skaynoss= 0.5 Kunosse 1.09
Modiane 283 Ca -4.92 D2%« -3.26 DES= 237
N  Toxual description:
RO AT P AR vl ARH Poodly sortod, Fne skewsd, Masokurtic
Fatoe i ()
Cumylstive frequency summary
@ Size Slzs Cumulative Interval  Cumulative
" welght {requency [lrequency
M / (el (mm)___ (o) %) (%]
» 500 20000 7.5 0.5 052
0 450 28 4150 280 33
2 400 180000  161.20 797 11.30
a y 50 13137 375.90 15.05 2834
x / 2.0 80000  629.50 wn 412
L 250 56569 87200 16.99 8111
® 200 40000 108070 15.33 844
1l - -1.50 2828 1224.70 9.39 8583
TV
hd o o g e & -1.00 20000  1303.80 5.54 81.37
) 0.50 14142 1350.20 325 94.62
Comulative [acunsnsy 00 10000 138640 254 7.6
™ 050 07071 1406.20 139 9855
100 0500 141310 048 $0.03
* 150 0353 141510 a1 99.17
] 20 0250  1416.40 009 99.26
250 0.1768  1417.60 008 9935
» 300 01250  1418.90 0. 99.44
3.50 00884 1419.80 008 99,50
v 400 00625 142090 0.08 950
Total wolght = 1426.90 9
'

TTEL R L X
s ol ’

Unlverslty of Walkato
p! ment Analyser
Opernting System Verslon 7.1

PARTICLE SIZE ANALYSIS
Earth Scicnces - University of Waikato

PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato

Sumple: 34a/a
slzg distribgtion bistogram Resulls yummary
2 Textural aize classes
Gravol=  40.96% Sanc= $8.42% S8z 0.00%  Clay= 0.00%
Gravel bewnQ datrtal sediment
Sondy Gravel
Momsnt method paramaters (phi)
Moean= -0.88 Soding= 113 Skewnssse 0.48 Kurtosise 357
Graphical method parameters (phi)
Mesnz -069 Soting= 1.13  Skewness= 0.08 Kurosis= 1.01
Mecien= 073 C= -297 035~ 117 086~ -0.28
Textural dascription:
Poorly sorted, Near symmatrical, Mesokurtic
Baw_dats summsry.
™ Size Size Intwrval
0 weight frequency frequency
n {eh) (mm) 19) (%) )
b 300 80000 330 083 083
= -250 5650 1480 288 a7
» -200 40000 4280 0 1072
4 150 28200 8270 12.50 22
» -1.00 20000 18350 1774 4098
¥ 0.50 14142 22960 16.56 s1.52
% 000 10000 291.40 15.48 7300
4 050 07071 339.70 1210 8510
1.00 05000 37080 779 9289
150 0353 382.30 258 %77
Comulutlye frequency 200 02500  399.80 183 9750
o 2% oes 39250 073 98.32
300 01250  394.60 053 9885
» 30 00884 39560 025 9.10
H 400 00525  396.70 028 99.37
2 Total weight = 39920 g
3
'
.
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Sample; # 22/¢
Size_distribudon_histogoum Beaults_summary
Textural size clesses
Gravgle  55.18% Sarde 44.01%  Site 0.00% Claya 000%
Gravel bearing detral sediment
Sency Graval
Moment method paramsiers {phi)
Mean= 137 Soting= 126 Skewnssss 035 Kufiosss 358
Graphicel methad paramaters (phl)
Meane 420 Soinge 120 Skewnesss -001 Kucsisz 08
Medan= 117 Gs -3.80 0X%= -1.69  DOS= 067
Textural desciiption:
Poody sorted, Near symmarrical, Mosckurte
Raw dara summary
Slze Size Cumulative interval Cumulative
:" waight frequency frequency
o] phi) {mm) {9) (%) %)
a 4350 13137 1010 248 248
o] 300 80000 2900 4.85 713
2 250 56560 6360 855 15.69
N 200 40000 108.50 10.99 2368
x 150 28284 163.90 13.62 030
= -1.00 2000  224.40 1488 5518
4 050 1442 284.0 1488 7005
¢ 000 10000 33840 13.15 8321
AENEY Ing! IR R 050 070N 371.90 824 9144
100 05000  389.80 4.40 %24
Cumulatise_frequensy 150 0358 394.50 125 97.10
- 200 0250 39750 064 o7.74
250 01788 399.30 044 98.18
» 30 01250 401.10 044 98.82
» 35 00884 402.00 0.22 88.8¢
*, 400 00625  403.40 03 9913
* Total weight = 406.70 9
H
)
Unlversity of Watksto
Rupld Sed{ment Apalyser
Operuting System Verslon 7.1
PARTICLE SIZE ANALYSIS
Earth Sciences - University of Walkato
jon_ hi Results summary
® Textural sie classes
1 Gravele 67.01% Send= 41.47% Site 000% Clay= 0.00%
Gravel boaring detrital sediment
» Sandy Grevel
Woment method parameters (phl)
»l Mean: -1.17 Soling= 116 Skawmess= 052 Kurosise 381
Graphlcal method parameters (phi)
t Motne 120 Softinge 115 Skewnesa= 0.07 Kuriosise 0.95
Medlan= -123 C= 346 D3s=  -1.69 D65« -0.76
N Toxtural description:
b PG L TR Py W g T S oorly sorted, Near aymmetrical, Mesokurtic
Partoie sz b}
Cumulatl Raw dats summary
Slze Slize Cumulistive Interval  Cumulsiive
weight frequency Irequency
{phl) {mm) _(9) (%) (%)
-3.50 113137 380 0715 075
3,00 80000 17.60 2% an
250 56500 5830 84 12.14
200 40000 121.40 1313 2521
150 28284 196.70 15.87 4095
-1.00 20000 278.20 18,07 57.91
-0.50 14142 34860 14.65 72.56
0.00 10000 406.10 197 8453
050 07071 444.30 795 92.49
100 05000 463,00 369 96.38
150 0.353  469.30 1.3 97.69
™ 200 02500 472.80 089 98.28
250 01788 474.00 029 98.67
200 01260  475.00 021 98.88
u 3.50 00884 476.20 0.25 9913
® w0 00825 47740 0.25 0.3
©
Tolal weight = 48040 g
3
'
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Appendix Il

Grainsize Data

PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato

Sample; 34w
Size_distcibution histogrum

Textural size classes

PARTICLE SIZE ANALYSIS
Earth Sclences - University of Waikato

Results sgmmary
Textural alzs classos
Grayele

8470% Sande 4% Sitm 0.00% Claye 000%
Gravel= 77.08% Send= 2258% Si= 0.00%  Cay= 000% 7
Gravel bearing detrtal aodiment Gravel b’;""" ‘Z"" Sedtmert
Sandy Graval andy Gravel
N Moment nwthod pasamatars (ph)
oment mathod paramstecs (phi) Mesns 130 Somegs 114 Skewnesse 049 Kurbuse 327
Means 175 Soringe 114 Shewnesse 083 Kuttosse 4.80
Qrophical method perameters (phl)
Graphisal method parametars (phi) Meane -1.3¢ Sorigs 115 Skawnesse 0.5 Kuiosise 084
Meane 179 Soringe 111 Skownasse 0.3 Kurosis= 1.0 Modane 145 C= -350 03§« 187 OB5« 099
Mediane -1.86 Ce -3.9¢ D35e -2.27 DBB=  -1.44 Textural descripion:
Textural descripion: Poofly 3011ed, Fine skewsd, Mesokurtic
Paarly sorted, Fine skowed, Mesokurio
Ruw duty_summacy “ Size Size Cumulative Interval  Cumuiative
. Size Size Cumulative Intervsl Curaulative » wealght frequency frequency
% weight frequency frequency ® {phl) (mm) (g) (%) (%)
o {phi) {mm) {9) %) (%) » 350 19137 560 [X] 098
» “4.00 16.000 230 0.4 0.41 ® -3.00 80000 2740 385 48
M 250 13137 2200 348 38 » 250 56569 8590 10.32 1518
- 300 50000 6680 783 11.81 " 2.00 40000 17210 1521 3036
« 250 56568 150.10 1468 2850 : :-‘D'g iig: ;;;1;2 ::‘ﬁ ;:3:
x 2.00 40000  255.40 18.59 45.09 o ’ - -
* -1.50 28284 358.00 1817 63.26 '“j:: i :::gg Ve ’:”
® -1.00 20000 438,60 1382 77.08 g'so o~';g‘7"" N 8. 86.10
’ 050 14142 490.80 9.83 85.62 - : 52. L 9340
Y n 100 05000  551.10 283 97.23
000 10000 528.60 &7 93.33
! 150 03536  568.60 132 9855
. 050 07071 54650 316 %.49
Cumulative frequensy 200 02500 56130 0.48 99.03
o 05000 55560 161 boget 250 04768 562.60 023 99.26
s 50 03538 558.30 048 9. 300 01260 563.30 012 99.38
200 02500 559.70 025 98.62 360 00884 569.90 011 9049
=] 250 01768 560.70 018 98.99 a0 00625 564.40 008 g9.58
s 300 01250 56210 025 924
350 00884 563.50 025 9.49 Tolal weight = 566.80 g
s 400 00525 $64.50 0.18 99.60
% Total weight = 566.40 g
'
o)
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Uatrersy of Waikato Operating System Version 7.1
Rapi cnt Analyser,
Qperating System Versiou 7.1
PARTICLE SIZE ANALYSIS PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato Earth Sciences - University of Waikato
Sample: J4ale Sample: 34/
Size_distributicn historram Results summary. Sizs_distribution histoymm Results summury
Textursl she clisses Textural size classer
Gravele B422% Sande 1527% Sha 000% Claye 000% Gravelz 51.50% Sace 4778% Stz 0.00%  Cey= 000%
Gravs! bearing Cetrlal sedimeat Gravel beasing datrital sedicaant
Gravel Sandy Gravel
Momen! method parametera (phi) Momant mathod parameters (phl)
Mean= -215 Softing= 1.18 Skewness= 086 Kurtogls= 4.43 Meane .1.02 Sorings 1.19 Swwneme 022 Kurtosis« 3.14
Graptiicsl method parameters (phl) Graphical method parametsrs (phl)
Moane 220 Sorings 1.16 Skewnesse 021 Kudosise 1.14 Moana 1.03 Serding= 1.21 Skewnoss= 002 Kurlosis= 0.80
Meglanz 2,33 C= -4.43 D3s= 2. DBs= -1.80 Medisne -1.05 Cw» -3.49 D¥e  -1.53 DS« 053
Taxtural description: Tertural Geseription:
Foorly sorted, Fine skewed. Leplokurtic Poorly sorted. Noar symmatical, Masokurtic
R
" Slze Size Cumulative Interval  Cumulative ", Size Size Cumulative Interval  Cumulative
© weight frequency Irequency ») welght frequency lrequency
© {pn1) (mm} {9) (%) (%) » {ph1) (mm) {g) (%) (%)
» 450 26 530 064 054 » .50 13y 5% 093
© -4.00 180000 25.70 248 32 = -3.00 80000 2420 R
» -350 1H3H7 7190 561 am 8 250 5669 8070 642
» .3.00 80000  190.60 14.41 2314 s 200 40000 126.90 11.85
» -2.50 56569 357.90 203 4348 » 150 28284 204.20 1361
@ 2.00 40000 512.50 87 5223 a -1.00 20000 293.00 15.63
» 150 260084 824.10 13.85 %578 " €50 14142 37290 1042
¢4 -1.00 20000  693.60 B.44 8.2 ’ B s 0.00 10000 448.70 1298
050 14142 741,00 518 89.97 42 Rl * T X 07071 509.20 10.65
. 000 10000  777.60 e 9441 Cumulative Tcequege 1.00 05000  548.30 653
Cumulolive fegueney 030 07071 796.40 228 $8.70 150 03536  556.20 174
i, 100 05000  809.00 153 96.23 0, 200 02500  559.40 058
150 03538  813.80 058 %8.78 5 0.1768  560.80 025
» 200 02500  815.40 022 99.00 " 30 04250  $62.20 025
8 25 01768 816.70 0.16 9.16 4 350 00884 56330 019
300 01250  817.90 015 93,31 4.00 00625 56430 018
« 350 00884 818.60 008 99.39 ®
N 40 00625 819.40 0.10 99.49 N Totat weight = 56310 g
i ;
' Total weight = 823.60 g '
o vy
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Appendix I

Grainsize Data

PARTICLE SIZE ANALYSIS
Earth Sciences - University of Waikato
Soample: # 43/a
Sizs_distcibution_histogram
a, Textural size classes
Gravela 20.08% Sand= 77.79% Slt«  0.00% Clays  0.00%
Gravel bearing detrkal sedimant
Gravety Sand
Momenl method parsmeters (phl)
Moxns 003 Sothge 117 Skewnssss 037 Kurtosiss 350
Graphical mathod parameters (phi)
bose 005 Soige 125 Skawnesse 008 Kutose 116
Medan= -0.03 261 035=  -0.49 D5S= 045
Toxtural duscription:
Pootly soried, Naar symmetrical, Lestokurtic

Results summary

Size Slze Cumulative interval  Cumulalive
weight fraquency frequency
{phi) {mm) Q) (%) (%)
-3.00 8.0000 080 027 027
250 5.6569 4.0 093 120
-2.00 4.0000 12.80 2., 383
+1.50 28284 31.80 5.68 8.50
-1.00 20000  67.20 1058 2008
-0.50 14142 11580 1452 3461
0.00 1.000  170.90 1647 51.08
050 07071 22320 1563 88.71
100 05000  277.00 16.08 6279
150 03536 300.00 887 89.68
200 02500 310.80 326 9292
™ 250 0.1786  317.00 1.82 (18]
3.00 01250 321.80 137 %1
250 00884 324.80 038 97.07
" 400 0.0825  327.50 0.81 7.8
® Total welght = 33460 g
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PARTICLE SIZE ANALYSIS
Earth Scicnces - University of Waikato
Sample: # 43/c
Size_distribution_hislogeam
= Textural size Classes
Gravei= 2701% Sand= 7084% Sia 000%  Clays 0.00%
Gravel bearing detrital sediment
Gravelly Sand
Moment method parameters (phl)
Meanw -0.24 Sodings 1.13 Skewnsss= 0658 Kurtosh= 379
Qraphical mathod prrameters (phi)
Mean= -0.28 Sording= 120 Swewness= 0.14 Kurtosis= 1.04
Madian 0.0 C- -244 D3%e 076 D6s= 020
Toxtunl deacrption:
Paorly aorted, Fine ekewed, Mesokutc

Results summary

Cumulative_frequency Ray dala summary
- Size Size Cumulative Interval  Cumulative
» welght frequency frequency
® (o) {mm) (9) (%) (%)
x 300 8000 020 009 0.08
® 250 5880 140 058 0.65
“ 200 0000 740 279 346
n -1.50 2084 2810 o 1216
» 100 2000 5800 14.86 2101
» 050 1442 9390 16.35 03
® 0.00 10000 128.30 18.39 5976
u_f-{j_rva 0.50 07071 157.10 1341 2347
it 00 100 05000 186.30 12.60 8.7
150 03%  198.90 587 9264
Cumulative frequency 2.00 0300 202.90 186 94.50
- 250 0.1768  205.10 102 95.5
3.00 01250 207.30 102 5%.55
" 350 00884 208.80 070 9725
Py 400 00825 21030 0.70 97.95

Total weight = 214,70 g

Univenity of Waikato
Rupld Sediment Analyser
Operxiing System Version 7.1

PARTICLE SIZE ANALYSIS
Earth Scicnces - University of Waikato

Results_summary
» Testural slze claases
Gravel= 46.15% Send= S0.49% Silt=  000%  Claye 000%
Gravel boaring CeoRal sedimend
'+ Sandy Gravel
Womani mathod perameters (phi)
Mosn= -078 Somioge 121 Sownosss 071 Kuross= 388
Graphical method paramatars (phi)
Mowi= <081 Songs 121 Skewness= 049 Kurtosise 0.8
Modans .094 C= -302 035: 137  D85= 039
Textural description:
Poody sarted, Fine skowsd, Mesokurtic

T

a-
=)

s Ll eg"luc

e
Cumulutive fregugncy
o Size Size Cumulative Interval  Cumulative
. weight frequency frequancy
M {ph1) {mm) (g) (#) )
x 350 13137 080 020 020
® -3.00 8OXO0 420 08¢ 1.04
» -2.50 56569 1980 380 [
° 2,00 40000 57.80 946 1430
P 150 26284 122.80 15.88 3027
» -1.00 20000 18500 1788 4815
» -0.50 14142 25340 1442 62.57
¢ 000 10000 299.00 128 73.83
R P 0.50 07071 343.90 11.09 8491
1.00 05000  374.00 743 9235
Lonmulative {roguensy 1.50 0353 384.50 259 o494
- 200 02500  388.40 121 96.15
2.50 01768 39240 074 96.89
» 3.00 01250  394.80 059 97.48
5 350 00884  397.10 05 98.05
400 00825 399.50 0.59 98.64
5
Tolal walght = 405.00 g
"
'
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