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Abstract 

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 km3

) directed to the NW. Dome growth ensued
(Eastern dome), creating an extensive rhyolite dome (0.72 km3

) 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 14
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 km3

, assuming a growth rate of 3 m3/s.

To the NW, the Rotorua A plinian deposit (Ap-1 to Ap-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 7 693 and Middle domes were supplied by a separate magma 
batch to the Rotorua A phase, suggesting small ( <1 km3) 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 

Introduction 

l . l Introduction 

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, Nairn 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.

1 



Chapter One Introduction 

4) The Rotorua eruptive episode involved a transition from explosive to effusive

behaviour.

l . 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 

l .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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Fig 1.2 The Taupo Volcanic Zone (TVZ), with the boundaries of the calderas assigned. Inset indicates the 
location of the three distinct compositional segments (Andesitic (A) and Rhyolitic (R) dominated) (after 
Houghton et al., 1995). 
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Basin and Okareka Embayment (source of the Rotorua Tephra and location of the associated lava domes). Stars mark post 
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Table 1.1 The post Rotoiti tephrostratigraphy of the Taupo Volcanic Zone. Ages taken from (:j:) Froggatt 
and Lowe (1990), (#) Wilson et al. (1988), (t) 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 (
14

C yr BP) 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 t 

Rotoma Tephra 8530 +/-10* 9500 t 
Waiohau Tephra 11 850 +/· 10* 13800 t 
Rotorua Tephra 13 020 +/- 80 5 15700 s 
Rerewhakaaitu Tephra 14 700 +/-110 * 17600 t 

Okareka Tephra 18 ooo* 22500 t 

Te Rere Tephra 21 100 +/-320* 25000 t 

Kawakawa Tephra 22 600 1 26500 # Taupo 
>Aokautere Ash 

Mangaone L (post Omataroa) 28 220 +/-630 * Okataina 
K Omataroa (Om) c. 29 ooo* 
J Awakeri (Aw) 27 730 +/-350 * 
I Mangaone (Mn) 31 600 +/-250 * 31400 § 
H 
G 33000 § 
F Hauparu (Hu) c. 39 ooo* 
E Te Mahoe (Tm) c. 41 ooo* 
D Maketu (Mk) 
Pongakawa (Pg) 36700 § 
Pupuwharau (Pp) c. 43 ooo* 
Tahuna (Ta) (Taupo) 
C c. 45 ooo* Okataina 
B Ngamotu (Nt) 
A Basal Ngamotu 43000 § 

Rotoiti Rotoiti Tephra c. 50 ooo* 55 000 # 
> Rotoehu ash 
> Rotoiti lgnimbrite 
> 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 7 693 and Middle domes and pyroclastics 
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previously known as the 'Upper Rotorua Tephra' (Nairn, 1980). 'Rotorua Tephra' 

and 'Upper Rotorua Tephra' wi11 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 co11ectively termed the 

'Rotorua eruptive episode' and will be used herein. 

l . 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) 

l .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. 
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Chapter Two 

Stratigraphy and Dispersal 

2. l 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). 
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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. 

0 100 
(km) 

• Waikato Lake 
Cores 

D 

r 

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 
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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 A
p
-2; see section 2.5), with a medium and fine lapilli upper (subunit 

A
p
-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 14C 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 14C 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 

Farm). 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 

(A
p
-1 to A

p
-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 (Am-1 to Am-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. 
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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 proximity 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 
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Fig. 2.2 Map showing numbered site localities referred to in the text. Grey dot indicates vent 
location. Inset indicates the location of the field sites in the Rotorua District Grid references are given 
in Appendix I. 
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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. 

Cl) 
Cl) 
(1) 
C 

-�
.c 

Ap-8 

Ap-7 

Ap-1 F M C : F M C : Block/ 
ASH : LAPILLI: Bomb 

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. 
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2.6. l Rotorua A - Proximal Fall Stratigraphy (A
P
) 

A - l 
p 

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 
p 

Due to the discontinuous nature of A
p
-1, this subunit is often found in contact with the 

basal paleosol. The grain size of A
p
-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 A
p
-2, 

A - 3 
p 

Subunit A
p
-3 is finer grained than A

p
-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 (7 5-78 % ) in

hand specimen than A
p
-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 A
p
-3, 
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A-4
p 

Subunit A
p
-4 is a finer-grained unit than A

p
-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 A
p
-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
p 

A 25 mm fine ash bed marks the base of A
p
-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
p
-5 is a moderately sorted subunit. A 25 mm fine ash bed 

marks the top. 

A -6 
p 

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 
p 

A thick (30 mm) fine ash unit marks the base of A
p
-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 
p 

Coarser than Ap-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
p 

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 (Ap-10). 

A - 10 
p 

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 

B - 1 
p 

Rotorua B - Proximal Fall and Flow Stratigraphy (Bp) 

Nairn (1980) described a block and ash flow deposit at the base of the Te Mu Rd 

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 
p 

Subunit B
p
-2 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 
p 

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 
p 

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 uriit 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 
p 

A sharp contact at the top of subunit B
p
-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 B
p
-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 
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is moderately well sorted and exhibits fine scale bedding over the 25 cm thickness of the 

subunit 
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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). 

BP - 7

Subunit Bp - 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 
p 

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
m

)

2. 7. l 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 given 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. 

A -1 
m 

Subunit Am-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 
m 

A gradational contact with Am-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. 

A -3 
m 

A sharp contact exists between this unit and Am-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 
m 

A gradational contact exists between this unit and Am-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 
m 

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 Am-

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 
m 

This subunit is evident throughout the medial stratigraphy. Varying in thickness 

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 (Ad ) 

2.8. l 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). 

Ad - l

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. 

Ad -2

A gradational contact with Act-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. 

Ad - 3

A sharp contact marks the transition from an orangey-brown unit (Act-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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Chapter Two 

2.9 Proximal - Medial - Distal Correlations 

Stratigraphy and Dispersal 

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. l O Eruption Chronology

The age of the Rotorua eruptive episode has been determined by 
14

C. 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 
14

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 
14

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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Chapter Two Stratigraphy and Dispersal 

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), (:j:) Hogg et al. (1987) and(�) 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 ± 7513 

Pooled Age 
14

C 13020 ± 49 

Corrected Cal yrs BP 15700 

2. l l lsopach / Isopleth Dispersal Maps

Isopach maps were constructed for the assigned subunits of the medial stratigraphy 

(Am-1 to Am-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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Chapter Two Stratigraphy and Dispersal 

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 et al., 1995). These data have lead to a more 

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

a 

1.5 1.5 
� 

7 

1.8 1.1 915 
. .

7 1 .. 
9 

9 20 
13 1.1 •39 

1.4 5• 

9 �7 
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r
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I I I I I I I I I I I 
10 

\

d
rGl 

(km) 

Fig. 2.7 (a-g) Subunit isopach maps based on the medial stratigraphy (Am-1 - Am-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. 

28 



Chapter Two Stratigraphy and Dispersal 

b Am - 2 

Ii 

C 

I I I I I 

5 

(km) 

4 

29 



Chapter Two 

d 

e 

I 111rIt111 I 
o s to 

(km) 

f 1 I I I I I 1 If J 
0 5 10 

{km} 

Stratigraphy and Dispersal 

30 



Chapter Two 

g 

Am - 6 

� 

1,3 ? 1 ,�3 

? �. 
� "16 

�1 

... 

10 

t' 
(km) 

Total Thickness 

·17 
� 3 • 

� ,,,.2f 

-F 20 

I I II I I t 1 1 I I 
0 5 10 � ..

Q'64' 

Stratigraphy and Dispersal 

1,4 

1 1,9 q 

..,,
£2 

� 

1,7 
1,2 

7,0 
1q 

� 

31 



Chapter Two 

2. 12 VOLUME ESTIMATE - PYROCLASTIC

2. 1 2. 1 ROTORUA TEPHRA

Stratigraphy and Dispersal 

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 Zn 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 Arc View 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 et 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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Chapter Two Stratigraphy and Dispersal 

Volume was calculated using the formula of Pyle (1989): 

Volume 2Tolk2 

Where To = extrapolated maximum thickness at vent 

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

The new volume obtained for the Rotorua Tephra is calculated here as 1.61 km
3

. Other 

well-known eruptions for comparison are Taupo lapilli - 9.00km
3 

and Mt St. Helens -

1.22km
3 

(Pyle, 1989). The overlying Waiohau tephra has a volume of 4.53 km
3 

(Speed, 

2001 ). This volume oftephra equates to an equivalent magma volume of 0.4 km
3 

(using 

a DRE of 2350 kg/m3
). 

1000 

e 100 
� 
(I) 
(I) 
a, 
C: 
.::.:: 
c., 

♦ 

Volume Determination 

y = 656.65e-0.o9o3x 

Taupo 

� 10 --t.;;;:::-------'W>-----------------

0 20 40 60 80 

SqRt Area (km) 

100 

Bog + Craters 

• 

120 140 

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, 1 2, 2 UPPER 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 (Am-2 and 

Am-4) and a fine unit (Am-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 

Am-2, 4 and 6 respectively, with an average wind speed of 25 mis. These column height 

values indicate the plume waned from the early climax of Am-2 to the later stage 

deposits of Am-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 Am-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
8 

kg/s). Quantitative eruption dynamics are summarised in Table 2.2 

with comparisons of deposits elsewhere. 

a 

I 1 1 1 1 Ir 1 1 1 I 
0 5 10 

(km) 

1, 

� 
D 

� 

Fig 2.10 (a-f) Isopleth maps of maximum pumice (MP) and lithics (ML) for units Am-2, 4 and 6. 
Contours are in mm. Black circle marks the vent location in all isopleth maps. 
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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 (ML) isopleth contours (with an estimated density of 2500 kg/m3) of (Rotorua A 
medial subunits) A

111-2, 4 and 6 (circles). Historic eruptions for comparison fit well with the modelled 
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 (bt) and clast size (be), The total deposit plots within the plinian field 

with values bt = 7 .5 km, bcfbt = 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/m
3 

(due to

the predominance of coarse and fine clasts respectively) with an average density of 700 

kg/m
3
. In order to convert the bulk volumes to dense rock equivalent (DRE), a density

of 2350 kg/m
3 

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/m3 . Mass is calculated with an 
average bulk density of 700 kg/m3. 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 & Searks -1986
Eruption bt (km) b

e 
bc/bt Fall vol (km3) DRE (km3) Mass Ht Intensity (kg/s) Duration (h) 

(km) (kg) (km) 
Rotorua 7.5 4.5 0.6 1.61 0.4 1.28 x10

12 20 4.0 X 10
7 8.9 

15 700 BP 
Unit G * 8.3 7.9 0.9 2.5 0.63 1.5 X 10

11 32 1.44 X 10
8 2.9 

Unit J * 5.9 5.9 0.77 0.23 5.5 X 10
11 25 6.24 X 10

7 

(*) Mangaone 

Tarawera + 34 1.8 X 10
6 4 

1886 

Mt St Helens # 0.3 6.3 X 10
11 19 9.1 

1980 

Taupe+ 51 1.1 X 10
9 3.8 

181 AD 
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DISPERSAL INDEX D km
2 

500 50000 
Or---1----:--
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Fig 2.12 Revised classification scheme of Pyle ( 1989). The half distance ratio (bcfbt) represents the total 
grainsize population and the thickness half distance Cbt) represents the dispersal. Grey dot is Rotorua Tephra. 

2. 14 VOLUME ESTIMATE - DOME

2.14. l 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
2

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

Volume = Area x Height 

= 12.510 km
2 

X 0.6 km

= 0.75 km3
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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 

ofLake Tikitapu and extend to the western shores ofLake 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 I km 3. 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 ofMt 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: 

nh 
Volume= -(R

2 
+ Rr + r 2

) 
3 

Using the dimensions of the Middle Rhyolite: 

h = 160 m, R = 1000 m, r = 400 m 

Volume= 0.26 km
3

Trig 7693: 
h = 180 m, R = 900 m, r = 700 m 

Volume= 0.36 km3

Therefore the total volume of the coalesced dome is 0.62 km
3

.

Wahanga dome in comparison has dimensions: 
h = 520 m, R = 137 5 m, r = 625 m 

Volume= 1.71 km
3

c.f. 2.0 km
3 

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
3/s (Wolfe & Hoblitt, 

1996). The mean discharge rate observed at Montserrat is 3 m3/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. 1 5. 1 Eastern Dome (Rotorua A)

Eastern dome has an estimated volume of 0.75 km3
. Therefore assuming an average 

discharge rate of 3 m3 /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 Bevent. 

2.15.2 Trig 7693 and Middle Dome (Rotorua B) 

The total volume of Trig 7693 and Middle domes is estimated at 0.62 km
3

. Assuming 

the 3 m3 /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 km3 extruding at 3 m3 /s could have taken at least 

2.7 years, while the 0.36 km
3 Trig 7693 dome could have been extruded over 3.8 years. 
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2. l 6 CONCLUSIONS

• 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.

• 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.

• Dispersal of the plinian fall to the NW extends to Waikato and Auckland.

• Using the method of Pyle (1989), the Rotorua plinian tephra volume is

calculated at 1.61 km3 with an equivalent magma volume of 0.4 km3 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.

• 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 108 kg/s. This equates to a minimum

eruption duration for the plinian phase at 3.5 hours.

• Dome volume calculation using the formula for a frustrum results in a total

volume of 1.37 km3
. 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 km3 (dome)

+ 0.4 km3 (pyroclastics) = 1.77 km3
. 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 m3/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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Chapter Three 

Textural and 

Component Analysis 

3. l 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 Tanlc 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 

47 



Chapter Three Textural and Component Analysis 

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 (j) intervals, from -4.0 (j) down to 4.0 (j) (Walker 1971; Cas & 

Wright, 1987). For sieves coarser than -1.0 (j), hand sieving was used, while for finer 

sieves ie. -0.5 (j) 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 (j)) 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 (j)) - block-sized unit (-5.0 (j)) - coarse ash (0.0 (j)). 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 (j)) in 

comparison to the medial and distal sites (1.1 (j)). 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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Chapter Three Textural and Component Analysis 

Also, better sorting can result from the increase in puID1ce 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 

. 

., 

' ·s;• •
... 

1 

illk: 
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umber 
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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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Chapter Three 

3.3 Componentry 

3.3. l Methods 

Textural and Component Analysis 

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 <j)) and under a binocular microscope (<-0.5 <j)) to determine the 

proportions of the various constituents. The coarse samples (>-1.0 <j)) were weighed to 

0.01 g and the finer fraction ( <-1.0 <j)) 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 <j), 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 <j), 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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Chapter Three Textural and Component Analysis 

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. 
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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. l 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 
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Plinian Column 

Fragmentation 

Textural and Component Analysis 

Gas and ash 
emission 

Gas-permeable 
foam 

Open system degassing during intra-eruptive periods 

Degassed 
plug 

Volatile-rich 
magma 

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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Weight 

Scale 

TARE 

0 

Copper wire 

Pumice + lead weight 

Water filled beaker

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= 

Clastairl { (Clastair+Sheetwater)-(Clast+Sheet+Sinkerwater)- Sinker water} (1) 

( using a sinker) 

Then to convert to vesicularity: 

Assuming a dense rock equivalent (D.R.E) of 2.4 g/cm3 

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 et al., 1994; 

Kaminski & Jaupart, 1997; Tait et 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. 

58 



Chapter Three 

a 

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 

Textural and Component Analysis 

b 

C 

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 

retarded 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 

3.8 b). 

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 c, 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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a 
h 

C d 

Fig. 3.8 SEM backscatter images of representative samples from (a) Rotorua B pyroclastics indicating bubble 
defo1mation 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. 
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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 cp).

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 (A
p
-9 and A

p
-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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Chapter Four 

Mineralogy and 

Geochemistry 

4. l Introduction 

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. 

Dunbar 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. l 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. 

• 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.

• Orthopyroxene abundance is estimated at 8 %. Generally, orthopyroxene

phenocrysts are subhedral and prismatic, and range in size from 0.5 to 0.75

mm.
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• 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 situ.

• 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.

4.2.2 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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• Quartz crystals exhibit rounded anhedral and embayed crystal margins. They

commonly display subconchoidal fracture and abundance ranges from 5 to

15 %.

• Biotite phenocrysts occur as flakes with subhedral habit, ranging in size from

0.25 to 1.0 mm, and 5 to 10 % in abundance.

• Orthopyroxene, hornblende, augite, apatite and zircon are rare and make up

1-2 % of the total phenocrysts observed.

• Glass is 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 1 l 0°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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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 ofRotorua Tephra single pumice clasts. (L) represents 
accessory lit_hics. 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 eruptive 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
Nairn (1980). The deposits of this eruptive episode are chemically similar to the
average TVZ rhyolites as indicated by the total alkali (Na2O + K2O) and K2O vs SiO2
plots (Figure 4.2 and 4.3). The pyroclastic deposits are classified as medium-K rhyolites
and range from 73 to 76 wt% SiO2.
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Fig. 4.2 K2O vs SiO2 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 SiO2 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. l 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 SiO2 content (Figure 4.5). On a plot of AhO3 versus SiO2 

(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. 
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Fig. 4.4 AhO3 vs SiO2 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). 
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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 SiO2 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. Fe2O3 vs. CaO). The Rotorua B 

deposits (Te Mu Road) have significantly higher SiO2 (~74.8-75.5 wt%) compared to 

the Rotorua A deposits (~72.3-73.5 wt%). The Rotorua Tephra has high AhO3 (14-

15.5 wt%), Fe2O3 (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 SiO2 vs K2O and 

AhO3 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 SiO2). 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. 
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underlying tephra (this study), and the Te Rere (D) and Rotorua (D) (Bowyer, in prep) dome 
lavas for comparison. Trace elements are expressed as ppm. 

74 



Chapter Four 

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 (fO2). 

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 f02 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 (L\log f02) 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. 
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Fig. 4.7 Temperature and Lllog fO2 (FMQ) estimates for the Rotorua Tephra (Shane, 1998) with Eastern 

and Trig 7693 Domes (Bowyer in prep) for comparison. 
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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% (SiO2).

• 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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Eruptive History 

5. l 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 (f02) data from the Rotorua 

A tephra and Eastern dome plot in a tight cluster. Similar eruption temperatures and 

f02 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 

occurred 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. l 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 et 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 (A
p
-1 to A

p
-10) based on grainsize and 

componentry, while 3 sub units are mappable in the distal stratigraphy (Act-1 to Act-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 km2
) 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 

Eruption intensity 

Eruption duration 

Volume 

Wind speed 

=20 km 

= 4 x 10
7 

kg/s 

= 8-9 h 

= 1.62 km
3 

(bulk volume) 

= 25 mis (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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5.4. l Grainsize 

A range in grainsize exists throughout the Rotorua A tephra. The initial sub unit (A
p
-1) 

is -2 q>. The deposit reversely grades into the coarsest sub unit (-5 <I>) (A
p
-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 q>). The Rotorua A tephra is well sorted in a volcanological 

context (Cas & Wright, 1987) with sorting values of ~ 1.5 q>, 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. 

5.4.2 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
p
-9 and A

p
-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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Chapter Five 

3. Soon after the phreatomagmatic phase (minutes to hours), rapid rise of the

Rotorua A, (0.4 km3
) 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 mis) 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.

4. At the cessation of explosive activity the remaining gas-poor portions of the

Rotorua A magma slowly ascended. The high temperature and low SiO2

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.

5. 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 7 693 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 modem 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

88 



Chapter Five Eruptive History 

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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Volcanic Hazards 

6. l 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. Modem 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. l 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. 
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Fig. 6.1 100( a), 1 0(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 modem 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/m2) (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/m3. 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 isopach. 

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 �ruption. 
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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 

Human Health 

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. 

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.lc) 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
2 

(43 km
2-Whakarewarewa Block, 16 km

2
-

Highlands Block). Current values for forestry are $40,000/ha, therefore the 60 km
2 

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. 

Agriculture 

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 toutism 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, Tl, 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 SO4 increased with distance (Anni en ta 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 Rotorua 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. l 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 
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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 bums 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 µm) 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 CO2, SO2, Cl, F (Blong, 1984). These 

have the ability to cause asphyxiation, irritation to the nose, throat and eyes, and acid 

rain. CO2 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 20th
, 1979, 

142 inhabitants of Dieng Plateau, Indonesia were asphyxiated by what was later 

determined to be caused by CO2 (Le Guern et al., 1982). SO2 when oxidised becomes 

H2SO4 and is the cause of acid rain effecting proximal to distal locations. 

During a period of heightened activity at Montserrat, Allen et 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 km3
) 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 km2 
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 

• 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.
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Conclusions 

7. l 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 km
3
) 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 mis.

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 

• 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.

• 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.

• 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 km3) plinian eruptions is required to

determine the cost of an explosive rhyolitic eruption on today's society. 
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Appendix I 

lsopach and Isopleth Data 

Isopach Data 

SITE NUMBER MAP NUMBER NZMS 260 TOTAL(CM) Am-6 Am-5 Am-4 Am-3 Am-2 Am-1 EASTING$ NORTHING$ 
1 U16 018 315 605 55 60 120 100 160 110 2801800 6331500 

2 U15 994 323 579 79 100 70 60 160 110 2799400 6332300 

3 U16 993 318 600 110 80 90 110 130 80 2799300 6331800 

4 U16 943 329 169 40 0 32 23 53 27 2794300 6332900 

5 U16 026 288 700 2802600 6328800 

6 U16 979 263 154 38 0 28 83 15 2797900 6326300 

7 U16 004 280 226 56 0 15 37 101 17 2800400 6328000 

8 U16 003 291 243 30 0 14 33 140 26 2800300 6329100 

9 U16 975 310 132 31 0 6 10 85 0 2797500 6331000 

10 U16 972 239 80 2797200 6323900 

11 U16 945 204 9 2794500 6320400 

12 U16 954 222 35 2795400 6322200 

13 U16 919196 16 2791900 6319600 

14 U16 914 204 11 2791400 6320400 

15 U16 918 234 12 2791800 6323400 

16 U16 871 243 15 0 2787100 6324300 

17 U16 009 229 45 25 5 10 5 5 0 2800900 6322900 

18 U16 017 228 90 20 2 10 4 0 0 2801700 6322800 

19 U16 043 193 11 2 0 2 5 2 0 2804300 6319300 

20 U15 060 188 9 2806000 6318800 

20a U15 063 184 10 2806300 6318400 

20b U15 067 176 9 2806700 6317600 

21 U16 903 355 180 45 0 25 30 55 25 2790300 6335500 

22 U16 899 363 229 46 0 65 26 65 27 2789900 6336300 

23 U16 888 366 180 57 0 12 30 56 25 2788800 6336600 

24 U16 883 353 64 0 0 0 0 42 22 2788300 6335300 

25 U16 883 359 110 20 0 0 0 70 20 2788300 6335900 

26 U16 878 365 128 37 10 33 10 30 8 2787800 6336500 

27a U16 912 371 271 57 22 27 36 87 42 2791200 6337100 

27b U16 873 362 139 27 23 5 20 50 14 2787300 6336200 

28 U16 854 363 134 13 0 8 20 65 28 2785400 6336300 

29 U16 857 362 138 16 0 8 20 73 21 2785700 6336200 

30 U16 860 363 92 11 0 2 6 59 14 2786000 6336300 

31 U16 858 366 108 14 10 6 17 48 13 2785800 6336600 

32 U16 859 379 143 33 10 9 29 44 18 2785900 6337900 

33 U16 862 387 123 19 9 12 23 44 16 2786200 6338700 

34 U15 896 406 171 31 19 10 32 40 39 2789600 6340600 

62 U15 871 428 100 9 0 4 8 65 14 2787100 6342800 

35 U15 881 432 114 16 0 0 0 78 20 2788100 6343200 

36 U15 886 444 97 9 0 0 0 71 17 2788600 6344400 

37 U15 897 444 106 0 0 0 0 78 28 2789700 6344400 

38 U15 916 457 80 0 0 0 0 66 14 2791600 6345700 

39 U15 898 484 80 0 0 0 0 70 10 2789800 6348400 

40 U15 890 465 48 0 0 0 0 31 17 2789000 6346500 

41 U15 863 475 76 23 11 0 0 27 15 2786300 6347500 

42 U15 852 473 51 15 11 0 0 16 9 2785200 6347300 

43 U15 814 471 53 8 0 0 0 34 11 2781400 6347100 

44 U15 747 434 31 0 0 0 0 25 6 2774700 6343400 

45 U15 771 423 56 0 0 0 0 50 6 2777100 6342300 

46 U16 804 393 81 17 0 0 0 50 14 2780400 6339300 

47 U16 802 365 31 0 0 0 0 25 6 2780200 6336500 

48 U16 817 409 100 7 9 0 0 71 13 2781700 6340900 

49 U16 833 408 84 15 0 0 0 58 11 2783300 6340800 

50 U16 858 407 142 21 11 15 18 59 21 2785800 6340700 
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Appendix I lsopach and Isopleth Data 

Isopach Data cont'd 

SITE NUMBER MAP NUMBER NZMS 260 TOTAL!CM) Am-6 Am-5 Am-4 Am-3 Am-2 Am-1 EASTINGS NORTHINGS 
51 U16 887 414 146 16 22 0 0 82 26 2788700 6341400 
52 U15 998 464 28 8 0 0 0 16 4 2799800 6346400 
53 U15 991 466 65 36 0 0 0 29 0 2799100 6346600 
54 U15 970 470 40 13 0 0 0 9 18 2797000 6347000 
55 U15 935 494 30 9 0 0 0 15 6 2793500 6349400 
56 U15 923 507 24 0 0 0 0 24 0 2792300 6350700 
57 U15 947 514 24 4 0 0 0 20 0 2794700 6351400 
58 U15 006 545 34 14 5 0 0 15 0 2800600 6354500 
59 U15 959 544 12 0 0 0 0 12 0 2795900 6354400 
60 U15 001 566 17 7 0 0 0 10 0 2800100 6356600 
61 U15 028 421 75 2802800 6342100 
63 V16 109 147 7 2810900 6314700 
64 U15 833 434 60 21 0 0 29 10 2783300 6343400 
65 U15 060 513 54 19 0 0 20 15 2806000 6351300 
66 U15 065 493 22 13 0 0 4 0 2806500 6349300 
67 U15 083 496 22 0 0 0 15 7 2808300 6349600 
68 Lk Okoroire T15 555 612 10 2755500 6361200 
69 Lk Rotoroa S14 106 753 6 2710600 6375300 
70 U16 046 247 36 9 0 0 17 10 2804600 6324700 
74 V15 115514 70 0 0 0 55 15 2811500 6351400 
75 V15 186 554 5 2818600 6355400 
76 V15 231 523 15 6 0 0 0 4 5 2823100 6352300 
77 U16 975 325 180 77 16 63 0 0 0 2797500 6332500 
78 U16 967 323 301 41 48 72 36 52 52 2796700 6332300 
79 U15 801 449 48 7 0 0 0 22 7 2780100 6344900 
Lk Maratoto S15 129 663 3 2712900 6366300 
Lk Ngaroto S15 115 583 2 2711500 6358300 
Lk Mangakaware S15 053 610 3 2705300 6361000 
Lk Mangahia S15 062 668 5 2706200 6366800 
Lk Rotokauri S14 036 802 5 2703600 6380200 
Lk Kainui S14 072 892 8 2707200 6389200 
Lk Rotokaraka S14 166 965 6 2716600 6396500 
Lesson's Pond S14 278 929 3 2727800 6392900 
Lk Rotongata T16 376 380 1 2737600 6338000 
Lk Tunawhakapeka S14 106 853 2 2710600 6385300 
Lk Rotomanuka S15 136 615 3 2713600 6361500 
Kohuora Crater R11 744 675 2 2674400 6467500 
Pukaki Crater R11 715 674 2 2671500 6467400 
71 U16 027 262 210 0 0 0 0 0 0 2802700 6326200 
72 U16 036 244 105 30 21 17 13 17 2803600 6324400 
73 U15 916 409 148 31 8 14 38 42 15 2791600 6340900 
80 U16 022 316 331 138 65 128 2802200 6331600 
81 U16 054 296 600 2805400 6329600 
82 U16 944 319 94 35 59 2794400 6331900 
83 U15 765 473 43 13 12 18 2776500 6347300 
84 U16 015 299 100 2801500 6329900 
85 U16 048 273 160 2804800 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 I lsopach and Isopleth Data 

Isopleth Data 

SITE NUMBER Am-6 MP Am-6ML Am-5MP Am-5ML Am-4MP Am-4ML Am-3MP Am-3ML Am-2MP Am-2 ML Am-1 MP Am-1 ML 

1 48 13 0 0 37 0 0 0 85 27 0 0 

2 41 12 0 0 68 22 0 0 107 48 0 0 

3 23 9 0 0 54 42 0 0 108 67 0 0 

4 12 3 0 0 28 7 12 3 58 15 2 1 

5 0 0 0 0 0 0 0 0 0 0 0 0 

6 8 4 0 0 13 3 8 1 35 9 0 0 

7 43 12 0 0 58 18 9 3 68 28 5 1 

8 47 15 0 0 63 21 7 2 62 26 6 1 

9 24 10 0 0 47 13 11 5 72 33 0 0 

10 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 

14 0 0 0 0 0 0 0 0 0 0 0 0 

15 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 

20a 0 0 0 0 0 0 0 0 0 0 0 0 

20b 0 0 0 0 0 0 0 0 0 0 0 0 

21 2 1 0 0 22 9 9 4 29 13 1 0 

22 5 1 6 1 26 8 10 2 24 6 5 1 

23 5 1 0 0 13 4 9 2 35 7 4 2 

24 6 1 0 0 11 3 8 2 31 5 5 1 

25 5 2 5 1 12 6 9 28 6 2 2 

26 8 2 0 0 21 8 6 1 35 9 5 1 

27a 8 2 0 0 21 8 10 3 22 12 3 1 

27b 4 2 0 0 23 5 7 2 33 8 4 1 

28 3 1 0 0 8 3 5 1 28 6 1 1 

29 4 2 0 0 8 3 8 1 24 6 2 1 

30 7 4 0 0 9 4 3 1 23 7 2 1 

31 2 1 0 0 6 1 4 2 24 5 1 1 

32 4 1 0 0 6 2 5 2 23 7 2 1 

33 4 1 0 0 4 1 4 1 21 6 2 0 

34 15 2 22 3 30 5 20 5 35 11 15 5 

62 2 1 0 0 0 0 0 0 0 0 0 0 

35 4 0 0 0 0 0 0 0 0 0 0 0 

36 1 1 0 0 0 0 0 0 0 0 0 0 

37 1 0 0 0 0 0 0 0 0 0 0 0 

38 1 0 0 0 0 0 0 0 0 0 0 0 

39 0 0 0 0 0 0 0 0 0 0 0 0 

40 0 0 0 0 0 0 0 0 0 0 0 0 

41 0 0 0 0 0 0 0 0 0 0 0 0 

42 0 0 0 0 0 0 0 0 0 0 0 0 

43 0 0 0 0 0 0 0 0 0 0 0 0 

44 0 0 0 0 0 0 0 0 0 0 0 0 

45 0 0 0 0 0 0 0 0 0 0 0 0 

46 1 0 0 0 0 0 0 0 0 0 0 0 

47 1 0 0 0 0 0 0 0 0 0 0 0 

48 1 0 0 0 0 0 0 0 0 0 0 0 

49 1 0 0 0 0 0 0 0 0 0 0 0 

50 2 1 0 0 8 4 3 0 17 7 4 1 
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Appendix I lsopach and Isopleth Data 

Isopleth Data cont'd 

SITE NUMBER Am-6MP Am-6ML Am-5 MP Am-5 ML Am-4MP Am-4ML Am-3MP Am-3 ML Am-2MP Am-2 ML Am-1 MP Am-1 ML 

51 3 1 0 0 10 6 4 1 26 8 3 2 

52 0 0 0 0 0 0 0 0 0 0 0 0 

53 0 0 0 0 0 0 0 0 0 0 0 0 

54 1 0 0 0 0 0 0 0 12 3 7 2 

55 0 0 0 0 0 0 0 0 0 0 0 0 

56 0 0 0 0 0 0 0 0 0 0 0 0 

57 0 0 0 0 0 0 0 0 0 0 0 0 

58 0 0 0 0 0 0 0 0 0 0 0 0 

59 0 0 0 0 0 0 0 0 0 0 0 0 

60 0 0 0 0 0 0 0 0 0 0 0 0 

61 6 2 0 0 11 4 7 1 18 5 3 1 

63 0 0 0 0 0 0 0 0 0 0 0 0 

64 0 0 0 0 0 0 0 9 2 5 1 

65 1 0 0 0 0 0 0 0 5 1 1 0 

66 1 0 0 0 0 0 2 1 6 1 0 0 

67 0 0 0 0 0 0 0 0 6 2 1 0 

68 Lk Okoroire 0 0 0 0 0 0 0 0 0 0 0 0 

69 Lk Rotoroa 0 0 0 0 0 0 0 0 0 0 0 0 
70 0 0 0 0 0 0 0 0 0 0 0 0 
74 0 0 0 0 0 0 0 0 0 0 0 0 
75 0 0 0 0 0 0 0 0 0 0 0 0 
76 0 0 0 0 0 0 0 0 3 1 1 0 
77 37 14 3 1 47 17 0 0 0 0 0 0 
78 25 9 14 5 50 28 18 7 87 46 21 6 
79 1 0 0 0 0 0 0 0 3 1 2 1 

Lk Maratoto 0 0 0 0 0 0 0 0 0 0 0 0 
Lk Ngaroto 0 0 0 0 0 0 0 0 0 0 0 0 
Lk Mangakaware 0 0 0 0 0 0 0 0 0 0 0 0 

Lk Mangahia 0 0 0 0 0 0 0 0 0 0 0 0 
Lk Rotokauri 0 0 0 0 0 0 0 0 0 0 0 0 

Lk Kainui 0 0 0 0 0 0 0 0 0 0 0 0 
Lk Rotokaraka 0 0 0 0 0 0 0 0 0 0 0 0 
Lesson's Pond 0 0 0 0 0 0 0 0 0 0 0 0 
Lk Rotongata 0 0 0 0 0 0 0 0 0 0 0 0 
Lk Tunawhakapeka 0 0 0 0 0 0 0 0 0 0 0 0 
Lk Rotomanuka 0 0 0 0 0 0 0 0 0 0 0 0 
Kohuora Crater 0 0 0 0 0 0 0 0 0 0 0 0 
Pukaki Crater 0 0 0 0 0 0 0 0 0 0 0 0 
71 0 0 0 0 0 0 0 0 0 0 0 0 
72 0 0 0 0 0 0 0 0 0 0 0 0 
73 7 2 0 0 14 6 3 2 35 11 7 0 
80 50 12 30 17 62 26 0 0 0 0 0 0 
81 0 0 0 0 0 0 0 0 0 0 0 0 
82 0 0 0 0 0 0 44 22 86 34 0 0 
83 1 0 0 0 0 0 0 0 12 3 7 2 
84 0 0 0 0 0 0 0 0 0 0 0 0 
85 0 0 0 0 0 0 0 0 0 0 0 0 
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Appendix II 

Grainsize Data 

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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1.50 0.3536 405.20 2.6.!l 97.8-0 
2.00 0.2500 ,oa.20 0.71! 9!.53 
2.50 0.1768 410.30 0.51 89.03 
3.00 0.1250 411.10 0.19 99.23 
3.50 0.0884 411.90 0.19 99.42 
4.00 0.0025 413.80 0.-«l 99.88 

To1alwoigl\1•414.30g 
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Size dhtrlhntlon hhto-w:am 

Ln� 
:� 

?llt:c: cc u11'J 

Cumalatlve Cre<1uenc1 

Cumulatln [reuuunu 

llnlven.Uy or Walk:do 
Rapid Sedhntnt AnaJyuir 

Operatin& Syrlffll Version 7,1 

Rc:mlta :,ummao 
Tutural 11H ollUH 
Q11ivol=,: �.11% $.tnd= 3-4.90% Sill= 0 � Clay= 0.00¾ 

Gr11� 001/ing d8tritai aat:fmont 
SandyGnwol 

Nomtnt motllod pmm1ttrt (phi} 
µtans -1.50 Sortin!),o us, SU!Wnan= 0.34 Kurtosis. 3.35 

Graphical method panm1t1n (phi) 
Mtatl• •1.50 Sortir.Q- 1.72 Sktwneu,, 0.08 Kurto,i,: 1.11 
M&<IAno .1.00 c • .;.&4 D35• •2.20 005- --0.91 
TeXlutaJ dncription: 

Poorly tarted, Near symmetric.al, •-',nokurtic 

Raw d.alli 1:mmrnutt 

SIU SIU Cumulallvt Interval Cumulatlvt 
weight frequency frequency 

!ehll fmml Isl {'/,) ('l.l 
·•.50 22.627• 59.10 3.11 3.11 
-4.00 16.0000 108.70 2.61 5.73 
·3.50 11.3137 200.40 A.63 10.50 
·3.00 8.0CJOO 334.90 7.09 17.65 
•2.50 5.6569 507.70 9.10 26.75 
·2.00 4.0CJOO 768.10 1s.n 40.47 
•I.SO 2.11284 967.70 10.52 50.99 
· l.00 2.0CJOO 1197.70 12.12 63.11 
-0.50 Ul� 1394.10 10.35 73.45 
o.oo 1.0000 1556.40 8.55 82.01 
0.50 0.7071 1673.20 6.15 88.16 
1.00 0.5000 1753.80 4.24 92.40 
1.50 0.3536 1790.40 1.94 94.34 
2.00 0.2500 1613.10 1.20 95.53 
2.50 0.1763 1828.00 0.63 96.21 
3.00 0.1250 1185.80 0.52 96.73 
3.50 O.ll81l4 1346.80 0.58 97.31 
4.00 0.0625 1660.00 0,70 98.00 

Total...,ight• 1897.liOg 

PARTICLE SIZE ANALYSIS 
Earth Sciences • University of Waikato 

Saiw!J1Lrt bl I 

Stu dlvtributlon hlstnnani 

:L ,, 

t ,U -U t -U •IJ U. 1'1U )IJ U 
r-.t'Mllui;:n) 

runudoUrt Cc<·oucntr 

<�umu1ellre Crca1usncx 

tlnlver�1t� nr Waikllto 
Rapid Scd!mcnt Analy.srr 

Openllni: System Venton 7,1 

Resuh11 summary 
Textural sin ctnsu 
Gr>v.l: 93.63% Sand= 5.lll!, Sm= o.oo,; Clay= 0.00% 

GnM>lboari119del11tel aedi""°' 
Gravel 

Moment method p1r11m•t1u (phi) 
Me,n,, -3.16 Soolng,, 1.3<1 Sk<rt.ness: 1.21 Kurtosl,- 5.08 

Qraphlcal method pairanwlars (phi) 
Mo.!n- •3.22 sonno- 1.21 SkewMoe- 0.18 Kut\Otlo- 1.oe 
Mooian- -3.33 C- -5.00 035• -3.83 DBS- ·2.&9 
T•xturel�ticn: 

Poorlysor1ed,Fincskewed,MesoloJtic 

Bnw dut1 :mmmtto 

Siu Siu Cumul1tln Interval Cumulative 
weight lrequenoy frequency 

{Qhll {mm] Isl !'I.I !"l 
-5.00 32.0000 14UO 5.16 5.16 
-4.50 22.6274 333.40 7.01 12.17 
.. 4.00 16.0000 838.00 11.3-! 30.51 
·3.50 11.3137 1202.10 13.35 43.87 
·3.00 8.0000 1704.60 18.3-! 62.20 
·2.50 5.6559 2045.90 12.45 74.66 
·2.00 4.0000 2281.30 8.59 83.25 
·1.50 2.82114 2452.40 6.24 89.49 
·1.00 2.0000 2563.00 4.� 93.53 
--0.50 1.4142 2826.10 2.30 95.83 
0.00 1.0000 2662.50 1.33 97.16 
0.59 0.7071 2679.70 0.53 97.79 
1.00 0.5000 269t.00 0.41 98.20 
1.50 0.3538 2697.40 0.23 98.43 
2.00 0.2500 2702.80 0.20 98.63 
2.50 0.1768 2707.60 0.18 98.81 
3.00 0.1250 2712.80 0.19 99.00 
3.50 0.08114 2716.80 0.14 99.14 
4.00 0.0625 2722.80 0.23 99.36 

Total wolghl • 2740.30 g 

Grainsize Data 

�nc/8 

PARTICLE SIZE ANALYSIS 
Earth Sciences • University of Waikato 

Size rll1trfhnlton histogram Reaulr, 3Pmmao 
Textural ,1u �tu.au 

1JL 
G<avtio 80.75% Sand- 18.7&,, Sin= 0.00% Clay= 0.00¾ 

Gravel bearing detrftal Ndimont 
Gravel 

Momant maU,od puam•t•ra (pht} 
M•on• •2.22 SortinQ- 1.➔7 Skown.... ·0.00 K"1ool•= 3.37 

Gropnleol !Mined pU&!Mtm (phi) 
M•an• -2�0 Sorting- l.◄6 Skow,,.... •0.00 KunOli•• 1.08 
Medan= •2.16 C= ·5 73 035;::; ·2,70 065- •1.64 
Tu1urtl deatription: 

Pwtl:tffl� 
Poo(ly saned, Near symmetrical, Me�rtic 

Cumulative frequeuc;y Ba:n: d1111 :mmwuu· 
Siu Size Cumulallvo ln\erul 

llL 
�lllalfli: 

Cumuletlvt frtanencv 

;.�L»/ 

: 0 J O I ., H > 0 · •t Psidlltittl1tiJ 

Unlnr.shy of W■Jkato 
Rw.p\d Sedlmtnt An.1.lylitr 

Opc:ratlnt; SyNlem Ver11lnn 1.1 

!eh'l (mm} 
.5.50 45.2S-18 

-5.00 32.0000 
-4.50 22.8274 
•4,00 16.0000 
-3.50 11.3137 
·3.00 6.0000 
-2.50 5.6569 
·2.00 4.0000 
•1.50 2.8284 
-1.00 2.0000 
.0.50 1.4142 
0.00 1.0000 
0.50 0.7071 
1.00 0.5000 
1.50 0.:1536 
2.00 0.2500 
2.50 0.1766 
3.00 0.1250 
3.50 0.08B4 
4.00 0.0625 

Total weight• 2863.00 g 

PARTICLE SIZE ANALYSIS 

weight 
!il 

53.90 
106.70 
242.20 
340.30 
500.00 
795.50 
1138.10 
1s6s.eo 
1970.90 
2311.90 
2547.30 
2697.80 
2782.40 
2819.00 
2830.20 
2636.60 
2840.70 
2844.10 
2846.20 
2850.00 

Earth Sciences - University of Waikato 

�Tlb/Z 

Sm distribution biatoaram BPJrnHk summary 

Ttxturll •Ii• elalHI 

frequency 
!'ill 

1.88 
1.84 
4.73 
3.43 
558 

10.32 
11.97 
14.93 
14.16 
11.91 
8.22 

526 
2.1)5 
1.28 
0.39 
0.22 
0.14 
0.12 
0.07 
0.13 

0'8Vfll= 92.23'i, Sand= 7.l()'J, SIM= 0.0()'J, Clay• 0.00% 
Oral'II blaring delritAI M<llmoot 

Grave! 

Moment m1thod p1r1m•ter• (phi) 
MM"" -3.04 Sorting,, 1.35 Ske-Nne... 0.80 Kurtooio- 4.22 

Graphical rMlhod param1t•r1 (phi) 
Me.en= •3.09 Sorting,:: 1.3-C Skewness;: 0.18 Kurto!lis- 1.06 
M•dian• .;J.23 C- •5.41 035• .;J.61) 016= ·2.70 
Textureldo>cfl,\IQn: 

Poorly sorted, Fina skewed. Mt901u11c 

CumuJ@tlYe freauencv RH!'. d.M!H ?H.IDJWIO'. 

Cumulalivt 
frequency 

!"l 
1.88 
3.73 
8.46 
1U9 
17.46 
27.79 
39.75 
54,68 
68.114 
ao.75 
88.97 
94.23 
97.18 
96.46 
98.85 
99.0S 
119.22 
99.34 
99.41 
99.55 

Siu Siu Cumul1tlv1 Interval Cumulative 

IL 
Cumnlatlvc frcqmmcy 

weigh\ fraqutncy fr1qu1ncy 
!ehll {mm} ill !'l.l f'l.l 

•5.00 32.0000 ao.90 5.78 5.78 
·4.50 22.6274 164.60 5.!!S 11.76 
... 00 18.0000 339.10 12.47 24.23 
-3.50 11.31S7 582.00 17.35 41.58 
·3.00 8.0000 80t.50 15.63 57.11 
·2.50 5.6569 930.90 12.82 70.08 
·2.00 4.0000 1110.10 9.23 79.32 
•1.50 2.828-4 1218.40 7.74 87.05 
•t.00 2.0000 1290.80 5.17 92.23 
·0.50 1.41� 1333.70 3.07 95.29 
0.00 1.000J 1360.70 1.93 97.22 
0.50 0.7071 1375.40 1.05 98.27 
1.00 0.5000 1383.50 0.66 9B.85 
1.50 0.3536 1367.10 0.26 99.11 
2.00 0.2500 1389.40 0.16 99.27 
2.50 0.1768 1391.00 0.\\ 99.39 
3.00 0.1250 1392.30 0.09 99.48 
3.60 0.0884 1393.20 0.05 99.54 
4.00 0.0025 139UO 0.09 99.63 

Total wo�hl; 1399.60 g 
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Sll.m!2k:..n b/3 

Sin dlSt'hutJon hls!9ernm 

CumulatJ,·e Cmmenn 

tc� � .J., ·U •U �.ow:o
,...rt t' U lO 

Cumulative tcrouena 

Unhen:lty of Walka.to 
Ri,pld Sfl!lmt!:nl Anwlyrfer 

Op�ruUn,t Syi.ih:m \'cnlon 7.1 

Rt1ulu rmmmarv 
Textural tlu clauea 
Gravef• !a.U".(. Sano. 1$.U% Sil• 0.00% Oay- 0.00% 

Gravtl bHmg ot�I H:drr.ent 
Gravel 

1'ol'Mnl F!'Mlhod p1rtmelen (phi) 
MH!\• •2.15 Sortin9- 1.� SkewnM&oo o.,4 Kurtom:= <.05 

ar,phlcal method parametors (phi) 
Moan- •2.17 Sorti1"19- 1.32 SkewnNSa 0.11 Kur101is• 1.12 
Mo<fJOJF -US C= ·S.28 035= -2.72 065= •t.76 
Terturalducription: 

Poorly SMtd. Flne 1UYted, bp(okurb� 

Rurdutlt mmmocx 

Siu Siu Cumul1lin Interval Cumulative 
wel9ht fr1qu1ncy frequency 

[ehl] (mm} !il {%! {%! 
•MO 32.()'.J.'X) 22.30 2.22 2.2:2 
.4. 50 22.6274 36.30 1.59 3.82 
•4,00 18.()'.J.'X) 62.90 2.45 6.27 
·3.50 11.3137 130.40 U3 13.00 
-3.00 6.0000 261.90 13.11 25.10 
·2.50 5.6569 418.60 15.62 ,1.n 

-2.00 4.0000 586.30 16.71 5!.44 
-L50 2.828-1 723.90 13.71 72.15 
•1.00 2.0000 827.10 10.29 62.« 
.().50 1.4142 890.10 828 68.72 
0.00 1.0000 P35,30 4.51 93.2:2 
0.50 0.7071 963.20 2.78 96.00 
1.00 0.5000 979.80 1.65 97.66 
1.50 0.3536 985.90 0.61 93.27 
2.00 Q.2500 969.70 0.38 98.64 
2.50 0.1768 991.70 0.20 9a.84 
3.00 0.1250 993.90 0.22 99.06 
3.50 0.088-1 995,30 0.14 99.20 
4.00 0.0625 996.50 0.12 99.32 

Totalw�gtt • 1003.30 9 

PARTICLE SIZE ANALYSIS 
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�b/5 

Size dbtrlbutlnn historcvm 

!1 �
:� Ptmlriotiu!:n) 

Cumulutlve freouencv 

IICJ, 
()1mnlal1vc Cccauco,x 

Rmmlll :tummnu 
T■r.tural •IH CIIHH 
Gravel• 96.24% Sand= 3.15% SIi= 0.00% Clay, 0.00% 

GravelbMrinQdeUi1111 .. dlmtn1 
Grava 

Momeni method parllMlort (phi) 
Uoar. -3.99 So<llng. 1.38 Sl<ewneu. 1.38 Kurtom• 7.10 

GrJphlcal m.thod paramelara (.Phi) 
Moon= ·•lo11 S0<1lng,, 1.:re SI<-• 0.17 Kurtosis: 1.32 
Medi.ans -4.19 c. •6.58 035• --'.52 OBS• •3.80 
T0x!ur8I dff<riplkln: 

Pooriysorted,Flneskowed,Lop!Olwrt� 

Bnw dntn !IUDltwlCX 
Slzt Slzt Cumul1tlve lnlervot Cumulallve 

Wtlghl frtquency frtqu•ncy 

{ehll jmm) {gl !'t.l !"'l 
-6.00 64.0000 130.80 4.04 4.04 
-5.50 45.2548 335.40 6.32 10.35 
•5.00 32.0000 660.10 10.02 20.37 
-4.50 22.s.m 1156.20 15.37 35.75 
-4.00 16.0000 1906.50 23.10 58.84 
-3.50 11.3137 2395,00 15.08 73.92 
-3.00 8.0000 2694.60 9.25 83.17 
•2,50 5,6509 2652.90 4.89 68.06 
•2,00 4.0000 2980.10 3.93 91.98 
•1,50 2.62114 3065.20 2.63 94.61 
-1.00 2.0000 3118.00 1.63 !/e.24 
-0.50 1.4142 3148.00 0.93 87.16 
D.00 1.0000 3187.40 0.60 97.76 
D.50 0.7071 3160.40 0 . .\0 98.16 
1.00 0.5000 3191.70 0.35 98.51 
1.50 0.3536 3198.70 0.22 98.73 
2.00 0.2500 3204.50 0.18 98.91 
2.50 0.1768 3209.10 0.14 99.05 
3.00 0.1250 3213.60 0.14 99.19 
3.50 0.00114 3216.◄0 0.09 99.27 
4.00 0.0625 3220.10 0.11 99.311 

Total woight • 3239.90 g 

Grainsize. Data 

SanuikLn h/4 

PARTICLE SIZE ANALYSIS 
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Size dil!tiibnUgo hiil�.u:om1 Bnnl!I u1mm1rx 
T.xtural da cJusn 
Gravtl= 97 . .43% Sand= 2.21% Sil• 0.00% 

Gra� be� dttlrilal sedmt!nt 
Otav61 

11 Moment method poramottrt (phi) 

Clay: 0.00% 

:L 1,1..,,. -4.32 Sottin,oa 1.29 Sk&Wneu .. 120 Kurtctis.= �.19 
Graphic.I method ptramtllrs (phi) 

: ... ' l,,:,:.·.:..:.: u l • 

Motn= -4.40 Sortilg= 1.23 Sk.wnau: 020 Kurtotii= 1.27 
Median- -4.52 c- "'·"' o:is. •'-86 oos. 

T.extura.l otJCtiptlon: 
Poorlysortod.Fmllkowod,Leptcbnlc 

Cnnmlalb� Cc1::mu::ru:x Bal! dull, EIWWl[X 
Siu Siu Cumulatlv• Interval 

llC 
wolghl frequency 

[ehil (mm} (Rl {%) 
"'-00 64.0000 210.80 9.22 
-5.50 45.2648 323.90 4.95 
-5.00 32.0000 662.00 100 
·4.50 22.627' 1159.90 21.79 
-4.00 16.0000 1547.90 16.911 
-3.50 11.3137 1826.20 12.1a 

" -3.00 a.0000 1999.10 7.57 
•2,50 5.6569 2095.20 Ul 

l�O Ji \JJ.

:J.

;,1.0 0 .tU ·2.00 ◄.0000 2153.00 2.53 

C1m111laUve frequency 
-1.50 2.6284 2194.30 1.81 
·1.00 2.0000 2226.50 1.41 
-0.60 1.4142 2247.40 0.91 
0.00 1.0000 2258.20 0.◄7 
0.50 0.7071 2263.80 0.25 
1.00 0.6000 2268.30 0.20 
1.50 0.3536 2270.60 0.11 
2.00 0.2500 2272.40 0.07 
2.50 0.176S 2273.70 0.00 
3.00 0.1250 2275.10 O.Otl 
3.50 0.0684 2276.00 0.04 
4,00 0.0625 2276.90 0.04 

ilc=i�•·;i;""·"'·' ffl'dt t�J Tollllwclghto2:265.20g 

PARTICLE SIZE ANALYSIS 
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Sllmil.l£Lnb16 

Size dit,tdbution bi:ttorr,um 

:L : • 0 J I ·• S ' t f'a'ttb(ro[f¥1 

Cumul•Ove 0:eauem::y 

Rnnlts ,nmman 
Textural ,tu olUHI 
G,awl= 97 ,69% .sand: 1.00% Slit• 0.00% 

Grav.I bearing _,al ,ed!,-, 
Gravel 

11omen1 mot110<1 par•mttw, (phO 
Mean• -4,30 Sonlng,, 1.28 Skewness- 1.39 

Graphloal �thod p.aramele111 (phi} 
Mtan: •4,40 SorUng• 120 s-- 0.24 
�-- .,.53 c- -6-26 035• •4.97 
T<Ulurlll�, 

Poorlysorted,Flna�,Mff()kuttfc 

BaH: data aumman 

.... 08 

Cumul1tlvt 
frequency 
(%) 

9.22 
1'.17 
28.97 
50.76 
67.7◄ 
79.91 
87.48 
91.69 
94.21 
96.02 
97.43 
98.35 
98.82 
99.06 
99.26 
99.37 
89.44 
99.50 
99.56 
99.60 
99.� 

Clay= 0.0()% 

Kurtos1s- 8.86 

Kuft08t= 1.00 
-- ◄.04 

Sin Siu Cumulalln lnlarval Cumul1Uv1 
welghl frequency frequency 

(ehl) {mm] [gl ["l [%) 
-6.00 6◄.0000 6MO 2.10 2.10 
•5.50 46.2548 516.40 14.69 16,79 
·5.00 32.0000 1045.20 17.20 33.99 
-4.50 22.e274 1568.50 17.02 51.0() 
-4,00 113.0000 2035.50 15.19 00.19 
-3.50 11.3137 2415.80 12.37 73.56 
·3.00 8.0000 2612.80 7.38 65.94 
-2.50 5.6589 2810.50 SAS 91.39 
-2.00 4.0000 2917.00 3.46 9.\.86 
.,.so 2.8284 2978.70 1.!/,1 96.80 
-1.00 2.0000 3010.40 1.10 97.89 
•Q.50 1.4142 3027.90 0.57 lla.46 
0.00 1.0000 l03U0 0.35 9U1 
0.50 0.7071 3045.30 0.22 99.00 
1.00 0.5000 3051.00 0.19 9921 
1.50 0.35313 305U0 0.12 99.3'4 
2.00 0.2500 3057.40 0.06 99.42 
2.50 0.1768 3059.60 0.07 99.49 
3.00 0.1250 3081.40 0.06 99,55 
3.50 0.036◄ 3063,50 0.07 99.62 
4.00 0.0625 3085.90 0.06 99.70 

Tolalwel;)hl:3075.20g 
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�nb/7 

Sin di1tdb:1.1Li,uJ biiti:u::ou;c Btlllll� HIWlllltX 

�L 
Tutural 1i.zt ciM.tM 
G<r,11,, �.7r.<S&rd- •-- Slit- 0.00% Clay• 0.-00% 

Graw! bM.mg dltrilal SO'Tl«'II 
Gtnll 

l.toment methad pu1rnetu1 (phi) 
MKn• -J.16 So""'J• 1.47 s-... Kurtoeis- '82 

Graphl'-11 method p1runetu1 (phi) 
1,1..,,. ·3M Sortr-,g• 1.41 Sk- 0.28 Kurtcelil- 1.11 
Mecian- ·<.05 G• �.21 03!,,, -4.◄7 065a -J.◄5 

' 
Tulural ducriplion: 

.(J .u ...._, -1�◄--,:e�u u u u Pwtly ,orttd, Fint ..,..,....d. Mttokur1ic 

C'umnl1t11, Ctciu1�nci ,Hgw '1111 lUmWl[Y 
Siu Siu Cumulativ♦ lnttrv•I Cumul■tlv• 

I/ 
••igiht fr•quency fr■quenty 

leh1J jmml !al !lll (llo} 

·8.00 6'1.0000 50.80 2.17 2.17 
-5.50 ,15.� 184.60 5.72 7.89 
·5.00 320000 l2 9.10 10.45 18.33 

.lC .;.so 22.527! 792.60 15.53 33.87 
•◄.00 16.0000 1215.10 18.05 51.92 
·3.50 11.3137 1◄95.90 12.00 63.92 
-3.00 8.0000 1755.10 11.10 75.02 
·2.50 � 1U2.50 7.9! 83.00 

?ttltit WI IJl-1 ·2.00 ◄.0000 2071.30 550 88.50 

C'umulor11c ftcoucncx 
-1.50 2.828' 2l5UO 3.77 92.27 
·l.00 2.0000 2218.30 2.51 94.71 

�L:::= 
-0.50 1.4142 2 256.30 1.62 96.41 
0.00 1.0000 22!VO 1.13 97.53 
0.50 0.7071 2301.20 0.79 98.33 
1.00 0.5000 2315.50 0.61 98.9◄ 
1.50 0.3538 2322.90 0.32 99.25 
2.00 0.2500 2327.<0 0.19 99.< 4  
2.5(1 0.1768 2330.40 0.13 99.57 
3.00 0.1250 2331.90 0.06 99.8' 
J.50 0.0864 2333.10 0.05 99.59 
4.00 0.0625 2:13◄.90 0.08 99.18 

� 0 •1.1 .,.j • t -2..C -IJ Ot .0 I t J TO!al w1lghl; 2340.40 g Pw•M•»f'lii 
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Sil.uw.1&L41• 
Siu dhtdbut1ou bi1fnacam 

rumuJaUlrc Crnrn,nrv 

:� 

..� 
..... u�,-..�r • u 

Cumul1Utc D:tqvcncr 

Unh'erslty of \\'111.kato 
ill,pld SecUmHll AD.alynr 

Opuatillc: 571tcra. Verdon 7.1 

Rcmlh summary 
T11tur1I 14H clHtN 
Gm•I• 7&.el"ic Sano- 24.08% Sill• 0.00% Clay. 0JX)% 

G<a,ol baamg do!"-al ,oc1.,,.,. 

Momtnt method ptramet•� (phi) 
MNna -1.73 Sorting.. 1.115 6tewneu=:. IUS kul1aela. 3.111 

Oraphlc1I method parameters (phi) 
MNn• -1.1, SMi1ga l.115 �..,.._ 0.0' Kur10lts: t.05 
Mecl•"- .1.11 C• -4,35 03S. -2.22 065- •1.32 
Textural dktriplion; 

Poorfysorted.�r.q,mmetriCM,Muokurtk 

Raw dat. summ■n 
Siu 

(ph\l 
-<4.50 
--4.IIO 

·3.50 
·3.00 

·2.50 
-2.00 
-1.50 
·1.00 
-0.50 
0.00 
0.50 
1.00 
1.50 
2.00 
2.50 
3.00 
3.50 
4.00 

Sin 

(mml 
22.627l 
16.0000 
11.3137 
0.0000 
5.85!9 
4.0000 
2.82M 
2.0000 
1.◄142 
1.0000 
0.7071 
0.5000 
ll.3536 
0.2500 
0.171111 
0.1250 
0.tlMA 
0.0625 

Totalwtighl,159.909 

Cumulatlv1 lnluul 
welghl fr1qu•ncy 
la) l"'l 

UO 0.11 
15.90 0.15 
57.90 4.31 

121.!0 15.M 
243.00 12.11 
•oo.,o 10.!11 
50<.<0 10.•9 
126.00 16,64 
822.40 10.CM 
195.20 7.5.! 
933.40 3.11.! 
946.20 1.33 
9l9.70 0� 
961.90 0.2:l 
953.50 0.17 
95<.90 0.15 
9�.oo 0.11 
157.10 0.11 

Cumulative 
fuquency 
,,,., 

0.71 
1.66 
6.03 
12.119 
�.40 
42.31 
68.80 
75.63 
85.68 
!1128 
97.24 
118.51 
98.94 
99.17 
99.33 
!l!UO 
99.51 
99,11 

Grainsize Data 

PARTICLE SIZE ANALYSIS 

Earth Sciences • University or Walk11to 
Sa!JwkLn b/8 

Sl:u: dhl[lbutlinJ bisi,u:cam B�ailh 1ni1maJDCX 
THhn.11 sin C!lllft 

:L 
Gralfll= 86.18%$and:=13.� $11:a 0.00,. Clay■ 0.00-. 

Grav-efbNringd1lrital Hdlmtnt 
Gra,ol 

llifoment IMthod putnwt.r, (ptii) 
Moan. -2.07 so,1;,,g. t.54 -- O.Jo.!! Kurto.&IP 3.87 

Quphlo,I me,thod param,le-t's {phi} 
Moan- -2.70 S0fli"9" 1.54 -· 0.05 Kur1� '-� 
l.&edian- -2.74 C. -5.Ba 035- -3.:12 065• •2.16 
Ttxturol dUCtlpllon: 

Poorly sorted, Nutsynvnetrteal, MHOkutflC 
/l'arlc'cb:� 

rua::rnlaii,·1: [nunann BQlr d11a s1,mm1n 
Siu Siu Cumul1tlvt lnttrv■I Cumulative 

llC 
weight 

{ehl} !mml !al 
-5.50 45.2548 89.20 
•5.00 32.0000 127.20 

·•.so 22621' 223.SO 
•◄.00 1MOOO ◄20.10 
-3.50 11.3137 843.30 
-3.00 1.0000 90◄.aO 
·2.50 5.5569 1181.10 

I I 4.1 I •l.0 .11 :t O lt U lJ U 
·2.00 4.0000 U58.40 
·1.50 2.82&1 166BO Pt'tilw:t{S:iJ 

Cumn(aLixc [CCQYCOCY 

. 
: 

� 
" 

' 

/
.._,.u 1--11 0 

Pl."611il1(plti: 
I U U 

Unlnnlry at Walkatn 
Rapid S<dimcnt Au.alyttt 

OpcraUn1 Syrtou Vcnlon 7.1 

•1.00 2.0000 1815.00 
-0.50 1.◄142 1920.◄0 
o.oo 1 .0000 1990.20 
0.50 0.7071 203UO 
1.00 0.5000 2080.◄0 
1.50 0.35311 2070.!0 
2.00 0.2500 2077.10 
2.50 0.17611 2081.20 
3 .00 0.1250 208◄.90 
3.50 0.oe.14 2087.80 
4.00 0.0625 2095.00 

Tolal weight• 2106.00 g .
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Si.milkL41b 

Sl;ze di&JcihuUon hllttwram Hcrull1 111mmarr 
Tplural 1tr:e CIHNI 

frequency 
1111 

◄,24 
t.llO 

459 
9.:!2 
10.60 
12.;2 
13.40 
12.88 
9.85 
7.08 
5.00 
3.31 
2.08 
1.� 
0.49 
0.30 
0.19 
0.18 
0.1◄ 
0.3◄ 

Gr-.nl- 83.tt% S&nda 13.88"4 SIi\. 0.0()% Clly• 0..00,,. 
Gmi1I bnnng ctotrit6I aedmenl 

Moment m•thocl param•I•• {phi) 

frequency 
!%l 

u• 
6.lM 
10.63 
19.95 
30.55 
◄2.98 
58.31 
89.25 
79.10 
86.18 
91.19 
i,1.50 
96.59 
91.13 
98.33 
91.83 
91.82 
99.00 
99.14 
99.◄8 

Mtan-·2.35130tln11- 1.62 Sl....,_1.13Kun...,• 6.19 

Cumul1thw Ctcvucocy 

C'umulutln foouenc:r 

� � 

:�
.. / 
: �t-U •�• ..... :'I> <O 

oraptll�I m1thod ptr1rn.t1,, (phi) 
U..n- -2.50 Scwtlnp: 1.73 SiaMwu= 0.25 Kurtosis: 1.-15 
Medlen- -2.90 C• -6.00 036• -3.08 065• -2.tK 
T•rt.iraldnafpdorr 

Pco.ty-. F�•-Lap<,ku1fo 

Hut dnte rnmrnan 
Siu 

!ehl} 
�-00 
-4.50 
-4.00 

-3.50 
-3.00 
-2.50 
•2.00 
-1.50 
-1.00 
-0.50 
o.oo 
0.50 
1.00 
1.50 
2.00 
2.50 
3.00 
3.50 
,oo 

Siu 

{mm) 
32.0000 
22.6274 
1MOOJ 
11.3131 
!.0000 
5.65811 
4.0000 
2.82M 
2.0000 
1.4142 
1.0000 
0.7071 
0.5000 
0.3538 
0.2500 
0.178a 
0.1250 
G.OOIM 
0.0625 

Tolalwal;jh1• IW.90g 

Cul'Rulllln 11,ternl 
weight fr1qu1ncy 
<a> ('1,) 

2$.00 1.� 
72.90 3.11 

201.!IO !.93 
331.50 9.45 
539.50 13.91 
7 6 5.50 15.� 
15e.20 13.20 
1105.!IO 10.31 
1213.60 7.45 
1277.80 U3 
1315.70 2.6' 
1332.10 t.14 
1340.20 0.96 
1351.0 0  0.12 
1370.20 0.8' 
1381.70 o.eo 
13!1◄.◄0 o.aa 

1404.20 0.158 
1414.10 0.119 

Cumul1lin 
tuquaney 
(Ill 
•-� 
5.05 
13.97 
23.43 
31.3< 

52.18 
M.18 
70.5< 
83.99 
!!.◄2 
91.08 
92.U 
93.17 
93.99 
94.13 
95.83 
!18.50 
97.1! 
97.87 

127 



Appendix II 

PARTICLE SIZE ANALYSIS 
Earth Sciences - University of Waikato 

Siie dl:stribntion hlstoocarn 

IL 
Cnmu11Uvt frcqnent:Y 

ll:::c. 
ttl:c{pt) 

R�;i�
e

s::,�t'\��:er 
Operating Syde:m V..-.don ?.1 

Results !UWWlt:tY 
Tutur:al 1in clun1 
Gnw<I= 88.97% Sano= 12.Z!'" Sin= 0.00% Clay- 0A'.l% 

GravtlbHring dGtrfltl.oo/rnitnl 
Gnrivel 

Moment met110<l 1>1rome1eri (phi) 
Muns •2.43 Sorting- 1.-'9 Sk.ltlmffia 0. 81 K�t:: 5.00 

Graphical m.thod paran-..tars (phi) 
M9!1• •2.51 Sorti'lg- U-0 Skewnes.s.= 0.01 Kurtosis=- 1.0S-
Mcdlan= -2.50 C= ·5.00 035- ·3.00 ll6o- ·2.00 
Textura.l description: 

Poorty .w-ted, Near symmetrical, M�sokunk:. 

Raw dutu summ\lCY 
Siu Sin Cumula.ttve Interval Cumulallvt 

weight frequency fr1qu1ncy 
(Ehl) (mm} {gl {%! {'l.l 

·5.00 32.0000 28.GO 3.25 326 
•450 22.6274 63.00 4.36 7.61 
-4.00 16.0000 lH.00 6.16 13.77 
•3.50 11.3137 186.10 8.71 22.◄9 
-3.00 8.0000 290.40 12.60 36.09 
-2.50 5.6569 413.50 14.&7 49.96 
-2.00 toooo 536.90 H.91 84.87 
·1.50 2.a:!84 6<11.60 12.84 77.51 
·1.00 2.0000 719.80 9.46 86.97 
-0.60 U142 767.30 5.74 92.71 
0.00 1.0000 788.00 2.50 95.22 
0.50 0.7071 791.40 Ml 95.63 
1.00 0.5000 795.40 0.46 96.11 
1.50 0.3535 800.40 0.60 95.71 
2.00 02500 805.40 0.60 97.32 
2.50 0.1766 810.40 0.60 97.92 
3.00 0.1250 8 15.10 0.57 98.49 
3.50 0.0684 818.00 0.35 98.84 
4.00 0.(1625 820.90 0.35 99.19 

Toca! weight= 827.!IO g 

PARTICLE SIZE ANALYSIS 
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5JunJikL 4/c 

Size dtdrlhuUon histogram 

!Ll'Ml"i:llliUif:N) 

Cumul@tiYe freguuu:v 

IC 
Cumulattrc frequency 

Ketn1.lts ,mmman 

Textural ,tu dt:Nn 
Gravel• 96.42% Sand. 3.18% Slit, 0.00% Clay,, 0.00% 

GrDV-Olbearingdtlrital>e<llmom 
Graw,1 

Moment method puame{ers (phi) 
Mean- ◄.00 Sorting- 1.28 Skownon- 2.10 Kurtotil= 10.37 

Graphical m11ho<I ptflffllllrl (phi) 
Me.an= -4.11 Sottln.g= 1.05 $kewnou: O.V Kurtosis• 1,33 
Me<l�n,, •-U3 C- ·5.SO 035• -4.5-4 085• -3.89 
Textural description: 

Poot1yl0r10<!,Ftn•-ltplokurt;,, 

Raw data !n.lIDmDty 
Slzt 6120 cumulallve Interval Cumu1auve 

weight frtqU1ncy frtqutncy 
lehll {mmj {gl {'ill !%l 

.5,50 45.2548 45.60 6.55 6.55 
-5.00 32.0000 107.40 8.81 15.37 
'4.50 22.6274 256.90 21.30 36.76 
-4.00 1MOOO 428.90 24.61 81.37 
-aso 11.3137 543.40 16,38 n.75 
-3.00 8.0000 599.90 8.08 85.83 
·2.50 5.65(!9 834.00 4.sll 90.71 
·2.00 4.0000 655.60 3.0S 93.80 
•t.50 2.8284 667.30 1.67 95.48 
·1.00 2.0000 673.90 0.9-4 96.42 
-0.50 1.4142 678.60 0.67 97.10 
0.00 1.0000 682.40 0.54 97.64 
0.60 0.7071 684.20 028 97.90 
t.00 0.5000 667.00 0.40 98.30 
1.50 0.3536 68UO 0-37 9U7 
2.00 02500 691.30 024 96.91 
2.50 0.1768 692.$0 0.21 99.13 

3.00 0.1250 694.30 021 99.:14 
3.50 0.0884 895.10 0.11 99.46 
4.00 0.0626 896.00 0.13 99.59 

Total-..iQht•698.SOg 

Grainsize Data 

PARTICLE SIZE ANALYSIS 
Earth Sciences - University of Waikato 

�4/d 

Size dlstrlbuliuo histogram 

"L 
11 

" 

' 

' 
.u .(.,) ,10 ��'°��

pt
J� tel lt U 

('umutntl,·s: Cn;nucmcy 

Cumulotirc: [CS:(IUC0ky 

Uulvcrsity of Waikato 
Rapid Sediment _.,.,u.aly,n­

Opcratlnc Systcru Vcr!lon 7.1 

RfA11ts summvcy 
Tutural ,a:a dun• 
Gnmi- 93.06% Sarr:!> 5.7◄% Slit= 0.001(, Cl<y,, 0.00% 

Gravel bearing detrltaJ sediment 
Gravel 

Momeni molho<l pmm,1m (Phi) 
Mea.n• ·"0 Sorting• 1.45 Skewnou,o, 1.87 Kurtwit• 8.36 

Graphical method par1moters (phi) 
MtM• 03.35 Sort!nQ- 1.30 Suwnts:t: 0.31 Kurtoilai=: 1.29 
Mecian. -3.51 c. -S.00 035. •3.90 065- •3.03 
Toxtura/ duc�UOrt: 

Poo<lysofted,Stronglyfineslcawed,leplokurtic 

Rllw data summ@rx 
Size Siu Cumulative Interval Cumulative 

weigh\ frequency frequency 
{Qhl) {mm) {g) [6k) {'l.l 

-5.00 32.0000 40.00 3.90 3.90 
�-50 22.8274 126.50 5.63 12.53 
·MO 15.0000 319.90 18.67 31.20 
.3.50 11.3137 517.00 1922 50.42 
•3.00 8.0000 875.80 15.49 65.91 
·2.50 5.6569 601.60 12.27 78.17 
-2.00 4.0000 863.30 7.97 86.14 
·1.50 2.8254 929.20 4.48 90.62 
·1.00 2.0000 954.40 2.46 93,08 
•0.50 1.4142 966.00 1.33 94.40 
0.00 1.0000 976.00 0.78 95.18 
0.50 0.7071 979.00 0.29 95.47 
1.00 0.5000 983.20 0.41 95.88 
1.50 0.3536 988.60 0.53 96.41 
2.00 0.2500 994.50 0.56 96.99 
2.50 0.1768 999.70 0.51 9H9 
3.00 0.1250 1005 .30 0.55 98.04 
3.50 0.0884 1009.40 0.40 98.44 
4.00 0.0625 1013.30 0.38 98,82 

Toltl weight= 1025.40 g 

PARTICLE SIZE ANALYSIS 
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liluwlli!L,4/f 

SUM didtibution hittoenm 

:ia 
:JIL 

Cum11latlvr fcenurncx 

"' 
C 
k 

n 

" 
" 
" 
., 
" 
" 
'++...,...,������ 

R«ultr ,nmmarr 

THIUrtl SIU Clalffl 

Gravol• 73.80% S<ndo 25.57% Sil• 0.OO'I Oay,, 000% 
Gravol ooaring dtlril� sodimvnt 

8ar<ly(lravel 

Morntnt m.ahod parameters {phi) 
Mo.an= •1.75 Sottlr.g= 1.32 Skewness• 0.74 Kurt01il• '4.40 

GniphieaJ melhod paramettm1 (phi} 
Mun-•1.llOSortlng- 1.28 -•0.00 Kurtoali• 1.01 
U..lan= -1.84 C= -<.00 03S= -2.35 065• ·1.32 
Textural deecrlptlon: 

PQOo1y totted, Neer synmetricJJ, MMOkurtic 

Bow dnta :mmnmry 
Siu Sitt Cum.ul•Uvt lntuval Cumul1;Uv1 

wolght frequency frequency 
!ehll {mm} !lll !%! {%) 
-4.00 16.0000 1a30 2.27 2.27 
•3.50 11.3137 45.20 5.44 7.71 
·3.00 8.0000 116.!IO 8.77 18.48 
·2.50 5.6569 179.30 14.11 30.58 
·2.00 4.0000 265.40 14.69 45.27 
•1.50 2.8284 350.60 14.57 59.83 
-1.00 2.0000 432.70 13.97 73.80 
·0.60 1.4142 495.90 10.78 84.56 
0.00 1.0000 538.20 7.21 91.80 
0.60 0.7071 555.50 2.95 94.75 
1.00 0.5000 565.40 1.69 96.44 
1.50 0.353B 589.90 o.n 97.20 
2.00 02500 573.20 0.56 97.77 
2.50 0.1758 576.20 0.51 98.28 
aoo 0.1250 578.90 0.46 98.74 
3.50 0.0811,1 580.70 0.31 99.04 
4.00 0.0825 582.60 0.32 99.37 

Tolal weight= 668,309 
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�#22/a 

Size db.;tclhutinn blstugrnm Rwmlt'- summary 

Grave:b 4!U.)9¾ Sands 56."8% Sill• O.� Clay- 0,00% 
Gravtl t4arlng dctntal sedment 

S,,,dyG,a� 

Moment methed pu1metera (phi) 
,, 

�� 

Mee.t1=, -0.BO Sorting,.: 1.11 Sk� 0,09 Kuti»it• l.26 
Graphic.al method parameter, (phi) 

:_," ., '· ;,. ",. , ifl.tf(j:t,i.' 

Mun• -0.eo Sortinl)= 1.11 SktWntss= -0.03 Kurtosis,;: 0.93 
Medan• •0.79 C• •3.37 D35• • I .25 066< ·O 33 
Textural OOicripUon 

Pooriy aortOO, Nw tymmetrictJ, MMokUt'tc 

Cnnwl-Otixt frequcnc:y 

·=lL
" . 
� 

� 
" 

4,) J ...,,) •irft1cMt1/A1"0 (, ,) 

Cumu1@fin; frt·uucncx 

Sin 

!Ehl) 
·3.50 
·3.00 
-2.50 
•2.00 
·1.50 
·1.00 
-0.50 
o.oo 

0.50 
1.00 
1.50 
2.00 
2.SO 
3.00 
3.SO 
4.00 

Raw daUI summary 
Siz, Cumulative lntorv1l Cumultlio 

weight frequtney frtqutncy 

(mm) Iii !"'l (%1 
11.3137 3.90 0.68 o.sa 

a.0000 IUO 1.58 2.17 
5.6669 41.30 1.00 6.17 
4.0000 99.60 e.n 14.81! 
2.8284 180.10 12.03 26.91 
2.0000 288.40 16.18 43.09 
1.4142 398.40 16.44 59 52 
1.0000 504.80 15.87 75.:lll 
0.7071 588.50 12.5<! 87.SJ 
0.5000 645.00 8.44 96.37 
0.3536 657.60 1.88 98.25 
0.2500 660.90 0.49 ea.1◄ 
0.1768 662.70 0.27 ll9.01 
0.1250 664.40 0.25 99.27 
0.0834 665.30 0.13 99.40 
0.0625 666.40 0.16 99.57 
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�22/c 

Sla:c dJstcibutlnn hhstnrram 

:i J
:� 

Cnmulntlvc r:tequcncy 

=lC 
" 
" 
., 
� 

" 

o • .u t h�uf�1o u � 

CumulaUve Cceatrnncy 

Results summMtY 
rextunll tlze maau 
Gra'191• 92 . .«r,. San:is 7.30% Slh2 0.00% Clay: 0.00% 

Otavolbetlringottrita\Hdimtnl 
Grawtl 

Uomonl mDlhod parameters (phi) 
M...,_•2.59Sorting- 1,12 Skewnessal.01 Kurtosb= 6.lS 

Qrophloll rnMh<>d Pll•molm (phi} 
Mean- ·2,(M Sorti,g:: 1,07 Skffl'lf»= 0.10 Kurt01i1• 1.11 
Medan: •2.69 C= ·4.IH 035- ·3.04 066- ·2.31 
To,dural deatrlption: 

Poorlyaort'4.fino-d,Ltpl0kunie 

Kaw datll summno 
Size Size Cumul1Un Interval Cumul•tive 

Wtlght froquenoy fr•quency 
!eh1l {mm} {gl !'4} (%} 

-4.50 22.6274 24.80 3.00 3.03 
-4.00 16.0000 61.10 '-51 7.59 
·3.50 11.:1137 166.40 11.84 1U2 
·3.00 8.0000 292.50 le.90 36.33 
-2.50 5.6569 472.70 22.36 58.71 
-2.00 4.0000 604.50 16.37 75.07 
•1.50 2.8284 689.50 10.56 85.83 
·1.00 2.0000 744.50 6.83 92.46 
-0.50 1.4142 774.S0 3.76 96.22 
0.00 1.0000 788.60 1.71 97,9-< 
0.50 0.7071 792.80 0.52 98.46 
1.00 0.5000 795.40 0.32 9,1,78 
1.50 0.3536 797.00 0.20 98.98 
2.00 0,2500 796.$0 0.19 99.17 
2.50 0.1768 800.10 0.20 99.37 
3.00 0.1250 801.60 0.19 99.55 
3.50 0.0884 &02.50 0.11 9U6 
4.00 0.062!; 803.30 0.10 99.76 

Total weigh!= 805.20 o 

Grainsize Data 
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Sinu!k.LJl22/t, 

Site dldrlbuUoa historram 

:w1L 
Pllf:�talJtj 

CumulaUn: fttQUCDH 

�L " 
� 
" 

e J ◄.c .q ., 
�l!fl:p-,') 

C'umulMlire treanencv 

"/ 
" 
II 

" 

H.esnlU mmrnoq 
Tuhnal lilt cl&H-M 
Grava!= 72.43% Sano- 27.18% Sttt: 0.00% C14-r- 0-00% 

Gt�bodmgdolrilal�moot 
s..,<tyG_, 

Moment m<tthod puamatan (phij 
MHn= .,.n SOrttnoa 1.30 Skt'ftTIN&= o:zs Kll10tla: 3.15 

Oraphlctl mtthod porammrs (plil} 
Mean• •1.7B Sortitg. 1..'.!1 Sk� 0.03 K�si&- O.S5 
Medan= •1.80 C• -4,49 D35= *2,34 065,:: ·1.27 
Tutural d•&erlption; 

P0arly1orted,H6u0Jfflm&lriell.Muokurtle 

Kaw det..a ,ommarv 
Siu Siu Cumulative lnter'lal Cumulative 

Wtlghl frtquency frtqutncy 
Jehl) {mm} !91 !'41 !%) 

-4.50 22.6274 5.10 0.96 0.96 
-4.00 18.0000 21.10 2.36 3.32 
·3.50 11.:1137 56.60 5.56 8.90 
-3.00 8.0000 1 1 4.30 9.07 17.97 
·2.50 5.6569 193.80 12.50 30.H 
•2.00 4.0000 252.70 13.98 «.44 
·1.liO 2.825' 373.10 14.21 68.65 
·1.00 2.0000 450.70 13.77 72.43 

-0.50 1.4142 527.50 10.52 82.9-1 
0.00 1.0000 575.70 6.03 90.98 
0.50 0.7071 610.20 4.95 95.93 
1.00 0.5000 525.50 2.42 9.1.35 
1.50 0.3536 528.50 0.50 911.85 

2.00 0.2500 630.00 0.19 99.114 
2.50 0.1768 831.10 0.17 99.21 
3.00 0.1250 532.30 0.19 99.40 
3.50 0.065' 533.10 0.13 99.53 
4.00 0,0625 633.50 o.oa 99.&1 

Total we�ht = 636.10 g 
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Slt1111!.ll:Ut22/d 

� 

:i rlfil
:MWL 

Remit, fflmma.rr 
Tutural di■ clHHI 
Gravtt:a 78.36% S4J"lds 21.18% Slit• 0.00% Clay= 0.00% 

GravM bHMjj detrl1M sedmont 
SM<lyClJovol 

Uomtnl method param■t■r. fphJ) 
MHn• •1.90 Scll"in� 1.23 Sktwf'lflt!I 0.61 Kurto&iP 3.93 

Graphlc:tl mtthod .,., • .,.,.,. (phi) 
uesn. ·1.93 Sartfng: 1.24 SkewnMS= 0.15 KLStosls. 1.01 
Mecfan= -2.04 C2 •'4.38 035: -2.46 055: -1.56 
Toxtural do&criptkm; 

Poof}ysorted, Fine skewed. Me-,oku'tlc 

C'umulative Wuem;v 

LC 
C'umulullve Ccemumev 

Unh••r•ltr ot Walkalu 
Rapid Scdi1ncnt Analyser 

Opera.tine System Version 7.1 

Bal£ :daia illIDIJlaO: 
Size Size CumulltlVO lnlerval 

weigh! frequency 
(2hl! {mm) {g) (%) 

·4.50 22.6274 4.70 o.s. 
-4.00 16.0000 19.90 1.82 
-3.50 11.3137 60.40 4.5' 
·3.00 8.0000 157.90 11.64 
•2.SO 5.8589 281.60 14.77 
•2.00 4.0000 431.60 17,91 
·1,50 2,825' 658.60 15.17 
·1.00 2.0000 656.20 11.86 
·0.50 1 .4142 719.00 7.50 
0.00 1.0000 772.20 6.35 
0.50 0.7071 809.30 4.43 

1.00 0.5000 823.30 1.57 
1.50 0.3536 826.20 0.35 
2.00 0.2500 826.30 0.25 
2.50 0.1768 829.70 0.17 
3.00 0.1250 831.20 0.18 
3.50 0.0854 832.10 0.11 
4.00 0.0625 833,60 0.18 

Total we;oht • 1137.40 g 

cumulatiYe 
frequtncy 
{%) 

0.56 
2.36 
7.21 
16.88 
33.63 
51.54 
86.71 
78.36 
85.lll! 
92.21 
!16.64 
95.32 
98.66 
98.91 
99.08 
99.26 
99.37 
99.55 
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Sam.lll.c:..lr'l:2/e 

Str.c di,tribution hblogcam 

:1 nllL
:!IL 

fll'ti:::ltltn!_:h') 

Cumuhllive [reQtleJKY 

Ill.Lb, 
Cumnlatixc Ccrmmm:r 

Unlvcnlty ar Waikato 
Rnpkl Scdlnumt �nalyi.er 

Opcrnlinz: Systt:m Version 7.1 

Results snmm10 

ltxturtl IIH dUHI 
Gravel= 91.37%.S!rd= 8.21% Silt• o.� Cky- 0,00"!. 

G!lMII t»aring dtlrital sitdlment 
Grave! 

J.lon-..nl melhod p.arameter.t {phi) 
MQtn• ·2.10 Sorting. U! Skewness.a 0.82 Kurtotis:: .t.52 

Gtt.phica! m•thod parametttt (phi} 
-."iun=-2.76Sortlog: 1.16�0.15 1<.urtocis- 1.09 
Mo<liar,. •2.al C- -4.92 � -,3.21$ ™= •.2,37 
Toxturald.e,cripliori: 

Pootly,ortod,-"""8d,Mesolrurtlc 

8Kl! dill &UWDJIO'. 

(phi} 
-5.00 
.,.so 
-4.00 
-3.50 
•3,00 
·2.50 
•2.00 
·1.50 
·1.00 
-0.50 
0.00 
0.50 
1.00 
1.50 
2.00 
2.50 
3.00 
3.50 
4.00 

Siu 

(mm) 
32.0000 
22.6274 
16.0000 
lt.3137 
8.0000 
5.6.169 
l.0000 
2.8284 
2.0000 
1.41'2 
1.0000 
0.7071 
0.500) 
0.3536 
0.2500 
0.1768 
0.1250 

O.oea4 
0.0025 

Tolal welgh1 • 1426.90 g 

Cumul1tlv1 lnt1rv.al 
weight frequtncy 
(9) ('f,) 

7.50 0.53 
47.50 2.llO 

181.20 7.97 
375.�0 15.05 
629.50 17.77 
872.00 16.99 
1090.70 15.33 
122◄.70 9.39 
1303.80 5.54 
1350.20 3.25 
1386.lO 2.54 
1406.20 1.39 
1413.10 Q.48 
1415.10 0.14 

1416.40 0.09 
1417.60 0.08 
1'18.PO 0.09 
1419.80 0.06 
1420.90 0.06 

Cumulative 
frequency 
('JI) 

0.53 
3.33 
11.30 
28.3,( 
44.12 
81.11 
76..C 
85.83 
91.37 
94.62 
Q7.16 
98.55 
99.03 
99.17 
99.26 
99.35 
99.4' 
89.50 
99.68 

PARTICLE SIZE ANALYSIS 
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�4a/a 

Size dlstrlbntlon histogram Result, wummary 
Tnturtl tin ctanu 
Grawl, 40.m, $an<'- 58.◄2% 511• -0.00% CIIIY• 0.!)0% 

Gravt!bo>r1'\ldGtrilals&drnont 
Sw><ifGral'li 

llomtnl mathod parameters (phi) 
MMn- •0.66 Sortkl;• 1.tS Ske-wnt,._ 0.-48 KurtOlts- 3.ST 

Grophlcal Mtthod patamoltr• (phi) 
Mean: •0.69 SortlrO• 1.13 S!<bw..- 0.08 �urtoo/ta 1.01 
,-.,. -0.73 C- •2,97 035- •1.17 D66- -0.26 
Textural dncrlptlon: 

Poorly aorted, Nur aymrn.Ulcal, Meaokurdc 

Cumuletive frequency B•w d11U. 1t11m111no· 
Siu Siu Cumulatlv■ lnt■rval Cumulallvt 

weight fre.(luency frequency 
fehl) ,mm} (g) {'4) ('f,) 

•3.00 8 0000  3.30 0.83 0.83 
·2.50 5.6569 1UO 2.88 3.71 
·2.00 4.0000 42.80 7.01 10.72 
-1.50 2.8284 92.70 12.50 23.22 
•1.00 2.0000 163.50 17.74 40.96 
--0.50 1.4142 229.60 16.56 57.52 
0.00 1.0000 291.40 15.4.1 73.00 
0.50 0.7071 339.70 12.10 65.10 
1.00 0.5000 370.80 7.79 92.89 

Cumulvtire froouencr 
1.50 0.3536 382.30 2.8ll ss.n 

2.00 0.2500 389.60 1.83 97.60 
2.50 0.1788 392.50 0.73 93.32 
3.00 0.1250 39U0 0.6:l 98.85 
3.50 0.088-1 395.60 0.25 99.10 
4.00 0.0625 396.70 0.28 9U7 

Total weight• 399.20 g 

Grainsize Data 

PARTICLE SIZE ANALYSIS 
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�4122/f 

Size dltlrihntlnn bisloecum 

trl 
:L 

CnmnfatJvc frooucnn 

Cumulstirt frequency 

\Jnlvusltv ot\Yalkato 
Rxpld Scd{mcnt An.aQ'ff:r 

Oprnatl.nJ: S1stcm. Version 7.1 

Rnn!tt summnr-y 
Tutural tin cluu:• 
GravG}a 55.18% Sand. "4.01% s111. 0.1)0� Clay• 0.00% 

Gravelbearingdetrfta!ndlment 
S&n<lyO,,.vtl 

Moment m1lhod p.artmtt.rs {phi) 
Mun= •U7 Sortino=: 1.26 �• 0.35 Kurtolia,. 3...58 

GrlJ)hlCtl molhOd pmme!m (phi) 
Munos 01.20 Soct!ngs 1.2(1 Skewnen= •0.01 Kur1csis: 0-96 
l.!edlan: •1.17 C. ·3.80 005• ·1.89 005• ·0.67 
Tenur.11 detef/plion: 

PO()ffy torlcd, Nur syrnmttricAI. Mi»Okurtie 

Ba� data immmar:, 

Siu Siu Cumulttlvt lnlarvll CumulaUve 
wolgh! fr1qu1ncy frtqutncy 

{ehl) (mm) (g] (%} f'!.] 
•3,50 11. 3137 10.10 2.48 2.48 
-3.00 8.0000 29.00 4 . 65 7.13 
·2.50 5.656D 6:l.00 6.56 1s.es 
-2.00 4.0000 106.50 10.99 26.88 
•I.SO 2.8284 163.90 13.62 40,30 
·1. 00 2.0000 224.40 1488 �.18 
--0.50 1-4142 26-1.90 1488 10.05 

0.00 1.0000 33a.40 13.15 83.21 
0.50 0.7071 371,90 8.24 91.44 
1.00 0.5000 389.80 4.40 95.84 
1.50 0.3536 39UO 1.25 97.10 
2.00 0.2500 397.50 0.64 97.74 
2.50 0.1788 39UO 044 98.18 
3.00 0.1250 401.10 0.44 98.82 
3.50 0.08!4 402.00 0.22 98.84 
4.00 0.0625 403.40 0,34 99.19 

To1!1weighl•406.70 g 

PARTICLE SIZE ANALYSIS 

Earth Sciences • University of Waikato 

SJiJnillc:_34n/b 

Size distribution histogram 

Cnrnulalhe ITTuueocv 

Cnmulatixt [r(!(]UUDCY 

't:ntven.Jcy or Waikato 
R.aptd Scdlm.ecnt A.n.alynr 

Opcratlna .Sytteru Version 7.1 

Rvultx summary 

T,rlur1l •b.• cfatffl 
Graval• 67.91% Sarul- 41.47'4 Sit• O.oo'JI Clay: 0.00% 

GraYGI bnmg detrilal Hdmenl 
sardiOrewl 

ltlomonl nalhod poramtltro (phi) 
- •1.17 Sorting: 1.16 Sl<own'"• 0.52 Kurtosis• 3.81 

Qraphleal method pararnelt.rs (phi} 
"™"" -1.20 Sorting- us S!<ewn, ... om Kunoei.. o.oo 
Median: -1.23 C. -3.45 035,, •1,69 06S- -0.76 
Tru.turtldHCrip(ion: 

Poorly t.Orted, Nearaymmaltieal, Maaokurtk 

Bnw d11t1 :tumman: 
Siu Sin Cumulative Interval Cumul11!ve 

welgh1 frequency frequency 
(�hi] {mm) !sl f%l !'4l 

·3.5-0 11.3137 3.60 0.75 0.75 
·3.00 8.00(X) 17.60 2.91) 3.71 
·2.50 5.6569 58.30 U3 12.14 
-2.00 4.00(X) 121.40 13.13 25.27 
·1.5-0 2.6284 196.70 15.67 40.95 
-1.00 2.00(X) 278.20 tti.97 57.91 
-0.SO U1'2 348.60 14.65 72.56 
0.00 1.00(X) 406.10 11.97 84.53 
0.50 0.7071 444.30 7.95 92.49 
1.00 05000 463.00 3.69 96.38 
I.SO 0.3535 469.30 1.31 97.69 
2.00 0.2500 472.80 0.69 gs.:ia 

2.50 0.17611 474.00 0.29 98.67 
3.00 0.1250 '75.00 0.21 98.88 
3.50 0.0884 47620 0.25 99.13 
4.00 0.0625 477.40 0.25 99.38 

TOia! weight= 480.40 9 
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Sa!npk._3411/c 

SJ:« rli'>tribulion hlstogam 

:L 
" 

: <t �o l .o, J 10 0 0 U 
l't."'Xi:�i,pi/! 

f'umul1the freuuens:v 

UniTcrsitv of Waikato 
Rapid Sediment Analyser 

Opna.tinJ Systuu Vtrsiou 7.1 

RuuHs snmnrnu 
Textural •b:• cl■-HI 

Gmvtl bff.rlng detrltal atd1mon1 
SandyGrnv&I 

Momont method per.m•ton (pt,i) 
1.-iean. •1.75 Sorting. U4 Sir.ewne� 0.83 Kurtoatt• 4.00 

Graphical n'Mtthod param.lars (phi} 
Men.- -1:ra Sorh·ng- 1.11 Sk9Wf'l6$)s 0.13 Kurtotit= t.00 
M!diM• ·LM C• -3.91 035• ·2.27 066• ·1.« 
Toxtural dMcr�tioo: 

Poorly sorted, Fioe lkowed, Me&nlcurtlo 

IM1'.'. dWM IUDUllllCY 
Sin Siu Cumvlatlva lnt•rv1I 

weight lrtquency 
{phil {mm) {9) {%) 

-4.00 16.0000 2.30 o.�1 
-3.50 11.3137 22.00 3.48 
-3.00 8.0000 66.00 7.93 
·2.50 5.6568 150.10 14.69 

•2.00 4.0000 255.40 18.59 
·1.50 2.82M 358.30 18.17 
·1.00 2.0000 436,60 13.82 
--0.50 1.4142 490.60 9.53 
0.00 1.0000 528.60 6.71 
0.SO 0.7071 546.50 3.16 
1.00 0.5000 555.60 1.61 
1.50 0.3536 558.30 0.48 
2.00 0.2500 559.70 0.25 
2.50 0.1768 560.70 0.18 
3.00 0.1250 562.10 0.25 
3.50 0.08M 583.50 0.25 
4.00 0.0525 564.50 0.18 

Total weight= 56640 g 

Curaulatlvo 
frequ•ney 
{llol 

0.41 
3.88 

11.81 
25.50 
45.09 
63.26 
77.08 
66.62 
93.33 
96.49 
98.09 
98.57 
95.82 
98.99 
99.24 
99.49 
99.66 

PARTICLE SIZE ANALYSIS 
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SamJiW_34a/c 

Slzt dldributlon hlstornam 

H� 
"� : , .... � ... �f" ., 

Cumnhdlv, tommmcx 

Ill I,"' 

Cumnlatixe freuu,:ncx 

Rwlu summao 

Textufll ,tu ClllMI 
Grovel- 114.22% Sand- 15.2"' SIi\. 0.00"4 Clay,, 0.00% 

Gravtlb&aringde,tril.tliedlment 
Gravel 

Moment method parameteu {phi) 
Mean: ·2.15 Sol1fno-,: 1.18 Sktwnet5: 0.86 KurtoilP 4.48 

Gn,ptllcel IMl!tod Pl'"llllllll'I (phi) 
Mtan• •2.20 Sorting,, 1.16 Skewness- 0.21 KUI\Olls- 1.14 
Mtdlan= •2,33 C= -t.-43 035= •2.71 065= •1.90 
Taxrural daeafpUon: 

Poorl(&0<1td,F'ma1-Lep10k\Jrlio 

Kut data :mmmnry 

Sin Sin cumulatlvo Interval Cumulatlva 
wolght frequency frequency 

{ehll {mm! {g} {%} I'll} 
-4.5-0 22.6Z74 5.30 0.64 0.6-1 
-4.00 18.0000 25.70 2.48 3.12 
-3.SO 11.3137 71.00 5.61 8.73 
•3.00 8.0000 190.60 14.41 23.14 
·2.50 5.6569 357.90 20.31 43.46 
•2.00 4.0000 512.50 18.77 62.23 
•1.50 WM 624.10 13.55 75.78 
·1.00 2.0000 693.60 8.44 114.22 
--0.SO 1.4U2 741.00 5.78 89.97 
0.00 1.0000 m.eo 4.44 9-1..41 
0.50 0.7071 796.40 2.28 98.70 
1.00 0.5000 809.00 1.53 98.23 
1.50 0.3536 813.60 0.513 98.79 
2.00 0.2500 815.40 0.22 99.00 
2.50 0.1768 816.70 0.16 99.16 
3.00 0.1250 817.90 0.15 99.31 
3.5() 0.088'1 818.60 0.08 99.39 
4.00 0.0625 819.40 0.10 99.49 

Total ,,...�hi• 823.60 g 

Grainsize Data 

PARTICLE SIZE ANALYSIS 
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�3411/d 

SJ?t diddbut!on hhfm'tnm Kcsult1 ,nmman 

Tuturat alN clattM 
Gravel• 64.70-:,, Sarni- 3.U3% sat. 0.00,, Clay,, O.lll% 

Grawlbaamgd&trit1J� 

&ro,,G,..,.; 
McuMnt nwthod pttamttus (phi} 
Moan• •1.33 S<lrttr.o= 1.1◄ Skfwnus-.. OAfi Kurtt,1Ja- 3ZI 

Ort1phlcal method pertmctcr, (phi) 
Mun .. •1.34 S<lrtlng. 1.15 Skewnns- 0.15 Kurtosis- 0.9' 
Mo<fan= -1.'5 C= -3.SO 035• ·1.67 OSS. -0.99 
Tu.lurtl descrlpdon· 

Poorty,ortod,flne1ktwt,1J.Mesoktr.1c 

Kaw data &ummat.r 
Size Sin Cumulative Interval 

llC ./
0 -4J -U ��� 10 U 

{ehl} 
·3.50 
·3.00 
-2.50 
•2,00 
-1.50 
.,.oo 
.o.so 

o.oo 
0.50 

{mm} 
11.3137 
8.0000 

5.6569 
4.0000 

2.828'1 
2.0000 
1.-4142 
1.0000 
0.7071 

Wtlghl fr•quency 
{g) {%1 

5.6-0 0.99 
27.40 3.85 
85.90 10.32 

172.10 15.21 
274.30 18.03 
366.70 1630 
432.60 1163 
48B.00 9.77 
529.40 7.:1() 

Cumulative fccauc:nc:v 
1.00 0.5000 551.10 3.83 
1.50 0.3536 568.60 1,32 
2.00 0.2500 561.30 0.48 
2.50 0.1768 562.60 0.23 
3.00 0.126-0 563.30 0.12 
3.50 0.088-I 563.90 0.11 
4.00 0.0625 564.40 0.09 

Tolli weight• 566.80 g 

Onlvenit,- oC Waikato 
Rapid s,dlmcnt Analyser 

Opcnitlnc Sp,tcm V crdou 7 .l 

PARTICLE SIZE ANALYSIS 

Earth Sciences • University or Waikato 
Sanulll:;_34.Jf 

Siz.c dhfrihutlou hlstorrnm 

::1 nffih 
:aL Pwkt¥ltlptj 

Cun1011tlve f@uenn 

Rcsu1b snmmMU 
Textural tiff ol&HH 
Greve;. 51.58% s.nc;. 47.78% SITT= 0.00% Clay, 0.00% 

Gravel bearing detritaJ sediment 
SandyOravtl 

Moment method pararutor1 (phi) 
Mun- •1.02 Sorting. 1.19 Skewnan- 0.2.2 KurtO&la- 3.14 

Graphical m.thod param111ar1 {phi) 
MNn••1.0:lScrting-1.21 Sk.�0.02Kurtotll=O.OO 
Median •• 1,05 c. -a.is 035• -1.s:i oes. -o.s3 
Tulural�tion; 

Poort-1 S<111Gd. Noar •vmm•tneal, Mesoktu1c 

Rm datn ,mmman 

Cumulative 
frequency 
{%1 

0.99 
4.113 
15.16 
30.36 
48.39 
64.70 
76.32 
86.10 
93.,o 
97.23 
98.55 
99.n 
99.26 
99.31 
99.◄9 
99.58 

Siu Siu Cumulatlva lnt•rval Cumulatlv1 

:lL 
" " 
� 

� 
a 
11 

-, f •U ..?.J ·f�
dt

�J;, u .u u 

Cumulnfire CruuufflCY 

{ehl} !mm) 
-3.50 11.3137 
•3.00 6.0000 
·2.SO 5.6569 
-2.00 4.0000 

-1.SO 2.828-1 
•1.00 2.0000 
.0.50 1.4142 
0.00 1.0000 
0.50 0.71l71 
1.00 05000 
1.50 0.3536 
2.00 0.2500 
2.50 0.1768 
3.00 0.1250 
3.50 0.068-1 
4.00 0.0625 

TO!al weight• 568.10 g 

weight fr•quency lrequenoy 
{g} {%) {%) 

5.30 0.93 0.93 
2�.20 3.33 4.26 
EI0.70 6.42 10.61 

126.90 11.85 22.34 
204.20 13.61 35.94 
293.00 15.63 51.54 
37UO IU2 65.99 
448.70 12.ll'I 76.96 
509.20 10.65 69.63 
5,18.30 6.53 98.16 
556.20 1.7◄ 97.91 
559.40 0.56 96.47 
560.80 0.25 93.72 
562.20 0.25 9U5 
563.30 0.19 !Ml.16 
564.30 0.18 99.33 
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Sitt: distdhunon hiJtorram 

CumulvHre Creouencx 

HtFttltl snmmarv 
Tuturtl tlz.o crau" 
Gravel• 2¢.08"1. Sand. n.19'% Sit• o.00% aay. o.00'¾ 

Oravel be.vilg detrftal sedfflartt 
Gnwel),Satld 

Womtnl !MlhO<I param<tera (phi) 
Moan= ·003 $1)rtr)Q.: 1,17 SkiWf'l)Ut.a 0.37 Kurtoeb:i:- 3.50 

Grtphletl mtthOd Plfl.melttl (phi) 
Meoo- •0.05 Sortr,g,, 1.25 5'<owno"• 0.08 Kum,,i,.. 1.16 
Median: �-00 C: •2.61 035=- •0.Ai 05:5::: 0 45 
Texlural dncript!on: 

Poorly $0110(!, NNr .symmetra.l, lt()tokurtio: 

Raw data snmmory 

Sitt Size Cumul.a.Uu Interval Cumulallve 
night fnqu•ncy frequency 

i2hlj (mm) !Rl (%) !':<.l 
·3.00 8.0000 O.llO 0.27 0.27 
·2.50 S.6569 4.00 0.93 1.20 
-2.00 4,0000 12.ao 2.llJ 3.83 
•150 21l28-l 31.80 5.68 9.50 
·1.00 2.0000 67.20 10.58 20.00 
•0,50 1.-4142 115.80 14.52 34.61 
0.00 1 .0000 170.90 16.47 51.0$ 
0.50 0.7071 223.20 15.63 136.71 
1.00 0.5000 277.00 16.08 62,79 
1.50 0.3$36 300.00 6.87 89.68 
2.00 0.2500 310.llO 3.26 92i2 

ik:: 
2.50 0.1768 317.00 1.82 9U4 
3.00 0.1250 321.80 1.37 96.11 
3.50 0,0884 324.80 0.96 97.07 
4.00 0.0625 327.50 0.81 97.aa 

r01,1 weight • '™·80 g 

PARTICLE SIZE ANALYSIS 
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Size distribution hlslnarnm 

Limn 
:� 

Cumulo.tlve rrcqucnsx 

;lL I . .....� ..
Cnmulnttvc Crconenrr 

Unhcnitv of Waikato 
Rupld Scd£mmt AcalyKr 

Opc:raHng Sy.rtem Vcrlion 7.1 

Bg.ult.s :mmmnry 
Tuturtl •lit ctuua 
Gr1rtab. 27.01% $.an(J: 70.\M% $lb 0.00% 01.y• 0.00% 

Grav.I bearing dttrltal ,eotment 
Gravel� Sand 

Moment method parameters (phl) 
Mean- -0.24 Sorting- 1.13 Skewn&N- 0.6ll Kurtoall• 3.79 

Graphical malhod puemetera (phi) 
MHn= -0.211 SOrllng: 1.20 -- 0.14 Kuno,Js: 1.04 
Modlo,,_ ·0.30 C• -2.44 036- --0.76 ll65a 0.20 
rexlural�criptlon: 

Poo� acxted. Fi"e ekewed, Meaokurtk:. 

Ba:u: dola {iUQlml[).'. 
Size Siu Cumulaliv• Interval Cumulatlvt 

Vltlght frtqu1ncy frequency 
!2hlj (mm) (gl !%) !'-l 
•3.00 8.0000 0.20 0.09 0.09 
·2.50 5.6569 1.40 0.58 0.65 
-2.00 4.0000 7.40 2,79 3.46 
-1.50 2.8284 28.10 U1 12.16 
-1.00 2.0000 58.00 U.86 27.01 
--0.50 1.4142 93.10 16.35 43.Sll 
0.00 1.0000 128.30 18.39 59.76 
0.50 0.7071 157.10 13.41 73.17 
1.00 0.&XXJ 186.30 13.60 86.n 

1.50 0.3536 198.90 5.87 92.6-1 
2.00 0.2500 202.90 1,86 94.50 
2.50 0.1768 205.10 1.02 95.53 
3.00 0.1250 207,30 1.02 96.55 
3.50 0.OM4 208,30 0.70 97.25 
4.00 0.0625 210,30 0.70 97.95 

Grainsize Data 
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Sizt dhtdhutlon hislogNm 

:i lfhn 
:Ullh, 

Curnuh1Ure froouency 

Cumulnttxc Cttoucnu 

Remits summary 

Tutln'II 1-LH clulff 
Greve!= 46.15% Sano= 50.49¾ Silt: O oo,. Clay. o.oo-. 

Gra\/0! boertng dttrltal Udmenl: 
San<1yG­

fiomtnl rr-.thod pu1metu1 (ph() 
MHtl .. •0.78 Sortino- 1.21 Sk.DW� 0.71 K!.W10SlS:= :ua 

Gr1phlc.al m.thOd part.meter, (p�) 
Mean:: ·061 Sorttrv;;:: 1.21 Skewness: 0.19 Kurtosis,,: O.st 
Modiano •0.9-< C• ·3.02 035• •1.37 O.Sz -0.39 
Te¥Wral daacriplion: 

PoodylOrted.F"inoak.ewod,MffO!urie 

Raw data summary 

Siu Size Cumul1tlve Interval Cumulatlvo 
weight frequency frequency 

(ehlj fmm} !il (%) ('/.J 
.3,50 11.3137 0.80 0.20 0.20 
-3.00 8.CXXJO 4.20 0.84 1.1)4 
·2.50 5.6:e9 19.llO 3.llO 4.8-4 
-2.00 4.CXXJO 57.90 9.46 14,30 
•1.50 2.6:ro,4 122.50 15.116 30.27 
-1.00 2.CXXJO 195.00 17.88 48.15 
--0.50 1.4142 253.40 14.42 62.57 
o.oo 1.CXXJO 299.00 11.211 73.U 
0.50 0.71)71 343"90 11.09 84.91 
1.00 o..5000 374.00 7.43 92.35 
1.50 0.3536 3$4.50 2.59 904 
2.00 0.2500 389.40 1.21 96.15 
2.50 0.1766 392.40 0.74 9U9 
3.00 0.1250 39◄.80 0,59 97.48 
3.50 0.0864 397.10 0.57 98,05 
4.00 0.0625 399.50 0.59 98.64 

Total weigh!• 405.00 g 

132 




