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‘Ka riro au i te tonga! Haria mai he ahi moku!”

("I am borne away in the cold south wind - I perish from the cold!
Send fire to warm me!”)

According to Maori legend this was the prayer offered up by Ngatoro-i-
rangi, a sacred Araki (high priest), after he was caught in a snow storm
on the peak of one of the mountains of the central North Island. His
sisters in Hawaiki heard his prayer and sent fire demons via White
Island, Rotorua and Taupo to the mountain top where he stood. Ngatoro-
i-rangi was so grateful for the fire that issued from the mountian top
and saved his life that he threw a slave into the fire. The slave's name
was Auruhoe and thereafter the mountain was called Ngauruhoe.

Fairy folk Tales of the Maori, James Cowan, Whitcombe and Tombs Ltd, 1925.
Sourced: New Zealand Electronic Text Centre
http://www.nzetc.org/tm/scholarly/tei-CowFair-t1-body-d1-d1.html

Western flnks f Mout gauruhoe. 1Iavaf|0wsarethe
dark flow deposits (Hobden, 1997).






Abstract

The rheology and emplacement dynamics of basaltialayolitic lava flows have

been studied extensively, leading to the developrmenumerous rheological and
flow behaviour models; however, the flow dynamick more intermediate

composition lavas, particularly those emplaced a@atively steep slopes, is less
well-constrained. The 1954-55 eruption of Mount Ng#oe, a young, composite
cone of the Tongariro Volcanic Centre, generatedeast 11, well-preserved,
spatter-fed, basaltic andesite a’a lavas on thepsteorth-west flanks of the cone.
The rheological properties and flow dynamics ofsthéavas are quantified by
incorporating morphological, petrographic and gemaital data collected from
these flow deposits into a range of existing nuoarimodels, and the results

compared with documented eye-witness accounts.

The lava flow deposits are typically long, narraliscrete units characterised by
comparable morphological traits on the steep slajfethe cone and varying in
dimension, morphology and flow surface featurest@nshallower slopes. Flow
surfaces are typically autobrecciated and displdgrge-scale, lateral trend in
clast size and morphology across flow widths. Th8541 lavas are
petrographically and geochemically homogenous withh apparent trends
associated with successively emplaced lava flowe fheological properties of
the lavas at the time of initial flow advance ateerefore assumed to be
comparable for each flow. Lava viscosity was estédat 16 to 10' Pa s for the
temperature range 1150 to 960 Yield strength was difficult to quantify but is
assumed in this study to be relatively low (~ 25. Rzalculated flow velocity,
effusion rate and emplacement duration are not -eaiktrained against
documented eye-witness accounts. Mean flow veld€it93 to 0.04 mY was
estimated from eye-witness reports, and used termate flow emplacement
durations between ~ 2 to 48 hours, comparable dottumented duration times.
Effusion rates could not be definitively quantifiedt flow deposit morphology
and documented accounts indicate that intermitgpigtodes of high effusion rates

over a short duration were associated with the acgphent of the 1954 lavas.

Three major controls on the emplacement of the 18%4 flows have been

identified. Effusion rate and duration was the @iiyncontrol on the development
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of single unit lava flows, flow channel drainage steep slopes and in limiting
run-out distances from the vent. Low initial vistp®nd yield strength promoted
high flow velocities on steep slopes and low swefaooling rates. Relatively
short flow emplacement duration times precludedigant downflow viscosity

and yield strength increases. Slope gradient gooigi@aphic obstacles were major
controls on flow emplacement processes. Slope gnadias the dominant control
on flow velocity, flow width and depth and surfaeaitobrecciation, while

morphology, flow path direction and surface foldiwgre constrained by local

slope gradient variations and/or topographic olbassac
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CHAPTER 1

Introduction

1.1 INTRODUCTION

Lava flows are outpourings of hot, molten rock teaterge from vents or fissures
and spread longitudinally across the ground surfhe@a flows rarely pose a
direct threat to human life because they advanceelatively slow speeds,
enabling people to easily escape harm (Petersoidimd), 2000); although 200
hundred lives were lost during two recent (1977020eruptions at Mount
Nyiragongo, Democratic Republic of Congo, as theedi result of the rapid
advance of lava down the steep slopes of the vol¢gavalliet al., 2009). More
commonly, lava flows destroy property, infrastruetu livestock and the
productive capability of the land in their flow patthus indirectly affecting
human lives via displacement, famine, disease, ugigm to transport,
communication and other public services, and ecanorost (Peterson and
Tilling, 2000). Historic attempts to mitigate thedtructive effects of lava flows
by slowing flow advance, diverting flow paths osuipting lava supply at the
source, have enjoyed varied success. For exampke, combined use of
constructed earthen containment barriers and @diflow channels successfully
delayed flow advance and subsequently diverted flwves during the 1991-92
Mount Etna eruption (Barbeet al., 1993). However, an accurate prediction of the
intended flow path and emplacement dynamics ofahe flow(s) is necessary to
enable comprehensive risk assessment and to deeem@mpipropriate mitigation

measures.

The ability of a lava flow to propagate away frohe tsource vent or fissure is
primarily controlled by the rate and volume of laeffused from the source, the
physical properties of the lava, and local envirental conditions (Kilburn,

2000). Although variations in these conditions gaaduce vastly different lava

1
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flow geometry, morphology and surface featuresh lb@tween separate lava flow
fields and between individual lava flows generatkding the same eruption
episode, all lava flows display characteristic hetaral trends as a result of their
rheological properties (Dragoni, 1993). These rbgichl properties, viscosity
and yield strength, determine the ability of thealao deform and flow as a fluid
body, and are controlled by various physical progerof the lava, including
geochemical composition, crystal and volatile cohtnd temperature. Lava flow
rheology refers to the study of the deformation #pd/ behaviour of lava in
response to applied stress, and the rheologicavialr of the lava is determined
by the relationship between the degree of appligdss and the rate of
deformation of the lava (Fig. 1.1). When the defation rate is equal to the rate
of applied stress, the lava behaves as a Newtdhi@hwith no viscous strength.
The majority of non-Newtonian fluids display psept#stic behaviour, where the
deformation rate increases with increasing rateshafar stress, thus viscosity
reduces as the rate of applied stress increasese@ely, Bingham fluids possess
an internal strength, known as yield strength, Wwipevents deformation until the
applied stress exceeds the vyield strength of thal;flthereafter, the rate of
deformation is equal to the applied stress and dghlestance behaves as a
Newtonian fluid (Dragoni, 1993). The viscosity api@ld strength of the lava
determine its flow behaviour as it moves away frime vent and influences
various emplacement processes, for example veldaitgral spreading and the
cooling rate of the lava. Determining the parangetdrat control lava flow
rheology therefore enables a greater understandiinigva flow emplacement

processes (Dragoni, 1993).

While numerous models have been developed to deterrihe rheological
behaviour of lava flows most are concerned with alils and rhyolitic
composition lavas, and less is known about the lodggoand emplacement
dynamics of intermediate composition lavas, paldidy those emplaced on steep
slopes. Furthermore, few studies relate to the \eba and emplacement
processes of New Zealand lava flows, although $t&we (1989) and Stevenson
et al. (1994a; 1994b) determined the rheology and erepianit processes of two
New Zealand rhyolitic lavas, primarily based on therphological and textural

characteristics of these flow deposits. With thereligpment of more recent

2
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rheological and flow behaviour models, for examakrosity models applicable
to a wide range of lava compositions and tempegatiand models incorporating
the role of surface cooling and crustal growth lewfadvance and cessation, the
rheological behaviour of intermediate compositiavals can be better constrained.
Although the regions surrounding most New Zealaaltanoes are not densely
inhabited, and the risk posed by lava flows gemerdrom these vents are
relatively low, understanding the factors that etffthe flow behaviour of New
Zealand lavas remains an important goal, to fatdithazard assessment and the
development of hazard management plans, and tossasgee validity of
rheological models in predicting flow behaviour.eTHdocumented eye-witness
accounts and well-preserved flow deposits of thea gows produced during the
1954-55 Mount Ngauruhoe eruption enable both ammasbn of lava flow
rheology and flow emplacement dynamics, and a ¢éstheological model

validity against observed behaviour.

~—
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' Bingham
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Oy Newtonian

Strain rate (g)

Fig. 1.1 Flow curves for three different types ofltiids based on their deformation behaviour
(strain rate) in response to applied stresse{. In Bingham fluids deformation doesn’t occur
until applied stress exceeds the yield strengthef) of the fluid. Adapted from Dragoni
(1993).

1.1.1 Thesis Aims and Objectives

The aim of this thesis research is to determinert@mlogical behaviour and
emplacement processes of the lava flows producedgithe 1954-1955 Mount

Ngauruhoe eruption. This research has been uneéertak collaboration with
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GNS Science, Wairakei and is part of a larger stwdNS Science determining
the factors that influence the eruption style Mahgy of this volcano. Collectively
this research will enable more accurate monitowhduture volcanic activity,
identify appropriate prediction methods to detemrtime extent of future lava flow
hazard, and facilitate development of effective andzmanagement plans for
Tongariro National Park.

The research objectives are:

1. To quantify the parameters that controlled the dgpo of the 1954-1955
lavas.

2. To determine the extent to which lava rheology aaled flow emplacement.

3. To gain an understanding of the processes invoiikgohg the emplacement
of the 1954-55 lava flows.

These objectives are achieved by incorporating hwggical, geometric,
petrographic and geochemical data collected froentiled 1954 lava flow
deposits into existing numerical rheological modelsd comparing results with
eye-witness accounts and lava flow deposit chatatits.

1.2 GEOLOGICAL SETTING

1.2.1 Regional Setting

Mount Ngauruhoe is situated within the Tongariroldamic Centre (TgVC), in
the southern region of the Taupo Volcanic Zone (TYg. 1.2). The TVZ is a
300 km long, up to 60 km wide, volcano-tectonic pber driven by the oblique
westward subduction of the Pacific Plate beneathAtirstralian Plate off the east
coast of the North Island of New Zealand (Houghdbal., 1995). It has been the
dominant region of volcanic activity in New Zealagdthce the late Pliocene
(Wilson et al., 1995) and is characterised by regional crustedrsion (Rowland
and Sibson, 2001) and anomalously high heat flovbkB et al., 1995). The
continental crust is estimated to be approximal@il5 km thick within the TVZ
region (Priceet al., 2005). The TVZ has produced over 90% of the kmdate
Pliocene to Quaternary volcanic products in Newlawh (Wilsonet al., 1995),
consisting predominantly of rhyolitic calderas iretcentral section of the zone,

4
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and andesitic to dacitic composite cones in theéheasst and southwest sections
(Houghtonet al., 1995).

o 1
| 176° 70° 75 [

m Waipapa Terrane -
% Torlesse Terrane
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Fig. 1.2 Map of the North Island of New Zealand showing thelocation of tectonic anc
geological features andheir relation to the Taupo Volcanic Zone (TVZ). CVZ= Coromande
Volcanic Zone. NSIB = North Island Shear Belt. Arravs indicate the direction and rate ¢
subduction of the Pacific Plate beneath the Austra@n Plate. Inset shows the position of tt
New Zealand land mass over the plate boundary. AfteHobden (1987).
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1.2.2 Tongariro Volcanic Centre

The TgVC consists of a cluster of relatively yoyng275 ka) andesitic composite
volcanoes, including the large massifs of Ruapd&langariro, Kakaramea and
Pihanga (Cole, 1978), which are underlain by metagackes and argillites of
Mesozoic age (Torlesse and Waipapa Terranes) andggo Tertiary marine

sediments (Gregg, 1960). Tongariro is a frequerattive, complex cone

comprising a series of discrete and overlappingsventhin a 13 km long and

5 km wide vent corridor (Fig. 1.3), representing2@5 ka of eruptive activity

(Hobdenet al., 1999). Mount Ngauruhoe is the youngest of thess (c. 2.5 ka)

located to the southwest of the main massif arti@sprinciple site of the most
recent activity at Tongariro (Hobdehal., 2002).

Ngauruhoe is a 2,287 m high, composite, basaltitesite to andesite cone that
has displayed a diverse range of effusive and simceruption styles throughout
its history (Hobderet al., 2002). Frequent eruptive events were witnesydddal
Maori prior to European settlement, with writtersebvations recorded following
European colonisation of New Zealand in the ea890k (Gregg, 1960). At least
73 eruptions ejecting volumes of material greatantl@ m®, predominantly ash
and some pyroclastic flows, have occurred since9l1@ebbington and Lai,
1996), with an average frequency of one eruptiorrneuwo to three years
(Table 1.1) (Hobderet al., 2002). Eruption styles at Ngauruhoe vary between

Table 1.1 Dates of Ngauruhoe eruptions producing gater than 16 m® of ejected material.
Columns are grouped into events occuring less tham years apart. Adapted from
Bebbington and Lai (1996)
183910 1845 1855 to 1898

1904 to 1917 1924 to 1940948 to 1959 1968 to 1975

1839 - Feb 1855 1904 - Nov 1924 - Jan 1948 - April 1968 - 19 July
1841 1857 - Feb 1906 - March 1925 - Nov 1948 - Sept 1969 - 16 July
1844 - Oct 1859 - Dec 1907 - Feb 1926 - April 19#@b 1972 - 29 April
1845 - Jan 1862 - Jan 1907 - May 1926 - Dec 198)June 1973 -2 Jan
1863 - Dec 1907 - Nov 1928 - March 1951 - May 19712 May
1864 - April 1909 - March 1928 - July 1952 - Nov 97B - 2 Aug
1869 - Dec 1909 - July 1931 - Feb 1954 - May 1973 Dec
1870 - April 1910 - Jan 1931 - May 1956 - Jan 1923 Jan
1875 - 2°half 1910 - Oct 1934 - June 1958 - Nov 1974 - 28t
1878 - 2°half 1911 - Jan 1934 - Dec 1959 - 1 June 1975F€t®
1881 -6 July 1913 -Jan 1937 - Jan 1975 - 12 May
1883 - April 1913 - May 1939 - Aug
1888 - April 1914 - Sept 1940 - Sept
1892 - Feb 1917 - Oct
1892 - Nov
1897
1898 - Jan
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effusive, lava flow producing eruptions through &xplosive strombolian,
vulcanian and sub-plinian eruptions, although feegly more than one of these
styles has occurred during any one eruptive evétdbden et al., 2002).
Ngauruhoe eruption products include lava flowschkland ash flows, scoria and
ash flows, scoria cones, spatter deposits and alsimos (Hobden, 1997). Of

these, lava flow deposits are the most commonlysged and exposed,
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particularly the most recent lava flows producedrdythe 1954-55 eruption. The
last eruption at Mount Ngauruhoe occurred during3t®5 and was explosive
vulcanian to sub-plinian in nature, producing aistefive block and ash flows on
the north-west flanks of the cone (Hobdial., 2002).

Numerous lava flow deposits are evident on allK&awof the cone, with some
extending onto the floor of the Mangatepopo andhdadonu Valleys (to the NW
and SE of the volcano respectively). The majoritytttese lavas overlie the
widespread rhyolitic, 1.85 ka Taupo pyroclastic @ although some pre-date
this event, and are dominated by a’a to blocky-tgeposits with transitional
a’a/pahoehoe characteristics evident in some thgaltic andesite flows near the
summit (Hobderet al., 2002). Historical effusive eruptions were reaatdn 1870
(2 to 3 flows), 1949 (1 flow) (Gregg, 1960) and idgrthe most recent effusive
eruption where up to 17 lava flows were producetvben June and September
1954 (Gregg, 1956).

1.3 NGAURUHOE CONE EVOLUTION

The distinctive symmetrical Ngauruhoe cone (~ 30-s8pe angles) has evolved
due to the pattern of lava emplacement over timéuenced by concurrent
changes in crater architecture. Hobdest al. (2002) identified five

stratigraphically and compositionally distinct gpsuof lavas and pyroclastic
deposits that display a distinct sectorial pattdrdistribution over time (Fig. 1.4).

The group 1 lavas incorporate nine identifiablevBcemplaced on the north-west
and eastern flanks of the cone, with one flow,|ltmgest of the Ngauruhoe lavas
at 5.2 km long, on the western slopes and extendlngg the Mangatepopo
Valley floor. These are the oldest exposed lavak warderlie the 1.85 ka Taupo
pyroclastic deposit. Fourteen flows are includedyiaup 2, some of which pre-
date and others overlie the 1.85 ka Taupo depHsis. group was confined to the
north-west sector of the cone, with some overlappire earlier group 1 lavas.
Flow emplacement progressed to the south-eastankslfor the group 3 lavas.
Two of the three flows in this group extend appnoxiely 3.4 km onto the

Waihohonu Valley floor and all post-date the 1.85Tlkaupo eruption. Most of the
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13 group 4 lavas partially overlie group 3 lavastioa southern flanks, with two

smaller flows emplaced on the eastern slopes ant sEmplaced to the south
west. These are younger than the group 3 lavagimitiate the more recent
historical lavas of group 5. Twenty historical lav@etween 1870 and 1975) are
included in group 5, emplaced predominantly onrtbeh-west slopes, although

several smaller flows were also emplaced on theuppstern slopes of the cone
(Hobdenet al., 2002).

Waihohonu
Valley

TONGARIRO

Mangatepopo
alley

Group 1: 2.5-1.85 ka

- Group 2: c. 1.85 ka
- Group 3: c. 1.85 ka-pre-1870
- Group 4: pre-1870

- Group 5: 1870-1975

Fig. 1.4 Sectorial Ngauruhoe cone growth showing ¢éhchronostratigraphic distribution of
groups of lavas. Adapted from Hobderet al. (2002).
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The sectorial distribution pattern of these lawastrongly influenced by changes
in vent geometry and morphology, modified by theedsity of eruption styles at

Ngauruhoe. Chronologically distinct lava groups gemerally directed through

the lowest points on the crater rim, which alteysidly over time as demonstrated
during the relatively short time period since histal observations began (Fig.
1.5). On some occasions, spatter from fire foumgirepisodes may overtop
higher parts of the crater rim creating discretwf isolated from the main

chronostratigraphic group, for example the two exastiows of group 4 (Hobden

etal., 2002).

A

Fig. 1.5Ngauruhoe summit crater evolution in historical times, A. 1839; B, 1878; C, 193
D, 1949; E, 1954; F, 1955-present. Adapted from Halen et al. (2002).
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1.4 1954-1955 ERUPTION CHRONOLOGY

The 1954-1955 eruption has been well documente@riegg (1956) and includes
a detailed narrative of the lava flow chronologyd associated fire fountaining
and ash emissions. Gregg’'s (1956) account is basednany eye-witness
observations from scientists and local inhabitaotien based at the Whakapapa
Chateau. Much of the eruption occurred during thetev months of 1954 and
accurate observation of the eruption was frequdrdiypered by low cloud cover
and poor visibility. The following two subsectiosemmarise Gregg (1956) and
provide an overview of the main eruption events tnadtiming of individual lava

flow emplacement. A summarised timeline for thegengs is shown in Fig. 1.6.

1.4.1 Eruption Overview

Lava was reported in the crater in late Decembé&B;1Bowever, the first sign of
explosive activity did not occur until TSMay 1954 with the emission of ash
clouds observed above the crater. Lava fountainiasfirst observed orf'2June
1954 and the first lava flow was emplaced shorftigrahis on 4' June, with up to
17 lava flows emplaced, over a maximum duratioora to two days each, in the
following four months to the final flow on J6September 1954. Intermittent ash
eruptions and frequent fire fountaining were prasninfeatures of the eruption,
with fire fountaining most often associated withdaflow emplacement and the
construction of a scoria cone within the originadter. Ash eruptions increased in
frequency around the end of September, followinglaocement of the final lava
flow, with a relatively quiescent period betweent@er and November of 1954.
Activity increased again in December 1954 with agplosions and intermittent
fire fountaining which continued until early Febryal955. Occasional ash
emissions continued until the final explosion, med on 18 March 1955,

although lava was noted within the crater untiluaa@ June 1955 (Gregg, 1956).

1.4.2 Lava Flow Emplacement Chronology

4™ June

Vigorous lava fountaining was observed at 7 am Vatta overflowing the crater

rim by 8:15 am. Two lava flows were observed on tlmeth-west slopes by

11
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11 am, one overlying and reaching approximately thirel down the length of
1949 flow (Fig. 1.7), and a second flow to the ko@ontinuous lava fountaining
accompanied these flows reaching a height of ~r80&bove the crater. By the
evening of the same day both flows had almost exzh¢heir final distance from
the vent and had completely stopped flowing by rleet day, although loose
blocks continued to fall from the front of the rfeetn of the two flows.

30" June

Lava fountaining activity increased vigorously fraround 28 June and by the
afternoon of 38 June lava just overtopped the western side otthter rim. The

flow had extended to ~ 30 m below the rim by 4 prd was noted in the evening
to be flowing at a rate of approximately 304 m/Finis flow covered the southern
4™ June flow. A second flow was observed just to ghaeth of the first flow at

around 8 pm with both flows merging further dowopa. Almost continuous lava
fountaining occurred until approximately 11 pm thaening, reaching a height of
~ 300 m above the crater, with some fragments regeh760 m above the crater.
The combined flows continued to move slowly the tnday, branching into

smaller lobes (Fig 1.6), one of which was notedb& moving at a rate of

~ 14 m/hr, with the flow finally coming to a halh @ July.

8-13" July

Four possible flows were observed during this tpeeod although poor weather
throughout most of July hampered more detailed mhsien. At 6:15 pm on'8
July a glowing flow was noted on the western slopeth a second flow possibly
following the path of the earlier flow noted 24 hedater. A third flow was
observed advancing over the crater rim off daly and on the afternoon of"13
July a flow had reached approximately half way ddtw western slopes. These
latter two flows may possibly be the same flow amdly one of the flows from
this period has been mapped by Gregg (1956) (Fi®. ds covering part of the
upper section of the earlier'30une northern lobe.

13
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1949 & 1954 FLOWS NGAURUHOE 7504/
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Fig. 1.7 Early map of the 1954 lava flows showingates of each emplaced flow deposiafter
Gregg (1956).
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14" July

Three flows were observed to have advanced sontandes downslope on the
evening of 14 July. The northern-most of these flows was empldoethe north
of the 4" June flow, the southern flow directly to the soafithe 3" June flow,
and the central flow overlying the upper sectiorthef 30" June flow just to the
south of the mapped 8-£3uly flow (Fig. 1.7).

23" & 28" July

Two possible lava flows were reported, one each 28 and 28 July
respectively, although heavy cloud cover durings thime prevented accurate
observation and no deposits associated with tHeges thave been identified or

mapped by Gregg (1956).

29" July

During the day a lava flow was observed advanciogly down the western
slopes at the southern margin of thé"3ine flow (Fig. 1.7), and had reached
approximately 240 m below the crater rim by 10:30. ;A glowing flow was
reported in roughly the same location the next dag may be the same flow.
This flow was also accompanied by sharp explosigits visible shock waves
and vortex rings moving rapidly away from the crate

15" August

A small flow was reported to have reached the satbétween Ngauruhoe and

Pukekaikiore, although no deposit was identifiednapped by Gregg (1956).

18" August

Lava was observed overtopping the crater rim amlaad the flow had reached
the saddle between Ngauruhoe and Pukekaikiore dy,5orobably covering the
15" August flow. At 12:45 pm the flow velocity was iesated at ~ 9 m/hr with a
180 m wide and 15 m high flow front. This advancfltayv face had reduced in
size by 18 August although the flow continued advancing atsame speed and
had reached approximately 300 m around the soutsiden of Pukekaikiore by
2 pm (Fig 1.6). This flow is reported to have pilgal to a thickness of ~ 15m at

the saddle and remained warm to the touch up eaalgter.

15
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16" September

Continuous lava fountaining was observed on theniegeof the 14 September
and by the early morning of the 1&eptember lava was noted flowing over the
western crater rim. A hot avalanche of ash andist@as observed rising above
the saddle at around 7:30 am. By the afternoonrandhe evening two flows (or
possibly the same flow split into two lobes) wedwvancing over the earlier hot
ash flow deposits, with associated fire fountainisugd covering the upper section

of the northern margin of the #&ugust flow (Fig. 1.7).

18" September

A small flow was observed to have advanced ~ 25@omn the western slopes
adjacent to the southern margin of thé" ugust flow (Fig. 1.7). This flow
continued to advance on the following day and wasoaated with loud

explosions.

26" September

On the afternoon of the ?6September a small flow emerged over the crater rim
and followed the path of the #&eptember flow (Fig. 1.7). This was the shortest
of the flows and marked the end of the effusivesghaf the 1954-1955 eruption.

1.5 THESIS OUTLINE

The remaining chapters of this thesis are organiggdfield observations,
laboratory analysis, mathematical rheological minaeland flow emplacement

dynamics, as follows:

« Chapter 2 describes the morphological, geometriad asurface
characteristics of the 1954 lava flow deposits laseoved in the field and

on aerial photograph analysis,

s Chapter 3 details the macroscopic and microscopatrographic
characteristics of the 1954 lavas and presentethéts of vesicularity and

geochemical analysis,

16
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% Chapter 4 quantifies the rheological properties angbtion conditions of
the 1954 lavas using a range of geochemical andgigdlyrheological

models,

+ Chapter 5 discusses the factors controlling lavaw fldynamics and
identifies the flow emplacement processes of th&4l%vas with
implications for predicting the behaviour of futueea flows at Mount

Ngauruhoe and subsequent hazard management,

%+ Chapter 6 provides a summary of the research amcluating remarks.

17
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CHAPTER 2

Lava Flow Deposit Geometry and

Morphology

2.1 INTRODUCTION

This chapter describes the geometric, morphologiaatl surface feature
characteristics of the 1954 lavas and quantifies dimensions and volume of
each identified lava flow. It begins with an ovewi of previous work undertaken
on the 1954 lavas, followed by an account of te&fmethods employed for this
study and an explanation of the enumeration ofviddal sites visited in the field.

A description of the field site and associated gampdeposits is followed by a
synopsis of the morphological, geometric and serfaature characteristics of the
1954 lavas. The main part of the chapter focusethercharacteristics of six of
the 1954 lava flow deposits, including a comprehenaccount of two of these

deposits describing their distinctive morphology anrface features.

2.1.1 Previous Work

Gregg (1956) compiled the first map of the 1954&(Fig. 1.7), primarily using
sketches of photographs taken during or shortlgratie eruption. Of the 17
possible lava flows observed during the 1954-55tewn, 11 were mapped by
Gregg (1956) and this map has been used as the dfasiter maps of the 1954
lavas e.g. Hobden and Houghton (2000) (Fig. 2.#l)robdenet al. (2002).

Little work has been published regarding geometdc morphological
characteristics specific to the 1954 lavas. Hob@&97) described the general
morphology of all the Ngauruhoe lavas, for exantpke widened and thickened

lobate distal end of some older flows extendingtlte flat surface of the
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Fig. 2.1 Flow emplacement map of the 1954 Ngauruhd@vas and other Ngauruhoe eruptive
deposits. After Hobden and Houghton (2000).

Mangatepopo Valley floor. Some of these older depadso display a concave
flow surface consisting of a central depressionnoed by elevated marginal
levees which extend for much of their deposit langtobden (1997) suggests that
the thick, bulbous frontal zones of these flow defsowere most likely formed as
hot lava within the central flow channel drainednfr the proximal regions of the
flow on the steeper slopes into the frontal zoneth&f flow. Hobden (1997)
concludes that the elevated levees of these floposies were therefore not
constructed above the flow channel surface durlog femplacement but are
instead the cooled, lateral margins of the flow alhivere abandoned by the
drainage of the central flow channel.
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The single lava flow extruded during the 1949 dniptis described by Allen

(1949) and Battey (1949). This flow deposit, ovierlay the 4' June 1954 lava, is

a discrete, single-lobed unit extending ~ 1.8 kna irelatively straight path from

the crater rim on the north-western slopes. Thalmsargin of the flow bifurcates

into two long, thin finger-like lobes ~ 330 m beddhe terminal end of the deposit
(Allen, 1949). The surface of this flow deposittibauring and for a short time
after the lava was emplaced, consisted of wellldpesl, elevated marginal

levees bordering two shallow flow channels locaggitier side of a distinctive

elevated median ridge along the entire length effibw (Battey, 1949). Battey

(1949) concludes that the crater rim was breachédo adjacent places resulting
in a twinned lava flow, with the median ridge maukithe cooled, shared
boundary between the two flow deposits. Subseqemoling of the lava resulted

in partial collapse of the elevated surface featurendering them barely
distinguishable within the following few months (Bgy, 1949).

During emplacement of the 1954 lavas Gregg (19%8gdc that either flat or
convex-shaped flow surface profiles were evidentigher flow velocities, with

the formation of marginal levees, and in some imsta a central ridge within the
flow channel occurring as flow velocity reduced.eGg (1956) concluded that
marginal levee formation resulted from partial apfie of the cooled, slower
moving upper surface of the flow as faster movingten lava continued to flow

beneath the cooled surface.

Some 1954 lava flow dimensions and velocities wepmrted by Gregg (1956),
e.g. 3¢ June and 18 August lavas, estimated during or shortly afteeirth
emplacement. Gregg (1956) also estimated the votame for the 1954 lavas at
~ 3,000,000 to 9,900,000°based on an average flow thickness of 3 to 9fme. T
30" June lava flow deposit is estimated to accountifore than one third of this
volume (Gregg, 1956). Hobdea al. (2002) calculated a total volume of
~ 6,500,000 rhfor the combined lavas and scoria cone construdtethg the
1954-55 eruption, estimating a volume of 600,000fan the 3" June lava flow.
Based on the total volume of material erupted, Hobet al. (2002) also
estimated an overall average discharge rate o5~®°6s* during the 1954-1955

eruption.
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2.1.2 Methodology

Prior to undertaking field work individual lava fi¢ from the 1954-1955 eruption
were identified by comparing the Gregg (1956), Habdnd Houghton (2000)
and Hobderet al. (2002) maps with a recent (c. 2001-2004) aetiat@graph of
the site (Appendix A.1). Of the 11 lava flows mappg®y Gregg (1956) six lava
flow deposits (F June; 38 June; southern Y4July; 29" July; 18" August; 16'
September) were clearly identifiable on this agsladtograph. Using Macromedia
Freehand Version 9.0 software the flow margins fi@negg’s (1956) map were
superimposed onto the aerial photograph and sdaledatch the six identified
lava flow deposits in the photograph. This techaigenabled a reasonable
estimate of the position and dimensions of the reimg five unidentified lava
flow deposits (8-1%8 July; northern and middle £4uly; 18" September and %6
September) and was subsequently used to construgbdated map of the 1954
lava flow deposits (Fig. 2.2).

Lava flow deposits were identified in the field bgmparing their relative location
and morphological characteristics with the upddiea deposit map. The six lava
flow deposits initially identified on the aerial iograph [4' June (A); 38 June
(B); southern 14 July (Dc); 29" July (E); 18" August (F); 18 September (G)]
were also clearly identifiable in the field and aland samples were collected
from these deposits. Two of these flow depositd! 30ne (B) and 18 August
(F), were selected for comprehensive data collectiche remaining five lava
flow deposits [8-1%8 July (C); northern and middle %4July (Da, Db); 18
September (H); 26 September (I)] were not identified in the fieldinparily
because their margins were obscured either by qubsé 1954 lavas, later
pyroclastic deposits or loose scree, and therefaredata or samples were

collected from these.

Observations regarding morphological and surfacufes of the lava flow
deposits and their relationship with the underlyingography were recorded in
the field. Deposit thickness, levee heights andaser feature dimensions were
measured using an aluminium measuring staff anaveasuring tape. A Silva

compass was used to determine the slope anglevafflaw margins, levees,
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surface features and underlying topography. Wheeset was no evidence of
levee formation flow depth was estimated by measgutihe height of the lateral
lava flow deposit margins, since flow depth witlgentral flow channels could

not be determined where there was no visible comigl the underlying surface.

Lava flow deposit dimensions were calculated usirgupdated flow deposit map
and aerial photograph analysis, a topographic nigpeofield site (NZMS260-
T19) and collected field data. The aerial photobregrrelates to known map grid
references, thus an accurate scale was formulatddused to calculate flow
deposit dimensions. Lava flow deposit margins weuperimposed onto a
topographic map of the northwestern sector of treecand scaled to match the
dimensions of the map to enable calculation of dgiohg slope angle (Appendix
A.2). The underlying slope anglex)(at each 100 m change in elevation
downslope from the crater rim (2,240 m.a.s.l. cantine) was determined for

ead of the lava flow deposits using the inverse tnigmetric function:

_ _4 AF
o =sin” T —
D

whereAE is the change in elevation (m), abdrepresents the distance between
each 100 m elevation change. The lendthdf the lava flow deposit at each

100 m change in elevation was then determined ubkmtrigonometric function:
D

Cosa

L =

and a final flow deposit length calculated as tina ®f these measurements.

The narrowest and widest sections of each lava fleposit were measured using
the aerial photograph and an average width detexnioy ascertaining the most
common overall width of each flow. Numerous measaets of lava flow
deposit depth were recorded in the field and tluzga were noted on the aerial
photograph at the relevant field locations to datee the variation and average
depth for each lava flow deposit The geometric ati@ristics of the 1954 lavas
are summarised in Table 2.1.

Lava flow volume was estimated by calculating theface area of each flow

deposit using a 100 Trscale grid superimposed over the updated flow siepo
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map (Appendix A.3). A smaller grid composed of Hofiares, each representing
1% surface area, was used to estimate surfacet@negdhin a 2% error margin
within each 100 rhgrid square. The combined surface area for eaoh dieposit
was multiplied by its average flow depth to estienatdividual flow volume.
Average flow depths for the five lava flow depositst visited in the field [8-13
July (C); northern and middle $4July (Da, Db); 18 September (H); 2%
September (1)] were estimated at 3 m for the thoager flow deposits (C, Da and
Db), and 2.5 m for two shortest flow deposits (Hl 4y based on the relatively
similar depths of the other lavas. The estimatedrenargin for average flow
depth was + 1 m, therefore combined with a 2% emargin in surface area
estimation, the error margin ranges betweed, 000 to 636,000 for the
individual flow deposits with a total af 1,110,000 merror for the total volume
of the 1954 lavas.

A Terrestrial LiDaR (Light Detection and Ranging)r&ey (TLS) was undertaken
on the medial zone of the‘iS\ugust (F) lava flow deposit, in collaboration kit
GNS Science, Wairakei and Avalon. The aim of thevesyiwas to obtain high-
resolution geometric data for the surface featigtestified at the medial section
of the 1&' August lava flow and to test the suitability oéttechnology for future
geomorphological analysis of other lava flow detsosihe technique involved
the use of a LiDaR scanner with a GPS unit, GP$laand wide-angle lens
camera attached (Fig. 2.3A), connected to a laptmpputer. Five reflective
‘targets’ (Fig. 2.3B) were placed in strategic lomas within the flow deposit
with a clear line of sight to the LiDaR scannerd ansecond GPS unit and aerial
were placed separately from the scanner, alsogpesna reflective ‘target’. The
two GPS units provided accurate and continuouslyatgrl coordinates of the
location. A high-resolution overview scan was adlyf performed to locate and
lock in the position of the reflective targets. écend more detailed scan was then
performed at the same location and detailed phapdgr taken using the attached
camera. Full LiDaR scans were completed at thrierdnt locations on the flow
deposit (while the reflective targets remainedha same position) (Fig. 2.4A)
and the data from each scan merged using the Re&sdtmare package. GPS data
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LEGEND

1949 flow
4th June ‘54  (A)
30th June ‘54 (B)
8-13th July ‘54 (C)
14th July ‘54 (D)
29th July ‘54  (E)
18th Aug ‘54 (F)
16th Sept ‘54 (G)
18th Sept ‘54 (H)
26th Sept ‘54 (1)

OJENEEONEO0ON

Fig. 2.2 Aerial photograph of the 1954 Ngauruhoe las colour coded by date of
emplacement. Bracketed letters correspond to fieltbcation and rock sample enumeration.
The three lava flows emplaced on the #4July are labelled from north to south, ‘Da’, ‘Db’
and ‘Dc’ respectively. Aerial photograph courtesy 6GNS Science, Wairake

Fig. 2.3 Terrestrial LiDaR equipment used to surveythe surface features of the 18th August
lava flow deposit. A, Scanner, camera, GPS unit an@erial attached to a tripod; B,
reflective target attached to a tripod. Equipment sipplied by GNS Science, Avalon and
operated ky N.Palmer, GNS Science, Avalor
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Fig. 2.4 A, aerial photograph of the 18th August fea flow deposit showing the position of
the reflective targets (white dots) and the threecanning positions (red triangles) used for
the TLS survey. Red dot denotes the position of éhsecond GPS unit and reflective target.
B, terrestrial LiDar model of the medial section ofthe 18" August lava flow. Red triangles
correspond to those in A. Model courtesy of N. Paler, GNS Science, Avalon.

was added to the composite scan to orientate taganmwhich was then overlain
by the photographic images to add colour and petsjgeto the finished model
(Fig. 2.4B). Although this model clearly delineathe margins of the IBAugust

lava flow deposit, the surface features locatechiwithe central flow channel

were not clear enough for further geometric analysi

2.1.3 Field Location Enumeration

Each of the 11 identified 1954 lavas was assignkedter from ‘A’ to ‘I’ relative
to its date of emplacement for ease of referenagegldield site location and
sample labelling (Fig. 2.2). The three lava flovpdsits emplaced on the14duly
(D) were designated ‘Da’, ‘Db’ and ‘Dc’, referring the northern, middle and

southern lava flow deposits respectively. The rplétiobes of the 30June (B)
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lava flow deposit have been subdivided into thetheyn lobe group (Bn) and
southern lobe group (Bs) for field location and peemnumbering, and further
sub-divided into individual named lobes within eapgbup (Fig. 2.5) for ease of
reference in the text. The distal margin of theglkst of these lobes (the lower
southern Bn lobe) further sub-divides into sepadatees which have been
labelled distal lobes 1 to 6 (Fig. 2.5-inset). TH&' August (F) lava flow deposit
has been sub-divided into four separate flow zoties proximal, medial, distal

and frontal zones (Fig. 2.5).

The locations visited at each lava flow deposit aathples collected from these
locations have been labelled by the designatedrl&t that flow followed by a
number specific to each location, correspondintpéonumber of locations visited
at that flow (e.g. location F21 represents th& [Btation visited at the BAugust
(F) lava flow deposit). Flow locations (underlinaeferred to in this chapter are
shown in Fig. 2.5 with a list of field descriptiom®d relevant GPS references
given in Appendix A.4. A complete map and list fthe field locations visited is

given in Appendix D.1.

2.1.4 Field Site Description

The 1954 lavas are situated within an approxima2eknt area extending from
the northwestern region of the crater rim (2240 levaion a.s.l.) down the
northwestern and western flanks of the cone to 30113 elevation, the lowest
point of the flow deposits. The field area is phyi bounded to the west by the
eastern flanks of the main Pukekaikiore massif, andsteep-sided ridge,
approximately 100 m high and 70 m wide, extendimgilswards from the eastern
flanks of Pukekaikiore (Figs. 2.2 and 2.5) and fimgnthe saddle between
Pukekaikiore and Ngauruhoe. The slope angle ofuNdeoe cone ranges from
~ 50 at the top ~ 300 m of the cone height to <= ftém the base of the cone to

1600 m elevation a.s.l., with an overall averagpslangle of 33

There are no established fluvial drainage systemthe north-western sector of
the cone, although some upper slope erosion, pggsdile to surface water

drainage from precipitation and snow melt, is emtddhe geomorphic landscape
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of the cone is dominated by numerous ridges anliegubf varying dimensions

and displaying variable degrees of weathering agetation cover. These clearly
represent the flow deposits and levee and charmelations of earlier lavas.

These remnant flow features are more pronounceith@isouth-eastern flanks of
the cone, where they have not yet been covereddant lavas. The north-western
flanks would likely have been of similar appearahaethe lavas in this sector are
older (Fig. 1.4), and therefore more subdued bythezang, than those to the
south-east and have also since been modified bjtne recent eruptive products

from historic Ngauruhoe eruptions.

2.1.5 Pyroclastic Deposits

A variety of pyroclastic material associated withttb the 1954-55 and 1973-75
Ngauruhoe eruptions is evident in the field areathloverlying and emplaced

between the 1954 lava flow deposits.

Ballistic Bombs

Numerous large (up to ~ 6 m diameter), round bosldee scattered throughout
the field area, lying on top of and in the spacesvben the 1954 lava flow
deposits. They are predominantly distributed incattered line that generally
follows a similar elevation (~ 1600 to 1640 m adrom north to south on the
slopes of the cone (Fig. 2.6A). These boulderschi@acterised by the dense
interiors, radial joint patterns and large impaeicfures typically associated with
ballistic ejecta (Figs. 2.6B and 2.6C). Their positon the flow surfaces of the
1954 lavas suggests they were ejected either tewhedfinal phases of the 1954-
1955 eruption or during the later 1973-75 erupti@ne distinctive boulder
(Fig. 2.6D), emplaced on the southern margin ofsiethern 1% July (Dc) flow
deposit, can be positively identified as a 1954ba8istic bomb as it features in
film footage of the 1954-1955 eruptioNdauruhoe Erupts, 2003).

Block and Ash Flows

Several ‘hot avalanches’ were documented duringli®®4-55 eruption, some
associated with lava flow extrusion (Gregg, 19%&bdenet al. (2002) described

these as block and ash flows that were probaldgéred by the sudden collapse
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DISTAL BnL-S LOBES

Proximal
Zone

b

10
’ Medial
Zone

|

Lower lobes

4th June (A) 14th July (Dc) - | 18th Aug (F)

30th June {B) 29th July (E) ¢ 16th Sept (G)

Fig. 2.5 Aerial photograph showing the six lava fie deposits visited in the field and the relative pgition of field locations referred to in Chapter 2.Field locations
are marked with coloured dots corresponding to theelevant colours for each of the lava flow depositsThe 30" June lava flow deposit is shaded in two tones of
pink to represent the two lobe groups (Bn and BsPDashed black line denotes inferred margin betweerhése two lobe groups. Individual lobes within thesgroups
are labelled. The 18 August lava flow deposit is shaded in two tones gfreen to represent the sub-division of the separatzones of the deposit. Dashed white line
marks the inferred boundary between the zones. InseEnumeration of the distal lobes (1-6) of the lowr southern Bn lobe (BnL-S), 38 June (B) lava flow deposit.
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of unstable lava flow fronts or over-spilled, poddava from the crater rim. A hot
avalanche’ was observed descending the cone stupabe 4 June 1954; its
deposit subsequently covered in part by the sowttrrst of the two @ June lava
flows, while two others were observed on th& 28ne, possibly emplaced to the

north of the later 30June lava flow deposit (Gregg, 1956).

During field work for this study, a block and adbw deposit was noted lying
immediately adjacent to the southern margin of érRposed, northern-most"4
June (A) lava flow deposit. It appears as a thif.&m thick), heterogeneous mix
of angular, relatively dense blocks (~ 40 to 50 citameter), numerous rounded,
hydrothermally altered clasts (~ 10 to 20 cm dia@reand coarse ash particles
(Fig. 2.7). This may be the deposit of one of tire¢ ‘hot avalanches’ reported by
Gregg (1956) to have occurred during the monthuagJL954.

Scoria and Ash Flows

Another ‘hot avalanche’ was recorded by Gregg (J@gurring on the western
slopes of the cone on the morning of th&" Biptember and emplaced over the
top of the earlier 18 August (F) lava flow deposit. This hot avalanchepabit
was described as consisting of up to 3 m-sizedukango rounded blocks of lava
embedded in and coated with light-grey ash” (Grel#h6, p. 686). However,
several block and ash flows, resulting from thelagse of eruption columns
during the 1973-1975 Ngauruhoe eruption, were aémrded; one of these
mapped by Hobden and Houghton (2000) overlies 8feAugust (F) lava flow
deposit (Fig. 2.1).

At the field site, a pyroclastic deposit was obsdrlying immediately adjacent to
the southern margin of the L&ugust (F) lava flow deposit on the upper slopes
of the cone. Approximately 1 km down slope from thater rim the pyroclastic
deposit curves northwards to overlie the southeangin of the 18 August (F)
lava flow deposit, subsequently breaching the sauatmargin and terminating on
the lava flow surface (Fig. 2.8). The pyroclasta&pdsit consists primarily of a
thin (0.1 to 0.5 m) heterogeneous layer of sub-dedn vesicular, light grey and

hydrothermally altered clasts and coarse ash {haeas typical of a scoria and
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ash rather than a block and ash flow deposit. Tatera and location of this
pyroclastic deposit matches the description of ¢ avalanche reported by
Gregg (1956) on 16 September 1954, with no evidence of the denseylang
material that would be consistent with the repottdr 1973-75 block and ash
flow (Hobden and Houghton, 2000).

A narrow (~ 10 m) scoria and ash flow deposit, cxiimgy of similar material to
the deposit adjacent to the™@ugust (F) lava flow deposit, also overlies the
southern section of the ®Quly (E) lava flow deposit (Fig. 2.9). This scosad
ash flow deposit curves southward and is emplaocschdhe southern margin of
the 29" July (E) lava flow deposit, terminating betweea flouthern margin of the
30" June (B) and the northern margin of th& Jdly (Dc) lava flow deposits. No
hot avalanche deposits were reported or mappédusrdcation by Gregg (1956),
although the extrusion of the 2duly (E) lava flow was accompanied by sharp
explosions and visible shock waves which may haiggdred such an event.
Hobden and Houghton (2000) mapped a small pyracldsposit overlying the
30" June (B) lava flow deposit, adjacent to the narthmargin of the 29 July
(E) lava flow but not overlying it. Therefore thenplacement date of this scoria

and ash flow deposit is not known.

2.2 LAVA FLOW DEPOSIT CHARACTERISTICS

Field observations and aerial photograph analylsthe 1954 lava flow deposits
show similar geomorphological trends between thgodies, with only one or two
exceptions. This section provides a synopsis ofbtrerall deposit characteristics
of the 11 lava flows identified by Gregg (1956).eTbharacteristics of the five
flows not visited in the field are inferred usinge@g’s (1956) map (Fig. 1.7) and
the updated flow deposit map (Fig. 2.2).

2.2.1 Morphology

With the exception of the northern™4uly (Da) lava flow, which was emplaced

to the north of the @ June (A) lava flow deposit, the 1954 lavas wereegally

emplaced in chronological succession from the nredbtern to the western

slopes. The 1954 lavas generally display similanhetric forms in that they are
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Scattered line of boulders

Figure 2.6 Scattered ballistic boulders emplaced @v the 1954 lavas (dark deposits). A, north-soutirénding linear distribution of ballistics on the narth-western
flanks of Ngauruhoe. Red arrows show location of hdders B (in photographs B & C) and D (photograph [); B, ballistic boulder on the surface of the 18 August
lava flow deposit. Red square denotes area of clegp view in photograph C. Measuring staff is 3 m hight; C, radial jointing pattern on the outer rim of boulder

B. Measuring staff is 1 m length; D, fractured balistic bomb on the southern margin of the 14th JulyDc) lava flow deposit known to have been ejectedidng the
1954-1955 eruption.
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Fig. 2.7 Block and ash flow deposit emplaced adjaceto the 4" June lava flow deposit.
A, dense, angular blocks within the block and asHdw deposit. Measuring staff is 1 m length.
B, heterogeneous mix of angular blocks, rounded andlydrothermally altered clasts and
coarse ash. Ruler is shaded in 10 cm sections.

Scoria & As
Flow Deposit

e

e L et

18th Au'gus;t Lava =
Flow Deposit.™ >

Fig. 2.8 Upflow view of the 18th August lava flow deposi(shaded green) showing tt
emplacement of the scoria and ash flow deposit (dashed white line) adjacent to ar
breaching the southern margin of the lava flow depsit.
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relatively narrow, single-lobed, discrete unitsynimating at rounded, steep-
angled flow fronts (Fig. 2.2). Flow fronts are coomy subdivided into multiple,
rounded, or in the case of' 4une (A) and 29 July (E) lava flows, sub-angular
flow toes. The exception is the®0une (B) lava flow which divided into multiple
lobes, with some elongated finger-like lobes atdlstal end of the deposit (Fig.
2.5-inset). All the lavas, except the™&ugust (F) lava flow, were emplaced in a
relatively straight path from the crater rim for sh@f their deposit lengths, with
the flow direction changing towards the distal esfdseveral flows. The 18
August (F) flow initially followed a straight pafinom the crater rim but displays
a distinct s-shaped curve approximately two-thdde/nflow (Fig. 2.5).

2.2.2 Geometry

The 1954 lavas exhibit similar flow deposit widtaed depths, with greater
variability between individual flow lengths (Tab®1l). The second of the 1954
lavas to be emplaced [3Qune (B)] is the longest of the flow deposits (@n3),
while the two shortest lavas (0.4 and 0.2 m) wiieeelast of the 1954 lavas to be
emplaced [18 (H) and 28 (1) September]. Lava flow deposit widths rangenfro
~ 20 m to 230 m, although this is more difficultqantify as the deposit margins
proximal to the crater rim are not clearly definedowever, based on
contemporary photographs of the 1954-55 eruptiored@ 1956), the lava flow
deposits are assumed to maintain relatively cohstétths from the crater rim
throughout most of their deposit lengths. Averalgavfdeposit widths therefore
range between 40 to 150 m for all the lavas extteptwo shortest flows [1B(H)
and 28" September (I)] which have an average width of 2QLava flow depth
averages 2 to 3 m for each of the flow depositéeds but is extremely variable
within individual flow deposits, varying by sevenaleters (e.g. 0.3 to 6 m) at
different locations of the flow. The exception ettwo upper lobes (BnU-N and
BnU-S) of 38" June northern lobe group (Bn), averaging ~ 9 kthich.

The estimated volume of material emplaced with elasta flow unit ranges
between 6,500 + 3,600%26™ September (1) flow] and 2,289,600 + 636,000 m
[30" June (B) flow]. The total volume of lava has bestimated at 3,802,000 +
1,060,000 m, consistent with Gregg's (1956) estimate of betw8®00,000 and
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Table 2.1 Summary of 1954 lava flow deposit geomgtand volumes. Length and width are given to the regest 50 m and 10 m respectively. Volume (xion®) is
shown with an error margin assuming 2% error in suiface area estimation and a 1 m error in average fie depth. Volumes are given separately for the two ain
lobe groups (Bn and Bs) of the 30 June lava flow deposit, assuming the flow width ofach lobe group on the upper slopes equals half tife width of the main 30"

June deposit.

UNDERLYING

FLOW LENGTH WIDTH (m) DEPTH (m) SLOPE SEI(_)%\EVXAI\?GRLGE% VOLUME (x 10° m?)
DEPOSIT (m) ANGLE ()

Range Ave Range Ave Flow Range Ave Range Ave Flow Volume Error_

Front Front Margin
4™ June (A) 1400 60t0 110 80 25t035 3 3.5 27t056 42 |/ 31 / 183 72
30" June (Bn) 2350 50t0 210 100 0.3t09 3 3.2t04 14to57 37 | 5to55 40 42t0 44 1748 437
30" June (Bs) 1750 50t0230 150 0.7t04.6 3 27t05 13to56 35  18to44 40 36t042 542 199
Total 30™ June Volume (2290) (636)
8/13" July (C)' 650 N/A 42 3 / 42t053 46 | / 53 22
14" July (Da)* 1200 50t0 150 60  / 3 / 35t053 42 / / 154 60
14" July (Db)* 850 N/A 70 |/ 3 / 26t056 42/ / 110 44
14" July (Dc) 1550 50t0 140 90 1to6 3 5t0 6 14t060 39 | 32to44 40 40to 44 264 103
29" July (E) 1350 50 to 90 60 3to4 3.5 4.8 19t049 37  38t040 40 45 210 73
18" Aug (F) 1900 50t0 160 100 @ 6 to 12° 10 (N)* 45 9to53 28 30to47 38 38 425 /
28t07.5° 6(S)°
16" Sept (G) 1200 40t070 50 2to3 25 3 34to51 39 31t032 32 40 91 42
18" Sept (H)* 400 20 to 30 20 |/ 25 / 33t049 41/ / 15 8
26" Sept (1) 200 N/A 20/ 25 / N/A 36 |/ / 7 4
TOTAL 3802 1060

! values derived from aerial photograph analysis.

2 Values refer to marginal levees. N = northern ée\&= southern levee

/ Data not obtained

N/A Not applicable - flow width is relatively corasit throughout flow deposit length

Z 191doy)



Lava Flow Deposit Geometry & Morphology

9,000,000 M}, and just over half of the value estimated by Huobet al. (2002)
for the combined 1954 lavas and scoria cone. THE Bthe (B) lava flow
accounts for almost two thirds of the total voluaighe 1954 lavas, greater than

the one third percentage suggested by Gregg (1956).

2.2.3 Surface Features

Most of the 1954 lavas exhibit relatively flat, torm flow surfaces with no clear
evidence of a central flow channel or elevated matdevees. The exception is
the 18" August (F) lava flow deposit which displays a ifistive central flow
channel bound by elevated marginal levees. Thenextelava deposition within
this central flow channel is variable throughowd tength of the flow deposit. The
distal regions of some of the 1954 lava flow deggodisplay low-relief surface

features and a slight increase in flow depth.

2.3 LAVA FLOW DEPOSIT DESCRIPTIONS

This section presents a detailed description ofgé@metric, morphological and
surface feature characteristics of each of thel854 lavas visited in the field [4
June (A); 38 June (B); southern Y4July (Dc); 28" July (E); 18" August (F);
16" September (G)]. Comprehensive data were colleicted the 36' June (B)
and 18' August (F) lava flow deposits and the sectionsdeifg these deposits
are sub-divided into lobe groups and individuale®3d" June), and separate

flow zones (18 August).

2.3.1 4" June (A) Lava Flow Deposit

The 4" June lava flow deposit was the first of the 19%¢ak to be emplaced and
is a single-lobed, discrete unit overlying the iearl949 lava flow deposit (Fig.
2.5). It lies in a straight path from the craten fior most of its length but curves
northwards for the last ~ 200 m. The flow frontigided into two asymmetrical,
angular toes, the northern toe slightly longer amker than the southern toe. The
base of the southern margin (Adf the 4" June lava deposit is obscured by its
emplacement over the earlier 1949 flow deposit)(Afhd the presence of the

block and ash flow deposit (P1Immediately adjacent to the southern margin
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(Fig. 2.10). The average slope angle underlyingdthdune lava flow deposit is

42, although the distal margin rests on a gentlgresiangle (~ 39.

The flow surface of the ™ June lava flow deposit is relatively flat with no
apparent central flow channel or identifiable maadjlevees, compatible with the

homogenous flow surface evident on aerial photdggap

2.3.2 38" June (B) Lava Flow Deposit

This deposit is the second and the longest of 84 llavas to be emplaced.
Gregg’'s (1956) account records two initially sepaidava flows that merged part
way down the flanks of the cone then divided irtwesal separate lobes further
down the slope. The proximal section of these fldwase subsequently been
overlain by some of the July 1954 lavas [8218), 14" (Db); 29" July (E)] and
pyroclastic products from the 1954-55 and 1973-gawuhoe eruptions, thus
any evidence of separate lava flow margins higherthe slope have been
obscured. The currently exposed3lune (B) lava flow deposit initially appears
as a single, relatively wide (~ 250 m) flow unit tbe proximal half of its length,
although the lateral margins are not well-defin€de deposit divides into two
distinct ‘groups’ of lobes (Bn and Bs) ~ 940 m frohe crater rim at ~ 1,620 m
elevation, with a short minor lobe (Bm) emplacetwasen the two lobe groups
(Fig 2.5). The proximal section of the ®Qune lava flow deposit rests on an
underlying slope angle of ~ 2Mownflow the slope angle gradually decreases to
~ 16 at the distal margin, although localised slopelesx@re more variable,

particularly underlying each of the Bn group distdies.
The descriptions in this section have been suldddinto the northern (Bn) and
southern (Bs) lobe groups, with further sub-heaslirgferring to the individual

lobes within each group.

Northern Lobe Group (Bn)

This group consists of two ‘lower’ lobes (BnL) tHafurcate approximately 75 m
downflow from the division between this lobe groampd the southern group of

lobes (Bb). Overlying these two BnL lobes are tworter length, but markedly
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thicker, ‘upper’ lobes (BnU) that bifurcate at th@me position as the underlying
lobes. Both sets of lobes are separated by a ~n2606ng, lens-shaped paleo-
topographical high point (kipuka), approximately i® 15 m higher than the
surrounding slopes (Fig. 2.5).

Lower Bn Group Lobes (BnL)

The shorter of the two lower lobes is a narrow {~né wide), single lobe that
extends 1.8 km from the crater rim and lies inlatieely straight path around the
northern side of the kipuka (BnL-N). This lobe dies into two short, narrow toes
(Bn40b approximately 80 m before its distal end; thetmem-most of these
terminating at a narrow, rounded flow front. Theitbern toe curves southward
and overlaps the northern margin and flow surfdcde lower southern Bn lobe
(BnL-S) (Bn39a (Fig. 2.11), tapering into several thin fingessiaoverlaps the

lower southern lobe flow surface. The lower nomthé&be averages ~ 2.8 m

depth, increasing to ~ 3m at the flow front of tteethern toe.

The southern-most of the two lower Bn lobes (BnLisShe longest section of the
30" June flow and extends initially as a narrow (~td%0 m width), single lobe
for approx 480 m following the point of bifurcatiaf the northern lobes, curving
to the south around the kipuka. The lobe then vdden~ 90 m (Bnlpbefore
dividing into several smaller lobes (BnL-S1 to B8B) that mark the distal end of

the lower southern Bn lobe (Fig. 2.5-inset).

BnL-S-1:
The southern-most of the distal BnL-S lobes waslaoggl down the slopes of a
steep (~ 30 to 3%, high-elevation, south-west facing, pre-existidge (Bnl§
and diverted westward (BnBinto a small stream valley that lies between the
ridge and the northern slopes of Pukekaikiore (Rid2A). The lobe deposit
partially infills the stream valley, extending asnarrow, elongated finger-like
deposit ~ 270 m along the gently sloping (=)alley floor. The width of the
lobe deposit is approximately ~ 110 m from the timphe base of the underlying
ridge, narrowing to ~ 20 to 25 m width as it is fiead along the valley floor.
Lobe depth varies between ~ 0.2 to 4 m, and teresnat a rounded, ~ 3 m deep
flow front (Bn9
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BnL-S-2:

The main section of the BnL-S lobe was emplaceaalihe top of the high-
elevation, pre-existing ridge, bifurcating aroundoa-elevation kipuka on the
upper surface of the ridge (Bn34@ig. 2.5). The flow deposit to the southern
side of the kipuka develops into a series of stollkks (grouped as distal lobe 2)
that were emplaced down the south-western ridgeesio several places along its
length (Fig. 2.12B). These ‘overspill’ lobes arangrally < 0.5 m deep with each
of the small lobes terminating at the northern rmagj the distal lobe 1 deposit.
Contact between the distal margins of these ouergies and the northern
margin of distal lobe 1 (BnL-S-1) is minimal, wimatches of the underlying
surface visible in places and no thickening of teposit noted at the distal
margins of the BnL-S-2 lobes (BnB5

BnL-S-3:

To the north of the kipuka (Bn3Yflow emplacement continued in a relatively
straight path along the top of the high-elevatiolge dividing into a further three
distal lobes (BnL-S-3,4 and 5) (Fig. 2.5). BnL-&t#ves to the south and forms
the final lobe to be emplaced down the south-wlegtesof the pre-existing ridge,
terminating at the northern margin of BnL-S-1 adj#cto BnL-S-2 (Bnp (Fig.
2.12B). As with the other overspill lobes (BnL-S-2here is minimal contact
between the front of this lobe and the northerngmaof BnL-S-1, with no
evidence of overlapping of the two lobes. The lsbe 3 m deep at the top of the
ridge, thinning to ~ 0.5 to 1 m on the ridge sltpéhe base of the lobe.

BnL-S4:

This distal lobe continues along the main flow pathtop of the high-elevation
pre-existing ridge, extending a further 80 m beydmel division from BnL-S-3
(Fig. 2.5). It is a ~ 30 m wide deposit averaging m depth and terminating at a
steep (~ 42, rounded flow front ~ 5.5 m deep (Brjlthat rests on the gently
downward-sloping (~ 4 to°psurface of the underlying ridge (Bn12

BnL-S5:

This lobe marks the longest section of thé" 3ne flow deposit, extending
~ 2.2 km from the crater rim (Table 2.1). It sepesadrom the northern margin of
BnL-S-4 approximately 45 m before the front of lobewith a low-elevation
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Fig. 2.9 View of the scoria and ash flow depositifaded grey) ovelying the flow surface o
the 29th July (E) lava flow deposit (dashed yellovine). The margins of the 3& June (B
(dashed pink line), 14" July (Dc) (dashed blue line) and 18 August (F) (dashed green line
lava flow deposits are shown. Red dots denote fieldcations.
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Fig. 2.10 Upflow view of the southern margin of thetth June (A) lava flow deposit and the
underlying 1949 lava flow deposit from location Al.Note the darker colour and blockier
texture of the adjacent block and ash flow deposit.
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Fig. 2.11 Downflow view of the two lower (BnL) lobs, 3d" June lava flow, showing the overlap of the norther toe of the lower northern Bn lobe (BnL-N) onto tte
northern margin and flow surface of the lower soutlern Bn lobe (BnL-S). Red dot denotes field locatian
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(~ 3 to 4 m) pre-existing ridge separating the t{Bm20) and confining the

northern margin of lobe 5 (Fig. 2.13-inset). Thel5 m wide deposit was
emplaced down the steep (~°Bforthern slope of the high-elevation, pre-exggtin
ridge (Bn23 (Fig. 2.13), extending as an elongated finges-ldeposit ~ 140 m

beyond its division from BnL-S-4. At the base oé tnderlying ridge the lobe
finger broadens to a width of ~ 40 m, extendingrahier ~70 m beyond the ridge
base on a gently westward sloping (~ 6 td Underlying surface. Lobe depth
ranges between 2 to 3 m, increasing to ~ 3.5 fineafront of the lobe (Bn34

BnL-S6:

This is the northern-most distal lobe of thé"3ine lava flow deposit, dividing
from the northern margin of BnL-S-5 approximate§0Im from the point where
the lower southern Bn lobe (BnL-S) widens (at tbetlrern flow margin opposite
location Bnl16. This lobe deposit was emplaced in a north-whstéirection
down the steep (~ 3R north-facing slope of the high-elevation, presérg ridge
(Bn22), extending ~ 135 m into an elongated finger-kleposit after separating
from the rest of the flow. At the top of the ridgee deposit is ~ 150 m wide,
narrowing to ~ 25 m width on the ridge slope wh#re northern margin is
confined by a low-elevation ridge (Fig. 2.14). Tdeposit terminates at a rounded,
3 m deep flow front that is confined by, and pdtidills, a shallow hollow

between two low-elevation ridges.

Upper Bn Group Lobes (BnU)

Two distinctive ‘upper’ lobes were emplaced ovee fhroximal section of the
longer lower northern (BnL-N) and southern (BnL-Bh lobes, bifurcating
around the lens-shaped kipuka (Fig. 2.5) at theeslaation as the lower lobes.
Both upper lobes are ~ 9 m deep compared to th& t023 m average depth of
the lower lobes. The upper northern lobe (BnU-Nge#s 1.5 km from the crater
rim terminating in a steep (24 broadly rounded flow front approximately 90 m
wide (Bn40a. The upper southern lobe (BnU-S) is a ~ 9 m deeppow (~ 45 m)
flow deposit extending ~ 1.6 km from the crater and terminating with a steep
(44°), narrow, rounded flow front (Bn3B&-ig. 2.15).
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Most of the flow surface of both the upper and IoBa group lobes is relatively
uniform with no evidence of a central flow chanoelelevated marginal levees.
However, an approximately 120 m long, low-elevatievee occurs along part of
the southern margin of the lower southern Bn |dBBL{S), between locations

Bn37aand Bn3 adjacent to the southern margin of the overlyipger southern

Bn lobe (BnU-S). The south-facing outer wall ofsthevee is ~ 3 m high (Fig.
2.15), and the north-facing inner wall ~ 8 m highsimilar feature, with broadly
comparable inner and outer wall dimensions, is @gwent on the northern
margin of this lobe, directly adjacent to the sefatting slope of the kipuka
around which the lobes of the Bn group bifurcatee Tlow surface between these
levee structures lies approximately 8 to 10 m lowean the surface of the
underlying topography adjacent to the outer wallgach levee, suggesting that
this part of the flow was patrtially confined betweabe south-facing slopes of the
kipuka at the northern margin and an underlyingeidt the southern margin,
with the southern flow deposit margin overtoppihi tridge and forming a small

levee at the ridge top.

For the remainder of the lobe length the leveesheflower southern Bn lobe
(BnL) merge into flow margins that are at a simirel to the flow surface, with
no apparent evidence of a deep-seated flow chahhelflow surface of the distal
end of this lobe is characterised by complex serfégatures dominated by
numerous, low-elevation ridges and shallow depoasson the flow surface (Fig.
2.16). Most of these are orientated in the gendiratction of the flow and may
represent shallow flow channels towards the terh@nds of the distal lobes, e.g.
the flow surface of distal lobe 6 (BnL-S-6) (Figl2).

Minor Lobe (Bm)
This small lobe (Bnpmarks the point of separation between the BnBsdbbe

groups (Fig. 2.5). It is a ~ 45 m long, ~ 30 m widke deposit, approximately 1
to 2 m deep, that was emplaced over the top ofaanlde western end of, a pre-
existing ridge; an extension of which also confitles northern margin of the
northern Bs lobe (Fig. 2.17). This lobe appearshéwe separated from the

southern margin of the lower southern Bn lobe (BB)L&hus field locations are
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Lobe 3

MANGATEPOPO VALLEY

$ R T > : ! a2 -T2
Fig. 2.12 Distal lobes 1,2 and 3 located at the ti$ end of the lower southern (BnLS) lobe
30" June lava flow. Red dots denote field locations. Ajpflow view of distal lobes 1,2 and
emplaced down the south-west facing slope of a pesdsting ridge. Lobe 1 extends as
elongated lobe deposit infilling the stream valleyB, downflow view of lobes 2 and 3 emplac:
down the south-facing slope of the prexisting ridge and coming into contact with th
northern margin (dashed white line) of distal lobel

“High-elevation
< “Ridge

Fig. 2.13 View of the northern margin of distal lole 5, lower southern (BnL-S) lobe, 30 June
lava flow. Lobe 5 is emplaced down the north-westating slope of the pre-existing, high-
elevation ridge. Inset: downflow view of the south@ margin (white line) of lobe 5 confined b
the north-facing slope of a pre-existing, low-elew#n ridge from location Bn20.
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Fig. 2.14 Upflow view of distal lobe 6, lower souttn (BnL-S) lobe, 30" June lava flow
Deposit width decreases downflow as the northern mgin is confined by the southwes
facing slope of a low-elevation ridge. Lovelevation ridges also confine the distal end of tl
lobe deposit. Pink shaded areas denote shallow degisionson the flow surface, orientated il
the same direction as the flow. Red dots denote liildlocations.

labelled ‘Bn’). A smaller ~ 10 to 15 m wide, 3.5 aeep lobe appears to have
separated from the southern margin of the Bm |@vel), extending ~ 45 m over
the flow surface of the northern Bs lobe (Fig. 2-17

Southern L obe Group (Bs)

The southern lobe group (Bs) consists of threerelisdobes, labelled northern Bs
lobe, middle Bs lobe and southern Bs lobe, empléacete south of the northern
(Bn) group (Fig. 2.5).

Northern Bs Lobe:

This lobe extends ~ 1.5 km from the crater rim,idihg from the southern Bs
lobe approximately 1.2 km downflow (at ~ 1620 m veleon). It is an
approximately 53 m wide flow unit that curves iaily to the northwest relative
to the southern Bs lobe, then curves southwartiedistal end is emplaced down
the ~ 15 m high, south-west facing,”3Pope of a pre-existing ridge. It terminates
at an approximately 4 m deep, double-toed flow tir(Bs27 Bs29, with the
south-eastern toe overlapping the flow front of thieldle Bs lobe (Bs26(Fig.
2.18). A low-elevation (1-2 m) ridge, extendingrfradhe western end of the ridge
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Northern marginf
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outhern marging
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Lower Sou hern:
Lpbg_ (_BnL S)

Fig. 2.15 Flow front of the upper southern (BnU-S)obe, 3d" June lava flow, from location Bn38a. The upper sahern lobe (BnU-S) and margins of the lowe
southern lobe (BnL-S) are shaded pink. The extentfdhe central flow channel on the lower southern (BL-S) lobe surface is shown with a white doubl&eadec
arrow. Note the difference in height between the nth-facing, inner wall and south-facing, outer wall of the southern margin of the lower southern (BnLS) lobe
Measuring staff held by person wearing green backaxk is at 1 m height.
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Fig. 2.16 Aerial photograph of the distal flow endof the lower southern (BnL-S)lobe, 30tt
June lava flow (white outline). Pink dashed lines ehote shallow depressionsrothe flow
deposit surface.

underlying the minor (Bm) lobe (Bh%ppears to confine the northern margin of
the northern Bs lobe, between locations Bed Bs3(Figs. 2.5 and 2.17)

Middle Bs Lobe:
This is the shortest of the three Bs group lobe®neling ~ 1.3 km from the crater

rim. It divides from the northern margin of the #wern Bs lobe approximately
60 m downflow from the division of the southern amatithern Bs lobes, and was
emplaced at an approximate°Zngle from the northern margin of the southern
Bs lobe on the north-west facing slope of an uryitggl ridge (Bs22 (Fig. 2.18).
The northern margin of this middle Bs lobe is coafl by the base of the south-
west facing ridge that underlies the distal margirthe northern Bs lobe (Fig.
2.18). Flow deposit depth averages ~ 3.5 m andaapge terminate in a single,
rounded flow front (Bs2k although the northern section of the flow frost
obscured by the overlying south-eastern toe of tiwthern Bs Ilobe.
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Fig. 2.17 View of the minor (Bm) lobe located betven the Bn and Bs lobe groups, 30June lava flow. The Bm lobe has been emplaced ovarhigh-elevation, pre
existing ridge. Note the location of a lovelevation ridge between the southern margin of thBm lobe and the northern margin of the northern Bsgroup lobe. Dashe
white line denotes the inferred margin of the Bm Ibe. Red arrows denote inferred flow direction. Redlots denote field locations.
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Fig. 2.18 Across-flow view of the northern and midk Bs lobes, 30 June lava flow deposit. The distal end of the nohern Bs lobe is emplaced down the soutives
facing slope of a pre-existing ridge and divides to two toes at the lobe front. The south-eastern &is emplaced over the flow surface and flow froraf the middle Bs
lobe. Dashed line denotes contact between the lowarrface of the northern Bs lobe and the upper sugice of the middle Bs lobeThe middle Bs lobe separates fro
the northern margin of the southern Bs lobe at théop of a pre-existing ridge and is emplaced downstnorth-west facing slope. Red dots denote fielddations.
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Southern Bs Lobe:
This is the longest of the three Bs group lobeé witotal length of ~ 1.7 km from

the crater rim and terminating with a broad (~ h@0flow front comprised of a
series of several small, rounded toes (BsBkll4 Bs15 Bsl16 Bs19 (Fig. 2.5). It

is a single, ~ 80 m wide unit emplaced in a stiagth from the crater rim for

approximately 1.4 km of its total length, curvirgthe north-west along the base
of the north-facing flanks of Pukekaikiore for treanaining ~ 300 m (Fig. 2.19).
A small sub-lobe (BsBextends ~ 170 m along the southern margin ofltbs,
terminating approximately 100 m before the south&s lobe is diverted
northwards. Lobe deposit depth ranges betweeno0X6t m, with an average of

~ 3 m, increasing to 3.5 to 4 m depth at the floonf.

The southern, northern and north-eastern flow margf the southern Bs lobe are
unconfined by underlying topographical features apgear to be emplaced on a
relatively flat, featureless paleo-surface, wherdas south-western margin is
bounded by the base of the north-facing Pukekakistopes (Fig. 2.19).
However, although the flow direction changed sigaifitly as the deposit reached
the base of the ridge, some sections of the sowestenn flow margin,
e.g. location Bs;/barely come into contact with the base of thgei@Fig. 2.20A),
whereas other sections, e.g. location B$ally abut against the base of the ridge,
obscuring the outer wall of the flow margin (Fig2@B). A pre-existing, 10 to 15
m high, south-facing ridge is located directly agjat and parallel to the multi-
toed flow front of the southern Bs lobe. Howeveithwthe exception of the
western-most and eastern-most toes, the remairidbe dlow front toes do not
come into contact with the base of the ridge, teating 0.5 to 20 m before the
ridge base (Fig. 2.21).

The proximal section of the southern Bs lobe ddép@sim the point where the
southern margin of the lobe becomes clearly sepadfabm the northern margin
of the 14" July (Dc) flow deposit (Bs3lto the front of the sub-lobe on the
southern margin of the southern Bs lobe (Bs®sts on a relatively gentle
underlying slope angle of ~ 15This slope angle decreases to 8 tddtGhe distal
section of the southern Bs lobe, once the flowdfioe changes towards the
north-west (Bs?o Bs1).
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The flow surfaces of the southern Bs lobe groupldisa similar pattern of low-
elevation ridges and shallow depressions to thosedrmat the distal margin of the
lower southern Bn lobe, although some of these appe be more randomly
orientated in places along the flow surface (Fig22 A distinctive ridge crest is
evident near the centre of the flow surface ofgbethern Bs lobe. The northern
margin of the southern Bs lobe is emplaced downntir¢h-facing slope of this
ridge and it appears that it is this ridge slopat tine middle Bs lobe was also
emplaced down (Fig. 2.18). The crest of the ridggeears to follow the curve of
the southern Bs lobe as its flow direction changashward alongside the base of

the Pukekaikiore ridge.

2.3.3 14 July Lava Flow Deposit — Southern (Dc) Flow

The southern-most of the three™duly lavas is a single-lobed, discrete unit
emplaced immediately adjacent to, and intermityeinticontact with, the southern
margin of the southern Bb lobe of the™3lune (B) lava flow deposit (Fig. 2.5).
Part of the southern margin and flow surface of 148 July (Dc) lava flow
deposit is completely overlain by the northern rivaaf the later 18 August (F)
lava flow deposit. Contact with the 30une (B) lava flow deposit occurs in three
locations along the northern margin of thé' Idily (Dc) lava flow deposit (Dc9a
Dcl0aand Dc12p with no evidence of the f4July (Dc) lava flow overlapping

the flow surface of the earlier 80June (B) lava flow. The points of contact
between these two lava flow deposits involve ohby basal sections of each flow
margin (Fig. 2.23), with the underlying surfaceemmittently visible between the
two flow margins. Although it has been mapped bydgr (1956) as a separate
flow, the proximal margins of the £4July (Dc) lava flow deposit are not clearly
defined and the flow appears to have separated fnensouthern margin of the
southern Bs lobe of the 8@une lava flow ~ 1.2 km from the crater rim (Dy13
(Fig. 2.24). The flow width of the f4July (Dc) deposit averages ~ 90 m for most
of the flow length, broadening towards the flowrfr@go a maximum of ~ 140 m

just behind the flow front.

The flow deposit terminates with the formation otif rounded toes (D¢Dc4,

Dc5, and_Dc9 (Fig. 2.25) and a smaller sub-lobe is evidentt@northern flow
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Fig. 2.19 Downflow view of the Bs lobe group, 30thune lava flow. The flow direction of the southerrBs lobe is diverted westward (pink arrow)along the
base of the north-facing Pukekaikiore ridge and teminates at a broad, multi-toed flow front. Photogrgh taken from Ngauruhoe summitcourtesy of J
Krippner.
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Fig. 2.20 Relationship between the base of Pukekake ridge and the southwestern margin
of the southern Bs lobe, 30 June lava flow. P = Pukekaikiore ridge.A, minimal contact
between the base of south-western flow margin andché base of Pukekaikioreridge at
location Bs7. B, south-western flow margin abuts adnst the base of Pukekaikioreridge at
location Bs10.

margin, the front of which lies approximately 130bmhind the front of toe 4
(Dcl?. This sub-lobe is separated from the northerngmaof the main flow
deposit by a narrow ridge of lava, similar in appeae to a levee structure, and it
is this section of the flow which appears to beoatinuation of the 30 June (B)
flow. A small lobe extending ~ 1.2 km from the ematim (Dcl14 overlies the
flow surface of the northern sector of thé"1uly (Dc) flow deposit, terminating
~ 50 m downflow from the point where the underlyiihgyv deposit appears to
separate from the 3Qune (B) flow (Fig. 2.24).

The underlying slope angle for most of the flowdg#mis approximately 39
decreasing considerably to =f@r the last ~ 280 m of the flow. The flow deposit
appears to be unconfined by pre-existing topogcgbhfeatures, with the
exception of the distal flow margin. Here the seuthsegment of toe 3 (Dx2
abuts the basal section of the Pukekaikiore ridgpscuring the outer margin of
the flow front (Fig. 2.26A), although there is neidence of thickening of the
flow deposit at the point of contact. However tloavffront of toe 2 (Dc}and the
northern segment of toe 3 (DcBave not been confined by the Pukekaikiore
ridge, with toe 2 terminating approximately 0.5 mfdye the ridge base (Fig.
2.26B), while toe 4 terminates ~ 30 m before theebaf the ridge (Fig. 2.5).
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Fig. 2.21 Across- flow view of the multi-toed flowrbnt of the southern Bs lobe, 3@ June lava flow deposn Red arrow to the left oftte photograph marks apersor
wearing a light blue jacket for scale. Red dots dente field locations.
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Fig. 2.22 Aerial photograph of the Bs lobe group (hite outline), 34" June lave
flow. Dashed pink line denotes shallow depressions ohetflow surface. Soli
pink line denotes location of a known, high-elevatin ridge crestunderlying
the flow surface.

14thJuly (D&} -
Lava Flow Deposit

> L & " v ~ ] e . S

Fig. 2.23 Downflow view of one of the points of céact (Dc10)between the northern margir
of the southern 14" July (Dc) lava flow deposit (shaded blue) and thsouthern margin of the
southern Bs lobe, 30th June lava flow. Dashed whiténe denotes approximate position ¢

contact between the two lava flow deposits. Red ddenotes field location.
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o 14th July (Dc)
- 29th July » bl = ~_ lava flow
i - lava flow 2

14th July
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Fig. 2.24 Upflow view of the northern margin of thesouthern 14th July (Dc) lava flow
deposit and the southern margin of the southern Bkbe, 30th June lava flowdeposit. The
two flows appear to diverge upflow from location Dc13 with no obvious marimn betweer
them. A small upper lobe (shaded blue) (Dc14) ovées the 14" July (Dc) lava flow deposit.

Fig. 2.25 Aerial photograph of the 14th July
(Dc) lava flow deposit (white outline) Numbers
1-4 (white) denote multiple toes at the distal er
of the flow deposit. The position of the margin¢
levees (shaded blue) are showand the pattern
of shallow depressions (white dashed lines) on
the flow surface. Note the wshaped ridge
(shaded grey) located behind the flow front
Blue dots denote field locations.
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Fig. 2 26 V|ew of two of the toes at the dlstal main of the 14h July (Dc) Iava flow deposit. A, southern sectionfdoe 3 abutting the base of the Pukekalklore rldge
(P). B, southern margin of toes 2 and 3 showing ttaistance between the front of toe 2 (double-headedrow) and the base of Pukekaikiore ridge (P).
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There is no distinctive flow channel within the™d4uly (Dc) flow deposit,
although low elevation levees are apparent on@esif both flow margins (Fig.
2.25). The southern margin levee occurs betweerpti® where the southern
flow margin first becomes clearly distinguishednfraghe northern margin of the
18" August (F) flow (Dc$ and the point where the southern margin becomes
overlain by the northern margin of the™8ugust (F) flow (DcJ. The south-
facing, outer wall of this levee is ~ 3.7 m highthna slope angle of 32The top
surface of the levee is relatively broad (~ 4.5 amd the 2 m high, north-facing,
inner levee wall slopes at a gentle < &hgle. The levee structure on the northern
flow margin is located between the main flow depesid the sub-lobe on the
northern margin, extending ~ 22 m beyond the fadrthis sub-lobe but tapering
out before the front of the main flow deposit. Fldeposit depth ranges from 1 to

6 m, average 3 m, increasing to 5 to 6 m deptheatflow front.

The flow surface of the broad, multi-toed flow ftds composed of a series of
shallow depressions, predominantly orientated endame direction as the flow,
separated by variable height, low-elevation ridfeilg. 2.25). A small, inverse
v-shaped ridge, orientated in the direction of floeev and surrounding a deep,
narrow depression, is evident at the approximakdreeof the broad lobe front,
the flow deposit appearing to have been emplacednar either side of this high

point.

2.3.4 29" July Lava Flow Deposit (E)

The fifth of the 1954 lavas to be emplaced, thisvfldeposit is a single-lobed,
discrete unit, extending in a straight path frora tnater rim and overlying the
southern margin of the southern Bb lobe of th& 30ne flow (Fig. 2.5). The
deposit divides into two angular flow toes jE@pproximately 50 m from the
distal flow front. The contact between the base¢hef 28" July (E) flow and the
upper flow surface of the underlying "8Gune (B) deposit is not well defined
along most of the southern margin_JEthe outer margins of the two flow
deposits appearing as one deep deposit (Fig. 2.Z1%) contact between the two
margins becomes more apparent approximately 45 fordo¢he front of the

southern toe, as the southern margin curves gsfigbtlthe north-west and the
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underlying 38 June (B) lava flow deposit continues in a straighth (Fig.
2.27B).

The slope angle of the southern margin is betwéeto 310, increasing to a 45
angle at the front of the southern toe. The angkh® underlying slope averages
37 for most of the flow deposit length, decreasing {019 for the last
approximately 100 m. The flow surface of this depappears relatively uniform
with no evidence of a central flow channel or maagjievees noted in the field or

on aerial photograph analysis.

2.3.5 18" August Lava Flow Deposit (F)

This is the second longest of the 1954 lavas, extgn~ 1.8 km from the crater
rim (Table 2.1). It is a narrow, single-lobed, dete unit (Fig. 2.5) that displays a
range of well-defined morphological and surfacdifess not evident at the other
1954 lavas. These features vary along the lengtimefflow, enabling the flow
deposit to be divided into four distinct zones eaterised by their different

features.

Proximal Zone

This section of the flow extends in a relativelyagght line for the first ~ 1.3 km
of the flow length, from the crater rim to ~ 1620 elevation, ending
approximately 70 m upflow from the point where floav deposit broadens (Fig.
2.5). A scoria and ash flow deposit lies adjacenthie southern margin of the
proximal zone, breaching the southern levee apprataly 1 km downflow from
the crater rim, and overlying the flow surface loé ikd August lava. The later
16" September (G) flow deposit is emplaced over theeupart of the northern
levee of the 18 August flow deposit, its flow front extending dowend
terminating at the base of the south-facing, inmall of the northern levee (31
(Figs. 2.5 and 2.28).

The proximal zone of the T8August flow deposit rests on an average underlying

slope angle of 40and is characterised by a central flow channel dednby
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~14th July
> (Dc) lava
flow deposit|

Fig. 2.27 View of 29th July (E) lava flow depositwerlying the 30th June (Bs) lava flow deposit. Aite southern margin of 29th July (E) lava flow depdsand the
underlying 30th June (Bs) lava flow deposit appeaas one margin, with no clear contact evident betweehe two (E1). Measuring staff is at 5 m height3, upflow
view of the southern margin and the front of the sothern flow toe of the 29" July (E) lava flow deposit (shaded yellow) wherehe distal flow margin of the 29t
July flow curves to the north-west. Red dots denotfeld location numbers. Measuring staff to left ofphotograph at 5 m height.
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A

Proximal
Zone

Drained
il
channel

Medial
Zone.

16th September
flow front

Fig. 2.28 Upflow view of the proximal zone of the8h August (F) lava flowdeposit. Red da
denotes field location. A, extent of the proximal@ane showing marginal levees (shaded gree
and drained flow channel. Red shaded area denoteschtion of the 16th September (Glava
flow deposit. White dashed line denotes the line of division bew®en the proximal anc
medial sections. B, drained central flow channel stace of the proximal zone overlain by
heterogeneous scoria and ash flow deposit. Margindvees shaded green. 6Septembe
(G) flow front outlined with solid red line. Note person (bending forward) at the botton
right of the photograph for scale.
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distinctive marginal levees (Fig. 2.28A). Leveeditiranges from 2 to 12 m with
the northern margin levee significantly higher ththe southern margin levee.
The 18" September (G) flow deposit fills the central flmhannel of the 18
August deposit on the upper slopes of the proxirmade, with no evidence of
1954 lava deposition within the central flow chanmetween the distal margin of
the 16" September (G) flow and the distal end of the pr@tizone. Instead the
underlying paleo-slope surface of the cone is les#s small grassy tussocks and
old, weathered boulders, overlain with a relatividlin layer of heterogeneous

scoria and ash flow clasts (Fig. 2.28B).

Medial Zone

The medial zone of the T8August flow deposit extends downflow for
approximately 200 m from 1620 m elevation a.she (base of the proximal zone)
and is characterised by a distinctive s-shapedec(i\1.3 km downflow from the
crater rim) towards the south around the southacthad the Pukekaikiore ridge
(F1) (Fig. 2.5). This zone ends at the centre of thal turve in the deposit at the
southern end of the Pukekaikiore ridge at 1580ewation a.s.l. The curve of the
deposit is more pronounced on the northern margnera/ the flow width
broadens to ~ 130 m, overlying the southern maagioh part of the flow surface
of the 14" July (Dc) flow deposit. At the central portiontb curve, the northern
margin (F) and northern section of the flow surface areaséd at a relatively
higher elevation (~ 15 to 20 m) than the southeangm, with a distinct 23 to 24
dip of the flow surface towards the southern mafgig. 2.29A) suggesting that
the flow was emplaced both around and over theofofhe southern end of the
Pukekaikiore ridge. At the base of the medial zibow width narrows to ~ 80 m

as it overtops and curves around the southern et & ukekaikiore ridge.

The medial zone of this flow deposit is also chemased by a marked reduction
in underlying slope angle to° %t the east-facing base of the distal end of
Pukekaikiore ridge. The flow deposit in this zoeenains bounded by levees on
both margins, ranging in height between 2 to 12vith the northern margin levee
again significantly higher than the southern levébe medial zone is also

characterised by the deposition of a’a lava, exindidistinctive surface features,
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within the central flow channel. A ~ 4 m high, lestsaped crest is located in the
centre of the flow channel ([F3approximately 53 m long, 20 m wide and
orientated in a downflow direction (Fig. 29B). Aries of regularly spaced, low-
elevation ridges, separated by shallow troughs, drgtributed roughly
perpendicular to the flow direction on either sadehis crest (Fig. 2.29A). These
ridges extend at varying lengths (Table 2.2) fréva base of the central crest to
the base of the inner levee walls, curving sligltbwnflow towards the levee
walls. The top of these ridges are generally ofnailar height but there is a
noticeable difference in the depths of the intecspatroughs, ranging in depth
from 0.5 to 3.7 m (Table 2.2). The ridge slope asgire generally gentler on the
stoss (upflow facing) slopes, and steeper on thédewnflow facing) slopes. The
ridges on the south side of the central crest teatrijust beyond the western end
of the central crest, while the ridges on the rarihside continue beyond the
western crest-end to the point where the flow @ptthe southern end of the

Pukekaikiore ridge.

With the exception of the southern end of the Pake&re ridge, there is no
evidence that the northern margin of the medialezavas confined by the
underlying topography. However, the southern margppears to have been
partially confined by a low-elevation (2 to 3 mjegexisting ridge before the flow
reached the southern end of the Pukekaikiore rfE§¢o F129 (Fig. 2.30).

Distal Zone

This zone extends ~ 220 m from the base of the ahedine to the narrowest
point of the flow deposit (at 1520 m elevation Ig,swith an underlying slope
angle of ~ 16 The deposit narrows to around 46 m width astiérds beyond the
southern end of Pukekaikiore ridge and is charesetrby a markedly narrow
(8 m) flow channel bounded by two levees at eithargin (Fig. 2.31). A shallow
(~ 0.5 m) depression separates the inner and laviee at each flow margin.

The southern margin of this zone appears to oventopnderlying, high-elevation
(~ 10 m) ridge approximately 80 m downflow from twestern end of the low-

elevation ridge noted upflow at the southern maagithe medial zone (between
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PUKEKAIKIORE
RIDGE_

Northem
levee

Filled channel

EDrained channel

Pukekaikiore
Ridge

Central cfest

Central flowthannel

Fig. 2.29 Medial zone surface features of the £8August (F) lava flow deposit. A, @wnflow
view of the medial zone. Flow surface features inafle a central crest (shaded white
perpendicular ridges (ridge tops marked with solidwhite line) and marginal levees (shade
green). Base of levees denoted by fine dashed whitee. Note higher elevation of the
northern margin (F1) compared to the southern margn and the southward orientated
camber of the flow surface as it overlaps the souéin end of Pukekaikiore ridge. Flow
direction indicated by red arrows. Thick, dashed wiite line denotes nargin between the
proximal and medial zones. Red dot denotes field dation. B, view of the eastern end of th
central crest at location F3. Measuring staff is a m height.
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~Low-elevation-ridge

Fig. 2.30 Upflow view of the southern levee of th&8" August (F) lava flow deposit confine
by a low-elevation, pre-existing ridge at locatiori12.

Fig. 2.31 TLS model of the distal zone of the ¥8August (F) lava flow deposit showing th
location of double levees on both flow margins. Sdiwhite line denotes the crest of the out
levee, dashed white line denotes the crest of thner levee. Red triangle denotes the locati
of the third TLS survey position (TLS03) (see Fig2.4).
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Table 2.2 Dimensions and slope angles of the flowrface ridges located on the northern and southerrsides of the lens-shaped
crest in the centre of the medial zone flow channel8" August (F) lava flow deposit. Ridge height measudefrom the ridge crest

to the base of adjacent troughs on either side ohé¢ ridge (stoss and lee slopes), reflecting bothahidge height and the depth of
each trough. Distance between ridges measured frotine centre of each ridge crest to the next ridge.

Northern Ridges

Stoss side Lee side Stoss slope Lee slope Ridge Distance to
Ridge No. height (m) height (m) angle (9 angle (9 Length (m) next ridge crest (m)

NR1 1.45 1.8 32 37 20 9.7
NR2 1 1.25 16 26 20.7 8.3
NR3 0.9 1 12 18 25.5 14

NR4 1.05 1.32 16 28 23 10

NR5 1.32 1 14 36 20 7

NR6 0.91 0.81 18 24 14 8.5
NR7 1.35 0.84 16 7 18.5 21

NR8 1.25 2.15 10 36 29 20.5
NR9 1.82 1.7 28 32 21 9.6
NR10 1.8 1.45 20 32 22.1 9.7
NR11 25 3.7 36 40 16.1 N/A

Southern Ridges
Stoss side Lee side Stoss slope Lee slope Ridge Distance to
Ridge No. height (m) height (m) angle (9 angle (9 Length (m) next ridge crest (m)

SR1 0.5 1.7 26 32 14.1 9.6
SR2 0.7 1.8 22 30 14.2 13.3
SR3 14 0.9 24 30 8.6 5

SR4 0.7 2.3 20 38 18.5 13

SR5 1.3 1.7 24 38 12.7 6.2
SR6 0.8 2.1 26 38 17.7 10.4
SR7 1.6 1.6 24 36 18.1 8.3
SR8 12 1.35 28 28 10.9 10.5
SR9 12 1.55 28 30 16 N/A
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locations_F9and F12) A thin (< 0.5 m) deposit of lava initially ovgnfis the
south-facing slopes of this ridge (F13g&ig. 2.32A), completely covering the
ridge slope ~ 20 m downflow from this point (Fig32B). Approximately 30 m
further downflow a small, rounded, 35m wide ‘break’ lobe (F15 is evident
(Figs. 2.4, 2.5), overtopping the pre-existing @dagnd extending ~ 50 m beyond
the base of the ridge. On the western margin ofbtieak-out lobe the southern
margin of the flow deposit can be clearly seen acgd on top of the underlying
ridge, with a thin (< 0.5 m) veneer of lava palyi@mplaced on the south-facing
slope of the ridge (F16=17. The western end of this pre-existing ridge mahles
narrowest part of the flow and base of the distatez Although there is no
evidence of an underlying ridge at the northerngmarboth the northern and
southern flow margins reduce significantly in heighthis point, from ~7 to 3 to
4 m (Fig. 2.33), at a 28 to 36lope angle (F31

Frontal Zone

Approximately 190 m before the distal flow frontetlhleposit broadens into a
~ 65 m wide, fan-shaped lobe (Fig. 2.5) resting somelatively flat (~ 9
underlying surface, and forming multiple roundeéstat the flow front (F20F21,
F22 FE27 F28 (Figs. 2.5 and 2.34). There is no distinct cdnfiav channel
within this zone of the deposit and the marginghef deposit are generally the

same depth as the surface of the flow. Deposithdeptvariable in this zone,

ranging from 2.2 to 7 m.

The flow surface of the frontal zone is similartbat seen on the surface of the
30" June and 1% July (Dc) deposits, characterised by complex sdged
depressions orientated in the general directiothefflow (Fig. 2.34). Some of

these appear to be associated with the margin batthe flow front toes.

2.3.6 18" September Lava Flow Deposit (G)

Two flows were reportedly observed on this dattocalgh only one flow with a
double-lobed flow front was mapped by Gregg (1936 southern lobe the
longer of the two. Later maps, e.g. Hobden and Htarg(2000), exhibit a single
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PUKEKAIKIORE

Southern Levee

o : Sy S

Fig. 2.32 Southern levee of the 18 August (F) lava flow deposit at the distal zone
A, downflow view of the southern levee emplaced dowthe south-facing slope of a high-
elevation, pre-existing ridge at location F13a. Bupflow view of the southern leveeshowing

the emplacement of lava covering the south-facindape of the high-elevation ridgeRed dot
denotes field location.

flow unit with a single-lobed flow front. This isi¢onsistent with the deposit
observed in the field, which initially appears adiscrete ~ 1 km long, ~ 38 m
wide, single-lobed unit, emplaced in a relativeyaight path from the crater rim
along the northern levee of the proximal zone ef 18" August (F) flow deposit
(Fig. 2.5). However, a small discrete lobe was oplesk between the northern
margin of the 18 August (F) flow deposit and the southern margirthef 14"
July (Dc) flow deposit_(DcB at the point where the two margins become glearl
identifiable (Fig. 2.35). This lobe extends ~ 12 KTable 2.1) from the crater rim
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& PUKEKAIKIORE |
SO S, A O ) of underlying ridge

Western end

s e Distal Zone

flow margin

x

7L I e - ; : &
ficant decrease in deposit heiglat

Fig. 2.33 Upflow view of the northern margin of thedistal zone of the 18th August (F) lava flow depds Note the signi
the western end of the underlying ridge prior to tle spreading out of the fanshaped lobate frontal zone. Thick dashed line denes boundary betwee

distal and frontal zones. Red dot denotes field lation.
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Fig. 2.34Aerial photograph of the
frontal zone of the 18" August
lava flow deposit (white outline)
Location of depressions in the floy
surface marked by dashed whit
lines. Central flow channel of thi
distal zone behind the frontal zon
is shaded green. Red dots denc
field locations.

16th September

/ lava flow
Possible -

northem lobe

\’ G1

14th July
(Dc) lava flow

-

- gth August-lava flow’ -

Fig. 2.35 Upflow view of the 16th September lavadiv deposit (shaded red) showinghe
possible emplacement of a northern lobe of the f6September lava flow (Dc8a) between tl
northern margin of the 18th August lava flow deposit (shaded green) and the southe
margin of the 14" July (Dc) lava flow deposit (blue outline). Red dis denote field locations.
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and appears to be emplaced adjacent to the nomhangin of the 16 September
flow deposit. It has therefore been mapped asqfatte 18" September flow for
this study, and may either be the secontl $6ptember flow of Gregg's (1956)
account or the northern lobe of thé"iBeptember flow mapped by Gregg (1956).

The main flow unit, from the crater rim to the floinont emplaced over the
northern levee of the 8August (F) flow (G}, lies in a straight path from the
crater rim over an average underlying slope an§ld% The distal end curves
slightly to the south and was emplaced down thehsfacing, inner, northern
levee wall of the 18 August (F) flow deposit (Fig. 2.35). The depositinates
at a well-rounded flow front that partially encrbas over the central flow
channel of the 18 August deposit (Figs. 2.28 and 2.35). Flow dejppears to be
approximately 2 to 3 m, although this was diffictdt determine as the contact
between the base of the™ 6eptember deposit and the top of the northerreleve
of the 18" August deposit is unclear. There did not appedetany thickening at
the flow front although again this was difficult ¢uantify due to the manner of
emplacement of the flow down the south-facing, insiepe of the 18 August
levee. The distal margin of the W&eptember deposit rests on the < &épe
angle of the south-facing, inner levee wall, wilie tflow front resting on the

localised 28 slope angle of the underlying"@ugust central flow channel.

The flow surface immediately before the deposit wagplaced down the inner
levee wall of the 18 August flow (G23 appears relatively flat and featureless.
The remainder of the surface was not observed énfigdd, and there is no
evidence of channel and levee structures or ottstindtive surface features on

aerial photograph analysis.
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Petrographic, Mineralogical &

Geochemical Characteristics

3.1 INTRODUCTION

This chapter details the results of laboratory ysed carried out on a number of
individual samples collected from each of the 9%4 lava flow deposits visited
in the field, with the aim of quantifying the pegraphic and geochemical
parameters of the 1954 lavas. Whole rock morphgldgyture and the size
distribution of clasts within lava flow depositeatescribed. Thin section analysis
iIs used to describe the micro-textures and crystatent of the lavas, with
emphasis on phenocryst, vesicle and groundmass ratdividual mineral modal
abundances and descriptions of mineral speciesnaakein thin section.
Vesicularity is described in hand specimen and thection analysis, and
guantified by gas pycnometry and statistical anslg$ field data. Geochemical
analysis was undertaken to determine the geochésigraature of the 1954 lavas
and to ascertain any significant trends or diffeemnin chronologically successive
lavas from the 1954 eruption. Several lava flowa$#pfeatures in the field could
not be assigned to specific flows with certaintyd éherefore an attempt has been
made to use the geochemical characteristics déribe/n lavas to correlate them.

3.2METHODOLOGY

3.2.1 Sample Enumeration

Rock samples were labelled according to the fielchiion numbers where they
were collected, and the number of samples obtaiftech each location.
Therefore, where only one rock sample was obtainemh a field location the

designated sample number is the same as the deddion number (e.g. one rock
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sample from location F21 was given the sample nunf#i’). Where more than
one rock sample was collected from the same lataéio individual sample
number follows the field location number (e.g. ttve samples from location F15
were enumerated F15-1 and F15-2). Thin sectior)@yeter, and XRF samples

were labelled in the same manner.

Where selected whole rock samples displayed diifeake vesicle zonation
between the inner and outer segment of the clastthin sections were prepared
to enable comparison of the vesicularity betwees different vesicle zones.
These samples were labelled with either an ‘X’ dZ’ain front of the sample
number, representing the outer and inner zoneshef whole rock sample
respectively (e.g. thin sections prepared fromdbuter and inner zone of whole
rock sample Bs8-2 were labelled XBs8-2 and ZBs8sbectively). Each side of
these thin sections was also labelled to orierttagethin section slide as to the
direction of the outer and inner zones (X and Zgtree to the whole rock sample.
A list of the selected whole rock samples and a®syundertaken is presented in
Appendix B.1. Field locations (underlined) refertedn this chapter and/or those
corresponding to sample numbers referred to indhépter, are shown either in

Fig. 2.5, or in Appendix D.1.

As discussed in Chapter 2, some localised lavagiesp(e.g. the lobe overlying
the 14" July (Dc) flow deposit at location Dclwere associated with known lava
flows but could not be confidently correlated tcesific lava flow deposits of
known emplacement dates. Samples from these deparsitdistinguished from

those of ‘known’ lava flows as ‘unknown’ samples.

3.2.2 Whole Rock Sample Descriptions

Numerous whole rock samples from six 1954 lava fibeposits [4 June (A),

30" June (B), 1% July (Dc), 28" July (E), 18 August (F), 18 September (G)]
were collected to represent the variation in molping texture and vesicularity
of individual clasts. These were described and gdraphed in the laboratory
prior to preparation for analysis. In the fieldetkize and distribution of lava

clasts at various locations on each of the flowodép was recorded.
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3.2.3 Thin Section Petrography

Covered thin sections were made using standardgrephic techniques for
selected samples representing ‘known’ and ‘unknoflow deposits. Two thin
sections corresponding to the outer scoriaceoudemsdvesicular inner zones of
individual clasts were prepared for those whol&kremmples displaying distinctly
different degrees of vesicularity between the twoes. Six polished thin sections
were prepared to identify opaque minerals. Modalndlance data were obtained
using a standard point count technique with 40htoper thin section. Detailed
petrographic descriptions of mineral, vesicle armugdmass textures and
componentry were carried out on 29 known 1954 sesp@nd modal abundance
analyses on 36 known and unknown 1954 samples.

3.24 Vesicularity

Vesicle abundance, morphology, size range and iluision patterns were
determined by modal point count and visual exanovnabf thin sections and
vesicularity quantified by gas pycnometer analgsid statistical analysis of bulk
flow deposit vesicularity using the methods destiin this section.

Gas Pycnhometry

Eight whole rock samples, representing the rangerdr zone vesicle abundance
and size observed in the 1954 flow deposits, welected for pycnometer
analysis. The pycnometer sample cells into whidpared whole rock samples
were placed for analysis are cylindrical, and ijeptepared rock samples should
also be cylindrical and closely match sample cethethsions to maximise
analytical accuracy. However, the necessary ressurequired to cut cylindrical
samples from whole rock clasts at diameters magcpycnometer sample cell
sizes are not currently available at the UniversftyWaikato. Pycnometer samples
were therefore prepared by cutting sample blocsifvhole rock samples to a
specific size to (a) maximise the volume of thergical pycnometer sample cell
filled by the lava block sample and thus reduceyaical error, and (b) enable
comparison of results between sample blocks ok#me size. Greater analytical

accuracy is obtained with large sample block si@eg. 75 x 32 x 32 mm);
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however, the inner zones of the whole rock samplese generally not large
enough to prepare large-size sample blocks foryaisaltherefore medium-sized
sample blocks (36 x 28 x 28 mm) were prepared. duter, scoriaceous zone of
these samples was generally ~ 2 cm thick and therehedium-size sample
blocks could not be prepared from this zone. Inkteanall-sized sample blocks
(21 x 17 x 17 mm) were prepared from both the omtere and inner zone of five
of the whole rock samples to enable comparisonsThuotal of 13 small-sized
sample blocks and eight medium-sized sample blagks analysed. The sample
blocks were dried overnight at I'f} and block dimensions measured using
digital callipers. Four length measurements and ¢&oh of the width and depth
of each sample block were recorded to obtain aragedength, width, and depth
to the nearest 0.01 mm, and sample block volumeulzdaéd from these. Each
sample block was weighed to the nearest 0.01 ghéble calculation of bulk

density (bulk density of the whole sample block.

Pycnometer density (bulk densjly, i.e. the bulk densifyexcluding exposed
vesicles, and solid density (dense rock equivdlHRE density) was determined
using an Ultrapycnometer 1000 gas pycnometry aaglyased at the University
of Waikato. The pycnometer was calibrated accordiog manufacturer's
instructions, an error margin set at 0.005% andwbrght of each sample block
entered into the pycnometer prior to analysis. Pyenometer ran multiple
analyses on each sample block to determine thenelof gas displaced by the
sample block, until three consecutive analyses wwtt@n 0.005% error, or until
eight runs were completed. The pycnometer caladilitite average volume from
either the three consecutive analyses, or the fimak analyses results from eight
completed runs. Bulk densify for each sample block was then determined by the

pycnometer using the average volume and weighteosample block.

Following analysis, the sample blocks were crustegowder, weighed and
reanalysed in the same manner to calculate the@g®esolid density value (DRE
density) for each sample block. Total vesiculafiy) (%) was calculated using

the equation:

. 00 ‘DRE density — bulk densit}ujl
=1 ;
! ‘ DRE density
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Isolated vesicle abundancé)(%) was calculated by:

100 [DRE density — bulk densit}'\_,_,_.;'l
IV, = —
' DRE density

Connected vesicle abundandg)((%) is then calculated by:

Pycnometer results and vesicularity calculatiomspaesented in Appendix B.2.

Quantitative Bulk Lava Flow Deposit Vesicularity Analysis

Bulk lava flow deposit vesicularity was determinleg estimating bulk vesicle
abundance at two locations on the southern marfjthen 18" August (F) lava
flow, to assess potential changes in vesiculafdibtypgthe long axis of the flow.
The proximal flow zone site (F38vas selected as the furthest upflow position at
which the southern margin levee was easily disisitable from other flow
deposits. The frontal flow zone site (F3%as located 30 m behind the front of the
southern-most flow-front toe formation, immediatélghind the point where the
frontal zone of the flow deposit divides into indival flow toes. A 1 x 1 m
square grid divided into 20 cm squares (Fig. 3skipwas used to randomly
select 100 lava clasts at each site. The grid vase@ on the south-facing outer
levee in four adjacent places in a square formafii@n two upper positions and
two positions immediately below these) (Fig. 3.tlgach site. The clast closest to
the centre of each 20 cm square within the grid s@ected, the maximum
diameter of the clast and mean maximum diametexpbsed vesicles measured,
and a percentage of vesicle abundance estimatedllyisusing a comparator.
Vesicle abundance was noted separately for innéroamer zones of the clasts
where differential vesicle zonation was apparenfasts larger than 20 cm
diameter (and therefore extending into adjacentusp) were allocated to the
square in which the clast was dominant. Once data wecorded for this clast, it
was removed and the underlying clast at the cefttbe other affected squares

was selected for data collection.
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Statistical analysis was carried out using Microdecel software. Mean and

standard deviation values were obtained for thed thdata at each site and for each
grid. A two-tailed student’s t-test, assuming equaliances between the sample
populations, was used to determine any significififierence in the mean values
of each site and to ascertain if significant vasiatoccurs between the two upper
and two lower grid positions (i.e. the upper andido sections of the levee) at

each site.

g - E
T R

= g <

Fig. 3.1 Method used to randomly select lava blocks for quantitative field vesicularity
analysis along the longitudinal axis of the 18" August lava flow deposit. Positioning of the
square grid on the outer margin of the southern levee at location F39 in numbered order is
shown. Measuring staff is at 5 m height. Inset: Square grid positioned at location F38.
Frameis1x 1 m size, with divisionsin 20 cm squares.

3.2.5 X-Ray Fluorescence Analysis

Eighteen representative samples (including knowth @mknown 1954 samples
and one known 1949 sample) were selected for whwt& major and trace
element analysis using a Spectro X-Lab 2000 fulltpmated X-Ray fluorescence
(XRF) spectrometer at the University of Waikato.nTimajor elements (SK)

TiO,, Al,O3, Fe0Os*, MnO, MgO, CaO, NgO, K0, BOs) and 21 trace elements
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(S, Cl, V, Cr, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, Y, &lb, Ba, La, Ce, Pb, Th, U)

were measured.

Small sections were cut from whole rock samples @med overnight at 8C.
Once cooled the samples were broken into smalhfeags with a heavy hammer,
using heavy paper beneath and on top of the satoppgevent contamination
from previous samples. Rock fragments from indigiduhole rock samples were
ground to fine powder in a tungsten carbide ringl,mvhich was thoroughly
cleaned and dried between each sample to preverss-contamination of
samples. Powdered samples were stored in glassrgadsied overnight at 8C

and cooled prior to further preparation.

Major Elements

Fused glass discs were produced by mixing 0.35th@fpowdered whole rock
sample with 2.5-2.55g of 35% Li-tetraborate/65% metaborate flux in a
platinum crucible. The samples were then step-deater a period of 30 minutes
to 1040C in a Broadway Fusion Furnace and the resultafiemsample poured
onto a heated graphite disc and pressed to proglass discs. The glass discs
were cooled slowly, trimmed and labelled. Standi@chniques were used to

prevent cross-contamination between samples dsangple preparation.

Trace Elements

Pressed powder pellets were prepared for traceegleXRF analysis by mixing
5g of the powdered whole rock sample with ~ 15 dropliquid PVA binder. The
powder/PVA mix was pressed into an aluminium cumgie hydraulic press,

labelled and dried in an oven at'@lovernight to evaporate the PVA binder.

Loss on | gnition

Volatile content was determined by heating 2g o&f phowdered whole rock
sample in a silica crucible at 10@for one hour. The samples were then cooled
and weighed to ascertain the weight loss of thepsaias a crude estimate of the

volatile content lost on heating. Most of the sasspnalysed returned a negative
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weight loss value indicating oxidation of the sampherefore volatile content
could not be ascertained.

3.3WHOLE-SCALE AUTOBRECCIA CHARACTERISTICS

The 1954 lava flow deposits are typically comprisgdrubbly, vesicular a’a
displaying marked autobrecciation throughout tr@mvfldeposits. No apparent
large-scale differences in clast size, morphologierture were observed between
the different 1954 lava flow deposits. However,stlaize, morphology and
texture are notably variable between individuabalatsts within each of the flow
deposits, as described in the following sub-sestion

3.3.1 Autoclast Size and Distribution

Individual autoclasts within each of the lava flal@posits typically range from
5 to 50 cm diameter, although larger blocks of 2tm diameter are common.
Autoclast sizes at lateral flow deposit margingdtém be relatively uniform, with
a narrower average size range of 5 to 20 cm ndtedoat lateral flow margins
(Figs. 3.2A, B). Larger average autoclast sizes30~cm diameter, generally
dominate at locations where the overall lava flospasit thickness is less than
2 m, for example towards the distal margin of tif¥ 3une BnL-S-1 lobe at
location Bn27(Fig. 3.2C). A wider range of autoclast sizes (&30 cm) is also
typical at these locations. Wide clast size rangath, numerous autoclasts ~ 1 to
2 m diameter, are commonly distributed on flow ctensurfaces, the tops of

levees, and at the frontal margin of flow depo@tig 3.3).

A number of accretionary lava balls, typically 58on diameter, were emplaced
on flow deposit surfaces at various distances ftbenvent; some resting on the
steep sloping surface of flow deposits emplacedimmherlying ridge slopes e.g.
location_Bn18(Figs. 3.4A, B). These accretionary lava balldedifn appearance

to the ballistic bombs scattered within the lavanflfield (Fig. 2.6) in that they

display massive, highly dense interiors encasedhinvin 50 to 60 cm thick,

scoriaceous carapace (Fig. 3.4C). This carapangisally comprised of several

well-defined, ~ 10 to 20 cm thick layers of higigsicular, scoriaceous material,
each containing a thin (~ 5 to 10 cm), dense icoeg (Fig. 3.4D).
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Fig. 3.2 Range of autoclast sizes at lateral flow deposit margins. A, relatively uniform
autoclast sizes at the northern levee of the 18" August lava flow deposit (F1b). Measuring
staff isat 5 m height. B, close up view of uniform autoclast sizes (G1). C, larger average
autoclast sizes noted at flow margins where the overall deposit thickness is < 2 m (Bn27).
Ruler in B & Cisshaded in 10 cm sections.

i

3.3.2 Autoclast Morphology

Individual autoclasts within the 1954 lava flow dsjts are predominantly
autobrecciated, and commonly display a combinatidnrelatively coarse,
scoriaceous, rounded to sub-rounded, ‘outer’ sagg&ig. 3.5A), and smooth,
angular, brecciated surfaces on which the clagriont is visible (Fig. 3.5B).

Large-scale morphological zonation of autoclastvident at some flow deposits,
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with whole or minimally autobrecciated, rounded sob-rounded clasts more
common at outward-facing lateral flow margins, amdrkedly autobrecciated
clasts predominantly distributed on flow channelfates and at flow front
margins. This trend coincides with the trend instlsize distribution, in that the
smaller clast sizes that are dominant at lateoaV flnargins are commonly whole
or minimally autobrecciated (Figs. 3.2A, B), whilee larger clast sizes present at
flow channel surfaces and at frontal flow marginsplhy varying degrees of
autobrecciation (Fig. 3.3). Other, less common @agh morphologies include
completely angular blocks with no scoriaceous oatere (Fig. 3.5C), partially
autobrecciated, irregular-shaped clasts (Fig. 3.5&uliflower-shaped clasts

A
-

Fig. 3.3 Distribution of large autoclasts on A, the flow surface of the 30" June flow deposit,
southern Bslobe, location Bs8 (measuring staff isat 2 m height); and B, the flow front of the
18" August flow deposit, location F20.
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comprising a sub-rounded, dense inner core enca#tdth a relatively thick,
bulbous, scoriaceous outer rim (Fig. 3.5E), andedyr fluidal morphologies (Fig.
3.5F). Large autoclasts rarely occur as vertgaihose-like protrusions on some
flow surfaces, both within the central flow changielg. 3.6A), and at the frontal

margin of the flow deposits (Fig. 3.6B).

S-1 lobe, location Bnl8. A, position of accretionary lava ball (red circle) on doping flow
surface, B, long axis dimension (6 m), C, short axis dimension (5.5 m) and view of the
massive interior with part of the outer carapace missing; D, dense, massive interior (bottom
left) and layered scoriaceous carapace. M easuring staff in B and C isat 5 m length; ruler in
D isshaded in 10 cm sections.

3.4 AUTOCLAST TEXTURE AND COMPONENTRY

3.4.1 Macroscopic Characteristics

The 1954 lavas are typically dark grey, althougmeaaodiscolouration due to
hydrothermal alteration is evident in places, aodppyritic in texture. Visible

phenocrysts, predominantly plagioclase with rangiro¢, range between 0.5 to
~ 2 mm size. Large (up to ~ 5 cm), white, suganartpite xenoliths are
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Fig. 3.5 Individual autoclast morphologies of the 1954 lavas. A coar se, scoriaceous, rounded
to sub-rounded outer surface, combined with B, smooth, angular inner surface of the same
clast (Bn25); C, angular block with no scoriaceous outer surface (Dcl4); D, irregular-shaped,
partially autobrecciated clast (Bnl7-1); E, cauliflower-shaped clast (Location Bnl15);
F, curved, fluidal-shape (L ocation F3). Scalein A, B, D in 1 cm increments, and in C, 1 mm
increments. Ruler in F shaded in 10 cm sections.

commonly seen within individual autoclasts (Fig/A). on all the flow deposits,
with occasional larger xenoliths (~ 6 to 10 cm)niorg completely separate
clasts. Numerous smaller-sized (5 to 20 mm) whitarzite, and light-grey
coloured metagreywacke and feldspathic xenolitles adso visible (Fig. 3.7B).
Groundmass texture in hand specimen is microctystako slightly glassy.
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Individual autoclasts are generally characterisetiho distinct zones of differing

vesicle abundance (Fig. 3.8A). The outer zone iscariaceous carapace,
consisting of abundant (30 to 40%) tiny vesicleg.(B.8B, C). The thickness of
this outer zone varies but is generally around 3@omm. The inner zone is
generally less vesicular, varying in abundance betwindividual clasts from zero
to approximately 40%. Vesicle abundance is oftantpaover exposed inner zone

clast faces. The majority of vesicles display spma¢rto slightly ellipsoidal

morphologies with no apparent alignment of vesialéhin clasts.

Fig. 3.6 Spinose lava structures protruding from flow deposit surfaces. A, flow surface of
central flow channel, southern Bs group lobe, 30" June flow (location Bs3a); B, frontal flow
margin of 14" July (Dc) flow (location Dc2). Ruler in B is shaded in 10 cm sections.

Fig. 3.7 Visible xenaliths within individual 1954 lava clasts. A, Quartzite xenolith (location
Dc6; B, Metagreywacke (GW) and cognate feldspathic (Fp) xenolith in sample Dcl-2.
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Fig. 3.8 Distinctive vesicle zonation between inner and outer sections of individual 1954 lava
clasts. A, difference in texture and vesicularity between outer and inner sections of clast
(BsB8-1); B, highly vesicular, scoriaceous outer zone (Dc11-1); C, close-up view of scoriaceous
outer zone (Bn21-1a). Scalein B isin 1 cm increments, scalein C isin 1 mm increments.

3.4.2. Modal Abundance of Autoclast Components

Phenocryst, groundmass and vesicle modal abundargieen in Table 3.1 and
vesicle modal abundance is discussed in Sectiori.3Phenocryst abundance
ranges between 18 to 36%, with an average of ~ Pl&gioclase is the dominant
phenocryst, accounting for ~ 66% of the total ploeyst population, with much
lower abundances of orthopyroxene (opx) and clinmpgne (cpx, augite) and
traces of olivine and opaque Fe-Ti oxide mineratsent. Groundmass typically
accounts for approximately 50% of the total thictss, although groundmass
abundance ranges from ~ 33 to 61%. However, only samples contain
groundmass abundance < 40%, whereas the groundmbssdance of
approximately half of the samples is 40 to 50%. réleeyst and vesicle
abundance is generally more variable between emmiple. There is no apparent
phenocryst-vesicle-groundmass ratio trend with sssive lava flows (Fig. 3.9A)
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and mineral abundance is variable across the clogical flow succession
(Fig. 3.9B).

Table 3.1 Modal abundance (%) of selected 1954 lavas. Plag = Plagioclase; Opx =
Orthopyroxene; Cpx = Augite; Ol = Olivine; Opg = opaques, GW = metagreywacke
xenolith; Qtz = quartzite xenalith; p/cryst = phenocryst; GM = groundmass. The final three
columns represent p/cryst:GM:vesicle ratios. Average values given for inner zone samples
only, outer zone samplesonly and total average for all samples.

ﬁ‘gf“p'e Plag. Opx. Cpx. Ol Opg. GW Q. glti't‘ﬁr I/?Itt";‘]' ;f’ct@'st GM  Vesicle
Al 2 6 3 31 52 17
Bn26 13 6 3 1 1 23 40 37
Bn3s 20 11 1 32 54 14
7Bs31 17 3 2 1 8 8 31 61 8
Bs3-2 17 4 4 25 42 33
7Bs82 19 4 2 1 1 2% 59 15
7Bsil1 19 5 2 1 1 27 59 14
7Bsil2 14 2 2 18 43 39
71Bs31 17 3 2 22 54 24
72Bs31 19 6 3 2 30 53 17
7Bs32 21 4 3 28 47 25
Dc6 21 6 3 2 32 54 14
Dc8-3 17 6 1 25 54 21
Dc13 17 6 3 26 61 13
Dcl14 15 7 2 1 2 2 27 53 20
E1-1 2 s 4 05 05 05 32 45 23
E2 6 7 2 1 1 26 56 18
ZF10 21 5 2 8 8 3 49 15
ZF13 25 4 2 1 32 50 18
ZF151 19 2 2 4 3 7 30 45 25
ZF152 15 2 5 1 1 23 43 34
ZF20 17 3 2 22 43 35
Fo1 13 3 3 1 20 45 35
Gl 17 2 2 1 11 11 3 55 12
G2 13 9 2 2 1 2 26 46 28
Averages 178 48 25 03 01 11 06 01 17 273 505 222
xBs3-1 18 11 3 2 56 12
XBs82 21 4 3 28 50 22
XBsl1-1 21 8 4 1 1 1 34 57 9
XBs31 16 2 2 21 33 46
XBs32 15 3 0 18 47 35
XF10 18 6 4 28 58 14
XF15-1 18 3 5 1 4 4 31 43 26
XF152 18 6 2 26 40 34
XF20 1 3 4 6 6 24 3 38
Averagé 173 51 30 01 00 08 04 02 13 269 469 262
nglagé 177 49 26 03 01 10 06 01 16 272 496 232

1 Mean % for inner zone samples
2Mean % for outer zone samples
®Mean % for all samples
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3.4.3. Phenocryst Mineralogy and Abundance

Plagioclase

Plagioclase phenocrysts are relatively abundatlind954 lava samples, with a
modal abundance range of 11 to 25%, average ~ a8eéounting for ~ 65% of
the total phenocryst population. Phenocrysts arergdly euhedral to subhedral
and range in size from ~ 0.1 to 0.9 mm, average25 @ 0.5 mm. Plagioclase
also occurs as large (~ 1 to 5.5 mm), subhedrahbedral ‘megacrysts’ in all but
two of the thin sections examined, accounting foraserage ~ 10% of the total
plagioclase population (commonly ~ 4 to 5 megasryst each thin section).
Pristine phenocrysts are rare (~ 4% of the totagjipkclase population), with the
majority of plagioclase phenocrysts and megacryitplaying a range of
resorption textures, including various disequiliioni sieve texture patterns, and
embayed and/or frayed rims (Fig. 3.10). These testtypically represent magma
mixing or decompression resorption within the mageservoir (Hobden, 1997).
Complex oscillatory zoning, possibly due to coni@ttprocesses within the
magma reservoir (Hobden, 1997) and/or polysynthgtioning occurs in most
phenocrysts and megacrysts. Plagioclase phenocrgsserally display
rectangular lath to sub-angular morphologies, wderaegacrysts are commonly
sub-rounded or display irregular, angular morphi@egGlass inclusions within
sieved phenocrysts and megacrysts are common, pyittkene and rare Fe-Ti
oxide inclusions observed in larger megacrystsdépi is present within the
central sieved core of some larger megacrystsngievidence of hydrothermal
alteration of these crystals. Plagioclase phent&msd/or megacrysts commonly
occur as plagioclase-only glomerocrysts, and deeeithe dominant member or
minor component of plagioclase, orthopyroxene, elimbpyroxene glomerocryst

assemblages.

Plagioclase also occasionally presents as a risn@ll laths enclosing tightly-

packed clusters of Fe-Ti oxide grains (Fig. 3.14yl ahese are included in the
‘other xenolith’ group for modal abundance (i.€0.4% modal abundance). Small
pyroxene inclusions and/or phenocrysts are raregsgnt as members of the
plagioclase rims. The plagioclase/Fe-Ti oxide @ustange in size from ~ 0.45 to

1.6 mm. The central Fe-Ti oxide core is generadynded to sub-rounded, with
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Fig. 3.9 Plots of modal abundance versus successive 1954 lava flow deposits [4™ June (A),
30™ June (B), 14" July (Dc), 29" July (E), 18" August (F), and 16" September (G)] using
known samples. (a) comparison of modal phenocryst, vesicle and groundmass abundance;
(b) modal abundance of phenocryst componentsin successive 1954 lavas. Plag. = plagioclase;
Opx = Orthopyroxene; Cpx = Clinopyroxene (Augite); Ol. = oliving; Opg. = opaque
minerals; Xenolith = total xenolith population.

the overall ‘cluster’ displaying a sub-rounded tab-wngular morphology.
Plagioclase/Fe-Ti oxide clusters were present inflibe thin sections examined,

with no more than one or two clusters present ahea
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Fig. 3.11 Plagioclase laths encasing a cluster of Fe-Ti
oxide grains in thin section (sample Z1-Bs31).
Photograph taken under crossed polarised light.

Plagioclase/Fe-Ti oxide clusters may represent eersn of totally resorbed
amphibole, which has altered in reaction to magewonhpression (Stewaat al .,
1996). Stewartet al. (1996) described similar clusters of clinopyrogen
plagioclase and Fe-Ti oxides in Mount Taranaki limsandesite lavas, also
noting a decrease in modal amphibole abundanckw deposits at increasing
distance from the vent, suggesting continued angbhiblteration and resorption
during lava flow emplacement. Furthermore, HobdE3DT) reports the presence
of amphibole in older Tongariro andesite lavasialgh none were observed in

the younger Ngauruhoe lavas examined in eitherahttis study.

Plagioclase megacrysts are clearly ‘foreign’ to iost magma in terms of their
size, however their origin is unclear. They mayespnt cognate xenocrysts that
originated as magma chamber cumulates from previaugzs and have been

entrained by the ascending 1954 magma batch. Csglyerthey may not be

Fig. 3.10 (previous page) Range of plagioclase textures and morphologies in thin section.
Sample numbers given in parentheses. A, pristine lath with dight polysynthetic twinning
(Al); B, marked polysynthetic twinning (G2); C, heavily sieved centre, lightly sieved outer
rim and frayed edges (E2); D, light central sieving with heavily sieved outer rim and irregular
boundary (A1l); E, intergrown laths with oscillatory zoning and central sieving (Bn26); F
anhedral shape, with heavily sieved rim (Dc6); G, subhedral, heavily sieved with intact rim
and small Fe-Ti oxide inclusions (F21); H, partially resorbed crystal, heavily sieved with
embayments, pyroxene and glass inclusions (Bn26). All photographs taken under crossed
polarised light.
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foreign to the 1954 magma, simply representingiptdgse phenocrysts that have
continued to grow while being transported arourabm@vecting magma reservoir,
and subjected to partial resorption due to magmaingior decompression

resorption towards the top of the reservoir.

Orthopyroxene

Orthopyroxene is the dominant of the two pyroxepessent in the 1954 lavas,
with a modal abundance range of ~ 2 to 11% andvarage of ~ 5%, accounting
for ~ 19% of the total phenocryst population. Ingeally occurs as discrete,
euhedral to subhedral prisms, ranging in size frol1 to 0.9 mm, average size
~ 0.3 mm. Orthopyroxene megacrysts are also presemtiscrete prismatic or
sub-rounded crystals in around two thirds of thie #ections examined, ranging
in size from 1.2 to 2.5 mm, average 1.75 mm. Megssraccount for ~ 14 to 47%
of orthopyroxene crystals where present in thintigec with ~ one to three

megacrysts in each of these thin sections. Typiaaithopyroxene phenocrysts
and megacrysts are fractured (Fig. 3.12A) and faty only partial crystal

fragments are present. Many phenocrysts and mogaaengsts display coarse
sieve textures within the central portion of thgstal, generally infilled with glass

(Figs. 3.12B, C, D). Orthopyroxene also commonlycurs either next to

(Fig. 3.12D), or intergrown with clinopyroxene ct3s, as the dominant members
of pyroxene/plagioclase glomerocrysts (Fig. 3.1245)the dominant member of
the mixed pyroxene rims observed around most aivalenocrysts, and as
inclusions within larger plagioclase phenocrystd amegacrysts. Orthopyroxene
is rarely observed with either a clinopyroxene (iirig, 3.12D), or as the rim

around a clinopyroxene phenocryst (Figs. 3.12F)wihl plagioclase, the coarse

mixing, recharge or transport processes within rttegma reservoir or conduit
(Hobden, 1997).

Clinopyroxene

Clinopyroxene phenocrysts average ~ 2.5% abundéaceye 0 to 5%), and
accounts for ~ 10% of the total phenocryst popoitatPhenocrysts are generally

subhedral to anhedral, ranging in size from 0.10t6 mm, average size
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~ 0.25 mm. Clinopyroxene commonly occurs as dis¢mretunded to sub-rounded
or sub-prismatic megacrysts ranging in size fronto13.5 mm, average size
1.75 mm. These megacrysts are present in all neetlof the thin sections
examined, accounting for ~ 7 to 64% of the totadagpyroxene population (modal
abundance > 30% in 75% of thin sections). Clinopgre phenocrysts and
megacrysts are generally fractured to varying degend frequently fragmented,
particularly where they are located at vesicle Wlauies (Fig. 3.12G).
Polysynthetic twinning is evident with some phensts (Fig. 3.12H).
Phenocrysts and megacrysts commonly occur as gliogene-only
glomerocrysts (Fig. 3.12G) consisting of two or emomegacrysts and/or smaller
phenocrysts, and frequently occur adjacent to psttaxene crystals and as
reaction rims around orthopyroxene (Fig. 3.12D) atdine crystals. Rarely
clinopyroxene is bounded by an orthopyroxene reactim (Fig. 3.12F), or is
present as small inclusions within larger plagiselanegacrysts.

Olivine

Olivine is present as a minor phenocryst compomemhost of the 1954 lavas

with a modal abundance average of 0.9%. Althougmaadal analysis it appears
in only eight of the 36 thin sections analysedviok phenocrysts were present in
all but five (Bn26, Bn38, ZBs8-2, ZBs11-1, XF10)tae thin sections described.
In the remaining thin sections, one to eight okvphenocrysts were present, with
an average of four crystals in each. Olivine cigséae generally sub-rounded and
range in size from 0.125 to 2 mm. Almost all oleiphenocrysts were bounded
by a mixed orthopyroxene and clinopyroxene reaction averaging ~ 0.7 mm

thick (Figs. 3.13A, B). Reaction rims usually coispd small granular crystals

but were frequently made up of discrete, easilytidiable pyroxene phenocrysts.
Rarely, olivine occurred either as a discrete pbeysd with no reaction rim, a

discrete phenocryst bounded by an iddingsite rmeactim, or within a

pyroxene/plagioclase glomerocryst (Fig. 3.13C).

Fe-Ti Oxides

Fe-Ti oxides are moderately to highly abundantirag $cattered granules in the

groundmass of most of the 1954 lavas, with onlg ffamples (ZF20, F21, G2,
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Z1-Bs31, Dc8-1) containing either very rare, or sgparate Fe-Ti oxide grains
within the groundmass; although Fe-Ti oxides wersent as inclusions in these
thin sections. Rarely Fe-Ti oxides occur as snalDZ to 0.175 mm), discrete
phenocrysts but were more commonly present asreiictusions within large

plagioclase phenocrysts, as members of mixed pllgie and pyroxene
glomerocrysts, or within quartzite, metagreywackel deldspathic xenoliths.

Occasionally multiple Fe-Ti oxide grains occur ightly-packed groups enclosed
within a rim of small plagioclase laths (Fig. 3.1Ijtanomagnetite is the most
common of the Fe-Ti oxide minerals present, bothdaxrete euhedral to
subhedral phenocrysts, and as small rounded graths the groundmass. Rare
pyrite, sphalerite, chalcopyrite, ilmenite and jwatite grains were also observed,
with pyrite grains typically including sphalerite chalcopyrite as either a rim or

veins within the crystal.

Glomerocrysts

Glomerocrysts are distinguished from feldspathieotighs in this study primarily
because their constituent phenocrysts generallyeappelatively pristine in
comparison to those included in xenoliths, for egbmthere is less evidence of
resorption textures and clear, relatively intagistal boundaries. Glomerocrysts
comprising assemblages of single-mineral compasstie.g. plagioclase-only,
clinopyroxene-only) and multiple-mineral composiiso are approximately
equally common. Multiple-mineral glomerocryst asbtages include,
plagioclase + orthopyroxene + clinopyroxene + oleviz Fe-Ti oxide (where
either plagioclase or orthopyroxene is the domirmaember) (Fig. 3.12E) and
orthopyroxene + clinopyroxene + plagioclase + olevix Fe-Ti oxide (where
orthopyroxene is usually the dominant member). @@uoryst modal abundance
was not specifically determined for the 1954 lawgisen the diverse nature of
assemblages, although individual phenocryst memiers included in relevant

point counts where appropriate.

Fig. 3.12 (next page) Orthopyroxene and clinopyroxene textures in thin section. Sample
numbers given in parentheses. A, fractured and sieved orthopyroxene (E2); B, embayed
orthopyroxene (G2); C, sieved orthopyroxene rim (G2); D, orthopyroxene with clinopyroxene
rim (Dc6); E, orthopyroxene-dominant glomerocryst with plagioclase and clinopyroxene
members (E2); F, clinopyroxene with orthopyroxene rim (Dc6); G, large, intergrowing
clinopyroxene crystals with one shattered by a vesicle (Al); H, polysynthetic twinning on
clinopyroxene (Dc6). All photogr aphs taken under crossed polarised light.
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Fig.3.13 Olivine, Fe-Ti oxide, and groundmass textures in thin section. Sample numbers
given in parentheses. A, fractured olivine with thin pyroxene rim (Dc6); B, olivine with rim
of pyroxene crystals (E2); C, small olivine within mixed pyroxene and plagioclase
glomerocryst (E2); D, feldspathic xenolith with pyroxene and Fe-Ti oxide inclusions (Al); E,
microlites within dark brown glass (Z1-Bs31); F, dark brown and black patchy groundmass

(A1). Photographs A-D taken under crossed polarised light, E and F under plane polarised
light.

3.4.4 Xenoliths

Xenoliths are relatively abundant components of 1884 lavas, with an overall
abundance range of zero to 11% (average ~ 2%). liXerygpes are sub-divided
into accidental xenoliths (quartzite and metagreskeq bearing no direct
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relationship to the host magma, and cognate (faltigp) xenoliths that are
genetically related to the host magma (Hobden, 1997

Accidental Xenoliths

Quartzte
Accidental quartzite xenoliths are relatively commim the 1954 lavas, with

average modal abundance ~ 0.6% (modal range 0 Yo HM®&bvever, although
quartzite xenoliths were only counted in a smathbar of thin sections (8 of 36)
during modal analysis, it was visibly present ih kit four (Z1-Bs31, ZBs32,
Dc8-3, G1) of the thin sections described, withwestn one to five xenoliths
(average one to two) present in each thin secQurartzite xenoliths are typically
sub-angular to sub-rounded and range in size frdh#+to 11.5 mm, average size
~ 2 mm. Some quartzite xenoliths (e.g. XBs3-1, Dc&ppear relatively pristine,
comprising ~ 90 to 100% equigranular quartz graiith a mosaic texture, clear
crystal boundaries and sharp contact with the sadimg lava. However, most
xenoliths are associated with varying abundancesagfioclase + pyroxene +* Fe-
Ti oxide inclusions, and many xenolith boundaries aither fully or partially
surrounded by small plagioclase + pyroxene phemterylass inclusions and/or

glass-filled embayments are also relatively common.

Metagreywacke

Metagreywacke appears more abundant than quantziteodal analysis (average
1%), although it appears in less of the thin sestidescribed than quartzite. It is
present in all but seven (XBs3-1, Bs3-2, ZBs11-281, Dc8-3, Dc13, ZF10) of
the thin sections described, with one to five xghsl(average one to two) present
in each thin section. Metagreywacke is typicallyp-sugular to sub-rounded and
ranges in size from 0.38 to 8 mm. ‘Pristine’ me¢ggvacke is absent, with all
xenoliths displaying some degree of partial melting. ‘frayed’ boundaries and
unclear contact with the surrounding magma. Ocoadlip xenoliths display mild
foliation textures. Most metagreywacke xenolithe associated with a moderate
to large abundance of Fe-Ti oxide inclusions, pmeidantly occurring as tiny
grains although often larger Fe-Ti oxide grains amesent. Many xenoliths also

contain small plagioclase + pyroxene + glass inols with clusters of small
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plagioclase + pyroxene phenocrysts gathered arpantl or all, of the xenolith
boundary.

Cognate Feldspathic Xenoliths

Feldspathic xenoliths are particularly common ia 954 lavas, and are present
in all but one (ZF10) of the thin sections desatibénh modal analysis, it is
included in the ‘other xenolith’ group (along witplagioclase/Fe-Ti oxide
clusters), giving < 0.1% average modal abundanceweder, one to six
feldspathic xenoliths were observed in each thatiee, with commonly three to
four present in most thin sections. The xenoliths typically angular to sub-
rounded, ranging in size from ~ 0.5 to 6.75 mmrage size ~ 1 mm, commonly
with poorly defined xenolith/host magma boundariésldspathic xenoliths are
typically composed of varying abundances of plag®ee, pyroxene and Fe-Ti
oxides.

Varying abundances of Fe-Ti oxides and glass obotlr as inclusions within the
individual crystal components of these xenolithgl an the interstitial spaces
within the xenolith. The majority of crystals withithese xenoliths typically
display marked sieve textures, fractures, and godefined crystal boundaries.
Xenoliths are often partially surrounded by a pbatase rim, distinguished by
less marked resorption textures. Cognate feldspa#mnoliths appear to represent
coarse-grained, crystalline, genetically-relatediiegjents of the host magma
groundmass, which crystallised out of the meltatregly slowly, at the slightly

cooler margins of narrow, hypabyssal magma conddisdden, 1997).

3.4.5 Groundmass Mineralogy and Texture

The groundmass of the 1954 lavas has a hyalopi@xture in thin section,
dominated by abundant microlitic plagioclase latasd some pyroxenes.
Microlites are generally < 0.025 to ~ 0.375 mm sizith minimal interstices
between them, and no apparent preferential orientat alignment (Fig. 3.13E).
Tiny Fe-Ti oxide grains are also abundant througltbe groundmass of most
samples examined. Glass is generally medium to lolemken with scattered dark-

brown to black patches in some samples (Fig.3.186mmonly the darker glass
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patches coincide with patches of high abundandeeefi oxide grains, although
dark brown glass occasionally occurs in the absericabundant oxides (e.g.

sample F21).

3.5VESICLE ABUNDANCE, TEXTURE AND DISTRIBUTION

3.5.1 Petrographic Observations

Vesicle modal abundance varies from 8 to 46% batwiee known 1954 samples
(Table 3.1). A small modal difference in vesicularis evident between thin
sections prepared separately from the outer aref rones of whole rock samples
(average ~ 22% and 26% respectively), althoughdhge of vesicle abundances
between the two groups is similar (8 to 39% initireer zone group, and 9 to 46%
in the outer zone group). On visual inspection, inthé sections (e.g. Dcl3)
showed no difference in vesicle abundance betwkenotiter and inner zones
(Fig. 3.14A). Vesicle sizes range from < 0.02 t® 9nm diameter, most
commonly < 2 mm. Within individual thin sections average vésisizes are
frequently bi-modal, with smaller average size.08 to 0.5 mm) generally more
common towards the inner (Z) zone sector of the #ieiction, and larger average
sizes (0.75 to 1 mm) generally more common towéndsouter (X) zone sector
(Fig. 3.14B). In some samples (e.g. ZF15-2) thesdris reversed, with larger
average vesicle sizes concentrated towards the {@)ezone sector of the thin
section, and smaller average vesicle sizes coratedttowards the outer (X) zone
(Figs. 3.14C, D). Small- to medium-sized vesicles generally spherical to
ellipsoidal and appear isolated (Figs. 3.14B, DedMim- to large-sized vesicles
range from ellipsoidal to irregular morphologiesgé: 3.14D to G) with the
irregular morphologies representing either conrtecte partially collapsed
vesicles. There is no apparent alignment of vesiciderms of shape or direction
in most thin sections, although samples ZF15-2,-ZBsand ZF20 display some
degree of alignment of the relatively elongatedicles towards the outer (X)
zone of each sample (Figs. 3.14D, F, G). Vesidalent in these samples may
be the result of outer zone compaction prior toiddgatation rather than
representing shearing forces within the lavas.
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Fig. 3.14 Vesicle abundance and morphologies within
individual clasts of the 1954 lavas, from thin section scans.
Unless otherwise stated the outer (X) zone is orientated
towards the top, and the inner (Z) zone towards the base of
each figure. Sample numbers are given in parentheses. Scale
barsare 5 mm length in all figures except E, 2mm length. A,
similar vesicle abundance in both the outer and inner zones
(Dc13); B, larger vesicle sizes towards the outer zone and
smaller vesicle sizes towards the inner zone, note spherical to
slightly ellipsoidal mor phology of smaller vesicles (Dc8-3); C,
smaller vesicle sizes in the outer zone (XF15-2) compared to
D, larger vesicle sizesin the inner zone (ZF15-2) of the same
whole rock sample (F15-2), note spherical to ellipsoidal
morphology of small to medium-sized vesicles, and some
alignment of larger vesicles towards the outer zone (X is

! orientated to the right in figure C); E, irregular-shaped

morphologies of larger vesicles representing partially
collapsed or connected vesicles(Z2-Bs31); F, alignment of

elongated vesicles close to the outer rim of the outer (X) zone (XBs-32); G, relative alignment
of larger, irregular-shaped vesicles of theinner zone but orientated towar dsthe outer zone of

the sample (ZF20).
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3.5.2. Gas Pycnometry Analysis

Total vesicularity (%), and isolated and connectesicle abundance (%) derived
from gas pycnometer analysis is given in Table Bt total vesicularity of the

outer zone sample blocks ranges from 14 to 31% antaverage of 23%, lower
than the visually estimated ~ 30 to 40% vesicutasitthis zone for the majority

of the 1954 autoclasts. Three of the five outerezeample blocks analysed
(Bn6-4, Bs27 and Dc2-1) show less total vesicuyjatian the inner zone block
samples from corresponding whole rock samples, Wwhkias not apparent on

visual estimation.

Total inner zone vesicularity ranged from 17 to 48%r the two sample block
sizes (S and M), averaging 29% and 27% respectiibgt of the corresponding
small- and medium-sized sample blocks of each whot&k sample recorded
similar total vesicularity values, with a differenof ~ 1 to 2% between the
calculated values of each sample block size; atthabe small inner (S) sample
blocks of two samples (Bn20-2 and Dc3-1) showead &% greater vesicularity
respectively than the medium sample block sizege Rihole rock samples have
greater calculated total inner vesicularity valtlesn visually estimated values,

with samples Bn40, F2 and Dc3-1 displaying simiiaual and calculated values.

Connected vesicle abundance ranges from ~ 11 tq ddeating to 84 to 96% of
the total vesicle population. Average connectedclesbundance between the
two inner sample block sizes is similar at 25 t&62®1 to 93% of total vesicles),
with slightly less abundance (~ 21%; ~ 87% of totakicles) of connected
vesicles recorded in the outer sample blocks. @ffihe outer sample blocks
analysed, two (Bn19 and Bn40) show a higher progomf connected vesicles

than their corresponding inner block samples.

Isolated vesicle abundance ranges from ~ 2 to 6, minimal difference in the
abundance of isolated vesicles between the outdr ianer sample blocks
(average 3 and 2% respectively). The range oftestlaesicles abundances is 1 to
3% in the majority of sample blocks, with one owgample block (Bn19), and one
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Table 3.2 Total, isolated and connected vesicularity of selected 1954 lava samples using gas pycnometry analysis. Inner zone vesicularity and vesicle size range
estimated visually prior to analysing samples. Inner (S) refersto small-sized sample blocks, and inner (M) refersto medium-sized sample blocks.

Sample Estimated inner Vesicle Total vesicularity (%) Isolated vesicles (%) Connected vesicles (%)
no. zone vesicularity sizerange
(%) (mm) Outer Inner (S) Inner (M)  Outer Inner (§) Inner (M) Outer Inner (S) Inner (M)
Bn6-4 7-10 0.1-0.2 139 194 18.3 3.1 3.0 1.7 10.816.4 16.6
Bn19 1-2 0.1-0.5 314 231 22.7 5.0 2.9 2.3 26.3 .320 20.4
Bn20-2 10-15 1-10 N/A 493 43.4 N/A 5.7 1.9 N/A a3. 41.5
Bn40 10-15 0.2-8 220 17.0 18.6 1.8 2.3 1.6 20.2 614 17.0
Bs27 5-10 0.2-2 214 254 26.0 1.6 15 2.2 198 024. 238
Dc2-1 10-15 0.2-5 274 318 30.6 1.7 2.2 1.8 25.7 9.62 28.8
F2 20-30 0.1-20 N/A 229 24.5 N/A 14 1.8 N/A 215 227
Dc3-1 25-30 0.2-5 N/A 435 35.9 N/A 1.6 1.7 N/A az2. 34.2
Average 232 291 27.5 2.6 2.6 19 20.6 26.5 256

£ 421dpy)
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small inner sample block (Bn20-2) displaying 5 ¢ &olated vesicle abundance
respectively. Small-sized sample blocks show dlighigher isolated vesicle
abundance (0.4 to 3.8% greater abundance) in fivéh® eight whole rock
samples compared to their corresponding mediundssample blocks, with

average isolated abundances of 2.6 and 1.9% resggct

Minor differences in vesicle abundance between $arbfwcks from the same
whole rock sample are most likely the result ofunat variability within
individual whole rock clasts. However, this doeg arplain the relatively high
ratio (approximately 9:1) of connected to isolatedicles, which is not consistent
with the dominance of small- to medium-sized isadavesicles visually observed
in thin section. The disparity between measured estidnated isolated vesicle
abundance may reflect unreliable pycnometer datatdua) the use of block-
shaped samples instead of cylindrical samples, lwihedluced the total filled
volume of the pycnometer sample cells, and (b)ube of small- and medium-
sized sample blocks instead of the more analyyiaalliable large-sized sample
blocks. Both of these points are particularly imtpot if the method by which the
pycnometer measures volume and density of the saokples within the sample
cell is considered. The pycnometer calculates higlksity,. by measuring the
volume of introduced gas displaced by the sammekblThe displaced volume is
reduced if the rock sample does not take up thieeemblume of the pycnometer
sample cell, affecting the analytical accuracy bé tresults. Introduced gas
permeates all vesicles connected to the surfatkeo$ample block and this pore
volume is thus also excluded from the measureniérd.volume of displaced gas
is therefore related to the volume of solid rockl amy interior isolated vesicles.
This has important implications in terms of sampleck (or cylinder) size
because vesicles that would otherwise be completelsted within the interior of
large-sized samples are increasingly likely to beeoeither exposed at, or
connected to, exterior sample surfaces with detrgaample size. This is shown
in five of the eight whole rock samples analysedieke isolated vesicle
abundance is marginally higher in the small-sizath@e blocks compared to the
corresponding medium-sized sample blocks, and amabvdifference of 0.7%

between the average abundances of the two groups.
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Conversely, the visual estimation of isolated Mesabundance on thin section
analysis is limited by the two-dimensional planettgé thin section. Small-sized,
spherical vesicles which appear isolated in thetise may actually represent the
cross-section of a connected vesicle or the naemavof a larger, irregular-shaped
vesicle in three-dimensional space. However, stoathedium-sized, spherical to
ellipsoidal vesicles were significantly more abumdéan the large, irregular-

shaped vesicles on thin section analysis, thereitois unlikely that a large

proportion of these apparently isolated vesiclggasent cross-sectional portions

of larger, connected vesicles.

Given the potential analytical error in the pycnéeneesults associated with the
size of sample blocks used, and allowing for thesaterably lower number of
samples analysed by gas pycnometry compared touhwber of thin sections
examined, vesicle modal abundance data is usedegrimary vesicularity

parameter in rheology calculations (Chapter 4).

3.5.3 Quantitative Bulk Lava Flow Deposit Vesicularity Analysis

Measured autoclast size, mean vesicle sizes (maxiohameter), and visually
estimated outer and inner zone vesicle abundangedé¥a for each of the four
grid positions at the proximal and frontal flow Bosample sites respectively on
the 18" August (F) lava flow deposit are presented in Amfpe B.3. The results
of statistical analysis of this data are presemebable 3.3. Autoclast sizes range
from 3.5 to 60 cm maximum diameter, with an averag#3.7 cm and 8.7 cm at
the proximal and frontal flow zone sites respedyiv€last sizes were measured
primarily to provide a more complete data set dmsl marked difference between
the average clast sizes at the two sample sitesnatasxpected. However, the
calculated t-test value shows that the differenc@verage clast size is highly
significant (P = 0.24). The difference in average clast sizes betweentwo
upper grid positions and the two lower grid positiat the frontal flow zone site
is also reasonably significant as P = 0.01, anggests that larger clast sizes tend
towards the lower sections of the outer flow masggifhis is not shown, however

at the proximal flow zone site, although the leheght is considerably lower at
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Table 3.3 Vesicularity statistics for the two samples sites on the southern margin of the 18" August lava flow deposit. Prox. = Proximal flow zone site (E38);
Front. = Frontal flow zone site (E39). Ave. = average; ¢ = standard deviation. Values are given for each grid sampled, the total for each site and the combined
upper and lower gridsat each site. P value results of two-tailed t-test analyses, assuming equal variance, are presented in bold type.

Grid Clast Size (cm) Inner Ves. (%) Outer Ves. (%) Ves. Size (mm)
No. Ave. o 20 Ave. o 20 Ave. o 20 Ave. o 20
Prox. 1 15.0 6.2 12.4 11.2 6.2 12.3 36.9 4.1 8.2 25 2.2 4.4
2 14.5 10.6 21.1 10.0 53 10.6 36.4 3.7 7.4 2.4 2.5 5.0
3 10.7 2.9 5.8 10.4 7.6 15.2 37.0 3.9 7.9 3.1 5.3 10.5
4 14.4 5.8 11.6 9.3 6.8 13.5 36.0 4.4 8.8 2.4 2.8 5.6
Front. 1 9.2 1.9 3.8 15.2 4.2 8.4 37.6 3.6 7.1 2.9 3.3 6.6
2 9.4 2.0 4.0 14.5 5.0 10.0 36.5 3.8 7.5 3.1 2.6 5.2
3 8.7 3.0 6.0 11.5 5.0 10.0 36.0 3.2 6.5 3.0 2.4 49
4 7.6 2.1 4.1 13.1 6.8 13.5 36.6 35 6.9 2.1 2.6 5.2
Prox. Total 13.7 7.0 14.1 10.2 6.2 12.5 36.5 3.8 7.6 2.6 3.4 6.8
Front. Total 8.7 2.3 4.7 13.6 5.4 10.9 36.7 3.5 7.0 2.8 2.7 5.5
T-Test* 0.24° 0.39* 0.68 0.65
Prox. 3&4 126 49 9.8 9.8 7.1 14.3 36.5 4.2 8.4 3.1 4.2 8.4
1&2 148 8.6 17.2 10.6 57 11.4 36.6 3.9 7.7 2.4 2.3 4.7
T-Test? 0.12 0.47 0.63 0.61
Front. 3&4 8.2 2.6 5.2 12.3 5.9 11.9 36.3 33 6.6 2.6 25 5.0
1&2 93 1.9 3.8 14.9 4.6 9.2 37.0 3.7 7.3 3.0 3.0 5.9
T-Test® 0.01 0.02 0.29 0.44

! Comparison of the mean total vesicularity between the two sample sites;
2 Comparison of the mean vesicularity of the combined upper (3 & 4) & combined lower (1 & 2) gridsat the Proximal flow zone site;

3 Comparison of the mean vesicularity of the combined upper (3 & 4) & combined lower (1 & 2) gridsat the Frontal flow zone site.
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this site (~ 3.6 m) compared to the frontal flomegsite (~ 5.5 m).

Inner zone vesicularity of individual autoclastsngad from 0.5 to 25%
throughout the two sample sites. The overall aweramper zone vesicularity
increases from ~ 10% at the proximal flow zone wte 14% at the frontal flow
zone sample site. Although this is a relatively bimarease, a P value of 0.39
indicates that the difference in inner zone vesigty between the two sample
sites is highly significant. There is also a readdy significant difference
(P = 0.02) between the upper and lower grid passtiat the frontal zone site, with
increased average vesicularity at the lower seafahe levee, although this was
again not evident at the proximal flow zone siteitéd zone vesicularity is much
less variable, ranging from 25 to 40%, with an agervesicularity of 36% and
37% at the proximal and frontal flow zone sitespessively, and a P value of
0.68, showing no significant difference betweentthe sites.

Maximum vesicle diameters ranged from 0.5 to 25 nafthough diameters

greater than 5 mm were relatively rare. Average imam vesicle diameters at
the proximal and frontal flow zone sample siteser26 and 2.8 mm respectively,
with a P value of 0.65, showing no significant eéiince between the two sites.
There may be some correlation between vesicle deanaad inner zone vesicle
abundance at both sample sites, with a slightlyngger correlation occurring at
the proximal flow zone site (Fig. 3.15). While timgy hold some significance in
terms of vesicle growth and degassing processes,atso possible that visual

estimation of vesicle abundance was heavily infbeehby vesicle size.

The high degree of significance in the differene@w®en average inner zone
vesicularity at the two sample sites may providel@vwe of downflow spatial
variations in vesicle abundance related to deggsgirocesses during flow
emplacement. However, as the two sample sites lveated on outward-facing
lateral flow margin levees, the results are notessarily representative of
vesiculation and degassing processes within theingoflow channel; instead
they are more likely to represent the effect oflicmplava at the flow margin on
vesiculation processes. Analysis of bulk flow vakcdty across multiple

transects of the flow deposit at increasing distarfoom the vent would provide a
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more accurate assessment of lateral and downfloatiaspvariations in

vesiculation and degassing processes during lavadmplacement.
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Fig. 3.15 Scatter plot of maximum vesicle diameter (mm) versus inner zone vesicle
abundance (%) at A, proximal flow zone sample site, and B, frontal flow zone sample site.
Trend linein black with R? value shown.
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3.6 MAJOR AND MINOR ELEMENT ANALYSIS

3.6.1 Whole Rock Classification

In a plot of KO versus Si@ (wt. %) (Fig. 3.16), the 1954 lavas are closely
grouped within the medium-K range of the calc-atkal series, after the
classification scheme of Rollinson (1993), and a#k basaltic andesite
composition. This is consistent with the findingPatterson and Graham (1988),
Grahamet al. (1995), Hobden (1997), and others for TgVC ankentTVZ
basaltic andesites. The earlier 1949 lava alss falthin the basaltic andesite
composition range (56.49 wt. % Sj)Oalthough it lies closer to the basaltic

andesite/andesite boundary.
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Fig. 3.16 Whole rock classification diagram of SiO, vs K,0 (wt. %) showing composition of
the 1954 Ngauruhoe lavas (blue symbols) and the 1949 lava (orange symbol). Total alkali
versus silica composition boundaries (vertical lines) after Rollinson (1993).

3.6.2 Major Element Composition

Whole rock major element data for selected 1954uNg®e lavas are presented
in Table 3.4, assuming & 1% analytical error margin, and are normalised to
100% excluding KO content due to the negative volatile contentltesbtained

following oxidation of the samples. Major elementrgosition is consistent with
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Table 3.4 Major and trace element data for selected 1954 Ngaur uhoe lavas and one known 1949 lava sample (Z1), determined by XRF analysis. Major elements are

normalised without H,O and presented in wt. %, trace elementsvaluesarein ppm.

Al A2 Bn26 Bn38 Bs3-2 Bsll-1 Bs31 Bs32 Dc6 Dc8-1 Dc8-2 Dci14 E2 F15-1 F21 Gl G2 Z1
SO, 55.60 56.66 55.61 55.25 55.50 55.48 55.15 55.64  5155. 55.68 55.28 55.50 55.24 55.54 55.56 55.46 55.54 56.52
TiO, 0.76 0.77 0.75 0.76 0.75 0.75 0.71 0.76 0.77 0.76 .76 0 0.76 0.77 0.75 0.76 0.77 0.76 0.77
Al;,03 17.10 17.13 17.19 16.98 16.77 16.92 16.93 16.95  8416. 17.00 17.13 16.86 17.02 16.95 16.85 16.79 16.70 16.97
Fe0s 8.47 8.21 8.46 8.66 8.41 8.50 8.51 8.43 8.48 8.42 598 8.67 8.76 8.49 8.55 8.68 8.56 8.35
MnO 0.14 0.14 0.14 0.15 0.14 0.15 0.16 0.14 0.14 0.14 150 0.15 0.15 0.14 0.14 0.15 0.15 0.14
MgO 5.18 4.72 5.25 5.51 5.43 5.36 5.45 5.35 5.39 533 .215 5.39 5.38 5.32 5.32 5.32 5.45 4.73
CaO 8.33 7.80 8.33 8.42 8.34 8.46 8.55 8.35 8.44 831 548 8.39 8.40 8.33 8.35 8.41 8.35 7.77
Na,O 3.13 3.13 2.99 3.04 3.06 3.11 3.08 3.10 3.15 3.06 .103 2.98 3.02 3.16 3.17 3.14 3.16 3.12
K20 1.12 1.27 1.13 111 1.13 112 1.34 1.14 1.14 115 121 1.13 1.13 1.15 1.16 1.15 1.15 1.26
P20s 0.14 0.18 0.14 0.14 0.47 0.15 0.13 0.14 0.15 0.15 .130 0.19 0.13 0.16 0.13 0.13 0.17 0.37
TOTAL 100.00 100.00 100.00 100.00 100.00 100.00 100.00 0.000  100.00 100.00 100.00 100.00 100.00 100.00 0000. 100.00 100.00 100.00
H,0O -0.02 0.02 -0.01 -0.03 0.00 -0.02 -0.05 -0.02 -0.05 -0.03 -0.04 -0.05 -0.01 -0.01 0.05 -0.01 -0.03 80.0
S 37 91 47 58 54 42 24 31 57 45 25 43 101 42 56 41 73 237
Cl 375 307 427 353 389 332 362 327 386 366 358 401 407 386 378 327 335 365
\ 242 241 238 241 235 238 237 244 236 236 231 245 245 239 245 241 254 234
Cr 91 71 96 105 101 98 99 97 98 100 95 106 102 97 98 03 1 105 73
Co 69 49 42 41 44 44 41 41 41 49 42 34 57 45 50 47 30 54
Ni 34 23 32 33 33 31 31 29 32 31 28 29 32 28 31 27 32 23
Cu 34 40 42 42 40 38 44 41 41 42 38 39 39 40 40 33 41 38
Zn 87 86 86 88 85 88 87 85 85 88 86 88 88 87 88 86 85 89
Ga 19 17.4 17.5 17.6 18.7 17.8 18.5 19.4 17.8 18.4 2 18. 18 17 17.9 18.2 18.4 16.6 18
As 1.4 0.9 1.4 0.6 0.7 0.6 0.4 0.4 0.6 1 0.8 <0.5 0.5 11 0.7 1.3 <0.5 13
Rb 35 42 37 36 36 35 36 38 37 37 36 36 36 37 38 37 37 42
Sr 237 229 238 238 235 235 236 237 237 235 241 239 237 237 234 233 229 228
Y 21 22 21 21 21 20 21 27 21 21 22 22 21 22 21 21 21 22
Zr 94 104 96 96 97 94 97 102 97 99 98 96 96 98 96 97 8 9 105
Nb 4.4 5 4.9 4.7 5 4.5 4.9 7.1 4.8 51 4.7 4.7 4.7 5.1 4.9 5.2 4.8 5.6
Ba 208 243 216 215 218 220.7 221 218 223 222 215 213 10 2 218 219 222 216.5 253.8
La 9 6.8 8 9.6 8 8.6 10.7 8.1 9.4 9.5 55 8.5 9.3 5.3 7.5 8.6 6.3 125
Ce 20.8 23 19.8 19.2 21.2 23.6 22.9 19.3 21.1 22.1 20 18.4 22.5 19.8 20.6 24.2 21.4 22.5
Pb 8.7 8.5 7.3 7.6 7.9 6.7 7.9 8.4 7.9 8.1 7.9 6.9 8.1 9.2 8.1 7.6 7.2 9.7
Th 4 3.7 3.9 51 4.2 3.6 4.3 14.2 35 4.6 5 2.8 3.9 9 3. 3 6 4.4 5.9
U 1.2 1.2 2.2 2.4 1.9 1.3 25 15.6 2.3 2.7 2.2 2.6 2 2.8 1.8 3.7 1.5 2.8
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previous TgVC studies (e.g. Graharal., 1995; Hobdemt al., 1999; Hobdert
al., 2002; Krippner, 2009), although generally digpla narrower composition
range than those reported for other TgVC lavas.gxample, in this study, SO
content of the 1954 lavas (with the exception of sample) lies within the range
55.15 to 55.64 wt. %, compared to the reported, $#@ges of 52.7 to 66.3 wt. %
for TgVC eruptives (Graharat al., 1995); 54.2 to 58.6 wt. % for all Ngauruhoe
eruptive products (Hobdest al., 2002); and 54.88 to 57.37 wt. % for identified
1954-5 Ngauruhoe eruptives deposited in the inmatec (Krippner, 2009).
However, Hobdert al. (1999) reports Si©contents of 55.59 to 55.94 wt. % for
three 1954 lava flows, consistent with and comgdardb the narrow range
observed in this study. Other major elements alsplaly a consistently narrow
range of between 0.01 to 0.5 wt. % difference betwainimum and maximum
values; however, due to the narrow SMX. % range, the trends of decreasing
Mg, Fe or Ca with increasing Sit. % in TgVC magmas reported by Graham
et al. (1995) and Hobden (1997) cannot be determindtiése lavas (Fig. 3.17).
MgO composition range of the 1954 lavas is consistgth the trend reported by
Hobden (1997), where olivine-bearing Ngauruhoe daaree associated with high
MgO (> 4 wt. %), and lavas with < 4 wt. % MgO cained little or no olivine

crystals.

One 1954 sample (A2) lies outside the narrow mejement composition range,
displaying higher Si@(56.66 wt. %) and O and lower MgO and CaO wt. %
contents, although with the exception of Si@hese values remain within the
analytical error margin for the 1954 lavas. Sanf®ewas collected at the base of
the southern margin of thé"4une lava flow deposit and it was unclear whether
this part of the flow deposit correlated to theliear1949 lava flow or the
overlying 4" June 1954 lava flow. However, comparison with rfegor element
composition of the 1949 (Z1) sample analysed is ghudy (Fig. 3.17) indicates
that the A2 sample is more closely geochemicaligted to the earlier 1949 (Z1)
flow than to the 1954 lavas, thus enabling a ctddmeation between the flow
boundaries of these two flow deposits.
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3.6.3 Trace Element Composition

Trace element compositions of the known 1954 sasnate plotted on a multi-
element diagram, normalised against primordial teaffig. 3.18). The 1954
lavas display a trend comparable with subductiamezarc magmas, for example
enriched large ion lithophile elements (LILE), pewtarly Rb, Ba and K, slightly
enriched rare earth elements (REE), for exampled Ce, and depleted high
field strength elements (HFSE) with a pronounced ftugh. This trend,
including elevated Pb concentrations, is consistatit reported studies on other
Tongariro and Ruapehu eruptives (e.g. Patterson Guadtham, 1988; Hobden,
1997; Priceet al., 2005). The peak in U concentration appearsivelgt more
pronounced than the general trend for Tongariropteress, although it is
consistent with the trend reported by Hobden (196i7xhe younger Ngauruhoe

eruptives.
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Fig. 3.18 Multi-element diagram for the 1954 Ngauruhoe lavas. Trace elements nor malised
against the primordial mantle values of M cDonough et al. (1992).

Harker variation diagrams, plotting SiIQwt. %) against selected trace elements
(Ba, Zr, Rb, Ni, Sr, La, Y, V, Cr, and Th), for kno 1954 samples are presented
in Fig. 3.19. As with major element compositione thange of Si@ wt. %

compositions is too narrow to detect the generahds reported for TgVC
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magmas by Graham al. (1995) and Hobden (1997). Within the narrow SiO
wt. % composition range, trace element compositahn the 1954 lavas
predominantly remains consistent with increasin@,Sialthough some minor
variability is evident with Ni and La. A marked me@ase in Th associated with the
highest SiQ value is evident (sample Bs32), however this dugscorrelate to
any other significant variation in major or trackeneent composition for this
sample and is therefore assumed to be the resutiaifral variability of the
porphyritic lavas. As with the major elements, ¢hex no trend in trace element
composition over the chronological succession whdaand, with the exception of
sample A2 which shows close correlation to theetr@lement composition of the
1949 lava sample (Z1), none of the known 1954 lavage a distinguished

geochemical signature to enable confident idetiib of the unknown samples.

There is no apparent chronological trend in eitther major or trace element
composition of successive lavas and minor diffeesnén composition are
considered to be a function of analytical error #r&lnatural variability typical of
porphyritic lavas. The 1954 lavas are thereforeemtsslly homogenous and it is
not possible to infer distinctly separate geochahsognatures to individual lava
flows of the 1954 eruption. Therefore, with the epiton of sample A2 as
described above, unknown samples cannot be geocalgmiorrelated to known

flow deposits.
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Rheological Parameters

4.1 INTRODUCTION

Lava flow rheology is primarily controlled by théemical composition, volatile
content, temperature, crystallinity, vesicularitydayield strength of the lava. The
aim of this chapter is to quantify the rheologipedperties of the 1954 lava flows
using the morphological, petrographic and geochalmiava flow deposit data
collected for this study. Viscosity and yield stgén have been calculated using
geochemical and petrographic data; velocity, effiusiate, flow emplacement
duration and Gratz numbers calculated using gedarnatid morphological data;
and the role of surface crust strength has bearrdeted using a combination of
these. This chapter is subdivided into sectioretirgj to each of these rheological
properties. Each section contains a descriptionhef models, parameters and
assumptions used, and the results of the calcokatichich are used to quantify

the relevant rheological property of the 1954 lavas

There was no significant difference noted betwede ftpetrographic or
geochemical signatures of the individual lava fldeposits, therefore the 1954
lavas are treated as a single homogenous lava imeéthrheological calculations.
Rheology models involving flow deposit geometrygmaeters are calculated for
six individual lava flow deposits f4June (A), 38 June (BnL), 1% July (Dc),
29" July (E), 18 August (F), and 1B September (G)] based on the measured and
estimated flow deposit dimensions of these lavagrgiin Table 2.1. For the
purposes of these calculations, it is assumed width and depth remain
relatively constant throughout the length of eaohalflow deposit, therefore mean
width and depth values are used. The relevant mmsatised to calculate each
rheological property are referenced within the ¢bapy author, year, equation

number (where applicable) and page number for thidigation in which they

115



Chapter 4

were sourced, and are reproduced with a list odveeit symbols and their
descriptions in Appendix C.1.

4.2 LAVA VISCOSITY

4.2.1 Temperature and Major Element Composition

Models and Assumptions

Temperature is a major control on magma viscogily which can change by a
factor of 182 as it cools through a temperature interval of°@0(Pinkerton and
Stevenson, 1992). It is also well known that therea significant difference
between the viscosities of geochemically diversegmes, due in part to the
difference in the degree of polymerisation of meltith different geochemical
compositions (Pinkerton and Stevenson, 1992). Thgeechemical’ viscosity
models were used to calculate 1954 lava viscosagetdh on major element
composition and temperature. The results of eachesfe models are compared to

determine the most appropriate viscosity valudher1954 lavas.

The Shaw (1972, equation 3, p.873) viscosity modek the Arrhenian principle
that there is a simple linear relationship betwksnperature and viscosity, based
on the assumption that temperature is the only nwgotrol on magma viscosity.
However, it is widely accepted that although madgmehaves as a Newtonian
fluid at superliquidus temperatures, and can tloeeefoe described by the
Arrhenius equation (Hui and Zhang, 2007), more mecesearch has shown that
over a wide temperature range silicate melts gégeexhibit non-Arrhenian
behaviour (e.g. Hess and Dingwell, 1996; Whittimpgbal., 2000; Giordano and
Dingwell, 2003).

The Hui and Zhang (2007, equation 11, p.412) visgarnodel is intended to
represent a wide temperature range (~ 300 to “C)0Q@hat can be applied as
accurately as possible to natural, multicompongmbydrous and hydrous silicate
melts. This model reproduces the entire viscosdhalase for a greater range of
melt compositions and temperatures, and to a gremteuracy than earlier

models, with a @ error margin of 0.61 log viscosity; although othaelt-specific
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models have reported lowew Zrror margins, for example, the Zhaegal.
(2003) anhydrous and hydrous rhyolitic melt modas la & uncertainty of 0.36

log viscosity.

Giordanoet al. (2008, equation 1, p.125) developed a multicorepbwiscosity
model that is applicable across the entire magntaticposition and temperature
spectrum of the known viscosity database, accomtmggd®oth Arrhenian and
non-Arrhenian temperature dependence behaviours Thodel particularly
utilises the effects of dissolved volatiles,(Hand F) on magma viscosity and
uses a lower number of model parameters (18) thdieemodels. The Giordano
et al. (2008) viscosity model appears to accommodatk Bothenian and non-
Arrhenian temperature dependent melts equally weth a 2 error margin of
0.40 log viscosity. Furthermore, the authors repbst their model can be
extrapolated for melt compositions and temperaturegond their calibration
database.

Due to the high microlite abundance within the grmass it was not possible to
isolate the glass component of the 1954 lavas felt-apecific major element
composition analysis. Therefore whole rock majenetnt compositions from
quenched lava samples have been used to calcusatesity, and these values
assumed to be ‘melt’ viscosity;] values in subsequent viscosity calculations
including crystal and bubble content (sections24.@nd 4.2.3). Of the major
elements, Si@has the greatest effect on viscosity, therefoee rtiinimum and
maximum wt. % Si@values of all the 1954 samples analysed were dé&tedn
from non-normalised XRF major element data, theviddal samples containing
these SiQ@ values identified (Table 4.1), and minimum and mmaxn viscosity
values for the 1954 lavas calculated using the n&@ment composition of these
specific samples. Non-normalised major element daa used because major
element values are normalised as part of the @loul process for each of the

geochemical viscosity models.

Volatile content could not be measured for the 1%&va samples due to

oxidisation of the samples during loss on ignitianalysis, therefore the
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minimum, maximum and average wt. %QHvalues obtained from stratigraphic
units B to D of the 1954-55 inner crater eruptivepaisits (Krippner, 2009) are
assumed to represent the volatile content of tHel 18vas (Table 4.1). Volatile
content for units A (the lower-most 1954-55 depaesitd E (the upper-most 1954-
55 deposit) have not been included. The volatiletexat of unit A is significantly
higher (2.56 to 4.75 wt. %) than the other 1954sB&tigraphic units due to
hydrothermal alteration, while unit E was depositei a result of Vulcanian
activity towards the end of the 1954-55 eruptivesege (Krippner, 2009), and
therefore not related to the Strombolian activitgl dava flow emplacement that
occurred during the earlier phase of the erupfidre low volatile content values
obtained by Krippner (2009) are consistent with thehydrous mineral
assemblages observed in thin section, particutbdyelatively high abundance of
plagioclase (~ 65% of the total phenocryst popaoigti which implies an O
content < 2 to 5% (Gill, 1981).

The eruption temperature of the 1954 lavas couldb®odetermined with the
available data. Hobden (1997) used the two-pyrox@wthermometer method to

calculate an eruption temperature range of 10001@0 + 50C for each of the

Table 4.1 Whole rock major element composition, vatile content and phenocryst and
vesicle abundance values used to determine the wisity of the 1954 lavas.

Minimum (%) Maximum (%) Average (%)

Phenocryst 11.6 40.5 27.1
Vesicles' 0.7 46.0 22.9
H,0? 0.02 0.95 0.40
Major Elements (wt. %) °

SiO, 54.77 56.51 /
TiO, 0.76 0.76 /
Al,O3 16.97 17.47 /
Fe,O3 8.51 8.60 /
FeO 0.00 0.00 /
MnO 0.14 0.15 /
MgO 5.17 5.33 /
CaO 8.46 8.46 /
Na,O 3.07 3.04 /
K>O 1.11 1.15 /
P,0s5 0.13 0.14 /
Sum 99.08 101.62 /

! Minimum, maximum and average phenocryst and vesislsndance values derived from modal abundance
data for all 1954 samples (Table 3.1).

2 H,0 values obtained from 1954-55 Ngauruhoe inneecidposits (Krippner, 2009).

3 Major element compositions are not normalisedamechased on the 1954 samples containing minimum an
maximum wt. % Si@(Dc8-2 and Bn26 respectively).
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five identified Ngauruhoe lava groups, therefore549lava viscosity was

calculated for eruption temperatures ranging fr&@o ® 1150C.

Melt Viscosity

Fig. 4.1 illustrates the effect of temperature,ana@ement composition and water
content variation on the calculated melt viscogify of the 1954 lavas. As
expected, viscosity values markedly increase (by @o three orders of
magnitude) with decreasing temperature at all trgomelement and water
compositions calculated, and with each of the tige@chemical viscosity models
used. There is little difference in viscosity beéweminimum and maximum
wt. % SiQ composition (Figs. 4.1a, b, c), with the greatkerence occurring at
the lowest temperature (9%D), and smallest difference occurring at 1°150n
each of the models. For example, the Shaw (1972)einealculates ~ 750 Pa s
difference between viscosity at minimum and maximuin% SiQ composition
at 950C, reducing to ~ 30 Pa s difference at I'TEQFig. 4.1a). The viscosity
values obtained using the Hui and Zhang (2007) in@deg. 4.1b) show a greater
difference (~ 14,900 Pa s) between viscosity atimmim and maximum wt. %
SiO, compositions at 95C, decreasing to ~ 130 Pa s difference at 1@5The
Giordanoet al. (2008) model produces the least difference batwascosity
values of minimum and maximum wt. % Si©omposition (Fig. 4.1c), with a
difference of ~ 100 Pa s at 980 reducing to ~ 1 Pa s at 1260 The generally
small difference in calculated viscosity valueswadn minimum and maximum
wt. % SiQ composition is most likely a consequence of théatikely
homogenous geochemical composition of the 1954s|amgparticular, the narrow
range of SiQ compositions obtained on XRF analysis (i.e. 1.74%v difference

between minimum and maximum non-normalised values).

Conversely, small changes in volatile content (.82 to 0.95 wt. % kD) appear
to have a more significant effect on the calculatsgosity values for the 1954
lavas (Figs. 4.1d, e, f). The Hui and Zhang (20@19. 4.1e) and Giordanet al.
(2008) (Fig. 4.1f) models produced a much greaftérdnce in viscosity between
minimum and maximum wt. % 4@ at 950C (~ 1,300,000 Pa s and ~ 15,500 Pa s
difference respectively) than the Shaw (1972) md@%H00 Pa s difference)
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(Fig. 4.1d). As with major element composition, thiference in viscosity values
over the range of ¥ compositions reduces significantly once the teaipee
increases to ~ 1000 to 1080 with minimal difference noted at 1180 With
both the major element and,® composition viscosity values, the greatest

decrease in viscosity occurs between 950 and °‘T)0Ghe next largest
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Fig. 4.1 The effect of major oxide composition (a)b), and (c) and HO content (d), (e), and
(f) versus temperature on 1954 lava viscosity (P9 sising three calculation models. (a), (b),
and (c) calculated viscosity values for major oxideeomposition (wt. %) of samples with
minimum and maximum SiO, (wt. %) content and average HO content (0.40%); (d), (e),
and (f) calculated viscosity values for minimum, mgimum and average BO (wt. %) content

with maximum SiO, composition (wt. %). (a) and (d) calculated usingshaw (1972); (b) and
(e), Hui and Zhang (2007); and (c) and (f), Giordao et al (2008).
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decrease occurs between 1000 and ¥®58nd minimal reduction in viscosity
occurs between 1050 and 1160 which may reflect the liquidus-solidus

boundary of these lavas.

Table 4.2 compares the viscosity values obtainedguthe three geochemical
viscosity models for minimum and maximum wt. % Sg@mposition of the 1954
lavas, assuming an averaggCHcontent (0.40 wt. %), over the temperature range
950 to 1150°C. There is a marked difference betwenen viscosity values
obtained from each of these models over the terhperarange calculated.
Viscosity values obtained using the Hui and Zh&a9¢) model are considerably
greater (by one to three orders of magnitude) thase calculated using the Shaw
(1972) and Giordanet al. (2008) models, whereas the viscosity values nbthi
using the Giordanet al. (2008) model are lower than those of the ShawZ19
model by about 1 order of magnitude. The Shaw (L97T®del assumes
Newtonian behaviour at all temperatures, althougprimarily focuses on the
viscosity of magma at temperatures of ~ 1200 tdIZ0however, as previously
discussed, lavas are known to display non-Newtobemaviour at temperatures
below their liquidus. The viscosity values deriieam the Shaw (1972) model,
particularly over the lower temperature range «€l050C, are therefore less

likely to be representative of the viscosity of fidawtonian lava.

Conversely, the Giordana al. (2008) model assumes non-Newtonian behaviour
at lower temperatures and was therefore expectgd/éohigher viscosity values
than those of the Shaw (1972) model; although tkeogity value calculated for
maximum wt. % SiQ composition at 95C using the Giordanet al. (2008)
model (~ 1,000 Pa s) is within the same order ajmitade as reported basalt and
basaltic andesite viscosities (e.g. Walker, 19TBg Giordanaet al. (2008) model
takes into account the effect of fluorine (F) omdaiscosity, although the authors
note that the model works equally well without umtihg this parameter in their
calculations. Fluorine was not included in the gktions for this study because,
if it is present, it is present at concentratioetoty the level of detectability of the
XRF spectrometer. The omission of F in the 195408#y calculations does not,
however, explain the lower than expected viscosdlues obtained using this
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Table 4.2 Comparison of viscosity values (Pa s) calated for the 1954 lavas over a temperature rangef 950 to 115€C using 8 different models. Values are
calculated for the major oxide composition of samps with minimum (Min.) and maximum (Max.) wt. % SiO, composition and assumes average,8 content
(0.40 wt. %). Melt viscosity §;) values are presented in the first six columns, gaulated using three geochemical viscosity modelSlf, HZ and Gio). The two
‘PS’ columns give calculated suspension viscosityg values for minimum (11%) and average (27%) crystBabundance and are based on the Gio melt viscosity
() values. Columns G-17 and G-19 give calculated €Bfential viscosities for maximum crystal abundanceg(41%) at low () and high @) strain rates
respectively. The final three ‘LM’ columns give bulble-suspension viscosity#(,) values for the melt including crystal and bubblecontent at average crystal
(27%) and vesicle (23%) abundance. Columns LM-7 and.M-9 represent the minimum and maximum possible bbble-suspension viscosity#,) values
respectively, at average Si@(wt. %), and the final LM column gives an overallaverage total viscosity valuerf;) for the 1954 lavas.

Sh HZ Gio PS (11%) PS (27%) G-17 (41%) G-19 (41%)  LM-7 LM-9 LM

Ul U U s s "o Hin "y y nr
;%Tp Min. Max. Min. Max. Min. Max. | Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. A ve.
950 4899 5645 144045 163947 921 1020 1530 1694 412866 2909 3221 16660 184476119 15684 10902
1000 2142 2452 36605 41490 258 283 428 470 1153 7 12814 894 4659 5120 1704 4369 3037
1050 997 1134 10361 11702 86 94 143 156 384 419 27296 1552 1694 566 1450 1008
1100 491 555 3224 3630 33 36 55 59 147 160 104 11395 646 216 555 385
1150 254 285 1091 1225 14 15 24 25 63 69 45 48 256 277 93 238 166

Sh = Shaw (1972, Equation 3, p. 873)

HZ = Hui and Zhang (2007, Equation 11, p. 412)

Gio = Giordanat al. (2008), Equation 1, p. 125)

PS = Pinkerton and Stevenson (1992, Equation49)p.
G-17 = Gayet al. (1969, Equation 17, p.817)

G-19 = Gayet al. (1969, Equation 19, p.817)

LM-7 = Llewellin and Manga (2005, Equation 7, p.210
LM-9 = Llewellin and Manga (2005, Equation 9, p021
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model because fluorine is known to increase waikibdity and melt diffusivity
and to decrease density, thereby reducing lavasitsc(Giordancet al., 2004).
Furthermore, following the work of Giordam al. (2004), the effect of fluorine
is known to be greatly reduced in non-hydrous mélterefore, assuming that the
F content of the 1954 lavas is considerably leas tHO content, the omission of
F in the viscosity calculations should have no i$icgnt affect on the results.

The Hui and Zhang (2007) model (also assuming newthinian behaviour at
lower temperatures) produced relatively high viggosalues, particularly at
1150C (~ 10 to 12 x 1dPa s), given that a viscosity of ~ 1 to 10 Paexjsected
for basaltic lavas at 1180 (Sparks, 1992). Hui and Zhang (2007) note thattdu
the large number of parameters involved in theidehaalculations (Table C.2,
Appendix C.1), the fitting parameters themselves ot well constrained for
extrapolation beyond the model limitations i.e.dvinsilicate systems, viscosities
above 1¢° Pa s, temperatures < 573K (~ 30)) H,O content > 5 wt.% for melts
other than rhyolite, and pressure conditions > &rkblowever, the composition
of 1954 lavas falls within the constraints of tmedel, therefore the accuracy of
these viscosity calculations should not be affectdte Hui and Zhang (2007)
model has a greatesZrror margin than the Giordambal. (2008) model (0.61
log » compared to 0.41 log, equivalent to ~ 4 Pa s and 2.6 Pa s respectjvely)
therefore, although the Giordamb al. (2008) model produced lower viscosity
values than expected, these values have been usetibsequent rheology

calculations as the most likely ‘melt’ viscosity)(values for the 1954 lavas.

4.2.2 Crystal Content

Models and Assumptions

Although the aforementioned geochemistry-based teodelude the major
element composition of whole rock samples, and efbee include the
geochemical composition of crystals, they do n&etmto account the physical
effect of crystals as solid particles suspendetiwithe melt on magma viscosity.
The importance of particle concentration and trecasity of the host liquid in
controlling the overall viscosity of dilute suspams is well documented (e.qg.
Shawet al., 1968; Gayet al., 1969; Marsh, 1981; Ryersehal., 1988; Pinkerton
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and Stevenson, 1992). This can be described bEithstein-Roscoe equation
(Pinkerton and Stevenson, 1992), which takes irtooant the relationship

between the viscosity of the liquid phase of thdtrsg), the concentration of

crystals (by volume) within the mel@ and the maximum concentration that can

be attained by the crystalg(,) and still enable the lava to flow. Pinkerton and
Stevenson (1992) note that melts with relatively lorystal concentrations (i.e.
< 30%) tend to behave as Newtonian fluids because tis minimal contact, and
therefore minimal friction, between individual ctgfs. They conclude that the
Einstein-Roscoe equation is currently the most @meite method for estimating
the effect of crystal content on the viscosity efatively dilute melts (< 30%
concentration) where particle shapes are relativetyform and spheroid.
However there is some disagreement regarding th&t aqgpropriate maximum
crystal concentrationd,,,) value for this model. Some researchers sugg@st.a
value of 0.74 (e.g. Shawt al., 1968), corresponding to 74% crystal concentnatio
while others suggest a value of 0.6 (60% crystalceatration) as a more
appropriate value for magmas (Marsh, 1981; Pinkestad Stevenson, 1992). The
latter value appears to give a closer approximatibwiscosity at low crystal
concentrations, although it is accepted that aebetstimation of the maximum
crystal concentration at which lava can flow is degk to improve the method
(Pinkerton and Stevenson, 1992).

Several authors (e.g. Ga&y al., 1969) have shown that suspensions with a high
particle concentration develop substantially défarviscosities over low and high
strain rates. In an analysis of the Gahwl. (1969) calculation methods, Pinkerton
and Stevenson (1992) conclude that this is a valethod for determining
differential viscosity at crystal concentrationsvieen 30 to 50%. Furthermore,
when incorporated with the Gay al. (1969) models determining yield strength
(section 4.2.4), these models are equally validnfiedium to high concentration
suspensions containing a range of particle shapes sizes (Pinkerton and
Stevenson, 1992).

The ‘melt’ viscosity {) values used in these calculations were derivenh fthe
Giordanoet al. (2008) ‘geochemical’ viscosity model (Table 4.%uspension

viscosity ¢s) was calculated using the Einstein-Roscoe equdfamkerton and
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Stevenson, 1992, equation 1, p. 49) for minimum avedrage phenocryst
abundance of the 1954 lavas, derived from modahdémce analysis (Tables 3.1
and 4.1), and assuming a maximum crystal concemrd®,) value of 0.6.

Differential viscosity at low{,) and high #in) strain rates was calculated using
the models of Gagt al. (1969, equations 17 and 19, p. 817) for the 18%ds at

maximum crystal abundance (41%). Phenocryst abuwedaata are based on
modal abundance analysis of quenched, whole rogiples; although in these
calculations they are assumed to represent crygiahdance at the time of

eruption.

Suspension Viscosity

Calculated suspensions] and differential 4, and 7iyf) viscosity values for the
1954 lavas at minimum and maximum wt. % Sgdmposition are presented in
Table 4.2. Comparison with the Giordaetoal. (2008) melt viscosityz{) values
shows a relatively small increase in viscosityat kcrystal abundance (11%) at
both minimum and maximum wt. % Si€ompositions, althougip values remain
within the same order of magnitude asvalues. Average crystal abundance
(27%) increases viscosity by one order of magnitatiel100C to 1000C,
although at 95T #s values at minimum and maximum wt. % Si€dmposition
are within the same order of magnitude;aat maximum wt. % Si(~ 1¢ Pa s).
Viscosity values at maximum crystal abundance (448@) high strain rates;f)
show the greatest difference with melt viscosity, (with values of one order of
magnitude higher at 1130 and 2 orders of magnitude greater at 1G50
although the difference decreases to one order agnitude at 95@. Crystal
abundance has a minimal effect on viscosity vaaadsgher temperatures, with
remaining < 100 Pa s at 1T&0for both minimum (11%) and average (27%)
crystal abundances, increasing by one order of inatgto 16 Pa s at maximum
crystal abundance and high strain ratgg)( At all crystal abundances viscosity

values increase by two orders of magnitude betwié&0 and 95T.

Interestingly, viscosity values calculated at maximcrystal abundance (41%)
and low strain rates;{) are of the same order of magnitude as those oimim

(11%) and average (27%) crystal abundance at edclheo temperatures
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calculated, except at 10@D, where viscosity at maximum crystal abundance and
low strain rate is one order of magnitude lowemtkécosity at average crystal
abundance. However, using the Einstein-Roscoe iequdb calculate lava
viscosity at maximum crystal abundance gives visgeglues in the range of 254
to 18,274 Pa s over minimum and maximum wt %.,Si@nposition, comparable
to those calculated for maximum crystal abundariceigh strain ratess(y). It
appears, therefore, that the difference in visgaditmaximum crystal abundance
between low and high strain rates is related toréfetionship between viscosity
and the vyield strength of the lava. Blakeney (196fied in Pinkerton &
Stevenson, 1992) showed that interparticle cortant occur under shear stress
conditions in suspensions containing relatively kmamcentrations (~ 5%) of rod-
shaped patrticles, and that at higher crystal canatgons (e.g. ~ 20%) increased
particle contact will require significantly greateresses to overcome the friction
between connecting particles and thus initiate muaré. Therefore, at low sheer
stress-strain rates deformation of the lava issnéficient for particles at moderate
to high concentrations to come into contact witkbheather, thus viscosity and
yield strength are relatively low compared to ctiods where sheer stress-strain

rates are greater.

4.2.3 Vesicle Content

Models and Assumptions

Although models incorporating crystal content pdevgreater constraints on the
viscosity of crystalline lavas, they do not takéiaccount the effect of vesicles
on lava viscosity. It is well-accepted that theauson of volatiles from the melt
increases melt viscosity (Manga & Loewenburg, 200fjwever the physical
effect of bubbles within the melt is not so welldenstood (Pinkerton and Norton,
1995). Several recent studies (e.g. BagdassarovDamgivell, 1992; Stein and
Spera, 1992; Pal, 2003) have shown that the pHysieaence of bubbles has the
effect of either increasing or decreasing the \8ggf the suspension. Manga
al. (1998) explain this contrasting behaviour by simgwthat deformed bubbles
provide less resistance to the flowing melt thamespid bubbles, thus total shear
viscosity is reduced in melts where deformed bubldeminate. Llewellin and

Manga (2005) developed a method for including betshispension rheology in
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magma conduit flow models, which recognises théedihce in the viscosity
behaviour of melts containing either spheroid dodeed bubbles. Two dynamic
viscosity regimes are described in the conduit floadel, which are controlled
by the capillary number @: a dimensionless number which describes the degre
of viscous stress (i.e. the stress applied to tttermal bubble surface by the
surrounding magma) relative to the degree of irtestress within the bubble,
which enables it to retain or to restore spheridityregime 1, @ <1 represents
conditions where internal bubble stresses are @retitan external viscous
stresses, bubbles remain spherical, and shearsitigéocreases with increasing
gas volume-fraction; whereasaG>1 (regime 2) occurs during conditions of high
viscous stress relative to internal bubble strésfbles deform and become
elongate, and shear viscosity decreases with isicrgagas volume-fraction
(Llewellin and Manga, 2005).

This model is intended to represent magma viscasity flow processes within a
closed conduit system, in which the shear stra@-f the flowing magma
increases along the radial axis from the centrth@fconduit to the conduit walls.
However, it has been applied to the unconfined 1884 flows because,
(a) variations in shear strain-rate along the csessional profile of the magma
conduit are comparable to vertical and lateral atamns in shear strain-rate
between the base of a flowing lava and the centried, the central core and the
cooling surface of the lava, and the central chbané the cooling lateral margins
of the flow (e.g. Dragonét al., 1986), and (b) unlike other models, the Llewelli
and Manga (2005) model parameters do not includelwb dimensions, and
therefore no relationship is assumed between condimmensions (or flow
volume) and bubble viscosity, thus the model is en@asily adapted to

unconfined lava flows.

A capillary number for the 1954 lavas could notquantified with the available
data; however, the majority of vesicles observethimsection analysis displayed
spheroid to ellipsoid morphologies, while elongatstretched vesicles were
rarely observed. Thus the conditions described Hgy ltlewellin and Manga
(2005) regime 1 model, i.e.a<1, are assumed for bubble viscosity calculations

in this study. Calculations for bubble-suspensigtasity ¢,) assume average
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vesicle abundance (23%), derived from modal aburelatata (Tables 3.1 and
4.1), and the suspension viscosity) (values obtained for average crystal
abundance (27%) derived from the Pinkerton ande®iswn (1992) model (Table
4.2). Vesicle modal abundance was derived from cjuesh lava samples and
therefore represents bubble content during the Stages of flow emplacement;
however, for this study vesicle abundance is asdutaerepresent the bubble

content of the newly erupted melt.

Llewellin and Manga (2005) present two equationghi@& regime 1 model that
give the likely range of bubble-suspension visgogjt) for any specific vesicle
content value. The equations are used to calcaf@eminimum (equation 7,
p.210) and maximum (equation 9, p.210) possibleblmibuspension viscosity
(nv) of the 1954 lava with an average vesicle abunelakienimum and maximum
ny was therefore calculated at both minimum and marimwt. % SiQ
compositions, as with previous viscosity calculasio An average value for
minimum 7, was then derived by averaging thy values obtained using
equation 7 for minimum and maximum wt. % $Si@omposition at each
temperature calculated. The same technique wasuaks® to obtain an average
value for maximuny, (derived from equation 9) between the two wt. %Q.Si
compositions at each temperature calculated. FKindthr the purposes of
subsequent rheology calculations, the averageedetitwo end-member bubble-
suspension viscosityf) values has been calculated and used as thevistakity

(1) of the 1954 lavas at each of the temperaturésecalculated range.

Bubble Viscosity and Total 1954 Lava Viscosity

Average minimum and maximum bubble-suspension sigc¢;,) values and the
total viscosity f7) values of the 1954 lavas over the temperaturged@50 to
1150C are presented in Table 4.2. Incorporating thecgsfof bubble content on
lava viscosity results in a further increase incegty from suspension viscosity
(ns) values when average crystal abundance (23%) sanad, although the
lowest possibles, values (column LM-7) remain within the same orasr
magnitude asjs values at average crystal abundance and at eagbetature

calculated. Maximum possiblg, values (column LM-9) are generally ~ half to
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one order of magnitude higher thagvalues at average crystal abundance for
each temperature. Total viscosiiyt) values (column LM) for the 1954 lavas fall
within the range of 1.66 x @ 1.09 x 10 Pa s over the temperature range 950 to
1150C. These values assume average wt. % &d HBO composition, average
crystal and vesicle abundance, and denote the gaveralue over the range of
possible bubble viscosities;J. Total viscosity £1) values are assumed to
represent overall 1954 lava viscosity at the rapigeemperatures calculated and

are used in subsequent rheology calculations.

4.3 YIELD STRENGTH

Models and Assumptions

It is generally accepted that melts composed oftatyconcentrations > 30%
develop vyield strength and thus behave in a nontbl@an manner (e.g. Shaw,
1969; Krieger, 1972; Chan and Powell, 1984; Mark®d87; Reyersoret al.,

1988). Yield strength develops where a touchingnéaork of crystals exists
throughout the suspension as a result of integdartgontact (Kerr and Lister,
1991). It is therefore possible for suspensionsari-spherical particles to develop
yield strength at particle concentrations < 30%akBhey (1966, cited in
Pinkerton and Stevenson, 1992) showed that rodeshparticles with axial ratios
of 10:1 (comparable with slender plagioclase latbah develop a bridging
framework at concentrations as low as 20%, requisignificant stress to initiate
flow and thus causing the development of yield rgjte within the lava.

Pinkerton and Stevenson (1992) argue that any rdethiployed to determine the
yield strength of lava must therefore incorporate/stal shape and size
distribution data. By modifying the models of Getyal. (1969), Pinkerton and
Stevenson (1992) developed a method to calculatd girength for suspensions

that include particles with a diverse range of simd shape distributions, over the
particle concentration range 0.524,.)<0.82 (i.e. 30 to 50% crystal

concentration).

The onset of yield strength at moderate crystalcentrations is strongly
supported by field and laboratory yield strengthaswgements of natural basalts
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(e.g. Pinkerton and Norton, 1995; Cashnstiral., 1999; Hooveret al., 2001).
Zhou et al. (1995) suggest that there is a minimum particlecentration @) at

which vyield strength develops, which is controlleg the size, shape and
orientation distribution of the particles. Basedtbbe models of Zhoset al. (1995),
Hooveret al. (2001) used experimental data to calcul&tealues of 0.09 to 0.3
(9 to 30% particle concentration) where particlesavatios are between 1:1 to
10:1, confirming the influence of crystal shapeyoeld strength. In comparing
their results with other research (e.g. Pinkertoth [dorton, 1995; Cashmaahal.,
1999; Saaet al., 2001), Hooveet al. (2001) conclude that a finite yield strength
may develop in basaltic lavas with crystal concarins of ~ 15 to 40%.

Many researchers have used the dimensions, moghamd in some cases the
slope angle of the underlying topography of lawavfdeposits to infer rheological
properties, including yield strength, of lava. A daeb developed by Johnson
(1970) to determine the flow behaviour of Binghdmd within a semi-circular
channel was modified by Hulme (1974) to apply tovMing lavas. Hulme (1974)
attributes the formation of lateral levees and m@@ritow channels to the internal
yield strength of the lava by theorising that yisldength controls the extent of
lateral spread and thinning of the flow, and therethe depth of the flow margin
is determined by the minimum depth permitted byytedd strength of the lava.
The yield strength of the flow can thus be detesdias a function of mean flow
deposit depth and underlying slope angle. Orow&41 cited in Moorezt al.,
1992) devised a similar model based on mean flogthwand depth that does not
include the gradient of the underlying slope, whinds been used extensively in
situations where slope angle is unknown, for examgktra-terrestrial lavas.
Comparisons of yield strength values derived using Hulme (1974) and
Orowan (1949) models (e.g. Mooet al., 1992: Stevensosat al., 1994a) show
that the two models produce reasonably similaresalu

The yield strengtht() of the 1954 lavasvas calculated using three models: the
petrography-based Pinkerton and Stevenson (1992atieq 3, p.53) model
incorporating crystal abundance, size and habd, tae two morphology-based
models (Hulme, 1974 and Orowan, 1949, cited in Mabirl., 1992, equation 1,
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p.13,488) based on the dimensions of the lava tleposits. The Pinkerton and
Stevenson (1992) model calculates vyield strengthaatunction of crystal
abundance, size and habit, the bulk density of lth&, and gravitational
acceleration. Although this model is intended favds with crystal abundance
> 30%, yield strength has been calculated for mimmaverage and maximum
crystal abundance values of the 1954 lavas, foligwhe conclusions of Hoover
et al. (2001). The minimum, average and maximum bulksder{p) values used
in these calculations are derived from the bulksidgnof powdered whole rock
samples (dense rock equivalent), quantified dugag pycnometry analyses of
the 1954 lavas (Appendix B.2), and therefore assuabubble-free melt. Mean
particle diameter [§,) was determined using the long axis dimensionsSQf
randomly selected crystals in thin section. Tha #&ction containing the greatest
crystal abundance was selected for each of théas& flows sampled and fifty
intact (or mostly intact) tabular plagioclase antsipatic orthopyroxene crystals
were measured along cross-sectional transects abf #an section. Rounded,
fragmented, very large (> 1 mm) and very small (¥ ®@m) crystals were not
measured. The shape fact§)y i defined as the “ratio of the surface area of a
sphere of equivalent volume to the surface areth@fparticle” (Pinkerton and
Stevenson, 1992, p.53). Particle surface area wafaslated using the long- and
short-axis dimensions of the same crystals usedn&asure mean particle
diameter. Volume was calculated by assuming priematystal habit and
therefore that the short axis (width) measuremenéquivalent to depth. The
geometric standardo{) was derived from a plot of particle diameter versus
cumulative proportion (p) of particles whesgy equals p<50% size/p<15.87%
size. Values for each of these parameters are givéable 4.3 and raw data for

the calculation of these values in Appendix C.2.

The morphology-based models determine yield stheagta function of average
bulk density ), gravitational acceleration (g), mean flow depdsipth and either
(@) underlying slope angle (Hulme, 1974), or (b)ameflow deposit width

(Orowan, 1949). Yield strength was calculated fe@amflow depths of 2.5, 3 and
3.5 m, and a range of average underlying slopeeanghd mean flow widths

common to the 1954 lava flow deposits (Table 2AE)previously stated, the use
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of mean flow dimension values in these calculatisnbased on the assumption
that flow deposit width and depth remain consténbughout the length of the
flow.

Table 4.3 Parameter values used to calculate yieldtrength using the Pinkerton and
Stevenson (1992) models.

Symbol Definition Value(s
R Inverse of maximum solid concentrat 1.67
[, . Maximum concentration that can be attained 0.6
by crystals in the melt (volur-fraction)
I} Crystal abundance (volume-fractidn) Min 0.11
Ave 0.27
Max 0.41
p Bulk lava density (DRE) (g ¢®)? Min 2.8t
Ave 2.88
Max 2.91
g Gravitational acceleration (s 9.80
D, Mean particle diameteptn)® Min 125
Ave 35¢
Max 1000
£ Shape factc* Min 0.64
Ave 0.75
Max 0.80
Osc Geometric standard deviat® 3.04

! Minimum, average and maximum crystal abundancietbfrom modal analysis (Table 3.1 and 4.1).
2Bulk density is derived from pycnometer analysispoiered whole rock samples and therefore assumes a
bubble-free melt (Appendix B.2).

3 Mean particle diameterDg) is derived from long axis measurements of 300stetg in thin section
(Appendix C.2).

4 Crystal habit is quantified by the shape fact)r the ratio of the surface area of an equivaletime sphere
to the surface area of the crystal, derived fromettision of 300 crystals in thin section (Appendi®)C

5 Geometric standard is derived from a plot of phetitiameter versus cumulative proportion (p) ofiphes
calculated by p<50% size/p<15.87% size (Appendiy.C.2

Yield Strength

Yield strength values for the 1954 lavas calculaisohg the petrography-based
Pinkerton and Stevenson (1992) model are presémt€dble 4.4. Yield strength
ranges between ~3 to 72 Pa over the range of trgstandance, bulk density,
mean particle diameter and shape factor valuesileddtl. As expected, maximum
crystal abundance gives the highest yield strengilues over each of the
parameters calculated. The difference between mimnand maximum bulk
density values of the 1954 lavas is minimal (0.081if), therefore no significant
difference (~ 0.1 to 1.5 Pa difference) was apgarenthe calculated vyield
strength values over the range of bulk densitiesaMparticle diameter has the
greatest effect on yield strength values, with 668ifference between yield

strength values at minimum and average, and avexademaximunmD,. Yield
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strength is ~ one order of magnitude greater atimmamx D, than at minimunDy,
at each crystal abundance value calculated, araverageD, with minimum
crystal abundance. Crystal habit also has a rebdsosa@nificant effect on yield
strength, with a 28% reduction in yield strengttweaen minimum and maximum

¢ values.

Table 4.4 Yield strength ) (Pa) of the 1954 lavas as a function of crystabandance, size
(Dp) and habit () using the models of Pinkerton and Stevenson (1902

Crystal ulk Density MinD,"  AveD," MaxD,’ Ming¥  Max g
Abundance Ba ba) Pa) ) Pa)
11% Min 3.40 9.79 27.24 1229  8.80
Ave 3.43 9.87 27.46 1240  8.87
Max 3.47 9.98 27.78 1254 8.97
27% Min 5.06 14.53 40.44 18.26  13.06
Ave 5.10 14.65 40.78 1841  13.17
Max 5.16 14.82 41.26 18.62  13.32
41% Min 8.78 25.24 70.25 3171  22.69
Ave 8.85 25.45 70.82 31.97  22.87
Max 8.96 25.75 71.65 32.34  23.14

! Yield strength at minimum, average and maxinicalculated at average
2 Yield strength at minimum and maximuincalculated at averads,

Although the Pinkerton and Stevenson (1992) modelntended for crystal
abundances > 30% and Hoowtral. (2001) showed that yield strength develops
at crystal concentrations ~ 15%, a crystal abunelaicl1% in this study does
display a small degree of yield strength (~ 10 &eagverage mean diamet&r,)
and shape factog) values. This may be due to the relatively largerage mean
particle diameter size (359 pm) measured for tied18vas, compared to those
used by Pinkerton and Stevenson (1992) for Mouriedéns dacite (e.g. 50 and
183 um). For example, calculating yield strengtmatimum crystal abundance
(11%) and a mean particle diameter size of 183 @dnaes the yield strength to
~ 5 Pa, and at a mean particle diameter of 50 pm,1.4 Pa. Although the mean
particle diameter size used in the 1954 calculati(869 um) is based on the
measured dimensions of only 300 crystals, it isssiant with the size range

observed on thin section analysis of all the 19&hes for plagioclase and
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orthopyroxene phenocrysts (100 to 900 um, and 060D um respectively).
Furthermore, mean particle diameter may have beeerastimated because the
relatively abundant larger megacrysts and xenobtteerved in thin section were

not included in the measurements.

The yield strength values calculated using theogeaphy-based Pinkerton and
Stevenson (1992) model are ~*16 1 times lower than those calculated using
the morphology-based models (Table 4.5), which ggaeyield strength values in
the range of ~ 1,700 to 66,000 Pa. The Hulme (197WdYel, incorporating
underlying slope angle, generally gives a rangegield strength values ~ one
order of magnitude higher than the Orowan (19493ehancorporating mean
flow widths, with the exception of the lowest meldow deposit width (20 m)
which has calculated yield strength values of #i@es order of magnitude as the
Hulme (1974) model values at the two greater méam flepths (3 and 3.5 m).
This is inconsistent with the findings of Mooegkal. (1992) and Stevensaa al.
(1994a), who found that both models gave yieldngfile values within the same

order of magnitude.

Table 4.5 Yield strength ¢,) values (Pa) calculated for the 1954 lavas based a range of
flow deposit dimensions and underlying slope anglassing two morphology-based models.

Underlying slope angle ( °)2 Mean flow deposit width (m) 2
9 19 28 37 42 20 40 60 80 100
H T T T Ty T T Ty Ty Ty Ty
(m)?'  (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa)
2.5 11,034 22,964 33,114 42,449 47,197 8,817 4,408 2,939 2,204 1,763
3 13,241 27,556 39,737 50,938 56,636 : 12,696 6,348 4,232 3,174 2,539
3.5 15,448 32,149 46,359 59,428 66,075 17,281 8,640 5,760 4,320 3,456

! Mean flow deposit depth.

2 Yield strength calculated as a function of densiyavitational acceleration, mean flow depth and
underlying slope angle using the Hulme (1974) rhode

3 Yield strength calculated as a function of densifvitational acceleration, mean flow depth arehm
flow width using the Orowan (1949, cited in Moetal., 1992) model.

Differences in underlying slope angle and mean ftepth have a marked affect
on calculated yield strength using the Hulme (19%éylel, although they remain
within the same order of magnitude. For exampleldystrength increases by 52%
between 9 and I%lope angles, and by 22% between 28 arfdsRpe angles,
with an overall increase of 77% betweeh &d 42. At each slope angle

calculated, yield strength increases by 17% betvZ®grno 3 m mean flow depth,
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and 14% between 3 and 3.5 m mean flow depth. Ya&kehgth values calculated
as a function of mean flow width and depth basedhenOrowan (1949) model
also vary, with yield strength values decreasinthicreasing mean flow width.
The greatest decrease in yield strength (50%) sdoetween 20 and 40 m mean
flow width, with a 20% reduction in yield strengbietween 80 and 100 m. A
difference of 0.5 m mean flow depth has a greaféeceon yield strength
calculated using this model than that using thent¢u(1974) model, with a 31%
increase in yield strength between 2.5 and 3 m flepth, and a 27% increase in

yield strength between 3 and 3.5 m mean flow depth.

Given the range of results derived using the peagy- and morphology-based
calculation methods it is difficult to quantify tlygeld strength of the 1954 lavas.
The vyield strength values obtained using the peamg-based method
(Pinkerton and Stevenson, 1992) are comparablbasetobtained by Pinkerton
and Stevenson (1992) for a Mt St Helen's dacite hwsdimilar crystal
characteristics and abundance to the 1954 lavaslagly, Pinkerton and Norton
(1995) measured yield strength values ranging betvieto 78 Pa for a 1983 Mt
Etna lava, using a rotating viscometer at a temiperaange of 1090 to 1125.
Pinkerton and Sparks (1978), however, measimestu yield strengths in the
range of 400 to 6,000 Pa for 1975 Mt Etna bas&tsvensoret al. (1994a)
calculated vyield strength values in the range 466,000 to 300,000 Pa for two
Okataina Volcanic Centre rhyolite lava flows, basedthe Hulme (1974) and
Orowan (1949) morphology-based models, while Modral. (1992) used the
same models to calculate yield strength values2806;000 to 330,000 Pa for two
unspecified rhyolite lava flows. These results epenparable to the estimated
internal yield strengths (~ 30,000 to 500,000 Pajvéd by Fink and Griffiths
(1998) for several identified rhyolite lava domesséd on their morphological

characteristics.

Based on these reported values, it is reasonaldeggest that a yield strength of
~ 10" to 10 Pa is representative of rhyolitic lavas, and cqosetly a vyield
strength ~ one to two orders of magnitude lowes. (- 16 to 1¢ Pa) can be
inferred for basaltic andesite lavas. Thus, thé lyigld strength values (~ 1.1 to
6.6 x 10 Pa) derived using the Hulme (1974) model appehetimconsistent with
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the implied yield strength of basaltic andesiteakvIin a comparison with

laboratory-measured vyield strengths, Spastkal. (1975) found that the Hulme

(1974) method significantly overestimated yieldestyth, particularly in cases
where flow width and depth vary over the lengthtioé¢ flow deposit due to

changes in underlying slope and topography. Ittbanefore also be argued that
downflow variations in flow deposit dimensions ntagve a similar effect on the
accuracy of the Orowan (1949) model. Given thatmfeav deposit dimensions

were used in these calculations, thereby assumamgtant width and depth

throughout the length of the flow deposit, it apgeahat these morphology-based
models may not be a reliable method for determirihrgy yield strength of the

1954 lavas.

The low yield strength values obtained for the 1884s using the Pinkerton and
Stevenson (1992) model appear to be closer to xipeceed range of vyield
strengths for basaltic andesite lavas. Subseqireatiagy calculations therefore
assume the maximum yield strength (~ 25 Pa) cakdiffor the 1954 lavas based
on maximum crystal abundance, and average meaitlpadtameter D,) and
shape factor&) values, although comparisons are made with ys¢lengths of
one and two orders of magnitude greater where gppte to ascertain the effect
of greater yield strength on the results of theséets.

4.4 FLOW VELOCITY, EFFUSION RATE AND DURATION

4.4.1 Lava Flow Velocity

Models and Assumptions

As with yield strength estimates, lava flow depalihensions have been used
extensively to estimate conditions of flow emplaeem including flow velocity,
effusion rate and flow emplacement duration. Thifrelgs equation (Jeffreys,
1925, cited in Kilburn and Lopes, 1991) is commounbed to determine mean
lava flow velocity (e.g. Booth and Self, 1973; Mepd987; Kilburn and Lopes,
1991), although it is often unclear whether thestemates refer to velocity at the
flow front or within the central channel. Borggh al. (1983) describe the flow

front as the most active zone of the flow because the conditions at the flow
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front that influence the construction of margineddes, the formation of debris,
morphological changes in the flow deposit, and direction of the flow path.
Following the work of Borgieet al. (1983), Kilburn and Lopes (1991) propose
that the downflow reduction in flow velocity obsedsin the channel zone of
some basaltic lavas is due to conditions at the& flont, and that these conditions
therefore determine the mean rate of flow advaBased on this hypothesis,
Kilburn and Lopes (1991) determine that the Jeffreguation can be used to
calculate a general estimate of the mean daily ffomt velocity. However,
Kilburn and Lopes (1991) note that this method doestake into account long
time-scale deviations in steady-state flow fronbegy that can occur at both the
early and final stages of flow emplacement. Kilbarmd Lopes (1991) developed
a method correcting for potential velocity fluctioats, which takes into account
the difference in time and length of flow emplaceinduring steady rates of flow
advance and the final length and emplacement tiitheoflow. However, well-
constrained emplacement duration data are requiragse this method, which
limits its use as a method for forecasting flow detur. Therefore, where flow
emplacement data is not well-constrained the Jeffegjuation appears to be the
best method for determining mean rates of flow tfralocity.

Mean lava flow velocity (V) of the 1954 lavas was calculated using the Jeffre
equation (Kilburn and Lopes, 1991, Equation 3, .29), in which flow velocity
is a function of bulk density, gravitational aceateon, underlying slope angle,
viscosity and mean flow depth. The equation isnidézl to represent mean flow
front velocity and is based on the assumption tretcity at the flow front
remains at a constant steady state throughouturegion of flow emplacement,
and that short-term fluctuations in effusion rateh@ vent do not affect velocity
conditions at the flow front. Laminar flow, constarertical and lateral velocity
throughout the flow, and Newtonian behaviour ofalavithin the hot interior of

the frontal flow zone are also assumed (Kilburn boges, 1991).

Velocity calculations are based on average bulksiter(p) (Table 4.3), total
viscosity ¢1) over the temperature range 950 to rTs(Table 4.2), mean flow
depths of 2.5 and 3 m and a range of underlyingeskangles applicable to the
1954 lavas (Table 2.1). The constantsee Appendix C.1) is given a value of 3
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for these calculations because the flow deposithsiof the 1954 lavas are much
greater than their depths (after Kilburn and Lod€891).

Mean Flow Velocity

Calculated mean lava flow velocity values.(h s%) for the 1954 lavas are
presented in Table 4.6. Mean flow velocity ranfes 0.02 to 6.8 m'5(73 to
24,500 m H) at 3 m flow depth and 0.01 to 4.7 th(&1 to 17,000 m ) at 2.5 m
depth. Lava flow velocity is strongly dependent temperature, with a 99%
decrease in velocity from 1150 to 980at both mean flow depth values and at
each of the underlying slope angles. Flow depth ddess marked effect on
velocity, although still relatively significant, at 30% reduction in velocity with
0.5 m reduced flow depth. Underlying slope angle hasignificant effect on
velocity with an approximate 80% decrease in v&yooetween calculated values
for 53 and 9 slope angles. However, the effect of underlyingpsl@ngle on
velocity is greater on gentler slopes than on stdepes; for example, velocity
decreases by ~ 50% betweerf 88d 9 slope angles, whereas betweeri &3d

42° slope angles the decrease in velocity is 16%.

The calculated mean flow velocity values for thés49avas are considerably
higher than flow front velocities reported by Ngmad al. (1992) during the first
two days of emplacement duration of the 1988-198fksite lava on Lonquimay
volcano, which are in the range of ~ 0.02 to 0.80%* (~ 25 to 65 m H).
Conversely, Lipman and Banks (1987) reported méan felocities of 15 to
5.2 m §' over the first ~ 3 km distance from the vent foe basaltic 1984 Mauna
Loa lava flows, markedly higher than the calculafles velocity values for the
1954 lavas, although flow temperatures for the Maloa lavas are in the range
of 1,070 to 1,14TC. The calculated flow velocity of the 1954 lavds9aCC
appears to be reasonably comparable with measlawdvElocities of the 1975
Mount Etna lavas, with a range of 0.005 to 0.15 (Rinkerton and Sparks,
1976). Additionally, calculated flow velocity atngeratures > 95C, would
result in a flow emplacement duration of ~ 4 misuie 1% hours for the longest
of the 1954 lava flows (3bJune) when compared with measured flow length.

Given the disparity of calculated flow velocity witneasured final flow length it
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Table 4.6 Mean flow velocity value5(V,) (m s* and m h') calculated for the 1954 lavas over the temperaterrange 950-1150°C at mean flow deposit depths ofr8
and 2.5 m and for a range of underlying slope angseassociated with the 1954 lava flow deposits.

Mean Flow Depth =3 m Mean Flow Depth=2.5m
Slope angle 2 9° 14° 19° 28° 37° 39° 42° 53° 9° 14° 19° 28° 37° 39° 42° 53°
(Tgnp Bas) Velocity (V ¢) (m s™) and (m h™) Velocity (V ¢) (m s™) and (m h™)
950 10902 0.02 0.03 0.04 0.06 0.08 0.08 0.09 0.10 0.01 0.02 0.03 0.04 0.05 0.06 0.06 0.07
73 113 152 219 280 293 312 372 51 78 105 152 195 204 216 258
1000 3037 0.07 0.11 0.15 0.22 0.28 0.29 0.31 0.37 0.05 0.08 0.11 0.15 0.19 0.20 0.22 0.26
262 405 544 785 1,006 1,052 1,119 1,336 182 281 378 545 699 731 777 927

1050 1008 0.22 0.34 0.46 0.66 0.84 0.88 0.94 1.12 0.15 0.24 0.32 0.46 0.58 0.61 0.65 0.78
788 1,219 1,640 2,365 3,032 3,171 3,371 4,024 547 846 1,139 1,642 2,106 2,202 2,341 2,794

1100 385 0.57 0.89 1.19 1.72 2.20 2.30 2.45 2.92 0.40 0.61 0.83 1.19 1.53 1.60 1.70 2.03
2,061 3,187 4,289 6,185 7,928 8,291 8,815 10,521 {1,431 2,213 2,978 4,295 5,506 5,757 6,122 7,306

1150 166 1.33 2.06 2.77 4.00 5.13 5.36 5.70 6.81 0.93 1.43 1.93 2.78 3.56 3.72 3.96 4.73
4,799 7,421 9,987 14,402 18,461 19,305 20,526 24,499 | 3,333 5,154 6,936 10,001 12,820 13,406 14,254 17,013

! Velocity calculated using the Jeffreys equatikiitburn and Lopes,1991) and is based on averagsitye), and the total viscosity values] obtained from the Llewellin and Manga (2005)
model (Table 4.2).

2 Range of slope angles based on minimum underlfiope angles of the f8ugust (F), 30th June (Bn), and®29uly (E) lavas (9°, 14°, 28°); average underlyifmpe angles for the six
lava flow deposits visited in the field'{@une (A), 38 June (B), 1% July (Dc), 28" July (E), 18" August (F), 18 September (G)] (Table 2.1), and average undeylsiope angle for the top
200 m section of the cone (53°) (Appendix A.2).
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is unlikely that the 1954 basaltic andesite a’atawould reach velocities similar
to those calculated for temperatures >°@50f the Jeffreys equation is a valid
method for determining mean lava flow velocity iayrtherefore be reasonable to
infer an eruption temperature of ~ 960for the 1954 lavas. However, the
reported fire-fountaining associated with the 185/ flows (Gregg, 1956) may
have resulted in some degree of cooling of the ltaveen the time of extrusion
from the vent and the activation of flow advancéisTimplies that either the
eruption temperature of the 1954 lava was gredtam ©50C and that the lava
cooled to this approximate temperature before magpan away from the vent, or
that eruption temperature was ~ 950and that either no cooling, or minimal
cooling occurred before the activation of flow ade@. Thus, assuming a lava
temperature of 95C during the initial stages of flow advance, med#owf
velocity for the 1954 lavas can be inferred atrayeaof 0.06 to 0.09 mi’s(219 to
312 m i) at 3 m flow depth, and 0.04 to 0.06 th(@52 to 216 m H) at 2.5 m
flow depth, based on average underlying slope ar@fle8 to 42.

Gregg (1956) recorded flow velocities of ~ 0.08 (304 m K during the early
emplacement stages of the™0une (BnL) lava flow on the steep upper cone
slope, comparable with the calculated velocity 80°@ temperature on a 42
slope at 3 m flow depth. However, as this lava fevanced further downslope,
reported velocity decreased to 0.004h(-s 14 m i) over a 15slope, while the
flow velocity of the 18 August lava flow was recorded approximately 1400 m
downflow from the crater rim at 0.003 it & 9 m K') over a 20 slope (Gregg,
1956). These observed values are seven to 12 fiome=s than the calculated
velocity values at 95C over 14 and 19 slope angles respectively, implying that
the lavas were considerably cooler (and more viscamce they reached the

lower slopes of the cone.

4.4.2 Effusion Rate and Flow Emplacement Duration

Models and Assumptions

Mean effusion rate is commonly calculated as atfancof mean flow velocity,
and flow deposit width and depth (e.g. Hulme anreldér, 1977; Balogat al.,
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1995; Harris and Rowland, 2001). Hulme and Field&77) used theoretical
models and experimental data to show that flow hvigitd depth are related to
effusion rate, underlying slope angle, and rhealalgproperties of the lava.
Similarly, Harris and Rowland (2001) found a sigraht relationship between
effusion rate and channel depth. Pinkerton and oWil§1994) examined the
relationship between flow length and effusion ratel noted that emplacement
duration, slope angle and flow depth, as well dasain rate, have a strong
influence on the length of lava flows. Thus if fldength and effusion rate is

known, the duration of flow emplacement can alsedstenated.

Mean effusion rate was determined using the Hulma REelder (1977, p.228)
model, and subsequent flow emplacement duraticculzded by rearranging the
Pinkerton and Wilson (1994, p. 110) model, basectanulated effusion rates.
Effusion rate is given as a function of flow widtdepth and velocity, and
emplacement duration as a function of flow lengtid d@epth, effusion rate and
underlying slope angle. Effusion rate and emplacgnderration was calculated
for each of the six lava flows visited in the fielasing measured flow length,
estimated mean flow width and depth, and averagkenying slope angle for
each of the lava flow deposits (Table 2.1), and ritean flow velocities (Y

derived from the Kilburn and Lopes (1991) mode®af*C (Table 4.6). Effusion
rate and emplacement duration was also calculated £ 10 m estimated error

margin for mean flow width, antl0.5 m error margin for mean flow depth.

Effusion Rate and Flow Emplacement Duration

Calculated effusion rates and subsequent flow erepiant duration for six of the
1954 lavas are given in Table 4.7. Effusion rateyes from 7.1 to 35 frs* at the
measured mean flow depth for each of the flow diégposnd 3.6 to 20.3 frs™ at
mean flow depth minus 0.5 m, equating to ~ 40% ct&dn in effusion rate with
0.5 m reduced flow depth. A10 m error in estimated mean flow width produces
*+ 7 to 20% difference in effusion rate at both led tnean flow depths calculated

for each of the flow deposits.
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Table 4.7 Effusion rate E;) (m®s?) and flow emplacement duration (hrs) calculated fosix of the 1954 lavas using the models of Hulmend Fielder (1997)
and Pinkerton and Wilson (1994) respectivel

Flow Deposit L(m) W(m) Ave a(9 H(@m) E/r;ls'l) (Er;; Y Duration * (hrs)  H (m) E/n?lls'l) (Ergs Y Duration * (hrs)
4th June (A) 1400 80 42 3 0.09 20.8 1.5 2.5 0.06 12.0 2.0
(+ 10 m) (2.6) (0.1) (1.5) (0.2)
30th June (BnL) 2350 100 37 3 0.08 23.4 3.2 2.5 0.05 13.5 4.2
(+ 10 m) (2.3) (0.2) (1.4) (0.3)
14th July (Dc) 1550 90 39 3 0.08 22.0 1.8 2.5 0.06 12.7 2.4
(+ 10 m) (2.4) (0.1) (1.4) (0.2)
29th July (E) 1350 60 37 35 0.11 22.3 1.6 3 0.08 14.0 2.0
(+ 10 m) (3.7) (0.2) (2.3) (0.2)
18th August (F) 1900 100 28 3 0.06 18.2 3.3 2.5 0.04 10.5 4.4
(+ 10 m) (1.8) (0.2) (1.1) (0.3)
16th Sept (G) 1200 50 39 2.5 0.06 7.1 2.4 2 0.04 3.6 34
(1.4) (0.3) (0.7) (0.4)

! Velocity values (V) calculated at 950°C for each of the 1954 lavastfeir respective average underlying slope angiesmean flow depths (H) + 0.5 m for each of thelflow
deposits except 18August (+ 1 m) using the Kilburn and Lopes (198mdel (Table 4.6).
2 Effusion rate calculated using the Hulme and Eieid977) model based on mean flow width (W) + 10rmean flow depth (H) and mean flow velocityJYor each of the 1954

lavas.

3 Eruption duration calculated using Pinkerton anitsbvh (1994) based on measured flow length (L), irfemw depth (H), average underlying slope angle emlculated effusion rates

for each flow deposit.
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Calculated flow emplacement duration times rangenfr- 1.5 to 3.3 hours at the
measured mean flow depth for each of the flow déposcreasing to ~ 2 to
4.4 hours at mean flow depth minus 0.5 m+ A0 m difference in mean flow
width gives an error margin of 0.1 to 0.4 hoursrothe two mean flow depth
values calculated for each of the lavas, which sgutp ~ 4 to 11% difference in
flow emplacement duration with 10 m difference irean flow width. These

calculated flow emplacement duration times are idemably lower than

expected, and are between 30 to 40 hours less ttlmremplacement times
reported by Gregg (1956) for the"™30une (BnL) and 18August (F) lava flows.

4.4.3 Comparison with Reported 1954 Lava Flow Emplzement Data

Although the documented accounts of the flow engtant duration of the 1954
lavas (Gregg, 1956) are not well constrained, ehaofprmation is available for
three of the lava flows [4June (A), 38 June (Bn), 18 August (F)] to enable a
reasonable estimate of the duration time for ttikeses. The mean flow velocity
of these lavas can therefore be estimated as aidanof flow length over
emplacement duration. Table 4.8 presents documemddestimated values of
flow velocity and emplacement duration for thesee¢hlavas based on the

recorded observations of Gregg (1956).

The 4" June (A) lava flow is reported to have travellpgraximately one-third of
the distance down the length of the underlying 1248 flow deposit (therefore
approximately 550 m) three hours after overflowfrgm the crater rim (Gregg,
1956), giving an estimated initial flow velocity 6f0.05 m &. This lava flow is
reported to have almost reached its full lengththmsy evening of the same day
(Gregg, 1956); therefore, assuming that ‘evenimdéns to ~ 6 pm and that the
flow was ~ 100 m short of its final length, th8 aune (A) lava is estimated to
have travelled a further ~ 750 m over the next sdwaurs, giving an estimated
flow velocity of ~ 0.03 m 3. Overall, the # June (A) lava flow travelled
approximately 1300 m from the crater rim over ~hburs, giving an estimated
mean flow velocity of ~ 0.03 mi’sfor most of its flow length. The™June (A)
lava is reported to have stopped moving by theofahg day (Gregg, 1956),

although the exact time of flow cessation is nobwn; however, if the lava
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Table 4.8 Estimated flow velocity and emplacementudation of three 1954 lavas based on
recorded observations (Gregg, 1956).

Time of Hours Flow Flow Distance
Flow Deposit . between Velocity  Velocity advanced

observation . -1 -1

observations (mh™) (ms™) (m)

4th June (A) 1llam* 3 183 0.051 550"
Overtopped 6pm 7 107 0.030 750
crater rim at 9pm 3 36 0.010 100
8:15 am* Total 13 Ave 0.030  L=1400
30th June (Bn-L)  6pm 2 304 0.084* 608

10am 16 97 0.027 1557"
Overtopped 4 12.8 14.4 0.004* 185
crater rim ~ 4pm

Total 31 Ave 0.038 L=2350
18th August (F) 5am* 4 365 0.101 1460"

12:45pm* 8 9 0.003* 86
Overtopped 2pm* 25 9 0.003* 270
crater rim at
1 am* 1am 11 9 0.003 118

Total 48 Ave 0.027 L=1934

* Actual time/flow velocity documented by Gregg 66).
T Distance from crater rim estimated from documeredtions (Gregg, 1956).

continued to advance with a velocity of 0.03 T te final ~ 100 m of its flow
length would have been reached within the next.hbe underlying slope angle
of the 4" June (A) lava reduces to 2@ver the last 200 m of its flow length
(average of 44over the first ~ 1200 m length) thus flow velodsylikely to have
been reduced. Therefore, assuming up to a twosthiegduction in flow velocity
over the final 100 m of its flow length (i.e. ~ @.0n s') would increase the
emplacement time for the final 100 m to approxiryateree hours. The™June
lava can therefore be estimated to have an empkadeduration of ~ 11 to
13 hours, with a maximum of ~ 17 hours if the tiafghe ‘evening’ observation
is one hour later (i.e. 7 pm), and the flow was g&08hort of its final flow length
at this time. An overall average flow velocity 008 m § for the entire flow

length gives an emplacement duration of 13 hours.

The emplacement duration of the northern of the 3@June lavas (BnL) is less
well documented, with the lava known to have oveptxd the crater rim at
~ 4 pm and was reported to be advancing downslope0a084 m ¢ (304 m R

by the evening of the same day (Gregg, 1956). Agassuming that ‘evening’
refers to ~ 6 pm, the flow is estimated to haveellad ~ 600 m from the crater

rim over a period of two hours at the reported fleglocity. The following day

144



Rheological Parameters

(1% July) the 38 June (BnL) lava was reported to have reached ¢tosiee base
of the cone and continued to slowly advance at08dm & (~14 m ') (Gregg,
1956). Although the exact distance travelled frdva trater rim and the time of
the observations on thé' July are not documented, Gregg (1956) reportsthieat
lava had branched into several smaller lobes attithe of the observation.
Emplacement duration and flow velocity can therefbe estimated by assuming
that the flow had reached ~ 1400 m.a.s.l. elevafiba approximate elevation
where the southern lobe, BnL-S, bifurcates into $he elongated distal lobes
described in Chapter 2, Section 2.3.2), and thattilme of this observation
occurred at ~ 10 am on thé&" duly. The 38 June (BnL) lava flow is therefore
estimated to have travelled a further ~ 1,550 rmftbe evening of the previous
day over a period of ~ 16 hours, giving a flow \oitp of ~ 0.027 m ¢ for this
time period and an overall flow velocity for most the flow length of
~ 0.05 m &. The final stopping time of the 80June (BnL) lava is not
documented, except that it had ceased to advanteeb®® July (Gregg, 1956).
Assuming the lava continued to advance at the slewtecity of 0.004 m$, the
final ~ 180 m of the flow length would be empla@aer ~ 13 hours. Therefore a
mean flow velocity for the 3DJune lava for its entire flow length is ~ 0.03&M

with a total emplacement duration of ~ 31 hours.

The 18" August (F) lava flow is reported to have reachexiRukekaikiore Saddle
at 5 am, four hours after overtopping the crater (Gregg, 1956). Assuming the
level of the Pukekaikiore Saddle refers to ~ 1608.51., the 18 August lava is
estimated to have travelled approximately 1460 rardhe first four hours of
emplacement, giving an initial flow velocity of Orh s*. At 12:45 pm (eight
hours after reaching the saddle) thé" ¥8igust lava had a reported velocity of
~0.003 m 2 (~ 9 m hY), and by 2 pm on the following day (1®ugust) (i.e. 33
hours after reaching the saddle) the lava, traxgekit the same speed, had reached
a point approximately 300 m around the southere sidPukekaikiore (Gregg,
1956). Assuming that flow velocity slowed considdyaupon reaching the
Pukekaikiore Saddle (based on evidence from pr&tiagi topographical features
and the morphology and surface features of tHE A8gust lava flow deposit
described in Chapter 2 and discussed further ip@hd), the 18 August lava

advancing at 0.003 ni*svould have travelled a further ~ 86 m between Sazh
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12:45 pm on the 8August, and an additional ~ 270 m by 2 pm on tB8 1
August. This relates to a total distance of ~ 1,8@0n the crater rim and is
consistent to within ~ 50 m of the reported positad the flow front at that time
(Gregg, 1956). Assuming the lava continued to adeaat ~ 0.003 msfor the
last ~ 117 m of its final flow length, stopping #mvould be another ~ 11 hours,
giving a final flow emplacement duration of ~ 48uh® and a mean flow velocity
of 0.028 m &.

The estimated mean flow velocity of th8 dune (A) lava (0.03 m™% is ~ 50 to
65% lower than those calculated using the Jeffezysation (Kilburn and Lopes,
1991) for the average underlying slope angle)(@2the 4" June lava at 2.5 and
3 m mean flow depthddowever, the initial flow velocity (0.05 m*§ over the
first three hours of emplacement is relatively sami(~ 15% lower) to those
calculated using the Jeffreys equation for & d2derlying slope angle at 2.5 m
mean flow depth.Similarly, the estimated mean flow velocity of therthern 38
June (BnL) lava (0.038 ni'sis ~ 30 to 50% lower than calculated velocity thoe
average underlying slope angle of &f 2.5 and 3 m mean flow depths, although
the initial reported flow velocity of 0.084 ni $s consistent with calculated flow
velocity for mean flow depth of 3 m at 33lope angleThe estimated mean flow
velocity of the 18 August (F) lava (0.027 mi'yis ~ 30 to 50% lower than that
estimated using the Jeffreys equation for an aeeraglerlying slope angle of
28, however, the estimated initial flow velocity (Oml s*) over the first four
hours of emplacement is fairly consistent with akdted values at 3 m flow depth
and an underlying slope angle of’4Zhe average underlying slope angle of this
flow, from the crater rim to ~ 1,700 m.a.s.l. eléva is ~ 42. The Jeffreys
equation therefore appears to be relatively contgh@naith initial flow velocities
on steeper slopes and at higher temperatures, Hmitdifference between
calculated and estimated flow velocities basedeponted data suggests that the
Jeffreys equation does not appear to reflect tfectebf reduced velocity and
cooling on the gentler slopes.

The estimated flow emplacement duration times foesé three lavas are

considerably greater than those calculated usied’thkerton and Wilson (1994)
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model for the same flows (Table 4.7). This is polgsdue to the higher mean
velocity values derived from the Jeffreys equatmhich are used in the
calculations. However, recalculating effusion raed emplacement duration
using the Hulme and Fielder (1977) and Pinkertosh \hlson (1994) models at
the lower estimated flow velocities presented il&a4.8 still results in much
lower emplacement duration times (Table 4.9) thawsé estimated using the
documented accounts of Gregg (1956). For examplieaestimated mean flow
velocity of 0.03 m &, the 4" June lava with a mean flow depth of 3 m would be
emplaced in 3.1 hours 0.3 hours with a 10 m difference in mean flow wjgth
approximately 10 hours less than the estimated asepient duration time.
Similarly, the Pinkerton and Wilson (1994) modedarestimates the estimated
emplacement duration of the ®0une (BnL) lava by ~ 26 hours, and thé"18
August (F) lava by ~ 42 hours. Table 4.9 preseims dstimated emplacement
duration of the six 1954 lavas as a function oinested mean flow velocity and
measured flow deposit length (estimated durdtioolumn). An estimate of
effusion rate calculated as a function of flow dg@peolume and the estimated
emplacement duration times gives effusion rates &5 to 6.4 ms* (Table 4.9),
which are ~ 1 to 5.6 tns* lower than those calculated using the Hulme and
Fielder (1977) model and based on the estimated ¥lelocities. Emplacement
duration has also been recalculated using the Rorkand Wilson (1994) model
and based on these newly estimated effusion ratdsd 4.9); however, although
calculated emplacement duration increases by © 0%, emplacement duration
times remain ~ 6 to 35 hours less than those etddriay estimated mean flow

velocity.

4.5 FLOW SURFACE COOLING

4.5.1 Gratz Number

Methods and Assumptions

Guestet al. (1987) suggest that, in the absence of topogeapluarriers, lava
flows cease to advance when either the supply @ k@ the flow front is
terminated, or cooling of the lava increases viggosnd yield strength to the

point where further flow advance is prevented. Tbée of cooling on the
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Table 4.9 Effusion rate (ni s*) and flow emplacement duration (hours) for six 198 lavas recalculated using the Hulme and Fielder @7) and Pinkerton and
Wilson (1994) models, and based on the estimated ameflow velocities in Table 4.8.

14"

_ Ave V Mean Flow Cazlculated Calcuilateé:i Estim_ateq Flow Esstimated Calcqlateed
Flow Deposit L(m) W(m) a( (r; 5-1)1 Depth E; Y 4 Duration Duration voIéJme E; s 4 duration
(m) (m®s™) (hrs) (hrs) (m~) (m®s™) (hrs)

4th June (A) 1400 80 42 0.03 3 7.2 3.1 13 183,000 3.9 4.65
(x10m) (0.9) (0.3)

30th June (BnL) 2350 100 37 0.038 3 11.4 5.1 31 718,200 6.4 7.50
(x10m) (1.1) (0.4)

14th July (Dc) 1550 90 39 0.03 3 8.1 3.5 14 264,000 5.1 4.70
(x10m) (0.9) (0.3)

29th July (E) 1350 60 37 0.03 3.5 6.3 3.7 12.5 210,000 4.7 4.54
(x10m) (1.1) (0.5)

18th August (F) 1900 100 28 0.027 3 8.1 5.7 48 425,000 2.5 12.38
(x10m) (0.8) (0.4)

16th Sept (G) 1200 50 39 0.03 25 3.8 3.7 11 110,000 2.8 4.46
(x10m) (0.8) ()

! Estimated mean flow velocity based on documengdcity and flow emplacement duration for tHeJine (A), 38 June (BnL), and 8August (F) lavas (Table 4.8). A
mean flow velocity of 0.03 m'sis assumed for the £4uly (Dc), 2§' July (E), and 18 September (G) lavas.

2 Effusion rate calculated using the Hulme and Fie(d977) model and based on estimated mean fltoeities.

% Flow emplacement duration calculated using thé&étion and Wilson (1994) model and based on nealiyutated effusion rates in previous column.

* Estimated flow emplacement duration for tfelaine (A), 38 June (BnL) and 18August (F) lavas based on documented accountdgBak). Emplacement duration for
the 14" July (Dc), 29 July (E) and 18 September (G) lavas (bold type) is estimatedfasction of mean flow velocity (0.03 nf)sand measured flow deposit length.

® Effusion rate estimated as a function of flow voki(Table 2.1) over estimated emplacement duration.

® Flow emplacement duration calculated using thé&étion and Wilson (1994) model and the estimatégsi rates in previous column.
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cessation of lava flow advancement has been quexhtify several researchers
(e.g. Pinkerton and Sparks, 1976; Hulme and Fielti@r7; Guestt al., 1987;
Pinkerton and Wilson, 1994) using the Gratz numbedimensionless number
that characterises the ability of the lava to cadweat from the internal core to
the exterior surfaces of the advancing lava flong ¢hus the rate at which the
advancing flow is cooling (Pinkerton and Wilson 949 The Grétz number can
therefore be used to predict the factors that obritne maximum distance
travelled by a single lava flow unit from the saaineent, that is, whether flow
advancement ceased as a result of cooling of tree (leooling-limited) or as a
result of termination of the lava supply at therseuvolume-limited) (Parfitt and
Wilson, 2008).

A Gratz G,) number has been calculated for each of the s flaws using the
Pinkerton and Sparks (1976) model, in whighis a function of measured flow
deposit length, mean flow deposit depth, mean fleslocity, and thermal
diffusivity. Mean flow velocity values are derivéwm both the calculated values
using the Jeffreys equation for lavas at°“@(Qrable 4.6) and the estimated values
based on the documented accounts of Gregg (198#)€3 4.8 and 4.9), and at
the relevant mean underlying slope angle for eddhensix lavas (Table 2.1). A
thermal diffusivity value of 18 (m? s') is used after Griffiths and Fink (1993).
The duration required foB, to reach 300 and 100 is also calculated for e&ch o
these lavas using the Pinkerton and Wilson (199ddlely based on mean flow
deposit width and depth, and thermal diffusivitys Avith previous rheology
calculations, the use of mean flow deposit dimemsiassumes constant flow
width and depth throughout the length of the flow.

Gréatz Numbers

Gratz G,) numbers for the six 1954 lava flows calculatem@gshe Pinkerton and
Sparks (1976) model, are presented in Table 4.1@h& higher flow velocities
derived from the Jeffreys equation (Table 4®)yalues range between ~ 1000 to
3500 at measured flow depth and ~ 450 to 1900 atsured flow depth minus
0.5 m. However, at the lower estimated mean flowoaiges based on

documented accounts (Table 48), is markedly reduced, with a range of ~ 540
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to 970 at measured flow depth and ~ 370 to 500edsored flow depth minus
0.5 m. There is little difference in the Gréatz nwrscalculated for & 10 m
difference in flow width, witht 0.5 to 7% difference calculated. Empirical data
suggests that flow advancement ceases whemeaches ~ 300 to 100 when
surface cooling is the major limitation on furthedvancement (Pinkerton and
Sparks, 1976; Hulme and Fielder, 1977; Pinkertah \Adilson, 1994). Therefore,
if the velocities calculated using the Jeffreys atoqun apply to the 1954 lavas,
calculatedG; values (i.e. > 300) suggest the maximum lengtthe$e flows was
controlled by a limited volume supply rather thamling. Similarly, at the lower
estimated flow velocities of the 1954 lavas, altjfiowheG, values are markedly
lower they remain > 300 at both mean flow deptivhjch also implies that the
lengths of these six 1954 lavas were volume-lidhgher than cooling-limited.

However, calculating the duration required @y to reach between 300 and 100
for each of the six lavas (Table 4.10) shows ateaches 300 at between ~ 21
to 40.5 hours for each of the six lavas at measnrean flow depths, reducing to

~ 14 to 30 hours at mean flow depths minus 0.5 he fime required fo6;, to
reach 100 increases to ~ 63 to 121 hours at meandkepths, and ~ 41 to 91
hours when mean flow depth is reduced by 0.5 nthéf critical G, number
representing the point at which cooling is the fing factor determining flow
length is 300, the 3bJune (BnL) and 18 August (F) lavas can be inferred as
cooling-limited flows becaus&, reaches 300 at approximately the same time as
the estimated flow emplacement duration of th8 30ne (BnL) lava, and in less
time than the estimated emplacement duration ofl&leAugust (F) lava, at both
mean flow depths calculated. The estimated emplanenduration of the
remaining four lavas [2June (A), 1¥ July (Dc), 29" July (E), 18" September
(G)] is less than the time required By to reach 300, suggesting that these lavas
were limited by volume. However, the time requifedeach of the lavas to reach
a G; of 100 is considerably greater than the estimataglacement duration for

each of these lavas, at both of the mean flow degdlculated.
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Table 4.10 Calculated Gratz G,) numbers for six 1954 lavas based on flow depositmensions and mean flow velocity using the Pinkeoh and Sparks (1976)
model. The estimated time required forG, to reach 300 and 100 is also given, calculated mgithe Pinkerton and Wilson (1994) model, and is ls@d on flow
deposit dimensions and thermal diffusivity of thedva.

FowDeposit  L(m) W H(m (oo G € 6 P00 BRI W . e e e PR QA0
4th June (A) 1400 80 3 0.087 2068 0.03 717  31.0 92.9 2.5 0.060 1010 0.03 504 21.8 65.3
30th June (BnL) 2350 100 3 0.078 1124 0.038 549 314 94.3 2.5 0.054 548 0.038 385 22.0 66.1
14th July (Dc) 1550 90 3 0.081 1771 0.03 653 31.2 93.7 2.5 0.057 863 0.03 458 21.9 65.7
29th July (E) 1350 60 3.5 0.106 3435 0.03 972 405 121.5 3 0.078 1883 0.03 726 30.2 90.7
18th August (F) 1900 100 3 0.061 1085 0.03 536 314 94.3 2.5 0.042 528 0.03 376 22.0 66.1
16th Sept (G) 1200 50 2.5 0.057 1069 0.03 567 21.0 63.0 2 0.036 446 0.03 370 13.7 41.1

! Represents mean flow depth as estimated in thie(fiable 2.1).

2 Represents mean flow depth minus 0.5 m.

3 Mean flow velocity values calculated using thebiiin and Lopes (1991) model (Table 4.6).

4 Estimated mean flow velocity values based on derued accounts by Gregg (1956) (Table 4.9).
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4.5.2 Surface Cooling and Crust Strength

Models and Assumptions

Lyman and Kerr (2006) expanded on the theoreticadets of Griffiths and Fink
(1993) to obtain empirical data on the relationdbgiween surface cooling and
lava flow dynamics. Following earlier experimentabrk (Lymanet al., 2005)
Lyman and Kerr (2006) modelled the behaviour oblagleased instantaneously
from a reservoir of a given volume and its subsaguenplacement along a

sloping surface. Five dynamic flow regimes werentdeed:

1. Inertial slumping of the lava moving at constantoegy proximal to the
source vent,

2. Horizontal viscous regime with small volumes of dés lavas, which
may occur in place of slumping on horizontal sugtaor gentle slopes,

3. Sloping viscous regime follows either slumping arihontal regime in
lavas with no internal yield strength,

4. Sloping viscoplastic regime occurs either immedyater following the
slumping regime in lavas with an internal yieldcesiyth,

5. Surface crust strength regime occurs where theagitieof the growing
surface crust eventually stops the downslope ldow,fregardless of

volume.

The spreading regime of the lava depends on thi@linéservoir volume and its
internal yield strength, while the stopping timmaf flow length and final flow

depth of the lava is controlled either by the stefarust strength or the internal
yield strength of the lava (Lymaet al., 2005; Lyman and Kerr, 2006). The
Lyman and Kerr (2006) models show that lavas engolaan a sloping surface
with no internal yield strength will spread in tsleping viscous regime (SVs) and
are stopped by the surface crust strength regim8){Qvhereas lavas with an
internal yield strength will spread in the slopwiigcoplastic regime (SVp) and are
stopped either by the surface crust strength reginty the internal yield strength
of the lava (YSL). In both scenarios, and dependimgthe initial reservoir

volume, the lava may initially spread in the ingrtslumping regime (Sl) as a
result of gravitational forces. Lyman and Kerr (8D@und a good correlation

between their experimental data and theoretical elsodvhen applied to
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hypothetical Hawaiian lavas with no yield strengtind Mount Etna lavas with
internal yield strength, determining that their ralsdcan be used to predict flow

spreading behaviour and therefore the final flomgté of lavas.

Kerr and Lyman (2007) applied these predictive agirey regime models to the
1988-1990 andesite lava flow of Lonquimay volcabg,comparing the known

propagation of the lava flow over time with the g¢icted flow spreading

behaviour of the sloping viscous (assuming no iva@kyield strength) and surface
crust strength regimes. Their study showed that dloping viscous regime
considerably overestimated the flow spreading bieawf the lava, whereas the
surface crust strength regime accurately preditited propagation, confirming

that the spreading behaviour of this lava was ctiett by the strength of the
cooling surface crust. Lyman and Kerr (2007) alsadpced a model predicting
the volume of lava erupted over time, based on gomrentially decreasing
eruption rate. In a comparison with the estimateldime of lava erupted during
emplacement of the Lonquimay lava flow Kerr and layn{2007) found that their
model corresponded well to known data, particulafter the first ~ 100 days of

the eruption duration.

The Lyman and Kerr (2006) theoretical flow spregdiagime models (equations
1,2,5,9, 10, 15, 21, 24, pp. 2-3) are basecheasl emplaced over relatively low
average slope angles (3 and’)1@nd with higher viscosity and yield strength
values than those associated with the 1954 |lavarefore, to assess the effect of
greater slope angle and lower viscosity and yiglehgth values on the behaviour
and predictability of these flow spreading reginthg, flow spreading behaviour
of a lava with the same rheological propertiesh@s1i954 lavas is determined for
the instantaneous release of two fixed reservdisnes (small, 10 thand large,
1000 i, after Lyman and Kerr, 2006) over underlying sl@mgles of 10and
42°. Flow spreading behaviour is calculated using ayerbulk lava densityp)
(Table 4.3), thermal diffusivity (Idm? s%), gravitational acceleration (9.8 rif)s
total viscosity gr) of the 1954 lavas at 930 (Table 4.2), internal yield strength

(25 Pa) at maximum crystal abundance and average particle diameter and
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shape factor values based on the Pinkerton ancei®en (1992) model (Table

4.4), and assumes a surface crust strength°d?4.0

The propagation of three of the 1954 lava flow® Mine (A), 38 June (BnL),
18" August (F)] is plotted as a function of flow lehgbver time, based on the
flow velocities and emplacement times estimatednfrdocumented accounts
(Table 4.8), and compared with the predicted spngadehaviour of the lavas in
the sloping viscous (SVs), sloping viscoplastic $¥nd surface crust strength
(CrS) regimes to determine which of these reginfeanfy) controls the spreading
behaviour of these lavas. An order of magnitudettier surface crust strength of
these lavas is estimated using Lyman and Kerr (28@6ation 30, p.6), based on
estimated flow deposit volume (Table 2.1), grawtal acceleration, average
bulk density, thermal diffusivity (I® m?* s%), measured flow length (Table 2.1)
and estimated emplacement duration (Table 4.8)ach dava. The estimated
volume of lava erupted during emplacement of thibsee 1954 lavas, is also
compared with the predictive model of Kerr and Lyn{a007, equation 2, p.6) to
determine trends in the eruption rate associateéd thiese lavas. The estimated
volume is based on estimated flow length over tiegsuming constant flow
width and depth.

Effect of Slope on Theoretical Flow Spreading Model

Fig. 4.2 compares each of the flow spreading regirfexcept the horizontal
viscous regime) for the two reservoir volumes ell@mplaced over 1@nd 42
slope angles. At IGslope angle, the small volume of lava with no in&tryield
strength spreads immediately in the sloping viscoegime without initially
slumping due to gravity (the pink line lies benedtle blue line) (Fig. 4.2a),
whereas the large volume spreads initially in tiextial slumping regime for ~ 40
seconds before transition to the sloping viscogswe (the blue line initially lies
beneath the pink line and crosses the path of itilelme at ~ 40 seconds) (Fig.
4.2b). If the lava has a yield strength of 25 Re® small volume spreads
immediately in the sloping viscoplastic regime (thrange line lies beneath the
blue line) (Fig. 4.2a), although this regime follvgimilar behaviour to the

inertial slumping regime, whereas with the largsergoir volume, the lava
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Fig. 4.2 Flow length plotted as a function of timdor the instantaneous release of lava with a fixedolume (small, 10 ni; large, 1000 nf) over a 10 and 42 sloping
surface. Flow spreading is shown for the inertiallsmping regime (blue line), the sloping viscous réme (pink line), the sloping viscoplastic regime (@nge line),
and the surface crust strength regime (black line)The yield strength limit of the lava (green lineyepresents the maximum length at which the lava wliflow with

an internal yield strength of 25 Pa. Note differene in length scale between small (m) and large (kmplume flows.
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spreads initially in the slumping regime beforensidon to the sloping
viscoplastic regime at ~ 40 seconds (the blueihitally lies beneath the orange
line and crosses the path of the orange line @ setonds) (Fig. 4.2b). At both
reservoir volumes there is little apparent diffeebetween the spread of the lava
in the sloping viscous regime (no internal yieldesgth) and the sloping
viscoplastic regime (an internal yield strength2& Pa). However, after 1000
seconds the sloping viscoplastic regime flow is.5 & shorter than the sloping
viscous regime flow with the small reservoir volyna@d ~ 128 m shorter with
the large reservoir volume. The low yield strengdlue therefore appears to have
a significant effect on the spreading behaviouheflava, although a surface crust
strength of 10 Pa stops the flow well before it reaches its imiryield strength
limit (green line), that is, the length at whiclaaa with an internal yield strength
of 25 Pa will cease to flow due to its internallgistrength without the effect of
surface cooling. With the small reservoir volurte growing surface crust stops
flow spreading in both the sloping viscous reginmel ghe sloping viscoplastic
regime at ~ 70 seconds, and with the large volumeefiow is stopped by the
surface crust at ~ 1000 seconds.

The effect of increasing the underlying slope arglelZ on flow spreadings

shown in Figs. 4.2c, d. Initial spreading of thealan the inertial slumping regime
remains controlled by reservoir volume as with gieatler slope angle, although
the transition time from the slumping regime to #heping viscous and sloping
viscoplastic regimes is approximately double ast thigher slope angle (~ 80
seconds). The difference in flow length betweendlo@ing viscous and sloping
viscoplastic regimes increases to 10 m with thellsudume reservoir and to
~ 200 m with the large volume reservoir after 1G@&onds. In the sloping
viscous regime the flow length of the small volureservoir increases by 26 m
between the 10 and 42lope angle at 1000 seconds, and the large volmme
570 m. Similarly, in the sloping viscoplastic regjthe 42 slope angle gives a
flow length 24 m longer with the small volume reser, and ~ 500 m longer with
the large volume reservoir. Slope angle therefa® d significant effect on flow
spreading in both regimes and the small yield gtferf the lava continues to

have a small effect on flow spreading at the higtlepe angle. Increasing the
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slope angle has a major effect on the yield sttretigtit of the lavas, increasing
from 2 to ~ 8 km with the small volume reservoidgrom 200 km to ~ 800 km
with the large volume reservoir. The increasedelapgle also effects the time at
which the flow is stopped by the surface crust,rel@sing the time to ~ 35
seconds with the small volume, and to ~ 400 secamtls the large volume
reservoir. The small volume of lava is stopped &tm greater distance than with
the lower slope angle, while the large volume lesvstopped at approximately the

same distance as the lower slope angle.

Flow Spreading Behaviour of Three 1954 Lavas

The estimated propagation of the three 1954 lavasfi[4" June (A), northern
30" June (BnL), 18 August (F)] is plotted as a function of time armhpared
with the predicted spreading behaviour of the lamathe sloping viscous regime
(no internal yield strength) and the sloping videspc regime at two yield
strength values (25 and 2500 Pa), assuming laeasity at the value calculated
for the 1954 lavas at 950 (i.e. 19092 Pa s) (Fig. 4.3). Both spreadingmegi
greatly over estimate flow propagation of eachhef three lava flows by several
kilometres. The sloping viscoplastic regime at treater yield strength value
(2500 Pa) more closely predicts flow propagatiowaals the final stages of
emplacement for each of the lavas, with a finatljmted flow length ~ 2 to 5 km
shorter than the predicted length of the lower dyistrength lava, although

predicted length remains 5 to 16 km greater thaasomed flow lengths.

Increasing viscosity by faand 16 Pa s gives a closer approximation of actual
flow propagation for both spreading regimes (Figt) 4although neither regime
accurately predicts flow propagation for the enliregth of the lava. For example
in Fig. 4.4a, the sloping viscous regime at a \8i#tgol( times greater than
calculated viscosity more accurately predicts pgagian of the & June (A) lava
for the initial three hours of emplacement, whilee tfinal three hours of
emplacement is more closely predicted by the stppiacoplastic regime at both
yield strength values. Similarly, the sloping vigsoregime at a viscosity 10
times greater than calculated viscosity more atelyraredicts propagation of the

30" June (BnL) lava for the initial ~ 18 hours of eamment, with the sloping
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viscoplastic regime more accurately predicting final three to four hours of
emplacement at the two vyield strength values (EFigb). The 18 August (F)
lava is more accurately predicted by the slopirsgous regime when viscosity is
increased by FOPa s for the initial four hours of emplacementhaigh flow
propagation is greatly overestimated by both spnegcegimes at this viscosity
for the remainder of the flow. However, increasihg viscosity by 1bPa s, gives
a closer prediction of flow propagation towards fireal 12 to 14 hours of

emplacement with both spreading regimes.

Interestingly, as viscosity is increased, the défee in flow length predicted by
the sloping viscoplastic regime at the two yielcesgth values decreases. For
example, increasing viscosity by?*1Pa s results in ~ 100 to 300 m difference in
predicted flow length between the two yield stréngalues, compared to 2 to
5 km difference at the calculated viscosity valfi@@02 Pa s (Figs.4.4a, c). This
difference decreases further to ~ 60 to 70 m whseosity is increased by i®a

s (Fig. 4.4b). The sloping viscoplastic regimela greater yield strength value
with viscosity increased by iGPa s is not shown for the L&\ugust (F) lava
(Fig. 4.4c) because at the scale shown the preditdey spreading patterns at

both yield strength values follow the same path.

Calculated surface crust strengths for tHelJdne (A) and 18 August (F) lavas
are 3.5 x 10and 3.4 x 1DPa respectively, and 7.9 x°1Pa for the 36 June (Bn)
lava (Table 4.11). These values are within the eaofthe ~ 16 Pa surface crust
strength estimated by Blake and Bruno (2000) fosaliz to intermediate
composition lavas, the ~ 1 MPa f1Pa) crust strength estimated for fractured
silicic domes (e.g. Iverson, 1990), and ~ 2 MPa tfee 1988-90 Lonquimay
andesite lava flow (Kerr and Lyman, 2007). Fig. 4@npares predicted flow
spreading in the surface crust strength regiménedet calculated crust strength
values with estimated flow propagation and the islppviscous and sloping

viscoplastic regimes assuming calculated viscadityie 1954 lavas (10902 Pa s).

Fig. 4.3 (next page) Comparison of estimated flowrppagation over time of three 1954 lavas (blue
triangles) with predicted flow spreading in the slping viscous regime (pink line) and the sloping
viscoplastic regime at two yield strength values ¢id orange line = 25 Pa; dashed orange line with
diamonds = 2500 Pa). Flow spreading in each predad regime assumes the calculated total viscosity
(1) of the 1954 lavas at 950°C (10902 Pa s). A7 dune (A) lava; B, northern 30" June (Bn) lava; C,
18"August (F) lava.
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Table 4.11 Surface crust strength (CrS) and calcutad final flow front height of three of the
1954 lavas in the surface crust strength regime cqrarison of measured flow front height
with final flow front height for three of the 1954 lavas based on Lyman and Kerr (2006).

Flow Deposit Crs* Final flow CrS® Final flow Measured flow
(Pa) front height ' (Pa) front height >  front height (m)
(m) (m) (Table 2.1)
4™ June (A) 35x10° 1.6 10° 2.8 35
10°° 4.9
30" June (BnL) 7.9x10° 3 10° 35 32t04
18" August (F) 3.4x10° 2.3 10° 3.8 45

! Surface crust strength estimated for each lav@dasm measured flow deposit length and
estimated volume (Table 2.1) and emplacement adurgfrable 4.8). Final flow front height
calculated as a function of surface crust streragth emplacement duration and denotes the
maximum height at which the surface crust of agisttength can prevent further flow advance.

2 Greater magnitudes of surface crust strength amgésponding final flow front heights.

At these viscosity values, the surface crust strengpre accurately predicts flow
propagation for each of the lavas for their entiogv length, although the crust
strength regime slightly overestimates flow lengththe 18" August (F) lava

during the initial stages of emplacement.

However, comparison of predicted flow spreadingeuritie surface crust strength
regime at calculated crust strength values withsloping viscous and sloping
viscoplastic regimes at the higher viscosity val(ies viscosity increased by 40
and 16 Pa s) (Fig. 4.6) shows a less accurate fit ofsihace crust strength
regime than appeared in Fig. 4.5. In Fig. 4tba,sloping viscous regime with
viscosity increased by 1@®a s slightly more accurately predicts the inisi@ges
of flow emplacement for the™4June (A) lava than the surface crust strength
regime, although the surface crust strength regmoee closely predicts flow
propagation for the remainder of the flow lengthd aaccurately predicts flow
propagation for the final three to four hours ofpdmeement. Conversely, the
sloping viscous regime with viscosity increasedlbyPa s much more accurately
predicts flow propagation of the 8QJune (Bn) lava for the first 18 hours of
emplacement, with the surface crust strengtiginte only predicting flow
length accurately for the last approximately hal@ihof emplacement (Fig. 4.6b).
Similarly, the surface crust strength regime cossilly overestimates flow

Fig. 4.4 (previous page) Comparison of estimatedoflv propagation over time of the three 1954 lavas
(blue triangles) with predicted flow spreading at ligher viscosities in the sloping viscous regime (mk
curves) and the sloping viscoplastic regime at twgield strength values (solid orange line = 25 Pa;
dashed orange line with diamonds = 2500 Pa). A"4une (A) lava atyr x 10° Pa s; B, northern 33" June
(Bn) lava at 51 x 1¢° Pa s; C, 18'August (F) lava solid lines and fine dashed line wi diamonds at#r x
10? Pa s, coarse dashed lines g% x 1C° Pa s.

161



Chapter 4

propagation of the 1'8August (F) lava for most of its flow length, withe
sloping viscous regime with viscosity increased 1 Pa s more accurately
predicting the initial two to four hours of emplacent, although the surface crust
strength regime accurately predicts the final twaurs of flow emplacement
(Fig. 4.6¢)

Fig. 4.7 compares predicted flow spreading of timéase crust strength regime at
the greater surface crust strength value of 1 MIA Pa) with the calculated
surface crust strength regime for each of the thaeas and the sloping viscous
and sloping viscoplastic regimes at greater visassiAt this greater surface crust
strength, flow spreading is more accurately predidbr the initial three to four
hours emplacement of thd 4une (A) and 1B August (F) lavas (Figs. 4.7a,c),
although the remainder of flow propagation is cdasbly underestimated by this
crust strength. Conversely, the greater crust gtheoverestimates flow spreading
of the 3¢ June (BnL) lava for the first ~18 hours of emplaeat and

underestimates flow propagation for the remaindi¢he flow duration.

These results suggest that surface cooling wasth®tmajor control on flow
propagation for most of the flow emplacement ofsthehree lavas, although
depending on the strength of the surface crusffitted stages of emplacement
may have been controlled by some extent by sudaokng. However, the ability
of the surface crust to cease further advanceefava flow is dependant on the
depth of the surface crust relative to the totgltheof the lava at the flow front.
The surface crust depth at the flow front growdudively as a function of the
thermal diffusivity of the lava and emplacementaiom (Griffiths and Fink,
1993). Lyman and Kerr (2006, equation 23, p.3) tilie as the basis for
calculating the maximum depth at which the flowntres held back by the surface
crust of a given strength. Table 4.11 gives theutated surface crust strength of
each of the three 1954 lavas based on the estinfiatdstopping time of each

flow and compares the measured flow front deptln whe calculated maximum

Fig. 4.5 (next page) Comparison of estimated flowrppagation over time of three 1954 lavas (blue
triangles) with predicted flow spreading in the slping viscous regime (pink line), the sloping viscdastic
regime at two yield strength values (solid orangerie = 25 Pa; dashed orange line with diamonds = 260
Pa) and the surface crust regime based on calculaeurface crust strength of each of the lavas. Flow
spreading in the sloping viscous and sloping visctgstic regimes assumes the calculated total visctysi
(yr) of the 1954 lavas at 950°C (10902 Pa s). A" dune (A) lava. Crust strength = 3.5x19 Pa; B,
northern 30" June (Bn) lava. Crust strength = 7.9x10Pa; C, 18" August (F) lava. Crust strength =
3.4x10 Pa.
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flow front depths at which the strength of the aoé crust can effectively prevent
further flow advance. At calculated surface crustrgyth values, the strength of
the surface crusts of thd"4une (A) and 18 August (F) lavas would be able to
prevent further flow advance at depths approxingaein less than the measured
flow front heights of these two flow deposits. Hawe the calculated surface
crust strength of the 3QJune (BnL) lava would be able to prevent furtitbraamce
of this lava at ~ 0.2 to 0.8 m less than the messtiow front heights of this flow.
Increasing the surface crust strength by 0.5 torderoof magnitude (i.e. to
between 19to 16 Pa) would enable the surface crust to prevenhdarflow
advancement at depths comparable to the measuanedriint heights of each of

these lavas.

Predicted Effusion Rate Trends For Three 1954 Lavas

The estimated erupted volume of lava for each etinee 1954 lavas is plotted as
a function of time and compared with the predictetlime erupted assuming a
steady effusion rate, and the predicted volume raggu an exponentially
decreasing eruption rate over time (Fig. 4.8). Hstimated volume erupted
during the & June (A) lava appears to more closely follow thedjzted pattern
of a steady eruption rate, although the estimat@dnve erupted over time is
greater than the predicted volume (Fig. 4.8a). Hanethere does appear to be a
slight decrease in eruption rate over the emplanémderation of this lava.
Conversely, the estimated erupted volumes of tHeJ8@e (BnL) and 18August
(F) lavas appear to more closely follow the presticpattern of an exponentially
decreasing eruption rate. Although this predictedlume considerably
overestimates erupted volume during the initial tveairs of the 30 June (BnL)
lava, the decreasing discharge rate pattern oéstienated volume is reasonably
comparable with the predicted model (Fig. 4.8binitirly, the predicted volume
for an exponentially decreasing eruption rate dutime initial four hours of the

18" August (F) lava is greater than the estimated meluhowever the steadily

Fig. 4.6 (previous page) Comparison of estimateddfiv propagation over time of three 1954 lavas (blue
triangles) with predicted flow spreading at higherviscosities in the sloping viscous regime (pink laj, the
sloping viscoplastic regime at two yield strength alues (solid orange line = 25 Pa; dashed orange din
with diamonds = 2500 Pa) and the surface crust regie based on calculated surface crust strength of
each of the lavas. A, % June (A) lava atyt x 1@ Pa s; crust strength = 3.5x10Pa; B, northern 3d" June
(Bn) lava at 5t x 10 Pa s; crust strength = 7.9x10Pa; C, 18" August (F) lava solid lines and fine dashed
line with diamonds atyr x 1¢* Pa s, coarse dashed lines gt x 1 Pa s; crust strength = 3.4x10Pa.

165



Chapter 4

decreasing eruption rate evident for the remaindéne flow compares well with
the predicted model (Fig. 4.8c).

Kerr and Lyman (2007) found that their predictiondul for the volume erupted
with an exponentially decreasing eruption rate vestenated the actual volume
erupted during the first ~ 100 days of the Lonquineva flow, but accurately
predicted the volume erupted for the remaindehefftow emplacement duration
(330 days). Kerr and Lyman (2007) note that théndrighan predicted volume of
lava erupted during the first 100 days of the Langgy eruption was primarily
due to changes in vent geometry over the initdje$ of the eruption, and argue
that, excluding other factors controlling erupticate, their model is valid for
predicting lava volumes for exponentially decregsaruption rates. Therefore,
the overestimation of erupted volume during thetfitwo to four hours of
emplacement of the 30June (BnL) and 18 August (F) lavas suggests that
discharge rate may have been relatively variabienduhe initial stages, although
it appears to have stabilised thereafter into adste decreasing discharge rate.
The difference in the pattern of estimated volumetd over time between the
three 1954 lavas also suggests that discharge waes variable between lava

flows as well as during the emplacement of indiaidavas.

Fig. 4.7 (next page) Comparison of estimated flowrppagation over time of three 1954 lavas (blue
triangles) with predicted flow spreading at higherviscosities in the sloping viscous regime (pink l&),
the sloping viscoplastic regime at 2500 Pa yieldrehgth (dashed orange line with diamonds) and the
surface crust regime at the calculated surface crastrength (solid black lines) of each of the lavaand
at a surface crust strength of 10 Pa (dashed black lines). A, @ June (A) lava atyr x 10 Pa s;
calculated crust strength = 3.5x10Pa; B, northern 30" June (Bn) lava at 51 x 1¢° Pa s; calculated
crust strength = 7.9x10 Pa; C, 18" August (F) lava solid lines and fine dashed line ith diamonds at
nr x 10 Pa s, coarse dashed lines gt x 10° Pa s; calculated crust strength = 3.4xf0Pa. Note: the
sloping viscoplastic regime at higher viscosity andvith an internal yield strength of 25 Pa is not
shown.
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Fig. 4.8 Comparison of the estimated volume of thiaree 1954 lavas erupted as a function
of time (red line with triangles) with calculated wlume erupted during a steady rate of
effusion (blue line) and with an exponential decrese in effusion rate over time (green line)
using the Lyman and Kerr (2007) model. A, % June (A) lava; B, northern 30" June (Bn)
lava; C, 18" August (F) lava.
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CHAPTER 5

Discussion

5.1 INTRODUCTION

Understanding the processes that determine thegabipn, growth and geometry
of lava flows, particularly the controls on findbd length, are essential when
assessing the potential hazard posed by the lawatfi humans, property and the
environment (Borgia and Linneman, 1990). The airthesf chapter is use the data
presented in previous chapters to determine theriacontrolling the growth of
the 1954 lavas and to ascertain how the informapogsented here can be
employed to determine the behaviour of future |Heevs at Mount Ngauruhoe.
The role of rheological properties, eruption coiodis, and environmental
controls in determining the dynamics of lava flommacement are discussed, and
an interpretation of these processes in relatiadgheédl954 lavas is given. A model
for the emplacement dynamics specific to the 1354 lflows is proposed and
used to infer the emplacement behaviour of previblaint Ngauruhoe lava
flows. Implications for the behaviour of future &\avlow events at Mount
Ngauruhoe and potential monitoring and flow behawiprediction measures are
suggested. Field locations referred to in this tdragre underlined in parentheses,

and are shown in either Fig. 2.5 or Appendix D.1.

5.2RHEOLOGICAL & ENVIRONMENTAL CONTROLSON
LAVA FLOW MORPHOLOGY, GEOMETRY & TEXTURE

5.2.1 Controlson L ava Flow Mor phology

Lava Flow Field Morphology

Borgia and Linneman (1990) relate the large-scabephological characteristics
of a lava flow field to its emplacement conditidmsdistinguishing the difference

between aunit flow and acomposite flow. The former is described as a finite
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guantity of lava that is emplaced during a singlentinuous phase of effusion,
maintaining fluid continuity along its entire lehgas it moves downhill away
from the vent. Conversely, composite flows are mageof more than one
individual flow unit that traverse the same flowtlpas the original flow unit and
are emplaced over short periods of time. As coni@dkws evolve, each flow
unit adds a new layer of lava to the marginal lev&milarly, Kilburn and Lopes
(1991) suggest that under the simplest of conditian effusive episode will
produce a singlarterial flow, which is characterised by stationary laterargins
and a central channel zone along which lava floaesfthe vent to the flow front.
Compound flows are formed where new arterial flows propagbm existing
arterial flows under conditions where, for examplee existing flow bifurcates
around topographical barriers, or lateral flow nwasgare breached or overflowed
by hot lava from within the channel. Compound flcave generally formed when
effusive activity continues after the original aiaé flow has stopped moving.
Growth of the compound flow continues either by @ienthickening of the
existing flow as new lava accumulates beneath timeace of the cooled crust,
superpositioning of a new discrete arterial flowtop of the cooled arterial flow,
widening, or lengthening of the initial arteriab® due to breaching or overflow
of the cooled flow margins. Walker (1972) obsertiedt singleunit or arterial
flows typically result from high effusion rates, rieascompound or composite
flows form due to the slow effusion of low viscgsiava. Using polyethylene
glycol wax (PEG) experiments, Blake and Bruno (9060nfirmed Walker's
(1972) observations, finding that the growth ofompound flow is primarily due
to the combined effects of effusion rate, initiava viscosity and eruption
duration, and hence the volume of material erupiée importance of eruption
duration lies in the time required for a cooledyfate crust to form. With
sufficient time and providing effusive activity dorues at the source vent, the
mechanical strength of the cooled crust preventthdu spreading of the lava,
resulting in the breakout of hot lava from the iittethrough the cooled margins

and thus propagating a new flow.

The first map of the 1954 lavas (Gregg, 1956) sedaon eyewitness accounts of
the eruption, in which individual lava flows aredwn to have been emplaced on

specific dates, thereby inferring that the 1954alflow field is composed of a
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collection of single, discrete, unit (or arteriilws. However, the multiple lobes
of the 3¢ June (B) lava flow and the small ‘breakout’ lobe the southern
margin of the 18 August (F) lava flow deposit (Fig. 2.5) more clyseonform to
the compound flow morphology described by KilburndaLopes (1991).
Furthermore, because the proximal margins of iodiai flow deposits are not
clearly identifiable either on aerial photographalgsis orin situ, and with the
exception of the 4 June (A) and northern-most 14uly (Da) lava flows, the
1954 lavas appear as a single, broad lava flow gielig. 5.1); thus, if the
emplacement history of these lavas was unknowroveeall planimetric form of
the flow field could be described as a compoundvflddditionally, using the
description of Kilburn and Lopes (1991), the emptaent of several of the 1954
lavas over earlier 1954 flow deposits [e.g. the38-duly (C), middle 1% July
(Db), and 28 July (E) lavas overlie the $0June (B) flow deposit] would also
render classification of the 1954 lavas as a com@dlow. However, based on
Borgia and Linneman’s (1990) composite flow clasation, the emplacement of
new lava flows over the preceding original artefi@v would occur within a few
days, whereas there is eight to 29 days betweenethplacement of the
underlying lava flows and the superpositioned floeposits. Vigorous fire-
fountaining activity at the vent is also reportedhtave been intermittent during
the 1954-55 eruption (Gregg, 1956), indicating thatlava flows are more likely
to have been the product of individual effusivesedes. It is therefore primarily
due to documented eyewitness accounts that the [E3&4flow field can be
classified as a collection of individual, discrdlew units, suggesting that the
flow field evolved as a result of intermittent effue episodes characterised by

high effusion rates.

Unit Lava Flow Morphology

Most of the 1954 lava flow deposits display simpéatively straight and narrow
planimetric forms, with the exception of the"™0une (B) and 18 August (F)

lavas which are distinguished by the multiple lolsthe former, and the
s-shaped deposit of the latter (Fig. 2.5). Thestimtit morphological features
occur at the medial to distal regions of the twawfldeposits, while the proximal

regions are comparable to the simple straight platric form displayed by the
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remaining 1954 lavas. This implies that the factoffuencing individual lava

flow morphology may have changed with increasimgjatice from the vent. The
planimetric form of the individual 1954 lava floweplosits were controlled to a
large degree by the factors controlling the physdisnensions of each flow

deposit, discussed in the following sections.

500 m

Fig. 5.1 Planimetric form of the 1954 lava flow field as it would appear if
the dates of emplacement for individual flow units were unknown. Solid
line represents clearly defined flow margins. Dashed line denotes inferred
flow mar gins of the flow field.
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5.2.2 Controlson Lava Flow Width and Depth

Yield Strength

Hulme (1974) proposed that the extent of latera¢aping and thinning of a lava
flow is controlled by the yield strength of the é&aand theorised that lavas must
behave as isothermal Bingham fluids because a Nwavtdluid would continue
to spread laterally until either pre-existing topmghical barriers or the surface
tension of the lava restricted further spreadimgthie latter case resulting in an
extremely thin flow deposit. Additionally, Hulme 974) discounted cooling of
the lava as a controlling factor because lava fltamsl to reach a fixed width and
depth shortly after propagation begins, reducirggtime available for the cooled
surface to gain the strength required to prevaetdaspreading. Therefore, in the
absence of confining topographical features, Huli®74) theorised that lava
flow width and depth are dependant on effusion, ratelerlying slope angle and
the rheological properties of the lava, predictingt there is a critical flow depth
at which the yield strength of the lava exceedssthear stress at the base of the
flow. Below this critical flow depth longitudinaldw (i.e. downstream flow) does
not occur, resulting in a zone of stationary laBacause lava flows typically
reduce in depth towards the outer flow margins §Rd®997), the flowing lava is
bounded on either side by these stationary lave@szomhich develop into levees,
thus preventing further lateral spread. This fixkow width is maintained
throughout the remainder of the flow length promglieffusion rate and slope
angle remain unchanged (Hulme, 1974). Based onptt@siise, Hulme (1974)
found that levee height is proportional to yieldesgth and is therefore an
indication of lava flow depth during emplacement.

Hulme’s (1974) theory has commonly been used addses for modelling lava
flow rheology and emplacement (e.g. Dragenal., 1986; Fink and Zimbelman,
1990; Mooreet al., 1992; Stevensomt al., 1994a; Fink and Griffiths, 1998).
However, the yield strength values for the 1954awalculated using the Hulme
(1974) model (Table 4.5) are significantly gredtean the values derived using
the Pinkerton and Stevenson (1992) model (Tablg @l reported laboratory
measurements for basaltic andesite lavas (e.geRarkand Norton, 1995). The

use of lava flow deposit dimension parameters koutate yield strength is known
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to produce values up to several orders of magnityckater than laboratory
measurements of melt yield strength (e.g. Mabra@., 1978; Hupertt al., 1982;
Fink and Zimbelman, 1990). Dragost al. (1986) observed that the Hulme
(1974) model overestimates yield strength in reédyi narrow flow deposits
where flow depth is considerably greater than ttpeeted critical flow depth due
to greater basal friction. Similarly, Spamtsal. (1975) showed that because width
and depth are assumed to remain constant througheuéength of the flow, the
Hulme (1974) model considerably overestimates ysélength in situations where
there are significant downflow width and depth aaans. The use of mean flow
width and depth values in calculating the yielcestth of the 1954 lavas may
therefore explain the large discrepancy betweeld ysérength values derived
using the Hulme (1974) model and those derived gushee Pinkerton and
Stevenson (1992) model.

Although the margins of individual 1954 lava flowpbsits proximal to the crater
rim are not clearly identifiable, Gregg’s (1956) prinplies that downflow width
generally remains constant from the crater rimuglmut the length of the flow
deposit in all except the three longest lavas"[30ne (B), 1% July (Dc), 1§
August (F)]. Additionally, in a contemporary photagh of the 1954 eruption
(Fig. 5.2), the proximal zones of these three léoa deposits appear to retain
relatively constant flow widths from the crater rower the steeper slopes of the
cone, with flow width variations only occurring tavds the medial and distal
regions of these flow deposits. Thus, the use oammffow width values to
calculate rheological parameters should be reaspnabd for most of the 1954

lava flows.

The mean flow depth values used in the yield stfewglculations are based on
multiple measurements @f situ lateral flow margin depths, although these were
recorded at medial to distal locations of the 1@&4 flow deposits relative to the
crater rim (Fig. 2.5 and Appendix D.1) and may neflect the depth of the
proximal regions of these flow deposits. In anagxperiments using PEG wax
emplaced over a range of slope gradients GreggFamki (2000) found little
variation in depth along flow length at any slopggle, although PEG flows

emplaced on slopes > 4Q@vere generally thinner than those emplaced on
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18" August (F)

~

Fig. 5.2 Recently emplaced lavas of the 1954 eruption on the north-western slopes of Mount
Ngauruhoe. Flow width appearsrelatively constant from the crater rim for most of the flow
deposit length. Proximal deposits are partially covered by ash. Photographed on 3
September 1954 (Gregg, 1956).

shallower slopes. However, these experimental PB@sfwere emplaced over
surfaces with a constant slope angle, whereas #rereonsiderable local slope
angle variations underlying the 1954 lavas. Baleiga. (1995) observed that the
1801 Hualalai lava flow, emplaced over an avera@e stope, increased in depth
from ~ 2 to 3 m near the source vent to ~ 5 to 8aap 15 km downflow. The
marginal levees of the T8August (F) lava flow deposit display a marked
downflow increase in height, from ~2 to 3 m dept#anthe front of the 15
September (G) lava flow deposit (F3® ~ 8 to 12 m depth at the medial zone
(Elb) (Fig. 2.5 and Appendix D.1), suggesting that sdiowe thickening occurred
during the emplacement of this flow deposit witktdhce from the source vent.
Therefore, if thickening of the 1954 lava flows didcur between the proximal
regions on the steep upper slopes and the meddiktal regions on shallower
slopes, it is possible that the high yield strengdlues derived using the Hulme
(1974) model may be due to an overestimation ofrikan flow depth values (2.5
to 3.5 m) for the 1954 lavas. However, assumingduced mean flow depth of
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0.5 m and an average underlying slope angle dbfi#E8Hulme (1974) model gives
a minimum vield strength of ~ 6 x 1@a, which is over two orders of magnitude
greater than the yield strength values derivedgutiie Pinkerton and Stevenson
(1992) model and is at the higher end of the ptessénge of basaltic andesite
yield strength values (i.e. ~ 10 to>1Pa) inferred from published yield strength
values of basaltic and rhyolitic lavas (e.g. Pimterand Sparks, 1978; Mooee
al., 1992; Stevensoat al., 1994a; Pinkerton and Norton, 1995; Fink and f#ms,
1998). Alternatively, if the low yield strength v& derived using the Pinkerton
and Stevenson (1992) model (~ 25 Pa) is more reptatsve of the 1954 lavas,
according to Hulme (1974) lateral flow spreading ulio cease at the
unrealistically low critical flow depth of ~ 0.1 a5 cm, depending on underlying

slope angle.

The problem in comparing the vyield strength valugsrived using the
morphology-based model of Hulme (1974) and the &tok and Stevenson
(1992) petrography-based model is in the basic cipies of the models
themselves. Hulme’s (1974) model was developed a®ans to determine the
factors controlling the lateral spread of lava asds yield strength as a parameter
to calculate the critical depth at which a lavawflavill cease to spread.
Conversely, the Pinkerton and Stevenson (1992) hsdetended to quantify the
yield strength of quenched lava using the princthb yield strength develops in
a lava when neighbouring crystals within the melinf a bridging network. If
both models are equally valid they should produnglar yield strength values,
whereas the large discrepancy between the valuasgdeising these two models
suggests that either one or both of the models nutybe reliable methods for
quantifying the yield strength of the 1954 lavasweéver, there may be other
explanations for the inconsistency of these modeds.example, if the lava flow
deposits thicken downflow with decreasing slopel@nthen, assuming a lower
mean flow depth value than that used, the Hulme/419model may more
accurately reflect the yield strength of the 198¢ak than the Pinkerton and
Stevenson (1992) model, particularly those flow ad#s with little apparent
variation in downflow width. Conversely, the 195dvds may have initially
ceased to spread laterally at low critical flow thspof ~ 1 cm or less, consistent
with the low vyield strength of the Pinkerton anc\&nson (1992) model, but
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variations in effusion rate and/or slope angle rhaye increased the depth of the
flow deposit during later stages of emplacement nwiiee flow margins had
cooled sufficiently to prevent further lateral sae Alternatively, yield strength
may not have been the primary control on flow widtid depth, which would
also support the lower value derived from Pinkertond Stevenson (1992).
Instead, lava flows may have been confined clos¢éhéovent by pre-existing
topographic features no longer evident because hase been subsequently
covered by more recent eruption deposits. The engst of partially confining
ridges adjacent to some 1954 lava flow depositshenlower slopes (e.g. Fig.
2.30), and the high-relief remnant lava flow depogresent near the summit on
the south-eastern section of the cone (Fig. 5.9pau this hypothesis. Other
factors, for example effusion rate, slope anglégaity or viscosity may have had
a greater control on flow width and depth thand/istrength, therefore the low
values derived using the Pinkerton and Stevens@®92(1 model may more
accurately reflect the yield strength of the lavalsernatively, the low Pinkerton
and Stevenson (1992) values may represent thaligigld strength of the 1954
lava during the early stages of flow emplacemehileathe higher values derived
using the Hulme (1974) model may reflect the yigticbngth of the cooling lava
towards the distal flow margins, implying that deitrength increased over time.

Ngauruhoe
N Summit

/2‘

Remnant
lava flows

Waihohonu
Valley

Fig. 5.3 Aerial photograph showing the high relief of remnant lava flow deposits near the
crater rim on the south-eastern flanks of Mt Ngauruhoe. Aerial photograph courtesy of GNS
Science, Wairakel.
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This final point is supported by laboratory measwgats in which yield strength
significantly increased as lava cooled below ituidlus (e.g. McBirney and
Murase, 1984; Fink and Zimbelman, 1990). Fink andnb&lman (1990)
calculated an exponential downflow increase indysttength, by up to two orders
of magnitude, over the length of the 1983 Pu’'u @\ms; although yield strength
was calculated using the Hulme (1974) model andPtiie O’o lavas extend for
much greater distances from the vent (~ 5 to 8 #rap the 1954 lavas. Crown
and Peiterson (1995) suggest that the effects @frgpand crystallisation during
downflow emplacement changes the properties of l#va, including yield
strength, and may in turn result in changes todimwnslope dimensions of the
lava flow. Fink and Zimbelman (1990) propose tivagddition to surface cooling
and crystal growth, localised basal stresses duedierlying surface roughness
may also contribute to downflow yield strength apasm Crown and Peiterson
(1995) also suggest that downflow thickness of tleev deposit would be
inversely related to slope angle if yield strengtihained constant throughout the
length of the flow, whereas neither Crown and Psite (1995) or Gregg and
Fink (2000) found any significant correlation beémeslope angle and flow
thickness in their experimental research. Changeggeid strength may therefore
be due to the mechanical strength of a coolingdi$ghg surface crust and/or the
internal strength of an expanding framework of talgas cooling promotes new

crystal growth.

There is considerable evidence for continued crygtawth during lava flow
emplacement. For example, Lipmah al. (1985) showed that degassing of
volatiles during lava flow emplacement rapidly urad®ls the melt, promoting
crystal growth. Guilbauet al. (2007) noted that the relatively large abundasfce
groundmass crystals (~ 20 to 40% volume) in the3184 Laki lavas resulted in a
significant increase in the downflow yield strengiind viscosity of the lava. The
ability of microlites to grow during flow emplacemtewvas demonstrated by Crisp
and Baloga (1994), who measured a 15 to 25% inergasicrolite abundance
over a period of 100 to 230 minutes during the ecgrnent of the 1984 Mauna
Loa lava flow. Although the yield strength valudgtte 1954 lavas derived using
the Pinkerton and Stevenson (1992) model are basdéde abundance, size and

shape of crystals within quenched lava samples,saondld therefore reflect the
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yield strength of the cooled lava, the abundanak sare of smaller phenocrysts
(< 0.1 mm) and groundmass microlites was not adeaufor. The groundmass of
the 1954 lavas is dominated by abundant microliteéd) minimal quantities of
interstitial glass (Fig. 3.13E). Given that groura® accounts for ~ 40 to 60%
volume of the whole rock (Table 3.1), and with nolte crystals accounting for
= 90% of the groundmass, it is possible that someraliie growth occurred
during flow emplacement, which may have increabeddownflow yield strength

(and viscosity) of the 1954 lavas.

There appears to be compelling evidence that tle gtrength of the 1954 lavas
may have increased downflow, which suggests reltilow values of yield

strength during initial flow emplacement and mayplain the discrepancy
between the values derived using the Hulme (197d)Rinkerton and Stevenson
(1992) models. This implies that yield strengtlumdikely to have been the major
control on flow width and depth during the earlpgss of flow emplacement
although it may have had more influence downflovireslava cooled and yield

strength increased.

Effusion Rate and Underlying Slope Angle

Changes in the downflow dimensions of lava flows. (width and depth) reflect
temperature- and/or time-dependant variations th lkouption processes and the
rheological properties of the lava, as well as oesps of the lava to the
underlying slope gradient and topography (Crown Rederson, 1995). Hulme
(1974) suggests that changes in flow width are rdoestly related to slope angle
than to effusion rate, in that flow width is invelg proportional to slope, whereas
large increases in effusion rate may either onightlly increase flow width, or
have no effect on flow width if previously constted marginal levees have
cooled sufficiently to confine the flow channel kit a fixed position. A
reduction in effusion rate may also result in tbestruction of new levees inside
the original levees, and therefore channel widthamathan total flow width is
reduced (Hulme, 1974). Similarly, Gregg and FinGQ@) found in PEG analogue
experiments that average flow width increased w#hreasing slope angle in all

simulated flow situations, although they also fotimak high effusion rates tended
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to generate wider flow deposits than low effusiates, even on steep slopes.
Conversely, Crown and Peiterson (1995; 1996), sigtheat cyclical widening

and narrowing of lava flow deposits may reflectseplies of surging and waning
effusion rates, although the authors also attritniteer factors, for example, a
decrease in flow velocity or an increase in lavscosity, as controls on downflow

width variation.

As previously noted, although most of the 1954 sadsplay relatively constant
flow widths throughout their lengths, the threedest flow deposits [30 June
(Bn), southern-most f4July (Dc), 18 August F)] show a greater variation in
downflow width towards their medial and distal zenEor example, the southern
lower lobe (BnL-S) of the 30June Bn lobe group narrows in width beyond the
distal end of the northern lower lobe (BnL-N) (Bijl%ollowed by significant
widening further downflow (Bnd)6(Fig. 2.5). The southern-most"14uly (Dc)
lava maintains a relatively constant width throughmost of its length, but
widens considerably over the final ~ 200 m of tkeaskit length (Figs. 2.5, 2.25).
The 18" August (F) lava flow deposit displays the greatiEstnflow variation in
width, with significant widening of the deposit tite east of Pukekaikiore ridge,
followed by marked narrowing of the deposit asxteads around the southern
end of the ridge, and subsequent widening at tbe front (Fig. 2.5). These
episodes of widening may therefore reflect the sasp of each of the lava flows
to changes in effusion rate and/or slope angle;elvew the relatively uniform
flow width of these and the remaining 1954 lavawfldeposits on the steeper
slopes of the cone suggests that slope angle rriithe effusion rate may be the
major control on flow width variations. Additiongjllocalised widening of each
of these lava flow deposits coincides with a markedrease in slope angle to
almost horizontal gradients. For example, bothdis¢al region of the 1% July
(Dc) lava and the medial zone of the™®ugust (F) lava to the east of
Pukekaikiore ridge rest on a gentle ~sfbpe, while the subsequent narrowing of
the latter flow deposit in the distal zone coinsidéth an increase in slope angle
to 16.

Widening of lava flow deposits at regions of maitigerteduced slope angle is
consistent with the findings of Arpat al. (2008) who observed that the
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accumulation of lava at the slope break formedviltkest segment of each of the
2006 Mayon basaltic andesite lavas. However, Cr@md Peiterson (1995)
demonstrated that the width and depth of the 19B®dsaltic Pu'u O’o lavas
were insensitive to 6 to 12 m scale (or largerhges in the topography, although
these lavas are compositionally more mafic than 1884 lavas and were
emplaced over much lower average slope gradients {& 7). If slope angle
rather than effusion rate controlled the widthted 1954 lavas, the ability of these
lavas to spread laterally on shallower slopes aiteelatively long distance of
sustained flow width suggests that yield strengthy rhave been considerably
lower than the values derived using the Hulme (197ddel. It also implies that
the lateral flow margins had not cooled sufficigrith prevent lateral spreading.
Widening of the 18 August (F) lava on the eastern side of the Pukékai ridge

is predominantly taken up by the width of the nerthlevee, whereas the central
flow channel width remains relatively constant &ig.4A, 2.5), confirming that
cooling of the flow margins may have been insudiiti to prevent lateral

spreading.

It appears that the main influence on flow depasith of the 1954 lavas near the
source vent was either pre-existing topographiedtures or effusion rate.
However, in the absence of topographic obstaclepggyradient appears to have
had greater control on flow width both over theeptr slopes of the upper cone
and over shallower slope gradients near the basleeofone. Yield strength may
have increased to some extent downflow but thetalof the lava to spread
laterally with distance from the vent suggests thigld strength may have

remained relatively low.

5.2.3 Controlson Lava Flow Length

The distance that lava flows extend from their seuvent poses the greatest
potential hazard during effusive eruptions; therefenderstanding the factors that
control lava flow length enables the developmenpiEdictive flow behaviour
models to determine the extent of this hazard. ddmestraints on lava flow length
have been well-debated (e.g. Walker, 1973; Mali@30] Guestet al., 1987;
Pinkerton and Wilson, 1994; Calvari and Pinkertd998). Lava flows are
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generated under conditions where the yield strenfjtihe lava is less than both
the gravitational force and the degree of sheasstat the base of the lava (Borgia
et al., 1983). However, it is the factors controlling thbility of the lava to spread
longitudinally, and thus the cessation of furthemf advance, that determine the

final length of the flow.

Lava Viscosity

Lava viscosity is known to increase downstream rdufiow emplacement, for
example, the viscosity of the 1984 Mauna Loa las&stimated to have increased
by several orders of magnitude during five daydlev advance (Crispet al.,
1994). Similarly, Fink and Zimbelman (1990) estiaththat the viscosity of the
1983 Pu'u O’o lava increased exponentially by ughieee orders of magnitude
over the distance of the flow, although these \sggcestimates were based on a
rearrangement of the Jeffreys equation rather tloan the geochemical
composition of the lava. As demonstrated in Chagtdiava viscosity is highly
dependant on temperature, increasing rapidly wethtively small decreases in
temperature. For example, the total viscosity dated for the 1954 lavas more
than triples in value between 1000 and 950°C (Tal#¢ thus downflow cooling
alone will have a marked effect on the viscositytioé melt. Additionally, a
relatively small reduction in volatile content (efgom 0.4 to 0.02% volume) has
a significant effect on the viscosity of the 198#¢ds (Fig. 4.1), thus, if degassing
occurs during flow emplacement, viscosity would kealty increase.

Crystal abundance has also been shown to have nificagt effect on the
viscosity of the 1954 lavas (Table 4.2), with sumgien viscosity increasing by
400% with a 50% increase in crystal abundance (fédnto 41% volume). The
Pinkerton and Stevenson (1992) model used to eakctihe suspension viscosity
of the 1954 lavas is based on the principle tha ia unable to flow when the

volume of crystals in the melt is greater than¢hgcal crystal abundance value
(Gmay Of 60% volume. The maximum crystal abundancehef1954 lavas (41%)

was determined from quenched lava samples, theréfappears that this critical
abundance was not reached and that suspensiorsitysbad no control on the
length of the 1954 lavas. However, phenocryst maflahdance analysis did not
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include the groundmass microlite population, arsldescussed in the previous
section, it is possible that microlite growth magvl occurred during flow
emplacement increasing overall crystal abundanberefore, if microlites are
included in the phenocryst population, the totgstal abundance of the quenched
1954 lavas would be > 60%, suggesting that crygt@wth during flow
emplacement may have had a significant impact wa \ascosity, which would
ultimately prevent the continued downflow advandetle lavas. However,
Pinkerton and Stevenson (1992) note that @hg value of 60% only gives a
reasonable approximation of the critical abundaaicevhich lava will cease to
advance, thus it is possible that lavas may be #&bleadvance at crystal

concentrations greater than 60%.

The physical presence of vesicles is known to havwmarked effect on lava
viscosity; although, depending on the ratio betwdeninternal strength of the
bubble and the external viscous stress of the mediicle abundance may either
increase or decrease lava viscosity (Llewellin Btashga, 2005). In the case of the
1954 lavas, because the majority of vesicles dteerespheroid or ellipsoid in
shape the internal vesicle strength was assumdxt tgreater than the external
viscous stress, therefore an increase in vesicienddnce would result in an
increased lava viscosity (Table 4.2). There is ngreevidence that volatile
exsolution continues during lava flow emplacemestulting in a downflow
decrease in vesicularity. For example, Lipman arghkB (1987) noted a
vesicularity decrease in the 1984 Mauna Loa a’adafrom > 85% near the vent
to < 20% at 10 to 15 km distance from source. Tigh kesicle abundance at the
vent significantly decreased the apparent viscasitthe lava due to thin, easily
deformable vesicle walls, thus, as vesicularityucsdi downflow, apparent
viscosity increased (Lipman and Banks, 1987). Sirtyi] Cashmaret al. (1994)
reported a downflow decrease in vesicularity of 1883 Kilauea lavas with

increasing distance from the vent.
Vesicle abundance of the 1954 lavas was deternfimoed quenched samples of
lava collected at medial to distal locations of tleev deposits and is assumed to

reflect lava vesicularity towards the final stagefs flow emplacement after
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degassing has occurred. It is therefore possibée¢ tesicle abundance was
significantly greater on eruption, implying thavéaviscosity was high at the vent
and decreased downflow as vesicle abundance redwitdd degassing. In
contrast, statistical analysis of bulk lava flowpdsit vesicularity suggests that
vesicle abundance significantly increased downftwing emplacement of the
18" August (F) lava (Table 3.3). However, these resate based on quantitative
analysis of a small number of samples (n = 100gctdd at one proximal and one
distal site on the flow deposit and may not beyfodipresentative of the degassing
processes that may have occurred during flow empiaat. Additionally,
although there is a statistically significant diéfiace in vesicularity between the
two sample sites (P = 0.3p vesicle abundance increased by only 4% volume,
which would result in a reasonably small increasd@%o) in lava viscosity. The
1984 Mauna Loa and 1983 Kilauea lavas are morecmiaficomposition, and
were emplaced over much greater distances andialuraimes (Lipman and
Banks, 1987; Cashmaat al., 1994) than the 1954 lavas. The relatively higher
Si0O, composition of the 1954 lavas may have reducedethse with which
volatiles could escape during flow emplacement,leviine downflow increase
viscosity subsequent to cooling and crystallisatoay also have prohibited
volatile exsolution. Thus, it is possible that eithvesicle abundance did not
decrease sufficiently downflow to affect viscosity,that the combined effect of
cooling and crystallisation on lava viscosity neghtiny decrease in viscosity
caused by a downflow reduction in vesicle abundamdeernatively, vesicle
abundance may have initially increased during flemplacement as volatiles
exsolved from the melt, but the relatively shortpdgsement duration of the 1954
lava flows resulted in quenching of the lava befeotatiles could completely
escape and thus reduce vesicle abundance. Assuhanthe viscous shear rate
remained lower than the internal strength of thiebtbes, this would have resulted

in an increase in viscosity as vesicle abundanoeased.

Velocity

The rate at which a lava flow advances away from $burce vent may not
necessarily in itself influence its final length,that flow rate affects the length of

time the lava takes to reach a certain distanaa tree vent rather than the ability
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of the lava to reach that distance. However, tiree trequired for a lava flow to
reach any given distance influences the cooling cdtthe lava, thus lava flows
with high velocities are able to advance to a gnedistance from the vent before
the surface of the lava starts to cool than thotk lew velocities (Gregg and
Fink, 2000). Flow velocity is highly dependant asttbthe underlying slope angle
and the viscosity of the lava. For example, thewated velocity of the 1954
lavas decreases by 99% when temperature is redimadl150 to 950°C (Table
4.6), demonstrating the marked effect increasing laiscosity has on flow
velocity. This results in a continuous feedbacleeffwhere cooling of the lava
increases viscosity, resulting in a reduction iawfl velocity, which in turn
increases the cooling rate of the lava. In addjttbe strong dependence of slope
angle on flow velocity compounds this feedback affélow velocity reduces
with decreasing slope angle, with relatively sngathdient changes on gentler
slopes having a much greater effect on velocity tine same gradient change on
steeper slopes. For example, the calculated vglotithe 1954 lavas decreased
by 16% with an 11reduction in slope angle from S&nd decreased by 50% with
a 10 reduction in slope from 2qTable 4.6). Thus, as the underlying slope angle
of the 1954 lavas decreased, flow velocity wouldehsignificantly decreased and
the cooling rate increased. Although the calculatelbcity values (Table 4.6)
derived using the Jeffreys equation are considgrgbtater than the reported
velocities of the 1954 lavas (Table 4.8), the mdrkeduction in the reported
velocity of the 38 June (B) lava flow, from ~ 300 ni‘hover the steep upper
slopes of the cone, to ~ 14 m' fon the lower, shallow slopes (Gregg, 1956)

supports these findings.

The relationship between lava viscosity and flologity combine to influence
the duration of lava flow emplacement, controllitng cooling rate of the lava,

and may therefore be a secondary control detergnihi@ final length of the flow.

Effusion Rate

Walker (1973) proposed that effusion rate is thestmportant factor controlling
flow length, particularly in cases where high eifusrates result in proportionally

lower cooling rates over distance compared with kffusion rates. Similarly,
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Franzetta and Romano (1984) suggest that the lerfigtte 1983 Mount Etna lava
was controlled by short-term fluctuations in efusrate. Although Malin (1980)
found a poor relationship between flow length afidiston rate in Hawaiian
lavas, on a re-evaluation of the data presentelaly Walker (1973) and Malin
(1980), Pinkerton and Wilson (1994) found that tdlationship between effusion
rate and flow length proposed by Walker (1973) asidvfor non-tube-fed (i.e.
channelised) lavas emplaced over 30 to 48 hours. Similarly, Calvari and
Pinkerton (1998) observed a strong correlation betwflow length and effusion
rate for many of the channel-fed Mount Etna lawalsile the flow field formed
during the 1991-93 Mount Etna eruption reachedstadce 3 km further than
predicted by this relationship due to the developm& tube-fed rather than
channel-fed flow emplacement systems. Gregg ankl 2000) also found that
flow length generally increased with increased stin rate and slope angle in
PEG analogue experiments, although depending @ pdrameters (e.g. cooling
rate, viscosity, temperature) high effusion raties accasionally produced much
shorter flow lengths.

There is no evidence for the development of lab@s$wduring the emplacement of
the 1954 lavas, and all but the™0une (Bn) and 18 August (F) lavas are
estimated to have been emplaced in less than 3@;hberefore, the relationship
proposed by Pinkerton and Wilson (1994) should apply to these two lavas.
However, the use of calculated effusion rate valdes determine flow
emplacement duration using the Pinkerton and Wi({@®94) model significantly
underestimates duration time for all of the 1954a$acompared to reported
duration times (Table 4.8) at both the calculafEab(e 4.7) and estimated mean
flow velocities (Table 4.9). As with yield strengthlculations, mean flow width
and depth values are used to calculate effusian aat emplacement duration,
which may account for the discrepancies in caledatersus documented flow
duration times. Alternatively, effusion rate mayt iave been the main factor
controlling the length of the 1954 lavas, althowgffusion rate does appear to
have a direct influence on the cooling rate of Jawhich may subsequently
influence the final flow length.
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Volume

Guestet al. (1987) proposed that lava flows cease to advéwecause they are
either volume-limited, cooling-limited, or are ohstted by pre-existing
topographical barriers. Volume-limited lavas adwanmitil the supply of lava
from the source vent is terminated, after whichvBanay either cease to advance
immediately, or move forward at diminishing velgcas un-cooled lava in the
central flow channel continues to advance towahesfiow front (Borgiaet al.,
1983). In the latter case this results in drainegantially drained flow channels
bounded by abandoned levees, a feature typicafly se many of the Pu'u O'o
lavas (Pinkerton and Wilson, 1994). The‘hwugust (F) lava is the only 1954
flow deposit to display evidence of channel draségig. 2.28), suggesting that
the length of this flow alone was controlled by tupply of lava from the source
vent. Conversely, the absence of drained flow caknwithin the remaining 1954
lava flow deposits implies that either they ceage@ddvance immediately once
lava supply was terminated, or that their finalggmnwas limited by cooling rather
than volume. The Gréatz numbers ) Glerived from the Pinkerton and Sparks
(1976) model for six of the 1954 lavas (Table 4.4 significantly greater than
the critical G defining cooling-limited flow lengths (300 to 1QGhdicating that
the length of each of these lavas was controlledvélyme. In contrast, the
Pinkerton and Wilson (1994) model determined that tivo longest 1954 lavas
[30" June (Bn) and 1BAugust (F)] would reach a, ®f 300 in less time than the
estimated emplacement duration of these two floliable 4.10), implying that
these flow lengths were limited by cooling ratheart by volume and conflicting
with the evidence indicated by the drained flowretel of the 18 August (F)
lava flow deposit. However, if the length of cogjthmited lava flows are defined
by the lower critical G of 100, then none of the six 1954 lavas would have
reached the critical Gwithin their estimated emplacement duration, iatig

that each of their flow lengths were limited by wale.

These conflicting results may be due to the use@dn flow deposit dimensions
(width and depth), which, as discussed previouslgy not accurately reflect the
dimensions of the 1954 lavas. In particular, theameepth of the I8August (F)

lava was difficult to quantify due to the drainedximal zone flow channel, the
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elevated marginal levees, and the markedly lowetrakflow channel surface of
the medial zone. Additionally, the basis for thigical Gratz number (300 to 100)
is derived entirely from empirical data for basaltavas (e.g. Pinkerton and
Sparks, 1976; Hulme and Fielder, 1977; Pinkertod Afilson, 1994), with no
supporting analogue or mathematical data. Thergeftrés possible that the
calculated Gratz numbers do not accurately refieetrole of cooling- versus
volume-limiting factors in controlling the lengtb$ the 1954 lavas. Alternatively,
although the estimated emplacement duration folh ed¢he 1954 lavas is based
on a combination of reported flow velocities, ahé time and distance of flow
advance from the vent (Gregg, 1956), there is sdeggee of ambiguity in these
estimates, which may account for the contradicbhetween the calculated Gratz
numbers derived from the Pinkerton and Sparks (.88 Pinkerton and Wilson
(1994) models for the 30June (B) and 18August (F) lavas.

Surface Cooling

With the cooling-limited lavas defined by Guestal. (1987), effusive activity

and lava flow advance continues for a sufficienduggh time to allow significant
cooling of the flow surface and lateral margins docur. Although cooling

increases lava viscosity and yield strength, i aisomotes the growth of a chilled
crust on the flow surface. As the mechanical stiengf the cooling crust

increases the flow front thickens, reducing flowloegy to zero, and thereby
prohibiting further flow advance even if the suppliylava from the source vent
continues. Consequently, this will either resultflow thickening throughout a
significant portion of the flow length, superpasitiof a new lava flow on top of
the earlier cooled flow deposit, episodes of ovillrep breakout of hot lava from

the interior core of the flow through the cooleddes or flow front (boccas)
Guestet al. (1987).

The effects of cooling on lava viscosity and yialdength have already been
discussed; however, more recent research has fbousethe role of surface
cooling and the mechanical strength of a cooledasarcrust in determining
emplacement dynamics, morphology, and the finagtlenof the flow (e.g.

Griffiths and Fink, 1993; Lymaset al., 2005; Lyman and Kerr, 2006; Kerr and
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Lyman, 2007). In most lava flows, cooling duringvil emplacement is confined
to a thin, partially solid, partially brittle carape on the top surface of the flowing
lava which deforms in response to flow conditioiffiths and Fink, 1993).
Griffiths and Fink (1993) use the example of pilltava formation, in which at
irregular, short-lived intervals hot lava breaksotilgh the otherwise strong,
rapidly chilled crust, to show that a cooled, sifikdl surface crust plays a
dynamic role in controlling the spread of lava. fnesence of a surface crust will
act to insulate the interior core of the lava fltm radiative heat loss, except
where fractures in the crust expose the inner ttmagnificant heat loss (Baloga
et al., 1995). Insulation of the flow interior preventpid cooling of the lava,
minimising any significant downflow changes to laxscosity and yield strength,
although this will primarily depend on the growtte and integrity of the surface
crust. Borgia and Linneman (1990) suggest thatdytinually modifying the
distribution of lateral and vertical shear stresthiw the lava flow, the cooled
surface crust actively controls dynamic flow praess including flow front
velocity, levee formation, and the formation of gmere ridges on the flow
surface. Additionally, Kilburn (1993) attributes eththealing’ time of crust
fractures to the manner of flow advance. For examglbw healing times reduce
the strength of the crust and its ability to inflee the behaviour of the flowing
lava beneath the crust, resulting in a steadyaftiow advance largely governed
by the dynamics of the flow interior. Converselglatively fast healing times
result in varying degrees of crust integrity ancersgth, and, because a strong
solid crust restricts the advance of the underlyiaglava, the flow rate fluctuates
between alternating episodes of fractured and soiigt over time; thus flow

advance is dominated by crustal resistance.

Griffiths and Fink (1993) determined that whereusibn rates are high and/or
cooling rates are low, a large solid crust forma greater distance from the vent
than with low effusion rates and high rates of cuapl They conclude that the
cooled surface crust is the dominant factor in ioggurther flow advance when
the crust reaches a critical thickness; which cconhen “the ratio of crust
thickness near the flow front to flow length is @pier than the ratio of the crust’'s
yield stress to the basal shear stress exerteldeobuik of the flow” (Griffiths and
Fink, 1993, p701). The depth of the surface crustha flow front grows
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diffusively as a function of time and the thermdfusivity of the lava (Griffiths
and Fink, 1993), although a thin chilled crust ndgyelop on the surface of the
flow channel within tens of minutes to a few ho@ssp and Baloga (1990).
Therefore, a combination of effusion rate, duratdreffusive activity, and flow
emplacement duration are the major controls ongtiosvth and strength of the
surface crust and its subsequent ability to corftoal advance.

Using the Lyman and Kerr (2006) theoretical flowesgmling models, Kerr and
Lyman (2007) demonstrated that the strength of shdace crust was the
dominant factor determining the final length of ##88-90 Lonquimay lava flow.
However, the Lonquimay lava is andesitic in compasi(~ 58 wt. % SiO2), and,
because of a very low crystal content (< 1%), wetemined to have had no
internal yield strength. The Lonquimay lava flowadced for ~ 330 days with an
overall mean flow velocity of ~ 33 ni*hand a flow front velocity range of ~ 152
to 1.3 m A (Naranjoet al., 1992; Kerr and Lyman, 2007). The relatively low
mean flow velocity and long flow emplacement dunativould have enabled the
growth of a well-chilled, strong surface crust, ahhivould subsequently have had
a major influence on flow advance. In comparisdre 1954 basaltic andesite
lavas are less silicic in composition, and were lewgxl over considerably shorter
duration times (~ 2 to 48 hours) and at greatamestd mean flow velocities
(~ 100 m H") than the Lonquimay lava; thus, the rate of capkmd subsequent
strength of the cooling surface crust would beificantly lower.

Based on the predictive models of Lyman and KedO@ and Kerr and Lyman
(2007), propagation of the three longest 1954 1444sJune (A), northern 30
June (Bn), 18 August (F)] is more closely predicted by a spregdiegime in
which surface crust strength is the dominant fa¢k@n by viscous or viscoplastic
flow spreading behaviour (Figs. 4.5 to 4.7). Howevke predicted surface crust
strength regime generally overestimates flow pragiag up to the final two to
six hours of emplacement, strongly suggesting sliatace cooling was not the
dominant factor limiting flow advance; although tkarface crust may have
developed enough strength to limit flow lengthhe final stages of emplacement.
The estimated propagation patterns of these tt884 thvas over time are derived

from reported flow velocities and relatively ambogis estimates of the distances
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the lavas had reached from the vent (Gregg, 198&refore, depending on the
degree of accuracy in these estimates, it is plesthilat actual flow propagation
may more closely resemble the predicted patterthefsurface crust strength
regime. However, the duration and flow velocitidstie initial stages of flow
advance over the steep upper slopes of the codethansubsequent reduction in
flow velocity on shallower slopes is reasonablylveenstrained for the"June
(A) and 18" August (F) lavas, and it is during these initi@ges of flow advance
that the predicted spreading of these flows indinéace crust strength regime is
most greatly overestimated. Additionally, timesitu measured flow front depths
of the three 1954 lava flow deposits are signifigagreater than the maximum
depth at which the calculated surface crust sttemfteach lava flow could
effectively prohibit further flow advance (Tablel14); conflicting with the
apparent correspondence of predicted flow spreaditige surface crust strength
regime with the estimated flow propagation patwurnng the final stages of flow

emplacement (Figs. 4.5 to 4.7).

The Lyman and Kerr (2006) surface crust strengthilehassumes that a solid,
unfractured crust grows during flow propagationgevdas, if the crust is fractured
its strength, and therefore ability to control fledvance, would be compromised.
The markedly autobrecciated deposits of the 19%4dslge.g. Figs. 3.1 to 3.3)
indicates that flow surfaces were highly fracturguhssibly throughout the
duration of flow emplacement. However, if the sg#nof the surface crust was
lower than the calculated values for each of theetl1954 lavas (Table 4.11), the
surface crust strength model should underestimatieer than overestimate flow
propagation because flow advance should theoristidsd faster without the
constraining influence of a strong surface crusterestingly, the predicted
spreading behaviour of lava with a greater crustngtth value (10 Pa) does
underestimate flow propagation of th® dune (A) and 18 August (F) lavas for
most of their flow lengths (Fig. 4.7); althoughthis crust strength flow advance
iIs more accurately predicted during the initiagst of flow emplacement. Thus,
it is possible that a cooling surface crust witlsteength of ~ 19 Pa initially
controlled flow advance, but that subsequent fraogureduced crust strength,
diminishing its ability to influence continued flopropagation. However, tha

situ measured flow front depths are more comparabll@éomaximum depth at
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which this greater surface crust strength couléatffely prohibit flow advance

(Table 4.11), implying that the surface crust maimed its strength throughout
the length of the flow, which is not reflected hetpredicted propagation models
for this crust strength. Additionally, the highwovelocities reported on the steep
upper slopes of the cone would result in slow caplrates, precluding the
development of a surface crust strength of thismtade during the early stages
of flow emplacement. Furthermore, a crust stremgth® Pa is more comparable
to the surface crust strength of fractured sildenes (Ilverson, 1990), and is two
orders of magnitude greater than the expected atrsngth of basaltic to

andesitic lavas (Blake and Bruno, 2000). It therefgeems unlikely that surface

crust strength was the main factor controllingldregth of these lavas.

Another limitation of the Lyman and Kerr (2006) ilospreading prediction
models is that in analogue experiments PEG/kaolurriss were released
instantaneously, and therefore the models assumgic but steady effusion rate.
In modelling the 1988-90 Lonquimay lava, Kerr angran (2007) expanded the
model equations to incorporate the effect of anoeeptially decreasing effusion
rate. This technique was not applied to the pradict954 lava flow spreading
regime models because the available data sugdestseffusion rate did not
decrease exponentially over flow emplacement dumatinstead, assuming both
the estimated flow propagation patterns (Figs. t6.51.7) and estimated flow
deposit volumes (Table 2.1) are reasonably accuettesion rate appears to have
been relatively high, although variable, during tlearly stages of flow
emplacement, followed by a steadily decreasingfatéhe remainder of the flow
emplacement duration (Fig 4.8). A relatively undie&ffusion rate during the
early stages of flow emplacement would accounttlier overestimation of flow
propagation predicted by the surface crust stremgtidel, indicating that the
length of the 1954 lavas was more likely to haverblemited by lava supply (i.e.

volume) rather than by surface cooling.

The volume- and cooling-limited flow morphologiessdribed by Guestt al.
(1987) are comparable to the Kilburn and Lopes9)<classification of arterial
and compound flows, with volume-limited lava floworphology coinciding with

that of arterial lava flows, and cooling-limitedsés akin to compound lava flow
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morphology. In agreement with the factors contngilthe development of arterial
and compound flows (Walker, 1972; Blake and Bri2@)0), Gueskt al. (1987)
conclude that short duration, high effusion ratsdtto produce volume-limited
flows, whereas low effusion rates over long duraiare more likely to produce
cooling-limited lavas. Although, most of the 19%#va flow deposits do not
display evidence of flow channel drainage, the rholpgical characteristics of
the 1954 lavas are otherwise consistent with thoiserolume-limited lavas,
implying that final flow length was predominatelgnited by the cessation of lava
supply rather than by cooling of the lava, and sufipg the previous evidence for
high effusion rates.

5.2.4 Controlson Lava Flow Surface Features and Textures

Lava Flow Surface Features

Pinkerton and Sparks (1976) observed that promidemee and channel
morphologies developed in the 1975 Mount Etna lataslatively higher rates of
effusion (e.g. > 0.002 frs?) than those with less pronounced levees and channels
This is a considerably lower effusion rate tharsthoalculated for the 1954 lavas
(Tables 4.7, 4.9), therefore it should be expethed all of the 1954 lava flow
deposits would display channel and levee morphekghs this is not the case,
the implication is that either the calculated eiffusrates for the 1954 lavas are
markedly overestimated by the Hulme and Fielde7 {}9nodel or that effusion
rate is not the major control on the development cbbnnel and levee

morphologies.

Gregg and Fink (2000) observed in PEG analoguerampets that at any given
slope angle, effusion and cooling rates were the tmajor controls on the
development of flow surface features. Four distimcrphologies, characterised
by different rates of effusion and surface coolidgveloped during these
simulations. For example, at the lowest effuside end highest cooling rate, the
PEG deposits formed morphologies comparable willovpilavas, while rifted

and folded flow morphologies developed at progkesgi increasing effusion

rates and decreasing cooling rates. In folded floovphologies, the surface of the

deposit developed a series of folds perpendicutarthie downstream flow
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direction, with the distance between each fold @lewgth) typically consistent
on all slope gradients. Although slope angle did cantrol fold wavelength,
surface folding occurred at increasingly greatestasices from the source vent
with increasing slope angle. Additionally, fold séended not to span the entire
flow channel width on shallow slopes (~°1dr less); instead, two or more fold
sets developed across the channel width, which segrarated by a linear zone of
uncooled liquid. At the highest effusion rate andiést cooling rate PEG flows
formed levee and channel morphologies, althouglsome cases of very high
effusion rate and very low cooling rate, flow defshowed no evidence of
solidification at the lateral margins. Folding dfet flow channel surface also
tended to develop on leveed flows advancing overbotal surfaces, while small
lobes or pillows often formed at PEG flow margins shallow slopes<(30°)

associated with lower flow velocities (Gregg andi-i2000).

The surface features of the™8ugust (F) lava flow deposit are comparable to the
leveed flow morphologies described by Gregg and F2000). For example, the
elevated marginal levees and drained central floanoel in the proximal zone of
the flow deposit (Fig. 2.28), while the multi-toedture of the flow front (Fig.
2.34) may correlate to the lobe or pillow morphadsgassociated with shallow
slopes and low velocities. Additionally, the lovweehtion ridges observed within
the central flow channel of the medial zone (Fig92) coincide with a marked
reduction in slope angle from an average of < 88~ &; comparable to the
multiple surface fold sets that developed withire@y and Fink’'s (2000) leveed
PEG flow deposits on shallower slopes. The sinilasf these features with the
morphologies described by Gregg and Fink (2000)iesphat this lava flow was
emplaced under conditions of both high effusiorerahd low cooling rate,
although the surface folding and multi-lobate fltnent morphologies appear to

be simply the response of the lava to the redulmgsksangle.

Fink and Fletcher (1978) proposed that surfaceirigldoccurs due to the
compressional force imposed on the flow surface nwhew front velocity is
reduced compared to upstream flow velocity. A réidacin flow front velocity

may be caused by increased viscosity due to cqalregdevelopment of a brittle
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surface crust, or a topographic obstacle. A markeeliction in slope angle will
also significantly reduce flow front velocity, wihicis consistent with the
relationship between slope angle and the developofesurface folding observed
by Gregg and Fink (2000). Gregg al. (1998) agree that surface crust
deformation is the result of compressional forasiag that fold wavelength is a
function of both the extent and duration of appleampressive stress. Thus,
relatively small fold wavelengths and amplitudesnfoinitially but may be
superimposed by a second generation of folds withatgr wavelengths and
amplitudes if compression continues over a longogeof time, and/or the
magnitude of compressional stress increases. Addily, Fink and Fletcher
(1978) suggest that for folding to occur, the vatogradient of the lava must
decrease rapidly from the flow surface to depthstbooling of the lava surface
also influences folding. Fold wavelength therefdepends primarily on the ratio
of the viscosity at the surface to that of therioteof the flow. Gregget al. (1998)
also suggest that fold wavelength may be propaatitmcrust thickness, which in
turn is controlled in part by lava composition, diwethe relationship between
viscosity and velocity on cooling rates. Therefdodd wavelength will vary
between lavas of different compositions, and w#l dmall in basaltic lavas

relative to silicic lava flows (Gregg al., 1998).

The highly autobrecciated surface of the 1954 |8eav deposits precludes
evidence of the first generation, small wavelergtid amplitude fold sets, more
typically found on ropey pahoehoe flow surfaceskFand Fletcher, 1978; Gregg
et al., 1998). The fold wavelengths on the surface eftd’ August (F) lava flow
deposit range from 7 to 21 m on the northern f@t and 5 to 13 m on the
southern fold set, averaging ~ 12 and 9 m respagtiMable 2.2). Although fold
amplitude is more difficult to quantify, trough dbp typically range from 0.5 to
3.7 m, trending towards greater depths on the lekvsade of each fold,
particularly within the southern fold set (Tabl@R.These surface folds appear to
involve a large proportion of the flow channel depwith the base of some
troughs possibly extending to the substrate ingdasuggesting that either the
surface crust at this location was relatively daeg/or that compressional forces
were relatively large. As well as coinciding withnaarked reduction in slope

angle, the surface folds of #8ugust (F) flow deposit may also be associated
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with the presence of the southern end of the Pukieka ridge immediately
downflow from the position of the folds. Flow fromelocity is known to have
reduced markedly from ~ 360 o ~ 9 m R once the flow front had reached
the Pukekaikiore Saddle (Gregg, 1956), therefdre,dombination of the slope
break and the topographical obstacle created by tikekaikiore ridge may have
acted to both reduce flow velocity and apply coesattle compressional stress to
the flow surface as new lava continued to flow dslpe at high velocity behind

the flow front.

Levee and channel flow surface morphologies ar® alsnsistent with the
conditions under which single, arterial lava flo@slburn and Lopes, 1991) and
volume-limited lavas (Guest al., 1987) are formed, i.e. high effusion rates over
a relatively short duration. Although these featul@e not evident on the
remaining 1954 lava flow deposits, the lack of dified flow margins at very
high effusion rates and very low cooling rates ire@g and Fink's (2000) PEG
analogue experiments may explain the apparent ebsehchannel and levee
features at these flow deposits. Conversely, Baigsh (1983) suggest that levee
formation coincides with a lateral increase in badeear stress from the flow
centre to the outer flow margin, and thus, if fooll forces at the flow
base/ground-surface interface are low, lateral rsheteess gradients cannot
develop and the lava will propagate by slidiag masse as a single entity,
precluding the construction of lateral levees. Rgation of lava flows by sliding
generally occurs on steep slope gradients, for pi@nthere is evidence of flow
sliding in some pre-historic Arenal volcano lavaspéaced down slopes of ~ 35
to 38 (Borgiaet al., 1983). The proximal zone of 1954 lavas were ecgd over
an average underlying slope of ~4er the first ~ 400 m, which may suggest
that the flows initially propagated by sliding dosiope. However, as discussed in
the following section, the low basal friction artear stress rates associated with
sliding of the lava would preclude the developmeainthe autobrecciated surface

textures characteristic of the 1954 lavas.

A combination of effusion rate, slope gradient alidation of lava supply appear

to be the major controls on the development of inolqgical surface features,
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although cooling, increased viscosity and topogiahbarriers may also have
some influence in the development of these features

Lava Flow Surface Textures

The medial to distal regions of the 1954 lava fld@posits are characterised by
markedly autobrecciated a’a surface textures (Bigs. 3.1 to 3.3). Hobden
(1997) notes that the majority of Ngauruhoe laviapldy a’a textures throughout
the length of the flow deposits; although the authtso observed a textural
transition from pahoehoe to a'a on the surfacessahe thin, pre-historic
Ngauruhoe lavas on the upper slopes of the conaes,Tdlthough there is no
evidence of pahoehoe surface textures at the meddibtal regions of the 1954

lava flow deposits, such a transition may have oecuproximal to the vent.

The factors contributing to the transition of béisdlvas from pahoehoe to a’a
surface textures have been well debated (e.g. HUl®8#&4; Peterson and Tilling,
1980; Kilburn, 1990; Kilburn, 1993; Kilburn and Gaig 1993). Hulme (1974)
attributes the ratio of surface tension to yielesgith as the primary control on
the development of the autobrecciated texturesc#ypof a’a lavas. Surface
tension keeps the lava flow surface smooth, adiingestore distorted surfaces
when surface tension exceeds yield strength. WYietd strength is greater than
surface tension, distorted surfaces cannot bersgstoesulting in fragmentation
of the cooling surface (Hulme, 1974). However, othesearchers propose that
shear stress has a greater control on surfaceufirgagtthan tensile stress. For
example, Kilburn (1990) suggests that the structfréhe lava flow surface is
dependant on both the rheological resistance tw #dvance and the degree of
shear stress the flow surface encounters. Thusrfacsucrust that is able to
deform without fracture until its strength excedlds shear stress remains intact;
whereas, when shear stress is considerably grigwterthe strength of the crust,
the surface crust fragments forming a’a flow swféextures. Deformation of the
cooling surface crust results from crustal resistato the flow advance of the
underlying, hot lava (Kilburn, 1993; 2004). Kilbu(h990) also demonstrated that
in Mount Etnean lavas pahoehoe and a’'a surfaceresctoften develop at the

same time across the width of a flow channel. Tiesdifferences in shear rate
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across the flow channel are the main conditionsptong the development of the
two textures; with pahoehoe textures forming inaeg of low shear rates and a’a
textures at regions of high shear rates, for examaplthe lateral margins of the
central flowing channel (Kilburn and Guest, 199R)erefore, for autobrecciation
to occur throughout the flow deposit, high shesrsst rates must exist on a large-

scale across the entire width and length of the 8arface.

Kilburn and Guest (1993) suggest that downflow ¢fegnin surface texture (i.e.
from pahoehoe to a’a) reflect the influence of bstinface rupture and cooling
processes on the lava because, as the surfacdatsistresh hot lava is brought
to the surface to cool. Continued surface coolingnmmtes crustal thickening
downward towards the hot interior of the flow satthalthough the core is
thermally insulated by the crust, the new matebabught the surface is
increasingly cooler downflow as the depth of thefaste crust increases.
Therefore, larger fragments of surface crust aetfired resulting in the observed
transitional changes from pahoehoe to cauliflowarta rubbly a’a textures with
distance downflow. Additionally, the rate at whslwrface crust fractures can heal
has a significant influence on the development 'af surface textures. Thus a
combination of high deformation and low coolingeateads to a slow healing

rate and subsequent widespread crustal fractutieuii, 1993).

Guilbaudet al. (2007) observed that the downflow increase itdystrength and

viscosity of the 1783-84 Laki lavas may have cdotied to the rubbly

appearance of the pahoehoe surface of these Bwasarly, Peterson and Tilling

(1980) note that viscosity, shear stress and tie o& shear strain are the
dominant factors controlling the pahoehoe-a’'a ftaoxs and suggest that as
viscosity increases, the critical value of shedouteation rate for the pahoehoe-
a’a transition to occur decreases. However, thdeeee presented previously
strongly suggests that both the yield strength @aling rate of the 1954 lavas
was relatively low. Additionally, although it hasdén demonstrated that the
viscosity of the 1954 lavas increased downflowre¢he no evidence of a textural
transition within the medial to distal regions dfetflow deposits, where the

greatest increase in viscosity would have occurred.
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External factors, such as sudden changes in slogle,aflow direction, channel
width or obstacles within the channel can also mtensurface crust fracturing by
disrupting the streamline of the flow (Crisp andldg8g, 1994), and therefore
contributing to the distribution of different shesiress rates within the flow. For
example, pahoehoe lava is commonly observed togehabruptly to a’a when the
flow encounters a marked increase in slope angi¢e(Bon and Tilling, 1980).
Similarly, Ball et al. (2008) observed that widespread crustal frachaoeirred on
steeper slopes due to gravitational stretching @ading of the crust during
emplacement of recent Kilauean lavas. Kilburn (308émonstrated that the
pahoehoe-a’a transition is directly related to slapgle, flow depth and velocity,
in that as slope angle decreases, the maximumdipth and velocity at which
textural transition occurs increases. The developnté a’a surface textures
requires conditions of persistent failure, whicle arltimately related to the
relative thickness of the flow interior and thefaae crust. Additionally, there is a
maximum velocity at any given slope angle at whlakias can maintain a
pahoehoe flow surface, which increases as slopke alegreases. Therefore, a'a
surface textures will develop under conditions @fhhvelocity and slope angle
and at relatively shallow flow depths (Kilburn, 200 Gregg and Fink (2000)
demonstrated in analogue experiments that for amgngeffusion and cooling
rate, there is a critical slope angle beyond witheéhsurface crust of the PEG flow
deposits become continually disrupted due to gativital force. Additionally,
Pinkerton and Sparks (1976) observed that the aface textures of the 1975
Mount Etna lavas tended to be associated with bifksion rates, whereas low

effusion rates resulted in the formation of pah@ebarface textures.

The relationship between high rates of strain amblaecciation may also be
confirmed by the work of Andersaat al. (1998) who found that high strain rates
and associated rapid effusion rate promoted mardkadtal fracture of silicic
lavas, resulting in the generation of relativelyadirblock/clast sizes at or near the
source vent compared to the larger slabs produgddvier effusion and strain
rates. Thus the distribution patterns of block atabkt sizes along lava flow
deposits will reflect the conditions of shear sdremd deformation during flow
emplacement (Andersod al., 1998). The distribution of clast sizes observed

within the 1954 lava flow deposits is strongly sesfiye of variable shear stress
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rates within the lava flow. For example, at thedat margins of the flow deposits
clast sizes are relatively small and uniform andiviual clasts consistently

display sub-rounded morphologies, indicating retdsi high shear stress rates
(Fig. 3.2). Conversely, large, irregular-shapedstslaand a wider range of clast
sizes are prevalent on near the centre of flow mblasurfaces (Fig. 3.3A),

suggesting lower shear stress rates in this regfitme flow.

Although the combination of high effusion rate dod cooling rate over steep
slopes appear to contribute to the formation ofsaigace textures, according to
Gregg and Fink (2000) these conditions would peelthe development of the
prominent levee and channel morphology of th& ABgust (F) lava flow deposit.

It appears, therefore that the combined effectteéps slope gradients and high
shear stress rates were the dominant factors damgrohe development of a'a

surface textures on the 1954 lavas.

5.31954 LAVA FLOW EMPLACEMENT DYNAMICS

It has been demonstrated that a range of parancatensifluence the morphology,
geometry and texture of lava flows, both as domtia&a as contributory controls.
The diversity in length, morphology and surfacetdess of the 1954 lava flow
deposits suggest that the controls on flow emplacermay have differed for
each of these lavas. However, flow deposit chanatiess of individual lavas at
relatively equidistant regions from the crater @ne reasonably comparable, for
example flow width changes occur at approximatbl same distance from the
vent in both the 14 July (Dc) and 18 August (F) flow deposits. This suggests
that emplacement of each of the 1954 lava flows e@drolled by the same
conditions at any given distance from the vent, #mat it was the dominant
controls on flow emplacement that changed withaticse from the vent. This
scenario is particularly relevant to the rheolobgpaperties of the 1954 lavas, i.e.
viscosity and vyield strength, which, given the tiekely homogeneous
geochemical composition between individual flow aEfs, are assumed to have
been the same for all of the 1954 lava flows, astienitially. Consequently, the
changes in rheological properties as the lava floasled should result in an

increased influence on flow emplacement as theslaadvanced to greater
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distances from the vent. The flow emplacement dyosiof the 1954 lavas can
therefore be related to specific zones of increpslistance from the crater rim,
i.e. proximal, medial and distal zones, charaateriby both the pre-existing
environmental conditions and the dominant condsaon flow emplacement

within each zone (Fig. 5.4).

5.3.1 1954 L ava Flow Genesis

Effusion rate appears to have been one of the mapotrols on the flow
morphology, geometry, and surface features andutestof the 1954 lavas.
However, much of the supporting research is gelyeralated to the direct,
quiescent effusion of lava from a source vent sgure onto the receiving surface
on which the flows are emplaced. Conversely, tliesefe activity of the 1954-55
Mount Ngauruhoe eruption was associated with intéent, vigorous fire-
fountaining episodes, producing both lava flows a@ndcoria cone at the vent
(Gregg, 1956), which may have contributed signifibato the emplacement
dynamics of the 1954 lava flows.

Fire-fountain Dynamics

Fire fountains produce a variety of deposits, tinecture and nature of which is
dependant on effusion rate and volatile conterthefmagma. Volatile content is
considered to be the dominant factor determinireghisight of most fire-fountains

in basaltic eruptions (Head and Wilson, 1989), alth vent dimensions and
architecture are also contributing factors. Fomepia, in theory, given the same
vent conditions, effusion rate and conduit pressgradients, a volatile-free

basaltic magma would produce a small fire-fountaithe range of centimetres to
tens of centimetres in height; whereas a basaligma containing ~ 0.4 wt.%
exsolved volatiles is expected to produce a founta00 m height (Head and
Wilson, 1989). The volatile content of the 1954dawas estimated at ~ 0.4 wt.%,
and episodes of continuous fire-fountaining werngorted to reach heights of
~ 300 m, with some fragments reaching ~ 760 m h€i@hegg, 1956), suggesting
that either volatile content was greater than esoh or that the vent diameter
was less than the 3 to 6 m theorised by Head andowi(1989); although
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additionally this theory applies to basaltic latlagrefore the marginally greater
silicic composition of the 1954 lavas may also hanleienced fountain height.

The nature of the deposits produced by fire-founigi activity is controlled by
two factors: the local temperature of individuadsts on deposition, and the clast
accumulation rate, both of which are strongly delsenm on gas content and
effusion rate. Volatile content controls the degoééragmentation of the magma
as it leaves the vent and therefore clast sizeerangl distribution within the
fountain. This in turn determines the density, &edice opacity of the fountain
and therefore the temperature and cooling rateigmadvithin the fountain
structure (Fig. 5.5). Therefore, at a fixed effusrate, increasing volatile content
acts to decrease clast size and enable wider dapef the clasts, thus density
and opacity are reduced, cooling rates increasd, tamperature decreases.
Conversely, at a constant volatile content, thetctize and dispersal pattern is
fixed but increasing effusion rate leads to inceglaslast density and therefore

increased clast temperature and decreased coalieg) (Head and Wilson, 1989).

The nature of the deposit formed during fire-foumtvents is determined by the
relationship between the temperature of individelakts on deposition and the
rate of clast accumulation. Clast temperature awcduraulation rate are
determined by the distance that clasts are depo&iten the vent, which is

primarily controlled by fountain height, so thatasi temperature and
accumulation rate decrease with increasing depaosiistance from the vent. The
majority of clasts remain within the centre of fleentain structure (zone 1, Fig.
5.5), settling at the fountain base at high ratésaaumulation. This rapid

accumulation of hot, fluid clasts either inhibits fignificantly reduces cooling
rates, leading to coagulation of individual clastdorm either a lava pond at the
base of the fountain or an immediately advancing Row. Additionally, ponded

lava may also eventually overflow the lower elevatsites on the crater rim to
form a lava flow. At lower temperatures (but notnguetely chilled), rapid

accumulation rates produce welded spatter depositereas low rates of

Fig. 5.4 (next page) Summary diagram indicating the primary and other controlling factors
on 1954 lava flow emplacement processes within zones characterised by increasing distance
from the vent.

202



€0¢

S

FIRE FOUNTAIN

VENT TO CRATER RIM

PROXIMAL ZONE

MEDIAL ZONE

DISTAL ZONE '

Mot to scale

|:| 4th June (&) |:|3Dth June (B) |:|8-13th July (€

4th July (D) Dzammw@

Increasing: viscosity, crystal content, yield strength, surface eooling

Dmth fug (F)

Decreasing: temperature, volatiles, velocity, slope angle

FLOW
PROCESSES

Fire-fountaining

{

Directional flow emplacement {

Single, unit flows

) Constant flaw width maintained

Surface autobrecciation

Flow cessation }

Flow channel drainage

Flow widening & thickening

Flow bifurcation & multiple
lobe formation

Surface falding {15th August lava)

.. Flow cessation

Flow narrawing
Multiple lobe formation

Flow front widening

Flow cessation

16th Sept (5] D1Bth Sept (H)

{

PRIMARY
CONTROLS

Effusion rate
Wolatile content

Crater floor slopeftopography

Effusion rate & duration

Slope angle

Basal shear stress due to
slope angle, velocity

Termination of lava supply

Slope angle
Reduced welocity

Topography
Compressional stress

Termination of lava supply

Topography
Slope angle

Termination of lava supply

|:| th Sept (1)

OTHER
CONTROLS

Conduitvent architecture

Asymmetric fountain profile

Scoria cone wall breach

Effusion rate

Low yield strength

Low viscosity & yield strength

Slope angle, velocity,

lowy wiscosity

Topography
Compressional stress
Low yield strength

Surface cooling

Reduced velocity

Increased viscosity

Slope angle

Low yield strength

Reduced velocity
Increased viscosity

a

UoISSnois1



Chapter 5

accumulation results in relatively plastic, poonglded scoria and spatter
accretions. Accumulation of cold clasts at any pteluces an accretion of brittle
scoria, resulting in the formation of unwelded s&aand spatter bombs. The
overall fire-fountain structure is typically symmieal, although depending on
wind velocity and direction the fountain may deyelan asymmetrical profile,
with smaller, cooled clasts preferentially disttdad downwind of the fountain,
while coarse, cooled clasts persist on the upwidd ef the fountain structure
(Head and Wilson, 1989).

Fig. 5.5 Fire-fountain in Hawaii showing thermal and clast density gradients (dashed lines
denote gradient boundaries) within the fire-fountain structure. Clast density, opacity and
temperature decrease, cooling rates increase, and clast accumulation rate decreases from
zone 1 to zone 4. Adapted from Head and Wilson (1989).

1954-55 Scoria Cone Construction

Construction of the 1954-55 scoria cone on the swirmmMount Ngauruhoe is
reported to have begun with an episode of vigoffinesfountaining on the 4
June 1954 (coinciding with emplacement of the fostthe 1954 lava flows),
which formed a broad, intact dome of accumulateatiadn the south-western
sector of the main summit crater. By thé"3une (coinciding with emplacement
of the second lava flow) the scoria cone was es#ichto have grown to ~ 30 m
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height above the original crater floor, but hadried a horseshoe-shape around
the vent due to a breach in the western wall. By1#" August the scoria cone
had grown to approximately 6 m lower than the easten of the original crater,
and completely encircled the vent, although a shalbreach remained in the
western wall. A secondary vent was observed omwibstern rim of the scoria
cone in early September, with continued lateral ertical growth of the cone to
~ 6 m higher than the pre-existing eastern rim BY $September. By the end of
October the scoria cone had covered the originathneestern crater rim,
integrating the sloped wall of the scoria cone itk main slopes of the mountain
(Gregg, 1956). Pyroclastic deposits, includingllg@sh and agglutinated spatter
produced during the 1974-75 Ngauruhoe eruption lsabsequently been added

to this scoria cone (Krippner, 2009).

There is considerable lateral and vertical varratio the nature of the 1954-55
scoria cone deposits, ranging from non-weldedtlérgcoria to densely welded
and/or agglutinated spatter deposits, with somelezie of both fluidal and
angular clast morphologies embedded within thesgker, 2009). The vertical
variability in the nature of these scoria cone dggoindicates that clast
temperature and accumulation rates varied througiioe: 1954-55 eruption,
suggesting changes in fire-fountain height due ltectdiating effusion rates.
Additionally, lateral changes in the degree of weddand agglutination strongly
suggest an asymmetric fountain structure, wherdehatlasts preferentially
accumulated to one side of the vent, which alsceemyrwith the observed
horseshoe shape of the cone during the early stegie® eruption. Asymmetry
may have been due to either wind direction and oigloor possibly the

architecture of the upper conduit and vent.

1954 | ava Flow Activation

Sumner (1998) distinguishes between the formatiapaiter-fed andclastogenic
lava flows, although both originate with the accletion of coalesced fire-
fountain deposits. Spatter-fed lavas form due ®dbmplete coalescence of the
accumulated clasts and are texturally indistingalidd from lavas that effuse

directly from the source vent. Conversely, clastigdavas may be generated
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from either an accumulation of partially coalesctasts, or by the sudden failure
and subsequent slumping of the agglutinated spd#posits within the scoria
cone wall. Clastogenic lavas are texturally digtisped by the preservation of
individual remnant clasts within the bulk lava fla&posit, with typically only the
deformed, stretched or flattened outline of theioal clast remaining. Although
there is no evidence of remnant clasts within tlegliad to distal 1954 lava flow
deposits, these may be present within the proxnegibns of the flow deposits.
However, the slope of the pre-existing crater fland the potentially asymmetric
structure of the fire-fountain indicate that thés49avas were probably generated
from completely coalesced lava, either directlyldaing accumulation, or as

overflow of ponded lava.

The lava flows emplaced during June and early 1854 most likely formed due
to the coalescence of rapidly accumulated lavheabgse of the fire-fountain. It is
reasonable to assume that these early lavas mag pespagated almost
immediately, initially due to the absence of acclated scoria deposits which
could block their flow path, and later due to thedzh in the western wall of the
growing scoria cone. Additionally, the original sonh crater floor slopes

downwards in a north-westerly to westerly direct{gigs. 1.4D, F), promoting

flow advance away from the vent. The breach inwvlestern wall of the scoria
cone appears to have been partially infilled sometiowards the end of July to
the middle of August, suggesting that the later4lR&as, i.e. end of July to end
of September, were generated in a different marew activation of these lavas
may have occurred in several ways, for examplelesoad clasts may have
accumulated within the scoria cone crater until poaded lava overtopped the
lower walls of the cone on the western rim. Altéively, changes in effusion rate
may have increased fountain height and clast densit that the rapid

accumulation of hot clasts occurred on the crateraf the scoria cone and the
lava flows generated from this point. Similarly, asymmetrical fountain

structure would also result in clast accumulatiartlee rim of the scoria cone.

The sloping crater floor, the breach in the scaome wall, and a potentially
asymmetrical fire-fountain also appear to haveaté®@ the emplacement of the

1954 lavas on the north-western to western slopésgauruhoe. However, with
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the exception of the northern and middIid' 34y (Da and Db) lava flow deposits,
there is a general trend of successive southwaplagement of the 1954 lavas.
The distribution of lateral scoria deposit variagsoindicates changes in the
directional focus of the fire-fountaining (Krippne2009), and therefore possibly
the symmetry of the fountain structure during tbarse of the 1954-55 eruption,
which may have been controlled by either wind dioecand velocity, or conduit
and vent architecture. Fire-fountaining with a dil@nal focus that moved
progressively southward would explain the chronmalgemplacement pattern of
the 1954 lavas, except that not all of the lavavfiavere emplaced immediately
adjacent to the southern margin of preceding fl@pasits. Some lava flows
[i.e. northern 38 June (Bn), 8-18 July (C), 29" July (E), 18' September (G),
26" September (1)] were emplaced over earlier, codlieat deposits, while the
northern and middle of the three™dauly (Da and Db) lava flows were emplaced
to the north of preceding lava flow deposits (RAdh). Emplacement of lava flows
over earlier flow deposits may suggest that theedgishg flow deposits were not
thick enough to direct newly propagating lava flomw/ards separate flow paths.
Alternatively, a deep pond of coalesced lava mayearmed at the base of the
fire-fountain enabling new lava flows to propagater the top of the underlying
flow deposits. Although the 8-13uly (C), 28' July (E), 18' September (G) and
26" September (1) lava flow deposits overlie precedags, each of these flows
also follow the general southerly trend relativeeéeh other (Fig. 2.5), suggesting
that the combined thickness of two superpositiofies deposits probably
precluded propagation of a third lava flow over theme flow path, instead

directing subsequent lava flows towards the south.

The three lava flows emplaced on thd 4ly (Da, Db, Dc) do not conform to the
successively southward flow emplacement trend, witle flow deposit (Da)

emplaced to the north of thé"Qune (A) lava flow deposit, another flow (Db)
emplaced to the south of th® dune (A) lava flow deposit and overlying thé"30
June (Bn) lava, and the third flow (Dc) emplacedniediately adjacent to the
southern margin of the 8QJune (Bs) flow deposit (Fig. 2.5). Because ale¢hr
lava flows were observed to be advancing downskipailtaneously (Gregg,

1956) it is unlikely that an asymmetrical fire-faaim structure could have

directed the emplacement path of all three of tHasas. Additionally, if flow
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path direction was controlled solely by the scaonae wall breach, the activity on
the 14" July would be expected to have produced a largeme, single unit lava
flow. Therefore it is possible that the thred"1ily (Da, Db, Dc) lavas were each
activated under different conditions. For examae, asymmetric fire-fountain
would enable lava accumulation at both the founiba@se, and to a lesser extent at
some distance from the vent along the inclined akihe asymmetric fountain.
Thus, the southern-most of the thred' Ddily lavas (Dc), which does conform to
the southward trend of successive flow emplacenveas, probably generated by
the accumulation of coalesced lava at the fountmse, and the flow path
therefore directed by a combination of the scoaaecwall breach and the depth
of the preceding lava flow deposits. Converselg, ttho northern 14 July flows
(Da, Db) may have propagated following the accutmraof directional fire-
fountain spatter deposits on the north-westernofithe scoria cone and thus their
flow paths would have been controlled primarily the location of accumulated
spatter and the slope angle of the scoria cone Baltause of the fundamental
nature of the fire-fountain structure (Fig. 5.5) tvolume of accumulated clasts at
the base of the fire-fountain would have been gretitan that accumulated at
greater distance from the vent on the scoria coak which is reflected in the
significantly shorter flow deposit lengths of theotnorthern 1% July (Da, Db)
flow deposits compared to the southern (Dc) flopasit (Fig. 2.5, Table 2.1).

5.3.2 Proximal Zone L ava Flow Emplacement

The proximal zone of the 1954 lava flow field exderfrom the source vent to
~ 1660 m elevation (a.s.l.) and is characterisedhlyrelatively gentle slopes of
the pre-existing summit crater floor and the mutdeger slopes of the main
Ngauruhoe cone. All of the 1954 lava flow depositisplay comparable
morphological characteristics within this zone aidlava flows [8-18 July (C),
14" July (Da, Db), 18 September (G), 18September (H), 26 September (I)]

terminated in this zone.

Much of the evidence previously presented indicttas high effusion rates were
a major control on the emplacement dynamics, aedetbre the flow deposit

characteristics of the 1954 lavas, for exampleerimittent episodes of high
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effusion rate controlled the development of singh, arterial flows, as opposed
to a compound flow field. The majority of the 19a&as were probably generated
by the overflow of ponded lava, which implies a @¢inmterval between the
effusion of lava at the vent and the activationlasfa flow advance. Thus, any
time-lag between clast accumulation and the geoeraif a lava flow would
potentially reduce the influence of effusion ratetbe early stages of advance of
the overflowing lava. However, the time intervalua depend on the rate of clast
accumulation which is directly controlled by effoisi rate, therefore the high
effusion rates implied by the 1954 lava flow depokaracteristics would result in
rapid clast accumulation at the base of the figtain structure and a relatively
short time interval between ponding and lava flostivation. Additionally, a
rapid clast accumulation rate would minimise thelicm rate of the coalesced
fragments, thereby maintaining lava temperaturevaswbsity at similar values to
those on eruption of the lava from the vent, andtrdouting to the high flow

velocity rates reported during the early stageffoaf emplacement.

The initial width of the newly propagating lavas yriaave been constrained by
either the slope gradient and topography of theegrsting crater floor, or the

width of the breach in the scoria cone wall. Altively, if the lava flows were

generated from an accumulated spatter pile onitheof the scoria cone, rather
than overflow of ponded lava [e.g. after™8ugust when the scoria cone wall
breach was blocked, or the two northerrd” 1ily (Da, Db) lavas], the outer
margins of the spatter pile may have cooled séffity before lava flow genesis
that the flow width was determined by the coolingnaeter of the accumulated
spatter. Lava flow width remained relatively com$tafter reaching the crater rim
and therefore may have already been fixed priorrdaching this point.

Conversely, if flow width was not fixed until thevas overtopped the crater rim,
and assuming that the initial yield strength of lneas was relatively low and had
no significant effect on lateral flow spreadinge tbombination of high effusion
rate and steep slope gradient was the major coimtrdetermining flow width.

Alternatively, it is possible that newly propagatilava flows were constrained by

pre-existing topographical features on the maipesoof the cone (Fig. 5.3).
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The combination of high effusion rate, high tempem@ and low viscosity
enabled the lavas to reach the crater rim rapidlpwing activation from the
vent, again minimising cooling time. On reaching tbrater rim, the steep
gradient of the main slopes of the cone became jarmantrolling factor in the
emplacement of these lavas. Slope gradient anddeavviscosity were the main
controls on flow velocity during the early stagek flow emplacement, and
subsequently the cooling rate of the lava. The ¢oation of slope gradient and
high flow velocity contributed to the high shearesses within the lava flows,
resulting in high deformation rates compoundedHhwy low yield strength of the
lava. Additionally, high effusion rates promotedowsl healing times, and
subsequent widespread crustal fracture, enablinguérbrecciated a’a surface to
develop during the very early stages of flow emghaent. The combination of
steep slope gradient and high effusion rate aresidered to be a major
controlling factor determining the development cdrginal levees, although the
absence of these features at all but tH& A8gust (F) lava flow deposit implies
that even higher effusion rates were associatet Wie emplacement of the
remaining 1954 lavas. However, Hobden (1997) suggémt the lateral levee
structures of some earlier Ngauruhoe lavas werecnastructed during flow
emplacement but are the cooled flow margins abasdidny the drainage of the
central flow channel towards the distal flow fror@imilarly, Gregg (1956)
observed that marginal levees developed on sewérthle 1954 lavas following
partial collapse of the cooling central flow chahserface. The drained central
flow channel in the proximal zone of the ™M&ugust (F) lava flow supports
Hobden’s (1997) proposal, although there is no eawié of channel drainage at
the remaining 1954 lava flow deposits. Alternatahge low-elevation marginal
levees observed within the medial to distal regiohthe northern 30 June (Bn)
and southern 4July (Dc) flow deposits are compatible with thetja collapse
of a central flow channel as observed by GregggL95 either scenario, effusion
rate and slope gradient would not therefore bentlagor controlling factor on
levee formation, rather flow margin cooling ratedatepth (related to the degree
of basal sheer stress) would determine the devedopwf cooled flow margins;
thus, either the cessation of lava supply, or serf@ooling rate would determine

the presence or absence of elevated marginal levees

210



Discussion

Six of the 1954 lava flows ceased to advance inptiogimal zone [8-18 July
(C), 14" July (Da and Db), 16 September (G), 1B September (H), 26
September (I)], controlled primarily by the terntioa of lava supply from the
vent, rather than by cooling. The steep slope gradand subsequent high flow
velocities associated with these lavas indicatest mplacement duration times
of ~ 0.5 to 7 hours, assuming flow velocities corapé to those reported during
the early stages of thd"4@une (A), 38 June (B) and 8August (F) lavas (0.05
to 0.1 m &, Table 4.8). In particular, the final two 1954 4av{18" (H) and 28'
September (1)] were emplaced within ~30 to 120 r@auminimising cooling
time and implying low lava viscosity and yield stggh throughout the duration of
flow emplacement. Given the steep slope gradiemhaly be expected that these
lava flows would continue to advance after the teation of supply from the
vent. Although there is no evidence of channelrdrigée on these flow deposits,
the proximal zones of these lava flows are obscimedater eruptive deposits,

therefore it possible that some channel drainagedtur.

5.3.3 Medial Zone L ava Flow Emplacement

The medial zone of the 1954 lava flow field exteridsn ~ 1660 to 1580 m
elevation (a.s.l.) and is characterised by a mar&ddction in slope angle and the
presence of prominent topographic features, inomdPukekaikiore ridge and
various low-elevation ridges and depressions. Thaute (A), 14 July (Dc) and
29" July (E) lavas terminated within this zone, while morphological and
surface feature characteristics of th& 30ne (B) and 8August (F) lavas differ
significantly in this zone relative to their respee proximal zone sections.

Two lava flow deposits [1%July (Dc) and 18 August (F)] display significant
widening in this zone, which may indicate an insee@n effusion rate. Although
there was potentially some variability in effusi@te during the emplacement of
each of the 1954 lavas, there is no evidence of fladening within the proximal
zone, suggesting that variations in effusion ratrewassociated with longer
effusive episodes and therefore the longer lengtlad. However, it is unlikely
that a significant increase in effusion rate ocedron two separate occasions to
coincide with both the 4July (Dc) and 18 August (F) lavas reaching the same
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distance from the vent. The increased width of éhte#o lava flow deposits is
directly correlated to the marked overall reductionslope gradient within the
medial zone, indicating that underlying slope angimained a major control on

the emplacement dynamics of the 1954 lavas.

As with the proximal zone, slope angle was the megmtrol on the rate of flow
advance as flow front velocity reduced in respdosthe shallower slope gradient
in the medial zone, promoting an increase in lawsosity and cooling rate;
although any associated increase in the yield gtheof the lava was insufficient
to prevent lateral flow spreading of the™duly (Dc) and 18 August (F) lavas.
The formation of the short, sub-lobes observedatlateral margins of the 30th
June (Bspand 14" July (Dc13 may reflect a reduction in flow velocity as the
lavas reached the medial zone (Figs. 2.19 and 23dectively). Additionally,
lava upstream from the flow front would have conéd to advance at higher flow
velocities on the steep proximal zone slopes resuih a decreasing downstream
velocity gradient. Consequently, high rates of coespional stress developed
behind the advancing flow front resulting in sigreint flow widening and some
thickening at the flow front. Although there is significant increase in the width
of the 4" June (A), and 29July (E) lavas where they extend into this zohe, t
reduction in underlying slope gradient is less redrét the distal margins of these
two deposits. For example the final ~ 100 m ofafiddune (A), and ~ 50 m of the
29" July (E) lavas were emplaced on slopes of ~ 2724nhdespectively, whereas
the widening of the 12 July (Dc) and 18 August (F) lava flow deposits
coincides with a more significant reduction in g@ngle to ~ 14 to°9Thus, the
effect of reducing slope angle on flow velocity wamsiderably less for theé"4
June (A) and 29 July (E) lavas, resulting in a smaller downflowogity gradient
and lower rates of compressional stress at the filomt.

High compressional stress rates controlled the Idpaeent of surface folding
within the flow channel of the 18August (F) lava flow (Fig. 2.29A) once this
lava reached the medial zone. However, although Itlerelief ridges and
shallow depressions on the surface of the widergdldnd of the 1% July (Dc)
lava flow deposit (Fig. 2.25) also coincide withdueed slope angle and the
subsequent reduction in flow front velocity, théfedds’ are generally orientated
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in a downflow direction, rather than the perpent#ictio flow stream orientation
that usually characterises compression-inducedaseirffolding. Additionally,
there is no evidence of surface folding of thé"3ine (B) lava flow deposit
within the medial zone, although this lava was algbject to a reduction in flow
front velocity on reaching this zone. Therefor¢h@ligh the compressional stress
induced by a decrease in slope angle and flow fuahbcity facilitated flow
widening of both the 4 July (Dc) and 18 August (F) lavas, the magnitude of
compressive stress was too low to initiate the &drom of the folded channel

surface at the latter flow deposit.

Widening of the 18 August (F) lava primarily occurs on the northerargin of
the flow deposit within the medial zone, with theughern margin maintaining a
relatively straight path from the proximal zoneg(F2.5). The southern margin is
confined by a pre-existing ridge (Figs. 2.4A, 2.80}his zone preventing lateral
spread to the south, whereas the northern margmains unconfined.
Additionally, because the height of Pukekaikioge reduces markedly towards
its southern distal end, on reaching the base efittge the southern margin of
the advancing flow encountered a lower-elevatioctige of the ridge than the
northern margin. Consequently, considerably greateis of compressional stress
developed at the northern section of the flow fra@mpared to the southern
section, before the flow front thickened sufficignib enable continued advance
over the top of the higher-elevation section of tigge. Subsequently, the high
compressional stress at the northern section offldve front promoted flow

widening behind the flow front on the northern marg

Surface folding of the 8 August (F) lava flow developed ~ 100 m upstream
from the distal end of Pukekaikiore ridge, whiles treported reduction in flow
front velocity also coincided with the lava readhithis ridge (Gregg, 1956).
Furthermore, Gregg (1956) reports that on reacRiukgekaikiore ridge the flow
front thickened over the following eight hours to15 m height, while only
advancing forward a further ~ 80 m in this timewéwoer, the distinct southerly
dip in the flow surface elevation at this pointg2.29A) indicates that the lava
inundated the distal end of Pukekaikiore ridge.wFladvance was therefore

initially obstructed by the increased elevationRafkekaikiore ridge for several
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hours before the increased flow depth enabledate to overtop the distal end of
the ridge, resulting in high rates of compressi®stedss. However, the ability of
the lava to overcome this obstacle suggests tlaftfinient cooling took place to
promote the development of surface folding durihg tnitial stages of flow
obstruction. It is more likely that surface coolitgpk place, to some extent,
following the reduction in flow front velocity anatior to the flow inundating the
ridge. However, significant surface cooling did teke place until the later stages
of emplacement following upstream channel drainagthe proximal zone and
subsequent infilling of the channel downstreamtmnlower slopes of the medial
zone. With the cessation of lava supply, flow véloovould have further
decreased, reducing the ability of the remaindatheflava to overtop the ridge.
This lava pooled immediately upstream from the eéidgromoting surface cooling
and the development of surface folds as the firstiges of lava continued to
compress against the ridge base.

The width of the 30 June (B) lava flow deposit also appears to in&eststhe
distal boundary of the proximal zone, althoughhia absence of well-delineated
lateral flow margins the extent of flow wideningusclear. Evidence of further
widening of the 38 June (B) lava flow in response to the reducedesigadient
of the medial zone is precluded by the sub-divisadrthis lava into multiple
lobes. Additionally, there is no significant widagiof individual lobes associated
with the reduction in slope angle. Instead both finenation and subsequent
width of individual lobes was predominantly conkedl by pre-existing
topographic features; typically the ridges and degions formed by the remnant
levees and channels of pre-historic lava flows. &ample, the lower southern
Bn lobe (BnL-S) is confined by the kipuka on thethern margin (Bn3pand by

a low-elevation ridge on the southern margin (Bn3Bay. 2.5).

The upper lobes overlying the northerri"3une (Bn39Bn404a and the southern
14" July (Dc14) lava flow deposits (Fig. 2.5) may itatie variable effusion rates
during the emplacement of these lavas. These snpesed lobes were neither
mapped as separately dated flow deposits by Gr&g§6j nor described in
previous studies of Mount Ngauruhoe lava flows.(elgbden, 1997; Hobden and

Houghton, 2000), therefore they are assumed to baee emplaced during the
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same dated, effusive episode that generated thepective underlying flow
deposits. The reasonably well-defined contact betwenderlying flow deposits
and superimposed lobes may imply a significant timerval between the
deposition of each correlated flow deposit, whitbbveed sufficient cooling of the
underlying flow deposit to prevent amalgamation tbé two flow deposits.
Additionally, the considerably shorter lengths be tupper lobes compared to
those of their related underlying lava flows suggehat either significantly
greater viscosity, yield strength and/or coolingtleé surface restricted further
flow advance, or that the supply of lava from tlemtvceased relatively quickly
following activation of the overlying lobes at thient. The latter scenario implies
waning effusion rates during emplacement of theeugiohg flow unit followed
by a brief surge in effusion rate towards the ehthe fire-fountaining episode
which generated the overlying lobe deposit. Altézhya the superpositioned lobes
may not be associated with their respective unaeglfiow deposits and instead
represent discrete arterial flow units producedrdudifferent effusive episodes
on unknown dates during the 1954-55 eruption evanthis case, it is therefore
possible that channel drainage may have occurrédeirproximal regions of the
underlying flows following termination of lava sugp but the subsequent
emplacement of these superpositioned lobes eitfited or obscured the drained

channels.

The 4" June (A), 14 July (Dc), 29" July (E) lava flows ceased to advance in the
medial zone as a result of termination of lava suppthe vent. The®June (A)
and 29" July (E) lavas show no evidence of channel dranathough both of
these lavas were emplaced over earlier lava floposits. The increased basal
friction created by the underlying autobrecciatadal flow deposits may have
inhibited further flow advance once flow velocigduced on the shallower slopes
of the medial zone and lava supply ceased. Althahghe is no evidence of a
drained flow channel on the proximal slopes of f#&' July (Dc) lava flow
deposit, the shallow central flow channel evidentards the distal margin of the
flow deposit behind the flow front (Fig. 2.25) mayicate the onset of some
channel drainage. The southern section of tHeJidy (Dc) flow front reaches,
and partially abuts the base of the eastern fadeuktkaikiore ridge (Figs. 2.5,
2.26), although there is no significant flow thiokgg of this section of the flow,
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while the main face of the flow front terminated6 to 50 m before reaching the
ridge base (Figs. 2.19, 2.25); thus flow advance mat obstructed, or redirected
by this ridge. Final flow length was therefore golied primarily by cessation of
lava supply at the vent, although the lava probablytinued to advance after the
supply was terminated until the flow reached thallstv slopes of the medial
zone. The subsequent reduction in flow velocitgréased viscosity and lateral
spread of the flow front contributed to the cessabf further flow advance just

as the southern margin of the flow reached the bbhBekekaikiore ridge.

5.3.4 Distal Zone Lava Flow Emplacement

The distal zone of the 1954 lava flow field exteridem ~ 1580 m elevation
(a.s.l.) to the distal end of the northerd"3une (Bn) lava flow deposit (1350 m
elevation a.s.l.). The two longest 1954 lavas"[3@ine (B), 18 August (F)]
extend into and terminate in this zone. Each okeéh#ow deposits displays
markedly different morphological characteristicdatge to their respective
proximal and medial sections and to each other.

Northern 30" June (Bn) Lava Flow

As with the medial section of the northern™3@une (Bn) lava, individual lobe

width in the distal zone is partially controlled kpre-existing topographic

features, although, in the absence of these obstaslope angle remains the
major control. For example, on reaching the distele the northern margin of the
lower southern lobe (BnL-S) initially remains cordéd by the high-elevation

kipuka around which the northern"8Qune lava (Bn) bifurcated upstream (Fig.
2.5), while subsequent lateral spreading of théheon margin coincides with the

discontinuation of this obstacle at the western@fttie kipuka (Bn39a

Significant additional widening of this lobe occdusther downflow (Bn1l6Fig.
2.5), although the reduction in slope gradienkiatively minor (from 19 to 1%.
However, this section of the lower southern BnLeBe was emplaced over a
wide, flat-topped ridge, which appears to be thmaies of an undrained, pre-
historic lava flow deposit. Thus, the combined digmuation of confining

topographic obstacles and the presence of downwslaping surfaces
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perpendicular to the advancing lava facilitatedabéral spreading of the BnL-S
lobe as the lava advanced freely down either sfdéhis underlying ridge. The

increase in flow width indicates that the yieldesigth of the lava at this distance
from the vent was insufficient to prevent laterdw spread, although, as a
relatively high yield strength would be requiredpreclude the spread of lava
down the higher gradient of the lateral ridge s&pihis does not necessarily
imply that no increase in yield strength occurrBide advancing lobe reached this
point approximately 12 to 14 hours after flow aation, thus lava viscosity and
cooling rates would be significantly increased, muped by the reported

reduction in flow velocity (Table 4.8), potentiallgsulting in some increase in

yield strength.

The multiple, localised variations in slope gradiand orientation associated with
the margins of this underlying ridge were the pmneontrol on the formation
and dimensions of the elongated lobes at the distagin of the lower southern
(BnL-S) lobe deposit (Fig. 2.5-inset). For examplee southern section of this
lobe advanced down the southwest-facing slopeshefridge forming three
separate lobes (distal lobes 1, 2 and 3, Fig. 2WBgreas the middle section
(distal lobe 4) continued to advance along the tlengf the ridge top and
subsequently flowed down the steep slope at thaldiad of the ridge (Fig. 2.5).
The width of these individual distal lobes was mrity controlled by the
presence or absence of confining topography, famgpte the narrow width of
distal lobe 1 is the result of flow confinementthge base of the southwest-facing
ridge slope on the northern margin and the bagsheomain Pukekaikiore massif
at the southern margin (Fig. 2.12A). Each of thstadilobes encountered a
marked increase in the local underlying surfaceligra on reaching the lateral or
distal sloping margins of the underlying ridge, @fhimay have facilitated a small
increase in flow velocity on these slopes. Howeubese distal lobes were
emplaced ~ 20 to 30 hours following generation lo¢ fava at the vent;
consequently, the associated increase in lava sitycwith cooling may have
prevented any significant increase in flow velociylditionally, the flow front of
distal lobes 1 and 4 ceased to advance on rehatsieep slopes compared to the
surface gradient underlying the upstream sectioth@de lobes, with slope angle

increasing from ~ 4to ~ 20, indicating that a significant amount of coolingda
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the associated increase in lava viscosity may hanahibited further flow
advance. Thus, although the termination of lavgoBupt the vent contributed to
final flow length, local topography, slope angledamcreased lava viscosity

played a major role in the cessation of flow adeanc

Southern 30" June (Bs) Lava Flow

The southern-most lobe of the southerd” 3ne (Bs) lava extends a short
distance into the distal zone, terminating at ~QLB# elevation (a.s.l.). The flow
path of this lobe changed direction towards theémas it reached the distal zone
(Fig. 2.19), coinciding with the southern margintloé lobe reaching the base of
the eastern face of the main Pukekaikiore massifwév¥er, there is minimal
contact between the southern flow margin and theebaf the eastern
Pukekaikiore face (Fig. 2.20A), and no evidence flmw thickening or
compressional stress-induced folding (Fig. 2.2@)idating that this high-
elevation obstacle did not primarily control thewil path of the southern Bs lobe.
The distinct ridge crest underlying the centralflohannel of this deposit in the
medial zone appears to mimic the flow path of tbetlsern Bs lobe (Fig. 2.22),
while the northern margin of the southern Bs lokeemplaced down the
northwest-facing slope of this underlying ridgeg(F2.18). As with the lower
northern BnL-S lobe, the southern Bs lobe therefappears to have been
emplaced along the flat-topped remnant of a prishcslava flow deposit, and
the orientation of this ridge top and its slopingrgins controlled the flow path of
the southern Bs lobe. Because the northern seofidhe southern Bs lobe was
directed down the northwest-facing slope of theeutythg ridge, the volume of
lava reaching the base of the eastern face of Riilkkeke at the southern margin
was reduced, minimising the development of comprasas stress as the lobe
reached this obstacle. Additionally, the lateraksgd of the northern margin down
the underlying ridge slope precludes a signifidantease in the yield strength of
the lava. The front of the southern Bs lobe reatlstsioes not come into contact
with the base of a relatively high-elevation ridgerpendicular to the flow front
(Figs. 2.5, 2.21), therefore flow advance was rosttiucted by this obstacle. The
gentle slope of the underlying surface (<)16f this lobe indicates a significant

reduction in flow velocity, thus the combination laa supply cessation at the
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vent and the increase in cooling rates and visgasiociated with decreased flow
velocity controlled the final length of this lobepbsit.

18" Auqust (F) Lava Flow

The distal zone of the T8August (F) lava flow is characterised by signifita
narrowing of the flow deposit upon reaching thetalizone and subsequent
widening of the flow towards the flow front. Flovamowing coincides with an
increase in slope angle to ~°16 the west of the distal end of Pukekaikiore &dg
however, there is also evidence of flow confinem@npre-existing topography.
For example, the southern margin of the flow is kxwgd along the top of and
down the south-facing slope of a pre-existing riffgig. 2.32), while the northern
margin is initially confined by the distal end ofikekaikiore ridge. Additionally,
the marked decrease in levee height of both maigehénd the flow front (Fig.
2.33) implies that the northern margin of the flaxs also emplaced over a pre-
existing ridge whose distal end coincides with tbhthe ridge underlying the
southern flow margin. Thus, as the lava advancegbrime the distal end of
Pukekaikiore ridge, the flow was either confinedwsen two adjacent pre-
existing ridges, or as with the southern lower BBlebe, the flow was emplaced

along the top of a single pre-existing ridge, diregthe flow path of the lava.

The construction of secondary levees within thdreéfiow channel of this zone
(Fig. 2.31) may indicate a marked reduction in &ffa rate at the vent, signifying
the final stages of this effusive episode. Alten@y, the outer levees may
represent the initial advance of the lava flow dwling inundation of the distal
end of Pukekaikiore ridge, which were subsequeattgndoned as the lava behind
the flow front lost momentum due to obstructiontieé flow by the ridge end.
Whereas, the secondary, inner levees may reprassetond influx of lava as the
proximal flow channel drained, increasing compmsai stress of the lava
ponded upstream from the ridge which allowed anmosiege of lava to overtop
the ridge end. However, with the cessation of lswaply at the vent, this second
influx would have occurred at reduced velocity aeduced volume, thus the
width of the flowing lava would be narrower thare tariginal flow, resulting in

new cooled flow margins within the earlier margins.
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The small ‘break-out’ lobe on the southern margiteo levee (Figs. 2.4A, 2.5) is
comparable to those described by Kilburn and Ld{891) and Blake and Bruno
(2000) in which the cooled marginal levee is breachy hot lava from the central
flow channel during the formation of compound flove®nsequently implying

that cooling of the lava was the main control mwflemplacement in this zone.
However, this is contradicted by the drained prairfiow channel in the

proximal zone and by the formation of the secondavges. Alternatively, this

lobe may have formed in response to a small diphe underlying ridge-top

elevation, promoting a small surge of lava to adeadown the south-facing
slopes of the ridge.

Widening of the flow front of this lava coincidestiwanother marked reduction
in slope angle to ~°9The flow front also formed a series of small Iploe toes as
a result of the low flow velocity associated withist reduced slope angle.
Additionally, this lava flow reached its final flokength ~ 48 hours following
activation of the flow at the vent, thus lava visitp increased significantly,
although again the ability of the lava to spreadrklly at this distance from the
vent and after the long duration of flow emplacetredicates that yield strength

remained relatively low.

5.3.5 Summary of the Controls on 1954 L ava Flow Emplacement

Large-scale and localised variations in slope @mtdiwas the primary
environmental factor governing the flow emplacemdghamics of the 1954
lavas, although pre-existing topographic featurestributed to flow direction,

dimensions and subsequent morphology in the meaidistal regions of the lava
flow field. Slope angle was the major control oowfl velocity, which in turn

influenced cooling rates and lava viscosity witlstance from the vent. The
relatively low initial viscosity of the 1954 lavadue to eruption temperature,
geochemical composition and volatile content cboted to the initially high

velocities of the 1954 lavas on the steeper slofpesontinuous feedback effect
between flow velocity, lava viscosity and coolimgtes had a slightly stronger
influence on flow dynamics towards the medial amstadl regions of the longer

lava flows, contributing to the final flow lengtH these lavas. Slope angle and
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flow velocity were also the main controls on basaar stress rates, resulting in
highly autobrecciated flow deposits extending tigtwaut flow depth. Effusion
rate contributed to the activation of lava flow adee and initial cooling rates,
while effusion duration and subsequent lava suppbre the main factors
contributing to final flow length of the 1954 lavashe relatively short-lived
emplacement duration of each of the 1954 lavaslyded the development of a

strong surface crust.

5.4EMPLACEMENT OF PREVIOUS NGAURUHOE LAVAS

Pre-historic and early historic Ngauruhoe lavapldis a wider range of flow
deposit dimensions, volume and morphological festuhan those of the 1954
lavas. Hobderet al. (2002) identified five chronostratigraphic groupft lava
flows deposited over the c. 2.5 ka history of Mougauruhoe (Fig. 1.4),
distinguished by their geochemical and isotopic position. There is a
generalised trend of decreasing flow deposit lengstween the older
chronostratigraphic groups, particularly groupsntl 8 (c. 2.5 ka to pre-1870),
and the newer groups, 4 and 5 (pre-1870 to 19#8icating that larger volumes
of material erupted during pre-historic flow em@aent and may imply different
controls on flow emplacement processes. The olgesip of lavas (group 1)
extended ~ 3 to 5 km from the vent, along the M&mapo and Waihohonu
Valley floors, while the group 2 and 3 lavas exthd 2 to 4 km from the vent.
Group 4 and 5 lavas extend at most ~ 2.5 km fragnvént, and did not reach the
valley floors (Hobderet al., 2002). Many of the pre-historic flow depositsplay
evidence of a drained central flow channel towdhdsr medial to distal regions
(Hobden, 1997), indicating both rapid effusion sabé large volumes of lava over
a relatively short duration and a final flow lengtbntrolled by the cessation of

lava supply.

The generally decreasing trend in flow length owere implies increasing lava
viscosity with successive effusive episodes. Howegeochemical and isotope
analysis indicates that there is no simple lineamd in the evolution of magma at
Mount Ngauruhoe and that individual eruption epesdare associated with

mixing of numerous, small, short-lived batches ofagma and crustal
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contaminants within a complex plumbing system b#né¢he vent. Ngauruhoe
lavas range in composition from basaltic andesde ahdesite, with most
chronostratigraphic lava groups displaying a narrange of Si@ composition
(e.g. groups 1 and 2, 54.2 to 55.9 wt.% Si@oups 3 and 4, 57.2 to 58.6 wt.%
Si0y), while the historic lavas of group 5 display thelest SiQ composition
range (54.8 to 58.2 wt.% SiD (Hobdenet al., 2002). Consequently, lava
viscosity varied between successive chronostragigcalava groups; however,
although it can be assumed that viscosity of theugr3 and 4 andesitic lavas
would have been greater than the 1954 lavas, tdisxat prohibit flow length
reaching greater distances from the vent than 984 lavas.

Eruption style during emplacement of early NgaumiHavas is unknown,
therefore lava flows may have been generated bgsgant outpouring of lava
directly from a vent or fissure, or by the accuniola of spatter-fed deposits.
Additionally, the gradient of the underlying slopethe proximal regions of early
Ngauruhoe lavas is also unknown, thus flow velo@gn not be estimated.
However, although flow dimensions are considerabigater, the generally
morphological trend of drained central flow chasnelkrongly suggests that
emplacement processes were controlled by the santer$ in all Ngauruhoe

lavas.

5.5. MONITORING AND PREDICTING FUTURE NGAURUHOE LAVA
FLOW BEHAVIOUR

Assuming no change in vent architecture or scasideanorphology, future lava
flows may arise either from overflow of ponded lawvéhin the current scoria
cone or the accumulation of fire-fountain spattepasits on the rim of the cone.
In the former case, the low elevation of the navééstern scoria cone rim would
direct future lava flows along similar flow patlesthe 1954 lavas, whereas in the
latter case, flow paths will primarily depend or thire-fountain profile and the
location of the accumulated spatter pile on theiaamne rim. Lava viscosity is
determined by magma composition and eruption teatpes; however, it is likely
that rapid flow velocities would still develop inavMa flows of andesitic

composition due to initial emplacement over theegtproximal slopes. Cooling
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rate and final flow length will depend on the raad duration of effusive
episodes, which will also determine the developnwneither single arterial or
compound flows. Therefore, if a future eruptiondisminated by intermittent,
short-lived, rapid effusive episodes, a seriesimgls, arterial, volume-controlled
lavas will evolve. Conversely, significant changesnagma composition, volatile
content or magma chamber dynamics may result islthve effusion of lava over
a longer time interval, producing compound, coclingted lava flows.

However, the previous eruptive history of Ngauruhiadicates that future
effusive activity is more likely to be comparabte the eruption style observed
during the 1954-55 eruption event, therefore th&rots on future flow behaviour

will be similar to these lavas.

Predicting the final flow length of volume-limitddvas is problematic because
termination of lava supply cannot be easily forecasd flow emplacement
duration is relatively short-lived. However, acdersneasurement of effusion rate
and fire-fountain dynamics (where applicable) tentify trends in effusion rate
and duration would assist in predicting the finalges of effusion. Additionally,
measured flow front velocity and associated undsglglope gradient can be used
to estimate lava viscosity and thus model the ocometil advance and behaviour of
the flow. It may be possible to directly measurdéivaclava flowsin situ at
increasing distances from the vent, which wouldoéman estimation of cooling
rate and thus greater accuracy of flow behavioudets Predicting the behaviour
of cooling-limited lavas is generally less probldimgpartly because emplacement
duration is usually longer, enabling more comprehen data collection and
allowing more time to estimate flow behaviour. Aumhally, many of the
recently developed predictive flow behaviour modbetsve been designed to
assess the effect of surface cooling on flow behavi

The hazards posed by future lava flow events atritldlgauruhoe are relatively
low, compared to overseas volcanoes, because tfamisding slopes are neither
densely inhabited nor cultivated for agricultureovéver, the region is popular
with trampers and sightseers and, depending ordloeity and distance of flow

advance from the vent, future lava flows may pas®es hazard to these and to

scientists and DOC employees monitoring the erapfitne generation of future

223



Chapter 5

lava flows at Mount Ngauruhoe would provide invédlleadata regarding the
emplacement processes of basaltic andesite to isdesmposition lavas
emplaced over steep slopes, enabling assessmdidgtioe and refinement of

current predictive flow models.
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CHAPTER 6

Summary and Conclusions

6.1 SUMMARY

Mount Ngauruhoe is a young, basaltic andesite tbesite, composite volcano
and the most recently active cone of the Tongavioicanic Centre. Historic
eruptions have displayed a diverse range of emgigles and eruption products.
The penultimate eruption of 1954-55 was the laga lflow producing event, in
which approximately 17 spatter-fed lava flows wemaplaced on the north-
western flanks of the cone. Of these, 11 lava fitaposits have been previously
mapped and six clearly identified in the field. The54 lava flow deposits
generally display similar morphological charactiess on the steep upper slopes
of the cone, with variations in flow morphologyntdinsions and surface features
occurring towards the medial to distal marginsha flow deposits emplaced on
shallower slopes. These a’a lavas are typicallylgigutobrecciated, and display
a large-scale trend in clast-size and morphologlestibution across the width of
the flow deposits. Smaller, sub-rounded clastsgamerally concentrated at the
outer flow margins and large, sub-angular to irtegalasts dominate central flow

channel surfaces and flow front margins.

The 1954 lavas are porphyritic, olivine-bearingdmen-K, calc-alkaline basaltic
andesites with a narrow Si@omposition range (55.15 to 55.64 wt. % §iO
consistent with the findings of previous studiesthwan average crystal and
vesicle abundance of 27% and 23% respectively. €Tteme no trends in
petrographic or geochemical composition betweercessively emplaced lava
flows, indicating that all the 1954 lavas derivadni a single, homogeneous
magmatic source, with no apparent evolution in paysand chemical properties
during the course of the eruption. Rheological props of individual lava flows

are thus assumed to be comparable at the timewfdttivation.
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The calculated total viscosity of the 1954 lavasludes crystal and vesicle
abundance and is highly dependant on eruption teahye and cooling rates,
with a range of 10to 10 Pa s at 1150 to 950. Yield strength was difficult to
quantify but is assumed in this study to be re@dyivow (~ 25 Pa). Viscosity and
yield strength are expected to have increasedrtee sextent during flow advance
as the lavas cooled, depending primarily on theimgaate and emplacement
duration of individual lava flows. The calculatecam flow velocity range is 0.04
to 0.09 m &, assuming 95C lava temperature and is reasonably comparable
with the estimated mean flow velocities (0.03 t©40m $') based on eye-witness
reports. The velocity calculation model shows anisigant reduction in flow
velocity over shallow slopes, consistent with tleparted reduction in flow
velocities at these locales. Effusion rate coult b definitively quantified but
morphological flow deposit characteristics indicatéermittent, short-duration
episodes of high effusion rates. Gratz numbers tselbtermine the controls on
flow cessation gave conflicting results but gerigrahdicate that the run-out
distances of the lavas were volume-limited. Congaari of documented and
predictive flow propagation patterns indicate tbabling of the lava flow surface

was not a major control on either flow advanceessation of the 1954 lavas.

6.2 CONCLUSIONS

The morphological, geometric and textural charasties of the 1954 lava flow
deposits represent the various processes involuedgitheir emplacement and
are characterised by:

» Discrete, single unit lava flows directed dowre tnorth-western and
western slopes of the cone.

» Straight flow paths proximal to the crater rinthwbifurcation, multiple
lobe formation and variable/diverted flow path direns occurring at
medial to distal regions.

* Relatively constant flow width and depth of mdual flows proximal
to the crater rim, with increasing variability ocgng at medial to distal
regions.

« Autobrecciation of flow surfaces.
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Marginal levee development and drainage of e¢rflow channels
proximal to the crater rim and partially or fullyfilled flow channels at
medial to distal regions.

Compression-induced folding of flow channel aods.

Variable length flow deposits with distal margiemplaced on a range

of underlying slope gradients.

The emplacement dynamics of the 1954 lavas caneterrdined by comparing

rheological and flow behaviour models, flow deposibharacteristics and

documented accounts of the eruption. Three maitorfagrimarily governed the

processes involved during lava flow emplacement:

0
L. %4

Effusion rate: Intermittent, high rates of effusion determinede-i
fountain dynamics and subsequent lava flow ger@raproducing at
least 11 discrete lava flow units directed in gartan asymmetric fire-
fountain profile. The duration of each effusive sgge primarily
controlled flow emplacement duration and the subestjcessation of

flow advance.

Rheological Properties. Rheological properties played a major role in
the proximal zone, where low viscosity and yieldesgth promoted
high flow velocity and low cooling rates. The relaty short
emplacement duration of most of the lavas precludeghificant
downflow changes to their rheological propertiesscdsity increases
associated with reduced flow velocity on shalloapsis is indicated but
yield strength did not increase sufficiently to yet lateral spread of

the lava in the medial and distal zones.

Topography: Emplacement dynamics were primarily controlled bg t
gradient and localised variations in slope anglalladlistances from the
vent. Slope angle was the major control on flonwoegy and flow width
and depth and contributed to the distribution adashstress associated

with autobrecciation of the lava. The marked reducin flow front
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velocity associated with shallow slopes, promotedharease in cooling
rate and lava viscosity. Localised variations opsl angle contributed to
the planimetric form of lavas in the medial andalizones. Pre-existing
topographic features in the medial to distal zorsdso strongly
controlled the flow path and subsequent flow depasirphology, and
was the major control on the development of congmoesinduced

surface folding.

The emplacement dynamics of future Ngauruhoe levesfwill be comparable to
the 1954 lavas if similar eruption conditions itermittent, high effusion rate,
short-duration fire-fountaining, and magma compositprevail, enabling the
development of well-constrained flow behaviour pcgédn models. Due to the
broad compositional range of previous Ngauruhoadathe viscosity and yield
strength of future lavas may significantly differoin the 1954 lavas.
Consequently the rheological properties of futareab may exert a greater control
on emplacement dynamics. However, future lavas kellsubject to the same
topographic conditions, on any sector of the camel, slope gradient, particularly
proximal to the vent, will remain a major controtli factor in emplacement

dynamics.

This study has effectively incorporated the flowpdsit characteristics of the
1954-55 Ngauruhoe lavas with existing numerical et®dto quantify flow
rheology and emplacement processes. This is th& 8tudy relating to
intermediate lavas in New Zealand and offers asbfasiapproaching future flow

behaviour studies of intermediate lavas at otherpmsite volcanoes.

228



REFERENCES

Allen, L.R. 1949. The eruption of Ngauruhoe. Febyudarch 1949, New
Zealand Science Review, 7, 180-183.

Anderson, S.W., Stofan, E.R., Plaut, J.J., CrownA.D1998. Block size
distributions on silicic lava flow surfaces: Im@ioons for emplacement
conditions.Geological Society of America Bulletin, 110, 1258-1267.

Arpa, M.C.B., Laguerta, E.P., Perez, J.S., VillkepE.U., Maximo, R.P.R., Dela
Cruz, E., Ayuson, J.R.C. 2008. Morphology, flow rfroadvance and
volume of the active lava flow from the 2006 eroptof Mayon Volcano,
Philippines.Geophysical Research Abstracts, 10, EGU2008-A-01544.

Bagdassarov, N. Sh., Dingwell, D.B. 1992. A rheataf investigation of
vesicular rhyolite Journal of Volcanology and Geothermal Research, 50,
307-322.

Ball, M., Pinkerton, H., Harris, A.J.L. 2008. Swéacooling, advection and the
development of different surface textures on aclasas on Kilauea,
Hawaii. Journal of Volcanology and Geothermal Research, 173, 148-156.

Baloga, S., Spudis, P.D., Guest, J.E. 1995. Thamyws of rapidly emplaced
terrestrial lava flows and implications for plangtaolcanism.Journal of
Geophysical Research, 100, 24,509-24,519.

Barberi, F., Carapezza, M.L., Valenza, M., Villdt, 1993. The control of lava
flow during the 1991-1992 eruption of Mount Etndournal of
Vol canology and Geothermal Research, 56, 1-34.

Battey, M.H. 1949. The recent eruption of NgaurutRezords of the Auckland
Institute and Museum, 3, 387-4009.

Bebbington, M.S., Lai, C.D. 1996. Statistical asgdyof New Zealand volcanic
occurrence datalournal of Volcanology and Geothermal Research, 74,
101-110.

Bibby, H. M., Caldwell, T G., Davey, F. J., Webb, H. 1995. Geophysical
evidence on the structure of the Taupo Volcanic eZoand its
hydrothermal circulation.Journal of Volcanology and Geothermal
Research, 68,29-58.

Blake, S., Bruno, B.C. 2000. Modelling the emplaeatmof compound lava
flows. Earth and Planetary Science Letters, 184, 181-197.

229



References

Booth, B., Self, S. 1973. Rheological features led 1971 Mount Etna lavas.
Philosophical Transactions of the Royal Society of London, Series A, 274,
99-106.

Borgia, A., Linneman, S.R. 1990. On the mechanisfrava flow emplacement
on volcano growth: Arenal, Costa Rida: Fink, J.H. (Ed).Lava Flows
and Domes: Emplacement Mechanisms and Hazard Implications, IAVCEI
Proceedings in Volcanology 2, Springer-Verlag, Néwvk, 249pp.

Borgia, A., Linneman, S., Spencer, D., Moralis, L..Bndre, J.B. 1983. Dynamics
of lava flow fronts, Arenal Volcano, Costa Rickurnal of Volcanology
and Geothermal Research, 19, 309-329.

Calvari, S., Pinkerton, H. 1998. Formation of laubes and extensive flow field
during the 1991-1993 eruption of Mount Etdaurnal of Geophysical
Research, 103, 27,291-27,301.

Cashman, K.V., Mangan. M.T., Newman, S. 1994. Serfalegassing and
modifications to vesicle size distributions in Kika basaltJournal of
Vol canology and Geothermal Research, 61, 45-68.

Cashman, K., Thornber, C., Kauahikaua, J. 1999liG@p@and crystallisation of
lava in open channels, and the transition of pabedava to a’aBulletin
of Volcanology, 61, 306-323.

Chan, D., Powell, R.L. 1984. Rheology of suspersiohspherical particles in a
Newtonian and non-Newtonian fluidilournal of Non-Newtonian Fluid
Mechanics, 15, 165-179.

Cole, J.W. 1978. Andesites of the Tongariro Volcabentre, North Island, New
Zealand.Journal of Volcanology and Geothermal Research, 3, 121-153.

Crisp, J., Baloga, S. 1994. Influence of crystatizn and entrainment of cooler
material on the emplacement of basaltic aa lavavsioJournal of
Geophysical Research, 99, 11,819-11,831.

Crisp, J., Cashman, K.A., Bonini, J.A., Hougen, .S.Bieri, D.C. 1994.
Crystallisation history of the 1984 Mauna Loa laflew. Journal of
Geophysical Research, 99, 7177-7198.

Crown, D.A., Peiterson, M.N. 1995. Downflow morpbgic variations in
Hawaiian and Martian lava flows [abslJunar and Planetary Science
Conference XXVI, 299-300.

Crown, D.A., Peiterson, M.N. 1996. Downflow morpbgic variations in
Hawaiian lava flows: Implications for modelling pktary lava flow
emplacement [abs.]Lunar and Planetary Science Conference XXVII,
271-272.

Dragoni, M. 1993. Modelling the rheology and cogliof lava flows.In: Kilburn,
C.R.J., Luongo, G. (edshctive Lavas, UCL Press, London, pp 235-261.

230



References

Dragoni, M., Bonafede, M., Boschi, E. 1986. Dowpsloflow models of a
Bingham liquid: implications for lava flowslournal of Volcanology and
Geothermal Research, 30, 305-325.

Favalli, M., Chirico, G.D., Papale, P., PareschiTMBoschi, E. 2009. Lava flow
hazard at Nyiragongo volcano, D.R.C. 1. Model calibn and hazard
mapping.Bulletin of Volcanology, 71, 363-374.

Fink, J.H., Fletcher, R.C. 1978. Ropy pahoehoefasar folding of a viscous
fluid. Journal of Volcanology and Geothermal Research, 4, 151-170.

Fink, J.H., Griffiths, R.W. 1998. Morphology, erigt rates, and rheology of lava
domes: Insights from laboratory modelSournal of Geophysical
Research, B, 103, 527-545.

Fink, J.H., Zimbelman, J. 1990. Longitudinal vaoas in rheological properties
of lavas: Pu'u O’o basalt flows, Kilauea volcanaawdii. In: Fink, J.H.
(Ed). Lava Flows and Domes. Emplacement Mechanisms and Hazard
Implications, IAVCEI Proceedings in Volcanology 2, Springer-\agy,
New York, 249pp.

Franzetta, G., Romano, R. 1984. The 1983 Etnaieruptvent chronology and
morphological evolution of the lava flovBulletin of Volcanology, 47,
1079-1096.

Gay, E.C., Nelson, P.A., Armstrong, W.P. 1969. Flmwperties of suspensions
with high solids concentration&merican Institute of Chemical Engineers
Journal, 15, 815-822.

Gill, J.B. 1981.0rogenic Andesites and Plate Tectonics. Springer-Verlag, Berlin.
390 pp.

Giordano, D., Dingwell, D.B. 2003. Non-Arrhenian kieomponent melt
viscosity: a modelEarth and Planetary Science Letters, 208, 337-349.

Giordano, D., Romano, C. Dingwell, D.B. Poe, B.,hBms, H. 2004. The
combined effects of water and fluorine on the vssiyoof silicic magmas.
Geochimica et Cosmochimica Acta, 68, 5,159-5,168.

Giordano, D., Russell, J.K., Dingwell, D.B. 2008s&bsity of magmatic liquids:
a model Earth and Planetary Science Letters, 271, 123-134.

Graham, [.J., Cole, J.W., Briggs, R.M, Gamble, J.8mith, LE.M. 1995.
Petrology and petrogenesis of volcanic rocks fréva Taupo Volcanic
Zone: a reviewJournal of Volcanology and Geothermal Research, 68,
59-87.

Gregg, D.R. 1956. Eruption of Ngauruhoe 1954-19%&v Zealand Journal of
Science and Technology, B37, 675-688.

Gregg, D.R. 1960The Geology of the Tongariro Subdivision. New Zealand
Geological Survey, Bulletin n.s. 40, Wellington,#W&ealand.

231



References

Gregg, T.K.P., Fink. J.H. 2000. A laboratory invgation into the effects of slope
on lava flow morphology.Journal of Volcanology and Geothermal
Research, 96, 145-159.

Gregg, T.K.P., Fink, J.H., Griffiths, R.W. 1998. rRation of multiple fold
generations on lava flow surfaces: Influence oéistrate, cooling rate,
and lava compositiorlournal of Volcanology and Geothermal Research,
80, 281-292.

Griffiths, R.W., Fink, J.H. 1993. Effects of suréacooling on the spreading of
lava flows and domedournal of Fluid Mechanics, 252, 667-702.

Guest, J.E., Kilburn, C.R.J., Pinkerton, H., Dunca&rM. 1987. The evolution of
lava flow-fields: observations of the 1981 and 1@88ptions of Mount
Etna, Sicily.Bulletin of Volcanology, 49, 527-540.

Guilbaud, M.-N., Blake, S., Thordarson, T., Self,2607. Role of syn-eruptive
cooling and degassing on textures of lavas fromAGel783-1784 Laki
eruption, South Icelandournal of Petrology, 48, 1265-1294.

Harris, A.J.L., Rowland, S.K. 2001. FLOWGO: a kiregia thermo-rheological
model for lava flowing in a channdulletin of VVolcanology, 63, 20-44.

Head, J.W., Wilson, L. 1989. Basaltic pyroclastiaptions: Influence of gas-
release patterns and volume fluxes on fountairctire, and the formation
of cinder cones, spatter cones, rootless flows [@ands and lava flows.
Journal of Volcanology and Geothermal Research, 37, 261-271.

Hess, K.U., Dingwell, D.B. 1996. Viscosities of lmgds leucogranitic melts: a
non-Arrhenian modelAmerican Mineralogist, 81, 1,297-1,300.

Hobden, B.J. 1997. Modelling magmatic trends inetiand space: eruptive and
magmatic history of Tongariro volcanic complex, N&ealand. PhD
Thesis, University of Canterbury, Christchurch.

Hobden, B.J., Houghton, B.F., Davidson, J.P., Wea8eD. 1999. Small and
short-lived magma batches at composite volcandese twindows at
Tongariro volcano, New Zealandournal of the Geological Society,
London, 156, 865-868.

Hobden, B.J. Houghton, B.F. 2000. Geology of thegasiro Volcanic Traverse.
In: Price, R.C., Gamble, J.A., Hobden, B.J. (edspO2&ate of the Arc
2000: Guidebook for field excursions on Ruapehu and Tongariro
Volcanoes, The Royal Society of New Zealand.

Hobden, B.J., Houghton, B.F., Nairn, I.A. 2002. @ito of a young, frequently
active composite cone: Ngauruhoe volcano, New zealBulletin of
Volcanology, 64, 392-409.

Hoover, S.R., Cashman, K.V., Manga, M. 2001. Theldyistrength of sub-
liquidus basalts — experimental result®urnal of Volcanology and
Geothermal Research, 107, 1-18.

232



References

Houghton, B. F., Wilson, C. J. N., McWilliams, M.,Qanphere, M. A., Weaver,
S. D., Briggs, R. M., Pringle, M. S. 1995. Chray@} and dynamics of a
large silicic magmatic system: Central Taupo VoicaZone, New
Zealand Geology, 23, 13-16.

Hui, H., Zhang, Y. 2007. Toward a general viscosgtyuation for natural
anhydrous and hydrous silicate me{Egochimica et Cosmochimica Acta,
71, 403-416.

Hulme, G. 1974. The interpretation of lava flow ploology. Geophysical
Journal of the Royal Astronomical Society, 39, 361-383.

Hulme, G., Fielder, G. 1977. Effusion rates andolbgy of lunar lavas.
Philosophical Transactions of the Royal Society of London, A285,
227-234.

Huppert, H.E., Shepherd, J.B., Sigurdsson, H.,I&p#&.S.J. 1982. On lava dome
growth, with application to the 1979 lava extrusminthe Soufriere of St
Vincent.Journal of Volcanology and Geothermal Research, 14, 199-222.

Iverson, R.M. 1990. Lava domes modelled as briileells that enclose
pressurized magma, with application to Mount StedslIn: Fink, J.H.
(Ed). Lava Flows and Domes. Emplacement Mechanisms and Hazard
Implications, IAVCEI Proceedings in Volcanology 2, Springer-\agy,
New York, 249pp.

Johnson, A.M. 1970Physical Processes in Geology. Freeman, Cooper and
Company, San Francisco, 577pp.

Kerr, R.C., Lister, J.R. 1991. The effects of shapecrystal settling and the
rheology of magmaslournal of Geology, 99, 457-467.

Kerr, R.C., Lyman, A\W. 2007. Importance of surfarest strength during the
flow of the 1988-1990 andesite lava of Lonquimaylddoo, Chile.
Journal of Geophysical Research, B,112, B03209,
doi: 10.1029/2006JB004522.

Kilburn, C.R.J. 1990. Surface of aa flow-fields dviount Etna, Sicily:
Morphology, rheology, crystallisation and scalingepomenaln: Fink,
J.H. (Ed).Lava Flows and Domes. Emplacement Mechanisms and Hazard
Implications, IAVCEI Proceedings in Volcanology 2, Springer-\agy,
New York, 249pp.

Kilburn, C.R.J. 1993. Lava crusts, aa flow lengthgnand the pahoehoe-aa
transition.In: Kilburn, C.R.J., Luongo, G. (edg)ctive Lavas. Monitoring
and Modelling, UCL Press, London, 374pp.

Kilburn, C.R.J. 2000. Lava flows and flow fields: Sigurdsson, HEncyclopedia
of Volcanoes, Academic Press, San Diego.

Kilburn, C.R.J. 2004. Fracturing as a quantitatnaicator of lava flow dynamics.
Journal of Volcanology and Geothermal Research, 132, 209-224.

233



References

Kilburn, C.R.J., Lopes, R.M.C. 1991. General pateof flow field growth: a’a
and blocky lavaslournal of Geophysical Research, B, 96, 19,721-19,732.

Kilburn, C.R.J., Guest, J.E. 1993. Aa lavas of ntddtma, Sicily.In: Kilburn,
C.R.J., Luongo, G. (edshctive Lavas: Monitoring and Modelling, UCL
Press, London, 374pp.

Krieger, I.M., 1972, Rheology of monodisperseddat.Advancesin Colloid and
Interface Sciences, 3, 111-136.

Krippner, J.B. 2009. Ngauruhoe inner crater volcgrocesses of the 1954-1955
and 1974-1975 eruptions. MSc Thesis, UniversityMaikato, Hamilton,
New Zealand.

Lipman, P.W., Banks, N.G. 1987. A’a flow dynamiddauna Loa 1984In:
Decker, R.W., Wright, T.L, Stauffer, P.H. (ed¥)olcanism in Hawaii,
USGS Professional Paper 1350, 1,527-1,568.

Lipman, P.W., Banks, N.G., Rhodes, J.M. 1985. Dsggsinduced
crystallisation of basaltic magma and effects owaldlow rheology.
Nature, 317, 604-607.

Llewellin, E.W., Manga, M. 2005. Bubble suspensibrology and implications
for conduit flow.Journal of Volcanology and Geothermal Research, 143,
205-217.

Lyman, AW., Kerr, R.C. 2006. Effect of surface idiication on the
emplacement of lava flows on a slogeurnal of Geophysical Research,
B,111, B05206, doi: 10.1029/2005JB004133.

Lyman, A.W., Kerr, R.C., Griffiths, R.W. 2005. Tledfects of internal rheology
and surface cooling on the emplacement of lava dlovournal of
Geophysical Research, B,110, B08207, doi: 10.1029/2005JB003643.

Malin, M.C. 1980. Lengths of Hawaiian lava flow@eology, 8, 306-308.

Manga, M., Loewenberg, M. 2001. Viscosity of magn@mtaining highly
deformable bubbleslournal of Volcanology and Geothermal Research,
105, 19-24.

Manga, M. Castro, J., Cashman, K., Loewenberg, 9881 Rheology of bubble-
bearing magmaslournal of Volcanology and Geothermal Research, 87,
15-28.

Marsh, B.D. 1981. On the crystallinity, probabil@f occurrence, and rheology of
lava and magmaContributions to Mineralogy and Petrology, 78, 85-98.

Marsh, B.D. 1987. Magmatic processReviews of Geophysics, 25, 1043-1053.

McBirney, A.R., Murase, T. 1984. Rheological prdps of magmasAnnual
Review of Earth and Planetary Sciences, 12, 337-357.

234



References

McDonough, W.F., Sun, S.-s., Ringwood, A.E., Jago®., Hofmann, A.W.
1992. Potassium, rubidium and cesium in the Eanith Mloon and the
evolution of the mantle of the eartBeochimica et Cosmochimica Acta,
56, 1001-1012.

Moore, H.J., Arthur, D.W.G., Schaber, G.G. 197&l¥istrengths of flows on the
Earth, Mars and MoorProceedings of the Lunar and Planetary Science
Conference, 9, 3351-3378.

Moore, H.J. 1987. Preliminary estimates of the kbgioal properties of 1984
Moana Loa lavaUS Geological Survey Professional Paper, 1350, 1569-
1588.

Moore, H.J., Plaut, J.J., Schenk, P.M., Head, 1992. An unusual volcano on
Venus.Journal of Geophysical Research, E, 97, 13,479-13,493.

Naranjo, J.A., Sparks, R.S.J., Stasiuk, M.V., Motehnl., Ablay, G.J. 1992.
Morphological, structural and textural variationghe 1988-1990 andesite
lava of the Lonquimay volcano, ChileGeological Magazine, 129,
657-678.

Ngauruhoe Erupts. 2003. Video recording from an original film by bd
Branagan, Folkus Video, Wellington.

Pal, R. 2003. Rheological behaviour of bubble-gprmagmas.Earth and
Planetary Science Letters, 207, 165-179.

Parfitt, E.A., Wilson, L. 2008-undamentals of Physical Volcanology, Blackwell,
Malden, MA. 330 pp.

Patterson, D.B. and Graham, 1.J. 1988. Petroger@signdesitic lavas from
Mangatepopo Valley and Upper Tama Lake, Tongariotc&hic Centre,
New Zealand.Journal of Volcanology and Geothermal Research, 35,
17- 29.

Peterson, D.W., Tilling, R.l. 1980. Transition cddaltic lava from pahoehoe to
aa, Kilauea volcano, Hawaii: Field observations &ay factors.Journal
of Volcanology and Geothermal Research, 7, 271-293.

Peterson, D.W., Tilling, R.l. 2000. Lava Flow HadsrIn: Sigurdsson, H.
Encyclopedia of Volcanoes, Academic Press, San Diego.

Pinkerton, H., Sparks, R.S.J. 1976. The 1975 subital lavas, Mount Etna: a
case history of the formation of a compound laveldfi Journal of
Volcanology and Geothermal Research, 1, 167-182.

Pinkerton, H., Sparks, R.S.J. 1978. Field measun&snaf the rheology of lava.
Nature, 276, 383-85.

Pinkerton, H., Stevenson, R.J. 1992. Methods oérdehing the rheological
properties of magmas at sub-liquidus temperaturésurnal of
Volcanology and Geothermal Research, 53, 47-66.

235



References

Pinkerton, H., Wilson, L. 1994. Factors controllithg lengths of channel-fed lava
flows. Bulletin of Volcanology, 56, 108-120.

Pinkerton, H., Norton, G. 1995. Rheological projsrtof basaltic lavas at sub-
liquidus temperatures: laboratory and field measergs on lavas from
Mount Etna. Journal of Volcanology and Geothermal Research, 68,
307-323.

Price, R.C., Gamble, J.A., Smith, .LE.M., Stew&1B., Eggins, S., Wright, I.C.
2005. An integrated model for the temporal evolutaf andesites and
rhyolites and crustal development in New Zealambsth Island.Journal
of Volcanology and Geothermal Research, 140, 1-24.

Rollinson, H. 1993.Using Geochemical Data: evaluation, presentation,
interpretation. Longman Scientific and Technical, Harlow, England.
352 pp.

Rossi, M.J. 1997. Morphology of the 1984 open-clehrava flow at Krafla
volcano, northern Icelan&eomorphology, 20, 95-112.

Rowland, J.V., Sibson, R.H. 2001. Extensional faiiematics within the Taupo
Volcanic Zone, New Zealand: soft-linked segmentatid a continental
rift system.New Zealand Journal of Geology & Geophysics, 44, 271-283.

Ryerson, F.J., Weed, H.C., Piwinski, A.J. 1988. ¢gibgy of subliquidus magmas
1. Picritic compositionslournal of Geophysical Research, 93, 3421-3436.

Saar, M., Manga, M., Cashman, K.V., Fremouw, S.1200umerical models of
the onset of yield strength in crystal-melt suspers Earth and
Planetary Science Letters, 187, 367-379.

Shaw, H.R., Wright, T.L., Peck, D.L., Okamura, RR6&. The viscosity of
basaltic magma: an analysis of field measuremantdakaopuhi lava
lake, Hawaii. American Journal of Science, 226, 225-264.

Shaw, H.R., 1969, Rheology of basalt in the meltengge.Journal of Petrology,
10, 510-535.

Shaw, H.R. 1972. Viscosities of magmatic silicaqeids: an empirical method of
prediction.American Journal of Science, 272, November, 870-893.

Sparks, R.S.J. 1992. Magma generation on the edanth.Brown, G.C.,
Hawkesworth, C.J., Wilson, R.C.L. (eds)inderstanding the Earth,
Cambridge University Press, Cambridge. 551pp.

Sparks, R.S.J., Pinkerton, H., Hulme, G. 1975. «fiaation and formation of
lava levees on Mount Etna, Sicilgeology, 4, 269-271.

Stein, D.J., Spera, F.J. 1992. Rheology and miwrcstre of magmatic
emulsions-theory and experimentslournal of Volcanology and
Geothermal Research, 49, 157-174.

236



References

Stevenson, R. 1989. Physical volcanology, emplanérhéstory and inferred
viscosity of two rhyolites. PhD Thesis, Universaf Waikato, Hamilton,
New Zealand.

Stevenson, R.J., Hodder, A.P.W., Briggs, R.M. 19%aeological estimates of
rhyolite lava flows from the Okataina Volcanic CentNew ZealandNew
Zealand Journal of Geology & Geophysics, 37, 211-221.

Stevenson, R.J., Briggs, R.M., Hodder, A.P.W. 19%Hysical volcanology and
emplacement history of the Ben Lomond rhyolite la@wv, Taupo
Volcanic Centre, New ZealandNew Zealand Journal of Geology &
Geophysics, 37, 345-358.

Stewart, R.B., Price, R.C., Smith, I.LE.M. 1996. kxon of high-K arc magma,
Egmont volcano, Taranaki, New Zealand: evidencemfranineral
chemistry. Journal of Volcanology and Geothermal Research, 74,
275-295.

Sumner, J.M. 1998. Formation of clastogenic lawavél during fissure eruption
and scoria cone collapse: the 1986 eruption ofQsbhima Volcano,
eastern JapaBulletin of Volcanology, 60, 195-212.

Walker, G.P.L. 1972. Compound and simple lava flawd flood basalt8ulletin
of Volcanology, 35, 579-590.

Walker, G.P.L. 1973. Lengths of lava flowRhilosophical Transactions of the
Royal Society of London, A274, 107-118.

Whittington, A., Richet, P., Holtz, F. 2000. Watand the viscosity of
depolymerised aluminosilicicate melt&eochimica et Cosmochimica
Acta, 64, 3,725-3,736.

Wilson, C.J.N., Houghton, B., McWilliams, M., Largie, M., Weaver, S.,
Briggs, R. 1995. Volcanic and structural evolutioh Taupo Volcanic
Zone, New Zealand — A reviewournal of Volcanology and Geothermal
Research, 68, 1-28.

Zhang, Y., Xu, Z., Liu, Y., 2003. Viscosity of hyalrs rhyolitic melts inferred
from kinetic experiments, and a new viscosity modAmerican
Mineralogist, 88, 1741-1752.

Zhou, J.Z.Q., Fang, T., Luo, G., Uhlerr, P.H.T. 89Yield stress and maximum
packing fraction of concentrated suspensioRbeologica Acta, 34,
544-561.

237



Appendix A

Flow Deposit Geometry
& Field Location Descriptions







Flow Deposit Geometry & Field Location Descriptions

A.1 Aerial photograph of the north-western sector of Ngauruhoe

Recent lavas and pyroclastic flows show as darker deposits. Aerial photograph courtesy of
GNS Science, Wairakei.
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Appendix A

A.2 Topographic Map of the North-Western Sector of Ngauruhoe
Conewith 1954 L ava Flow Deposits Shown

e
I { L y
_ I .
\\k{ - 'I’. : 0] ;
h\ ‘ \ !
Black arrow pointsto grid reference: T19 370250 using NZM S260 seriestopographic map.

Central blue grid represents 1 km distance. Flow deposit colours match those in Figs. 2.4,
2.5and Appendix A.4.
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Flow Deposit Geometry & Field Location Descriptions

A.2.1 Calculations for underlying slope angle & flow deposit
length for each of the 1954 lavas

4th June (A) 8-13th July (C)
Distance Distance
Contour between Slope Length (m) Contour between  Slope Length
line contour Angle (9 line contour Angle (9 (m)
lines (m) lines (m)
2140 126 53 209.4 2140 126 53 209.4
2040 132 49 201.2 2040 149 42 200.5
1940 155 40 202.3 1940 149 42 200.5
1840 121 56 216.4 1915 34 47 49.9
1740 172 36 212.6
1680 115 31 134.2
1590 195 27 218.9
Average (°) 42 Average (°) 46
Total Length (m) 1395 Total Length (m) 660
29th July (E) 18th August (F)
Distance Slope Distance
Contour  between Contour between Slope Length
line contour Angle Length (m) line contour Angle (9 (m)
lines (m) 0 lines (m)
2140 138 46 198.7 2140 172 36 212.6
2040 138 46 198.7 2040 126 53 209.4
1940 149 42 200.5 1940 149 42 200.5
1840 132 49 201.2 1840 178 34 214.7
1740 195 31 227.5 1740 172 36 212.6
1640 207 29 236.7 1640 218 27 244.7
1610 92 19 97.3 1600 167 14 172.1
1560 149 16 155.0
1520 149 16 155.0
1500 126 9 127.6
1495 29 9 29.4
Average (9 37 Average (9 27
Total Length (m) 1360 | Total Length (m) 1934
18th Sept (H) 26th Sept (1)
Distance Slope Distance Slope
Contour between Angle Length Contour between Angle Length
line contour (m) line contour (m)
lines (m) 0 lines (m) 0
2140 184 33 219.4 2140 172 36 212.6
2040 132 49 201.2
Average (9 41 Average (9 36
Total Length (m) 421 Total Length (m) 213
16th Sept (G)
Distance Slope
Contour between Length
- Angle
line contour (m)
lines (m) 0
2140 172 36 212.6
2040 129 51 205.0
1940 155 40 202.3
1840 178 34 214.7
1740 172 36 212.6
1660 144 34 173.7
Average (9 39
Total Length (m) 1221
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Northern Upper Lobe (BnU -N)

Distance

30th June (B)-Bn Lobe Group
Southern Upper Lobe (BnU -S)

Distance

Northern Lower Lobe (BnL -N)

Distance

Contour between iInOpI: Length Contour between iInOpI: Length Contour between iInOpI: Length
line contour R 9 (m) line contour R 9 (m) line contour R 9 (m)
lines (m) lines (m) lines (m)
2140 121 56 216.4 2140 126 53 209.4 2140 121 56 216.4
2040 149 42 200.5 2040 149 42 200.5 2040 149 42 200.5
1940 149 42 200.5 1940 149 42 200.5 1940 149 42 200.5
1840 149 42 200.5 1840 161 38 204.3 1840 149 42 200.5
1740 172 36 212.6 1740 167 37 209.1 1740 172 36 212.6
1640 230 26 255.9 1640 201 30 232.1 1640 230 26 255.9
1560 218 22 235.1 1580 210 17 219.6 1540 276 21 295.6
1525 178 18 187.2 1500 155 15 160.5
1485 63 14 64.9
Average (°) 38 Average (°) 35 Average (°) 33
Total Length (m) 1522 Total Length (m) 1663 Total L ength (m) 1807
30th June (B)-Bn Lobe Group
Southern Lower Distal Lobe 1 (BnL -S-1) Southern Lower Distal Lobe 2 (BnL -S-2) Southern Lower Distal Lobe 3 (BnL -S-3)
Distance Distance Slope Distance Slope
Contour between Slope Contour between Contour between
line contour Angle (9 Length (m) line contour ,(A:)ngle Length (m) line contour ,(A:)ngle Length (m)
lines (m) lines (m) lines (m)
2140 126 53 209.4 2140 126 53 209.4 2140 126 53 209.4
2040 149 42 200.5 2040 149 42 200.5 2040 149 42 200.5
1940 149 42 200.5 1940 149 42 200.5 1940 149 42 200.5
1840 161 38 204.3 1840 161 38 204.3 1840 161 38 204.3
1740 167 37 209.1 1740 167 37 209.1 1740 167 37 209.1
1640 201 30 232.1 1640 201 30 232.1 1640 201 30 232.1
1540 310 19 327.9 1540 310 19 327.9 1540 310 19 327.9
1440 374 16 389.1 1440 379 15 392.4 1440 414 14 426.7
1400 155 15 160.5 1420 52 23 56.5 1420 69 17 72.2
1370 138 13 141.6 1400 80 14 824 1400 63 19 66.6
1385 40 22 43.1
Average (9 31 Average (9 31 Average (9 30
Total Length (m) 2275 Total Length (m) 2115 Total Length (m) 2192
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Southern Lower Distal Lobe 4 (BnL-S-4)
Distance

30th June (B) -Bn Lobe Group
Southern Low  er Distal Lobe 5 (BnL-S-5)
Distance

Southern Lower Distal Lo be 6 (BnL-S-6)
Distance

I'Contour between ilr?g;)lg Length Qontour between ilr?g;)lg Length (m) (_Zontour between ilnogplz Length (m)
ine cpntour R (m) line c_ontour R line c_ontour R
lines (m) lines (m) lines (m)
2140 126 53 209.4 2140 126 53 209.4 2140 126 53 209.4
2040 149 42 200.5 2040 149 42 200.5 2040 149 42 200.5
1940 149 42 200.5 1940 149 42 200.5 1940 149 42 200.5
1840 161 38 204.3 1840 161 38 204.3 1840 161 38 204.3
1740 167 37 209.1 1740 167 37 209.1 1740 167 37 209.1
1640 201 30 232.1 1640 201 30 232.1 1640 201 30 232.1
1540 310 19 327.9 1540 310 19 327.9 1540 310 19 327.9
1440 414 14 426.7 1440 414 14 426.7 1460 270 17 282.3
1400 149 16 155.0 1400 149 16 155.0 1400 247 14 254.6
1385 63 14 64.9 1380 92 13 94.4 1370 69 26 76.8
1350 80 22 86.3
Average (9 31 Average (9 30 Average (9 32
Total Length (m) 2230 Total Length (m) 2346 TotalL ength (m) 2197
30th June (B) -Bs Lobe Group
Southern Lobe Middle Lobe Northern Lobe
Distance Slope Distance Slope Distance Slope
C_:ontour between Angle Length C_:ontour between Anale Length C_:ontour between Anale Length
line contour R 9 (m) line contour R 9 (m) line contour R 9 (m)
lines (m) lines (m) lines (m)

2140 138 46 198.7 2140 138 46 198.7 2140 126 53 209.4
2040 138 46 198.7 2040 138 46 198.7 2040 149 42 200.5
1940 149 42 200.5 1940 149 42 200.5 1940 149 42 200.5
1840 132 49 201.2 1840 132 49 201.2 1840 164 38 208.1
1740 195 31 227.5 1740 195 31 227.5 1740 161 38 204.3
1640 207 29 236.7 1640 207 29 236.7 1640 190 32 224.0
1600 144 16 149.8 1600 144 16 149.8 1580 207 17 216.5
1540 356 10 361.5 1560 167 14 172.1 1560 86 13 88.3
Average (9 34 Average (9 34 Average (9 34
Total Length (m) 1774 Total Length (m) 1585 Total Length (m) 1552
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4th July (Da) 14th July (Db) 14th July (Dc)

Distance Slope Distance Slope Distance Slope
(_:ontour between Angle Length C_:ontour between Angle Length C_:ontour between Angle Length
line contour R (m) line contour R (m) line contour R (m)

lines (m) lines (m) lines (m)
2140 126 53 209.4 2140 121 56 216.4 2140 115 60 230
2040 144 44 200.2 2040 149 42 200.5 2040 126 53 209
1940 144 44 200.2 1940 149 42 200.5 1940 152 41 201
1840 167 37 209.1 1840 149 42 200.5 1840 152 41 201
1740 161 38 204.3 1820 46 26 51.2 1740 195 31 227
1660 138 35 168.5 1640 178 34 215

1580 253 14 261

Average (9 42 Average (9 42 Average (9 39
Total Length (m) 1192 Total Length (m) 869 Total Length (m) 1545
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Flow Deposit Geometry & Field Location Descriptions

A.3 Flow Deposit Volumes
A.3.1 Surface Area Grids
4" June (A) and 38 June (B) Lavas

Each grid square represents 100 m? surface area. Grid squaresin which lava flow deposit is
present are numbered. The surface area of each numbered square relevant to individual
lava flow depositsare given in A.3.2

ANII



Appendix A

g"-13" July(C), 14" July (Da, Db, Dc), 18 September (H) and 26September

() Lavas
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Flow Deposit Geometry & Field Location Descriptions

29" July (E), 18" August (F) and 18 September (G) Lavas

A/lX



XIVY

A.3.2 Estimated Surface Area and Volume of 1954 L ava flow Deposits

th th th
47 June (A) 147 July (Da) 14™ July (Db)
Grid Flow 3mflow 2 mflow Grid Flow 3 m flow 2 m flow Grid Flow 3 m flow 2 m flow
deposit Surface depth depth deposit Surface depth depth deposit Surface depth depth
zguare coverage Area (m?) Vol (m% Vol (m?) zguare coverage  Area (m?) Vol (m?) Vol (m?) zguare coverage  Area (m?) Vol (m%) Vol (m?)
' (%) ) ' (%)
1 33 3300 9900 6600 2 45 4500 13500 9000 3 8 800 2400 1600
2 4 400 1200 800 3 21 2100 6300 4200 4 34 3400 10200 6800
4 23 2300 6900 4600 6 1 100 300 200 9 44 4400 13200 8800
5 22 2200 6600 4400 7 46 4600 13800 9200 10 13 1300 3900 2600
7 7 700 2100 1400 8 20 2000 6000 4000 15 2 200 600 400
8 46 4600 13800 9200 12 6 600 1800 1200 16 60 6000 18000 12000
11 1 100 300 200 13 61 6100 18300 12200 23 36 3600 10800 7200
12 55 5500 16500 11000 14 18 1800 5400 3600 24 41 4100 12300 8200
13 5 500 1500 1000 20 16 1600 4800 3200 29 1 100 300 200
16 48 4800 14400 9600 21 67 6700 20100 13400 30 78 7800 23400 15600
17 22 2200 6600 4400 22 14 1400 4200 2800 31 5 500 1500 1000
21 25 2500 7500 5000 27 16 1600 4800 3200 36 13 1300 3900 2600
22 55 5500 16500 11000 28 93 9300 27900 18600 37 31 3100 9300 6200
28 26 2600 7800 5200 34 32 3200 9600 6400 TOTAL 36,600 109,800 73,200
29 85 8500 25500 17000 35 58 5800 17400 11600 error + 2,600 +7,800 +5,200
30 8 800 2400 1600 TOTAL 51,400 154,200 102,800
35 43 4300 12900 8600 error + 3,000 +9,000 16,000
36 75 7500 22500 15000 Surface area error margin assumed at 2% estimation error per grid square (=200 m * each square) and total surface area
37 27 2700 8100 5400 error for each flow obtained by multiplying this by the number of gird squares covered by each flow de  posit.
Total surface area error is then multiplied by flow depth to give a volume error correlated to surface area error.
TOTAL 61,000 183,000 122,000 The total error for each flow (Table 2.1) is given by a 2% surface area error and a 1 m flow depth err  or and is calculated
by adding the difference between the volume of the two flow depths to the volume error value of the gr eater flow depth
error *3,800 +11,400 7,600 e.g. 4™ June flow total error = 11,400 + (183,000 — 122,00 ) = 72,400
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8-13" July (C),18" Sept (H),

16" September (G), 26September (1)

Grid Flow deposit Surface 3 3 Grid Flow deposit Surface 3 3
square coverage (%) Area (m?) Vol (m”~) Vol (m”~) square  coverage Area (m?) Vol (m”~) Vol (m”~)
no. no. (%)
4 30 3000 9000 6000 2 28 2800 7000 4200
10 30 3000 9000 6000 4 28 2800 7000 4200
16 9 900 2700 1800 6 33 3300 8250 4950
17 50 5000 15000 10000 8 40 4000 10000 6000
24 37 3700 11100 7400 11 48 4800 12000 7200
25 7 700 2100 1400 14 50 5000 12500 7500
31 14 1400 4200 2800 17 49 4900 12250 7350
TOTAL 17,700 53,100 35,400 20 58 5800 14500 8700
error + 1,400 +4,200 +2,800 23 28 2800 7000 4200
26 3 300 750 450
18th Sept (H) §é5pm flow é‘espiﬂ flow TOTAL 36,500 91,250 54,750
5 20 2000 5000 3000 error + 2,000 +5,000 + 3,000
11 21 2100 5250 3150
18 15 1500 3750 2250 26th Sept (1) géspiﬂ flow é‘espiﬂ flow
19 3 300 750 450 5 20 2000 5000 3000
TOTAL 5,900 14,750 8,850 11 6 600 1500 900
error + 800 +2,000 +1,200 TOTAL 2,600 6,500 3,900
error + 400 +1,000 +600
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18" August (F) (continues on next page-see footnotes)

Grid Flow deposit coverage (%) Surface Area (m ?) Flow depth (m) Volume (m 3)

square N S Channel Channel N S Channel  Channel N S Channel N S Channel
no. Levee Levee -nofill fill Levee Levee -nofill fill Levee Levee il Levee Levee il

1 10 10 25 0 1000 1000 2500 0 1 1 0 1000 1000 0

2 10 10 30 0 1000 1000 3000 0 1 1 0 1000 1000 0

3 12 10 29 0 1200 1000 2900 0 2 2 0 2400 2000 0

4 11 11 36 0 1100 1100 3600 0 3 2 0 3300 2200 0

5 18 11 33 0 1800 1100 3300 0 4 25 0 7200 2750 0

6 0 1 0 0 0 100 0 0 0 2.5 0 0 250 0

7 25 7 37 0 2500 700 3700 0 6 25 0 15000 1750 0

8 0 7 0 0 0 700 0 0 0 2.5 0 0 1750 0

9 27 0 45 0 2700 0 4500 0 8 0 0 21600 0 0

10 0 13 0 0 0 1300 0 0 8 3 0 0 3900 0

11 24 2 55 0 2400 200 5500 0 8 3 0 19200 600 0

12 0 7 0 0 0 700 0 0 0 3 0 0 2100 0

13 36 7 36 0 3600 700 3600 0 8 3 0 28800 2100 0

14 0 8 0 0 0 800 0 0 0 3 0 0 2400 0

15 21 11 42 0 2100 1100 4200 0 8 5 0 16800 5500 0

16 0 8 0 0 0 800 0 0 0 5 0 0 4000 0

17 3 0 0 0 300 0 0 0 8 0 0 2400 0 0

18 21 14 0 57 2100 1400 0 5700 8 5 6 16800 7000 34200
19 0 2 0 0 0 200 0 0 0 5 0 0 1000 0

20 12 0 0 0 1200 0 0 0 8 0 0 9600 0 0

21 41 1 0 50 4100 100 0 5000 7 6 6 28700 600 30000
22 0 8 0 14 0 800 0 1400 0 6 6 0 4800 8400
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Grid Flow deposit coverage (%) Surface Area (m 9 Flow depth (m) Volume (m 3)

square N S Channel  Channel N S Channel  Channel N S Channel N S Channel

no. Levee Levee -nofill fill Levee Levee -nofill fill Levee Levee il Levee Levee il

23 25 0 0 6 2500 0 0 600 7 0 6 17500 0 3600

24 0 35 0 10 0 3500 0 1000 0 55 6 0 19250 6000

25 1 100 4 0 0 400 0 0

26 57 5700 4.6 55 0 26220 0 0

27 35 3500 0 6 0 0 0 0

28 43 4300 4 17200 0 0

29 45 4500 4 18000 0 0

30 28 2800 4 11200 0 0

31 30 3000 4 12000 0 0
Total 276320 65950 82200
Overall Total 424,470

Surface area of each lateral flow margin (north and south |
Levee heights and flow channel depths variable thro

Full width of the flow deposit in the distal zone i

Error margin not calculated due to variable flow de

ughout deposit therefore flow depth in each grid es
s included in the northern levee column
pths/levee heights but a 2% surface area error =

evee) and central flow channel estimated separately
timated separately

+18,600m*
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Appendix A

14" July (Dc) 29" July (E)
GiO et e Snlov Zmiow loia o GOL,  swwe o fow
o coverage (2 , o« | ro. coverage -z pth . depth .

(%) Vol(m©) Vol (m”) (%) Vol(m®) Vol (m”)
4 1 100 300 200 1 28 2800 9800 7000
5 37 3700 11100 7400 2 4 400 1400 1000
10 15 1500 4500 3000 3 38 3800 13300 9500
11 40 4000 12000 8000 5 43 4300 15050 10750
17 22 2200 6600 4400 7 46 4600 16100 11500
18 40 4000 12000 8000 9 1 100 350 250
25 31 3100 9300 6200 10 57 5700 19950 14250
26 42 4200 12600 8400 12 20 2000 7000 5000
32 38 3800 11400 7600 13 51 5100 17850 12750
33 40 4000 12000 8000 15 51 5100 17850 12750
38 51 5100 15300 10200 16 33 3300 11550 8250
39 33 3300 9900 6600 18 70 7000 24500 17500
40 67 6700 20100 13400 19 20 2000 7000 5000
41 21 2100 6300 4200 21 71 7100 24850 17750
42 83 8300 24900 16600 22 6 600 2100 1500
43 11 1100 3300 2200 24 41 4100 14350 10250
44 25 2500 7500 5000 25 10 1000 3500 2500
45 17 1700 5100 3400 27 10 1000 3500 2500
46 72 7200 21600 14400 28 1 100 350 250
47 21 2100 6300 4200 TOTAL 60,100 210,350 150,250
48 73 7300 21900 14600 error + 3,800 +13,300 9,500
49 5 500 1500 1000
50 18 1800 5400 3600
51 75 7500 22500 15000
52 3 300 900 600

TOTAL 88,100 264,300 176,200

error + 5,000 + 15,000 + 10,000
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Flow Deposit Geometry and Field Location Descriptions

30" June (B)-main flow before division into lobe grosgsee A/XVII)

3 m flow 2 m flow
depth depth

Grid Flow deposit Surface 3 3
zgeare coverage (%) Area (m?) vol (m?) vol (m?)
1 7 700 2100 1400
2 95 9500 28500 19000
3 6 600 1800 1200
5 45 4500 13500 9000
6 90 9000 27000 18000
8 2 200 600 400
9 85 8500 25500 17000
10 80 8000 24000 16000
13 35 3500 10500 7000
14 100 10000 30000 20000
15 70 7000 21000 14000
18 76 7600 22800 15200
19 100 10000 30000 20000
20 63 6300 18900 12600
23 17 1700 5100 3400
24 100 10000 30000 20000
25 100 10000 30000 20000
26 50 5000 15000 10000
31 52 5200 15600 10400
32 100 10000 30000 20000
33 100 10000 30000 20000
34 34 3400 10200 6800
38 3 300 900 600
39 92 9200 27600 18400
40 100 10000 30000 20000
41 100 10000 30000 20000
42 18 1800 5400 3600
43 31 3100 9300 6200
44 100 10000 30000 20000
45 100 10000 30000 20000
46 100 10000 30000 20000
47 24 2400 7200 4800
48 11 1100 3300 2200
49 93 9300 27900 18600
50 98 9800 29400 19600
51 99 9900 29700 19800
52 95 9500 28500 19000
53 19 1900 5700 3800

TOTAL 249,000 747,000 498,000

error +7,600 +22,800 +15,200

HALF TOTAL 124,500 373,500 249,000
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30th June (BnU)

30th June (BnL)

30th June (Bs)

Grid Flow _ Surface 9 m flow 8 m flow Grid Flow _ Surface 3 m flow 2 m flow Grid Flow _ Surface 3mflow 2mflow
no. %) (m?) Vol (m”~) Vol (m”~) no. (%) (m?) Vol (m”~) Vol (m”~) no. (%) (m?) Vol (m~®) Vol (m®)
1 7 700 6300 5600 54 69 6900 20700 13800 57 57 5700 17100 11400
2 61 6100 54900 48800 55 87 8700 26100 17400 58 83 8300 24900 16600
5 45 4500 40500 36000 56 61 6100 18300 12200 59 86 8600 25800 17200
6 25 2500 22500 20000 57 3 300 900 600 63 25 2500 7500 5000

9 79 7900 71100 63200 60 20 2000 6000 4000 64 88 8800 26400 17600
10 1 100 900 800 61 44 4400 13200 8800 65 77 7700 23100 15400
13 35 3500 31500 28000 62 79 7900 23700 15800 66 2 200 600 400

14 57 5700 51300 45600 63 13 1300 3900 2600 71 42 4200 12600 8400
18 76 7600 68400 60800 67 1 100 300 200 72 68 6800 20400 13600
19 22 2200 19800 17600 68 77 7700 23100 15400 73 19 1900 5700 3800
23 17 1700 15300 13600 69 66 6600 19800 13200 78 14 1400 4200 2800
24 89 8900 80100 71200 70 12 1200 3600 2400 TOTAL 56,100 168,300 112,200
31 52 5200 46800 41600 74 3 300 900 600 error +2,200 +6,600 +4,400
32 48 4800 43200 38400 75 31 3100 9300 6200 TOTAL (Bs) 180,600 541,800 361,200
38 3 300 2700 2400 76 73 7300 21900 14600

39 90 9000 81000 72000 77 16 1600 4800 3200

40 10 1000 9000 8000 79 2 200 600 400

43 31 3100 27900 24800 80 24 2400 7200 4800

44 60 6000 54000 48000 81 87 8700 26100 17400

48 11 1100 9900 8800 82 100 10000 30000 20000
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30" June (BnU) cont'd

30" June (BnlL) cont'd

Flow 9mflow 8mflow | Grid o Suface G OW 2 oW
Squdare deposit i;g;ace depth depth iguare gg\?gf;tg]e '(A‘r; e ? depth depth
no. ?E%erage (m? Vol (m% Vol (m? ' (%) Vol (m® Vol (m?
49 93 9300 83700 74400 | 83 21 2100 6300 4200
50 30 3000 27000 24000 84 1 100 300 200
54 54 5400 48600 43200 |85 33 3300 9900 6600
55 61 6100 54900 48800 86 88 8800 26400 17600
56 31 3100 27900 24800 | 87 70 7000 21000 14000
61 2 200 1800 1600 88 1 100 300 200
62 40 4000 36000 32000 |89 18 1800 5400 3600
63 1 100 900 800 90 17 1700 5100 3400
69 9 900 8100 7200 91 31 3100 9300 6200
70 4 400 3600 3200 92 1 100 300 200
TOTAL 114,400 1,029,600 915,200 TOTAL 114,900 344,700 229,800
error +6,000 +54,000 +48,000 error +6,000 +18,000 +12,000
TOTAL (Bn) 353,800 1,747,800 1,394,000

Error margins are calculated by assuming a 2% error in surface area e  stimation per grid square

(= 200 m? each square ),

multiplying this by the number of squares covered b y the flow deposit and adding the difference betwe

values given for flow depths (i.e. assumingal me rrorin flow depth)

Volumes on page A/XV are for the entire width oft  he main flow deposit before the flow divides into |

The total for each lobe group (i.e. Bn and Bs assum  es half of the total of the main flow each)
The upper (BnU) lobes were calculated separately du e to much greater flow deposit depths

The total volume for 30 ™ June (B) is the combined totals for Bn, BnU, and B

S

en the two total

obe groups

TOTAL 30™ JUNE (B) FLOW
2,289,600 m®
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A4 List of field sitelocations and brief descriptionswith relevant GPS coor dinates

AXIVY

Elow . Site Site Description GPS-coordinates Flow Depth (m) Com  ments
eposit No.
4th June Al southern margin E2736593/N6224694 3.0 overlying 1949 flow deposit
A2 southern margin E2736557/N6224698 15 extended lobe to south-? 1949 flow deposit
?8216 Bn3 ;%?T:hs:,rbga{gég ?rglr}-ts downflow 3to4 deep flow channel
Bn4 southern margin Bm lobe E2736319/N6224407 1-2
Bn5 lobe front Bm lobe
Bn6 northern margin BnL-S-1 lobe E2735678/N6225044 4.0 BnL-S-3 lobe meets northern margin-no overlap
Bn9 BnL-S-1 lobe front 2.0 lobe front rests on steep underlying slope
Bnl12 southern margin BnL-S-4 lobe 5-55
Bn16 ﬁggglern margin at top of underlying E2735865/N6224857 15 Flow widens and spills down ridge slope.
Bn18 ﬁggglzlrgprgargin, part way down 04-13 thin veneer of lava emplaced on ridge slope
Bn19 BnL-S-4 lobe front E2735662/N6225120 4-5 several large boulders within shallow flow channel
Bn20 southern margin BnL-S-5 lobe 0.9-2.2 inner wall depth greater than outer wall depth
Bn21 flow channel BnL-S-4 lobe E2735762/N6225091 large, dense boulders in central flow channel
Bn22 southern margin BnL-S-6 lobe 2.9
Bn23 northern margin BnL-S-5 lobe 15 flow emplaced over low-elevation, steep ridge slope
Bn24 BnL-S-5 lobe front E2735640/N6225241 35
Bn26 BnL-S-6 lobe front E2735786/N6225201 3.0
Bn30 southern margin BnL-S-1 lobe 1.7 flow diverted into stream valley adjacent to Pukekaikiore
Bn30 southern margin BnL-S-1 lobe 1.7 flow diverted into stream valley adjacent to Pukekaikiore
Bn34a southern margin BnL-S-4 lobe E2735742/N6224992 15 BnL-S-2 & BnL-S-3 divided by small kipuka on ridge top
Bn35 western margin BnL-S-2 29 flow emplaced on steep ridge slope & meets BnL-S-1 margin-no contact
Bn37a southern margin BnL-S, small lobe E2736130/N6224541 o5

extending from margin
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XIX/IV

Elow . Site Site Description GPS-coordinates Flow Depth (m) Com  ments
eposit No.
Bn38a ;outt]ern margin BnL-S, adjacent to 2.0 deep flow channel, outer levee wall height low
nU-S lobe front
Bn39a gﬁiﬁﬁlr’geé‘glffskip“ka between E2736224/N6224733
Bn40a g?]ﬁrjﬁero?:;?cL?\tBnL-N adjacent to 20
Bn40b BnL-N lobe front 25 lobe front forked, southern fork emplaced over BnL-S lobe surface
Bs2 northern margin, northern lobe E2736319/N6224407 1-1.5 shallow flow channel, overlain by a small secondary lobe
Bs3 southern margin, southern lobe E2736162/N6224249 3 sub-lobe extends out from margin of main flow
Bs7 southern margin, southern lobe E2736067/N6224296 2-3.5 flow margin diverted at base of Pukekaikiore-no contact
Bs9 southern margin, southern lobe 1.8 flow margin alongside but no contact with base of Pukekaikiore
Bs9a southern margin, southern lobe E2736018/N62244 22 05-0.7 flow margin fully abuts base of Pukeka ikiore
Bs10 southern margin, southern lobe 2.9 outer wall of flow margin obscured by Pukekaikiore slopes
Bs1l southern lobe front, western end E2735966/N6224525 3-3.5 lobe front rests on gentle slope ~ 10°
Bs14 southern lobe front 35 multiple toe formation at lobe front
Bs15 southern lobe front E2736038/N6224490 3.5 multiple toe formation at lobe front
Bs16 southern lobe front E2736067/N6224487 3.7 multiple toe formation at lobe front
Bs18 southern lobe front, eastern end E2736082/N6224450 3.5 multiple toe formation at lobe front
Bs22 northern margin, southern lobe 35 ts(;;:thern and middle lobes emplaced down ridge slopes, lobes divide on ridge
Bs25 lobe front, middle lobe E2736120/N6224394 3.2 lobe front partially overlain by northern lobe front
Bs26 lobe front, middle lobe overlying northern lobe front ~ 1 m higher than middle lobe
Bs27 lobe front, northern lobe 3-35 northern lobe front divided into two toes at flow front
Bs29 lobe front, northern lobe E2736114/N6224417 4-6
Bs30 northern margin, northern lobe 2 flow margin confined by low-elevation ridge slope
Bs31 southern margin, southern lobe 2 overlain by 29th July lava and block and ash deposit, also close to 14th July

(Dc) margin so this section of flow unknown
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XXIV

Flow . Site Site Description GPS-coordinates Flow Depth (m) Com  ments
Deposit No.
14th July  Dc2 ;IOW front, second of 5 muitiple flow 6 front of toe just abuts the base of Pukekaikiore
ront toes
Dc4 flow front, first flow front toe, 3 no contact with the base of Pukekaikiore
southern end
DC5 flow front, first flow front toe, E2763090/N6224188 48 flow front_emplaced on gentle ~9°slope-several met res before base of
northern end Pukekaikiore
Dc7 southern margin E2736309/N6224093 3.7-3.8 low-elevation levee and shallow flow channel
. small lobe emplaced between 14th July and 18th August flows-no clear flow
Dc8 southern margin margins upstream
Dc9 northern flow front E2736116/N6224252 35 contact with southern margin, southern Bs lobe, no overlap, contact minimal
Dcl10a northern margin 4-5 contact with southern margin, southern Bs lobe, no overlap, contact minimal
Dc12 northern margin, sub-lobe front E2736225/N6224192 6 zg\t/)\l-lobe extends along northern margin, low-elevation levee divides from main
Dcl2a northern margin 2 contact with southern margin, southern Bs lobe, no overlap, contact minimal
Dc13 northern margin E2763393/N6224185 2.29 Ir:)(igllzar delineation of flow margins of this or 30th June lava upstream from this
Dcl4 northern margin, upper-lobe front 35-4 distinct lobe deposit overlying main flow channel
29th July E1 southern margin E2736302/N6224198 5.0 overlies 30th June lava, no distinct contact between flow surfaces
Ela flow surface, southern margin block and ash flow overlies lava
E2 flow front, southern fork E2736281/N6224429 4.8 flow front divided into angular fork
iﬁtgu st F1 northern margin E2736116/N6224058 abuts tightly against Pukekaikiore ridge
Flb northern margin 8-12
F3 central flow channel E2736259/N6224055 0 drained flow channel upstream from this local, crest top within the middle of the
flow channel, folded surface
F9 southern margin E2736291/N6224004 1.6
F10 southern margin 2.8 flow margin follows path of adjacent ridge-no contact
F12 southern margin E2736062/N6223934 7.5 flow margin contacts with base of adjacent ridge
F13 southern margin 55 underlying slope angle increases markedly
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Flow Site

Site Description

GPS-coordinates

Flow Depth (m)

Com ments

Deposit No.
F17 southern margin 55 flow margin emplaced along the top of an underlying ridge with some oversplii
down ridge slopes
F20 flow front, southern toe E2735740/N6224079 3.8 distal end of flow broad and multiple toes formed
F21 flow front, longest toe E2735725/N6224134 5
F22 northern margin of flow front E2735743/N6224134 5
F27 northern margin, small toe E2735813/N6224166 3.6
F28 northern margin, small toe 7
F31 northern margin 6 levee height reduces markedly before spreading out towards distal end,
southern levee also markedly reduced at same place
16th c1 flow front E2736477/N6224032 distal end of flow emplaced down the south-facing inside wall of the 18th August
Sept northern levee
G2 flow front 1-15 no clear delineation between G and F flow surfaces or margins
G2a flow surface before emplacement

down F flow levee

A complete list of field sites, including more comprehensive descriptions and flow deposit dimensionsis given in Appendix D
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Appendix B
Rock Sample Analyses
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B.1 List of Rock Samplesand Analyses Undertaken (see notesp. Bl 1)

Sample Thin Section . . . Gas
UoWw no. Flow . Polished  Petrographic  Point
: . Comments/reason for analysis - 2 Pycnometer XRF Photos
Number (this Deposit WR z section Description count lvsi
study) Analysis

W20090330 A1l 4th June Southern margin ® i i i i
W20090331  A2* 4th June Either A or 1949 flow deposit o * o *
W20090332 Bn6-4 30th June ®
W20090333 Bnil7-1 30th June *
W20090334 Bnl19 30th June d
W20090335 Bn20-2 30th June ®
W20090336 Bn2l-la  30th June b
W20090337 Bn25 30th June b
W20090338 Bn26 30th June  Lobe front (BnL-S-6) o i * *
W20090339  Bn27 30th June ¢
W20090340 Bn38 30th June  Lobe front (BnU-S) hd i * *
W20090341 Bn40 30th June b
W20090342 Bs3-1 30th June  Southern Bs lobe-very crystalline texture * * *
W20090343 Bs3-2 30th June b ¢ ¢ ¢
W20090344 Bs8-1 30th June d
W20090345 Bs8-2 30th June  SW margin, southern BS lobe i i i

) Southern Bs lobe front-dense inner core, ° ° ° °
W20090346 Bsl1i-1 30th June no vesicles
W20090347 Bsl11-2  30thJune  Southern Bs lobe front-highly vesicular ¢ ¢ ¢
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Sample

UoW FI Thin Section Polished P hic  Poi Gas
0 no. ow Comments/reason for analysis olishe etrogra_p Ic oint Pycnometer XRF Photos
Number (this Deposit WR z X section Description count .
study) Analysis
W20090348  Bs27 30th June b
W20090349  Bs31* 30th June  Either B, E or Dc flow s ¢ ¢ ¢ ¢ ¢
W20090350 Bs32* 30th June  Either B, E or Dc flow s * * * * *
W20090351 Dcl-2 14th July b
W20090352  Dc2-1 14th July b
W20090353  Dc3-1 14th July s
W20090354 Dc6 14th July Flow front d * * * *
W20090355 Dcs-1*  14thJuly ~ omall lobe between De & F . . . .
(possibly G flow)
W20090356 Dc8-2*  1athJuly ~ omall lobe between De & F . . . .
(possibly G flow)
W20090357 Dc8-3 14th July Southern margin d i *
W20090358 Dc13 14th July Northern margin ® i i
W20090359  Dc14* 14th July Overlying lobe o * * * hd
W20090360 E1-1 29th July Southern margin ® i i
W20090361 E2 29th July Flow front hd * * * *
W20090362 F2 18th Aug b
W20090363  F10 18th Aug Southern levee * * * *
W20090364 F13 18th Aug Southern levee i i i
W20090365 F15-1 18th Aug Flow front-dense inner core, no vesicles i * s *
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n/a

Sample Thin Section . . . Gas

UoWw no. Flow . Polished  Petrographic  Point
: . Comments/reason for analysis - 2 Pycnometer XRF Photos

Number (this Deposit WR z section Description count Analvsis

study) y
W20090366 F15-2 18th Aug Flow front-highly vesicular i i i
W20090367 F20 18th Aug Flow front * * o
W20090368 F21 18th Aug Flow front s ¢ ¢ ¢ i
W20090369 G1* 16th Sept  Base of G flow-possibly F flow d * * *
W20090370 G2 16th Sept  Flow front b ¢ ¢ ¢ ¢
W20090371  G3* 16th Sept hd * *
W20090372 Z1 1949 Southern margin b i i i

UoW Number refersto University of Waikato sample library number

Sample Numbers allocated in this study correlateto field location numbers (Fig. 2.5 or Appendix D.1)
* Denotes samples collected from locations wher e the date-specific flow deposit cannot be clearly established
WR = thin section made from whole rock sampleincorporating both theinner and outer zones (Z & X) of the sample within the same thin section

Z & X =thin sections made from the same whole rock sample, with each one either representing the outer scor eaceous zone (X), or theinner, lessvesicular zone (X)

Polished sections are uncovered and used to identify opaque mineral components
Photos refersto photographs used asfigures
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B.2 Gas Pycnometer Resultsand Vesicularity Calculations

Sample Zone Sample block dimensions (100*(densityyow-densityy))/densitypow (100*(densityyow-densitypyc))/densitypow Vi-Vi
o b L wem o@m YO VoL wg | DI CEMSTY TOTAL | DENSIM.  WESISOLATED | yescon
Bn6-4 O 20.71 16.74 16.44 5700 5.70 14.07 2.8670 2.4686 13.89 2.7795 3.05 10.84
Bn6-4 1(s) 20.80 15.84 16.75 5519 5.52 12.75 2.8652 2.3103 19.37 2.7806 2.95 16.41
Bn6-4 I (m) 35.93 28.28 27.96 28410 28.41 66.83 2.8786 2.3523 18.28 2.8307 1.66 16.62
Bnl19 O 20.43 16.72 15.38 5254 5.25 10.34 2.8672 1.9682 31.36 2.7230 5.03 26.33
Bn19 1 (s) 20.55 16.43 16.14 5449 5.45 11.95 2.8534 2.1929 23.15 2.7708 2.89 20.25
Bnl19 I (m) 35.70 27.43 28.43 27840 27.84 62.60 2.9106 2.2486 22.75 2.8426 2.34 20.41
Bn20-2 1 (s) 20.77 16.68 16.09 5574 5.57 8.15 2.8860 1.4621 49.34 2.7225 5.67 43.67
Bn20-2 I (m) 35.32 27.85 28.23 27769 27.77 45.64 2.9017 1.6436 43.36 2.8464 1.91 41.45
Bn40 O 20.78 16.09 15.20 5082 5.08 11.37 2.8683 2.2373 22.00 2.8169 1.79 20.21
Bn40 1(s) 20.06 16.89 16.04 5435 5.43 12.92 2.8630 2.3774 16.96 2.7968 2.31 14.65
Bn40 I (m) 33.65 2452 29.39 24250 24.25 57.07 2.8912 2.3534 18.60 2.8443 1.62 16.98
Bs27 O 20.41 16.24 16.70 5535 5.54 12.43 2.8569 2.2456 21.40 2.8111 1.60 19.80
Bs27 1 (s) 20.52 16.70 16.32 5593 5.59 11.90 2.8542 2.1278 25.45 2.8120 1.48 23.97
Bs27 I (m) 35.37 28.25 27.01 26988 26.99 57.73 2.8920 2.1391 26.04 2.8285 2.20 23.84
Dc2-1 O 20.77 16.67 16.46 5699 5.70 11.83 2.8589 2.0758 27.39 2.8100 1.71 25.68
Dc2-1 1(s) 20.21 15.63 16.77 5297 5.30 10.39 2.8764 1.9614 31.81 2.8122 2.23 29.58
Dc2-1 I (m) 32.94 27.62 28.49 25920 25.92 52.21 2.9012 2.0143 30.57 2.8502 1.76 28.81
F2 1(s) 19.74 16.41 16.65 5393 5.39 11.89 2.8576 2.2045 22.85 2.8190 1.35 21.50
F2 I (m) 35.22 27.63 28.12 27364 27.36 59.78 2.8938 2.1846 2451 2.8404 1.85 22.66
Dc3-1 1(s) 19.59 16.62 16.39 5336 5.34 8.62 2.8611 1.6153 43.54 2.8167 1.55 41.99
Dc3-1 I (m) 35,59 26.93 28.06 26894 26.89 50.12 2.9083 1.8636 35.92 2.8584 1.72 34.20
Ave 2.8768 27.0732 24.7557
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Rock Sample Analyses

Gas Pycnometer results and vesicularity calculation table-notes

* Block sample zone refers to sample taken from outer (O) scoriaceous zone
or inner (I) less vesicular zone; size refers to small (s) or medium (m)
block sizes as discussed in Chapter 3.

* Densityy refers to the whole sample block density and is calculated by:

weight/volume.

* Densitypow and Densityy, refer to the powdered sample density and bulk
density excluding exposed vesicles respectively, both values measured by
the gas pycnometer.

» The formulas for calculating total vesicularity, isolated vesicle abundance
and connected vesicle abundance are given.

» The average Densitypow vaue shown is used to represent whole rock
density in rheological caculations (Chapter 4) and therefore assumes a
bubble-free melt.
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B.3 Quantitative Bulk Flow Deposit Vesicularity Data
Autoclast size & vesicularity data collected at the proximal flow zone site (E38), 18" August flow

Grid 1-Lower Right

Grid 2-Lower Left

Grid 3-Upper Left

Grid 4-Upper Right

Clast Clast Vesicle Abundance Clast Vesicle  Abundance Clast Vesicle Abundance Clast Vesicle Abundance
No. Dem) D(mm) 1(%) O(%) D(m) D(@mm) I(%) O(%) D(m) D(mm) 1| (%) O%) D(eEm) D(@mm) 1(%) O (%)
1 20 10 12 40 16 <1 15 40 18 10 20 N/A 25 1 7 35
2 10 ? 3 40 12 1 10 35 15 <1 7 35 10 2 10 30
3 14 ? 1 35 11 <05 5 35 8 ? 7 35 9 5 15 30
4 9 <1 20 40 8 3 5 40 10 1 7 40 11 2 20 N/A
5 35 5 25 30 105 7 15 30 8.5 1 5 35 23 0.5 5 40
6 12 ? 7 35 115 2 15 35 125 ? <1 40 13 7 20 30
7 14 2 10 40 12 6 15 40 11 1 5 35 10 0.5 3 25
8 12 2 15 40 8 1 7 35 12 <05 7 40 13 1 7 30
9 15 3 12 30 7 <05 10 35 8 9 29 49 8 0.5 3 40
10 10 5 25 N/A 13 4 20 40 75 1 7 35 14 8 25 40
11 16 2 7 40 24 <05 5 35 10 5 10 35 12 2 10 40
12 16 <1 10 35 11 7 15 35 9 <05 15 40 15 0.5 1 40
13 18 4 15 35 105 10 15 40 7 ? <1 35 12 0.5 7 35
14 24 3 12 40 14 <1 7 35 125 3 20 N/A 19 10 12 40
15 17 3 7 30 11 2 10 30 8 5 15 N/A 18 0.5 <1 35
16 12 1 5 30 75 2 15 40 11 <1 3 40 8 4 15 35
17 11 5 15 40 155 ? 3 40 8.5 25 25 N/A 10 0.5 5 35
18 14 <1 7 35 20 2 7 40 10 1 3 30 17 1 7 40
19 7 <1 5 30 15 2 7 40 10 2 12 35 30 1 7 40
20 11 1 12 40 6 <05 5 35 7 5 15 N/A 13 5 15 35
21 14 <1 5 40 60 <05 7 35 12 <05 10 35 10 6 20 40
22 17 5 15 40 13 2 20 40 95 1 10 35 14 0.5 1 40
23 27 2 12 40 24 2 5 30 14 <05 7 35 24 0.5 7 35
24 12 1 15 40 14 1 10 40 13 1 7 35 10 1 7 35
25 10 <1 7 40 8.5 ? 1 30 16 <1 7 40 13 0.5 3 40

D = maximum diameter; | = inner clast zone; O = outer clast zone. N/A = no outer scoriaceous zone present.
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Autoclast size and vesicularity data collected at the frontal flow zone site (E39), 18" August flow

Grid 1-Lower Right

Grid 2-Lower Left

Grid 3-Upper Left

Grid 4-Upper Right

Clast Clast Vesicle Abundance Clast Vesicle  Abundance Clast Vesicle Abundance Clast Vesicle Abundance
No. Dem) D(mm) 1(%) O(%) D(m) D(@mm) I(%) O(%) D(m) D(mm) 1| (%) O%) D(eEm) D(@mm) 1(%) O (%)
1 7 2 20 40 8.5 5 20 N/A 6.5 <05 10 35 6.5 2 3 35
2 9 3 10 40 9.5 <05 15 30 75 1 15 35 9.5 <05 5 40
3 9 <05 15 40 13 1 15 40 10 <05 5 30 8.5 3 15 40
4 8.5 10 20 40 10 4 20 35 10 1 10 40 5 <05 7 35
5 7 <05 15 30 8.5 <05 7 40 95 8 10 35 8 1 7 40
6 45 1 15 40 9.5 1 10 40 7 2 12 35 5.5 <05 10 35
7 10 2 15 40 6.5 2 15 35 155 2 15 35 75 2 20 40
8 10 1 15 40 9 6 20 35 11 1 10 40 10 3 10 40
9 11 3 10 40 11 8 20 40 7 2 15 40 10 7 25 35
10 8 <05 15 35 10 7 15 40 9 <05 7 40 8.5 10 25 40
11 9 6 25 30 6.5 1 5 30 6.5 2 7 35 13 8 20 35
12 14 1 10 40 11 5 20 35 8.5 3 15 30 7 3 15 35
13 9.5 <05 15 30 10 4 15 35 75 <05 5 35 10 1 15 40
14 10 <05 15 40 14 8 15 40 11 5 10 35 7 <05 5 35
15 11 <05 5 40 10 <05 15 35 8.5 4 10 35 7 2 20 40
16 9 <05 15 40 105 2 10 35 7 1 7 40 10 <05 15 35
17 7 <05 15 40 105 <05 15 40 10 2 5 40 7 <05 7 35
18 11 5 15 40 8 <05 14 40 18 7 25 40 8 <05 10 40
19 11 2 15 35 7 4 20 40 45 6 10 35 5 <05 7 35
20 11 10 15 35 6.5 2 5 35 6.5 5 15 35 35 1 10 30
21 8 8 20 35 6.5 15 10 40 6.5 4 20 40 75 1 10 30
22 75 4 15 35 8 2 20 35 8.5 4 15 30 6 <05 7 35
23 9 <05 20 35 11 2 15 30 55 8 15 35 75 4 20 40
24 8.5 1 10 40 11 1 7 40 6.5 5 15 35 8 <05 25 40
25 10.5 10 20 40 8.5 8 20 30 8.5 <05 5 35 5.5 <05 15 30

D = maximum diameter; | = inner clast zone; O = outer clast zone. N/A = no outer scoriaceous zone present.
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Rheology & Flow Behaviour Model Equations

C.1 Symbols Used In Rheology Equations

Table C.1 Symbols used in rheology equations and el definitions. Symbols are arranged in order of he
equation they are first used in.

Symbol  Definition Symbol Definition

n Viscosity (Pa s) Osd Geometric standard

S Characteristic slope for a given H Mean flow depth (m)
multicomponent mixture

T Temperature (Kelvin) a Underlying slope angle (°)

Cr Constant value = 1.50 w Mean flow width (m)

c, Constant value = 6.40 Y Velocity (m %)

Xi Mole fraction of oxides in the melt  (E Effusion rate (ms?)

Si SIio, t Time (seconds)

Al Al,O3 L Measured flow length (m)

FM > X of F&Os, FeO, MnO and MgO Gz Graetz number
(Shaw, 1972)

CT > X of TiO, and CaO (Shaw, 1972) .d Equivalent diameter (m)

NK Y X of Na,O and KO (Shaw, 1972) x Thermal diffusivity (M s*)

H H,O Lo Initial reservoir length (m)

A, B, Fitting parameters that vary linearly Cg Constant value = 0.46

C,D with the mole fraction of major
element components in the melt (Hui
and Zhang, 2007; Giordarst al,,

2008)
Constant fitting parameter (Hui and Ap Density difference between the lava
Zhang, 2007, Table C.2) and the ambient air (kg ™
b, Constant fitting parameter (Hui and H, Initial reservoir height (m)
Zhang, 2007, Table C.2) (Giordano
et al, 2008, Table C.3)

G Constant fitting parameter (Hui and Cg Constant value = 1.31
Zhang, 2007, Table C.2) (Giordano
et al, 2008, Table C.3)

d; Constant fitting parameter (Hui and q Fluid volume per unit channel width
Zhang, 2007, Table C.2) (m)

s Viscosity of the suspension L, Theoretical limit of an isothermal yield

strength flow on a slope (m)

n Viscosity of the liquid phase Co Internal yield strength of lava

(Pa s) (equivalent tg)

R Inverse of the maximum Hy Final static height of an isothermal
concentration which can be attained yield strength flow on a slope (m)
by the crystalsR=1/@,,,).

a Crystal or bubble concentration T Timescale of a viscoplastic flow on a
(volume fraction) slope (s)

Binax Maximum concentration which can h Height of the flow at any given point
be attained by crystals in the melt along the flow length (m)

7o Differential viscosity at low strain  L* Final flow length (m)
rate

Hinf Differential viscosity at high strain  C, Constant value = 1
rate

Iy Bubble-suspension viscosity H* Final flow height (m)

Ty Yield strength (Pa s) O¢ Surface crust strength (Pa s)

p Density of the melt (kg /) t* Final stopping time of the flow

g Gravitational acceleration (nfs V (b) Volume of lava erupted at time t {n

D, Mean particle diameter (um) V; Final erupted volume (H
Shape factor defined as the ratio of

c the surface area of a sphere of

equivalent volume to the surface area
of the particle

C/



Appendix C

C.2 Viscosity Equations
C.2.1 Temperature and Major Oxide Composition

1.Shaw (1972, Eq. 3, p. 873):

10*
Inn=s . —crs+can

The slope9) is calculated by:

<= ((6-7XSL')XAI) + ((3-4X5i)XFM) + ((4-5X5i)XCT) + ((2-8X5i)XNK) + ((ZXSL')XH)
(1—-Xs)

2. Hui and Zhang (2007, Eqg.11, p. 412):

o =4+ 2+ exp(c +2)
ogn = T exp T

Fitting parameter#, B, C andD are calculated using:

logn = <Z aiXi> + (Zl,l;—le) + exp <Z CiXi> + —(Zl ;iin)

i i

The values for fitting parametes, b, ¢ andd; are given in the table below.

Table C.2 Fitting parameters for Hui and Zhang (20@) viscosity equation.

Oxides g b x 103 Ci di x 108
SiO, -6.83 18.14 0.00 2.16
TiO, -170.79 248.93 0.00 -143.05
Al ;03ex -14.71 32.61 21.73 -22.10
(Fe,Mn)O 0.00 0.00 -61.98 38.56
MgO -18.01 25.96 -105.53 110.83
CaO -19.76 22.64 -69.92 67.12
P(Na,K)20ex 34.31 -68.29 -85.67 58.01
P,Os 0.00 0.00 0.00 384.77
H.0 159.26 -48.55 -432.22 513.75
‘(Na,K)AIO , -8.43 16.12 -3.16 0.00
iz -140.38 38.84 332.01 -404.97
‘e 185.80 0.00 0.00 0.00

= (Xazo3 + Xnazo + Xk20) - (2XnazotXk20))

b= (Xnazo + Xk20 - Xazo3) If (Xnazo + Xk20> Xapos); otherwise = 0
€ = 2(Xnaz2o0 + Xk20)

= (Xnz0)(L/(1+(a/Tk))

¢ Constant
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Rheology & Flow Behaviour Model Equations

3. Giordano et al. (2008, Eq. 1, p.125):

(i biXy)
(T — (XiciXy))

Ais a constant (- 4.55), amgdandc; are fitting parameters whose values are given

logn = A+

in the table below.

Table C.3 Fitting parameters for Giordanoet al. (2008) viscosity equation.

Oxides b, values Oxides G values
SiO, + TiO, 159.6 SiQ 2.75
Al, O, -173.3 TR 15.7
FeO(T) + MnO + ROs 721 FM 8.3
MgO 75.5 CaO 10.2
CaO -39 NK -12.3
NaO + \? -84.1 In(1+V) -99.5
V + In(1+H,0) 141.5 (A}O; +FM+Ca0,05)*(NK+V) 0.3
(SIO, + TiO,)(FM) -2.43

(SiIO+TA+P,05)(NK+H,0)  -0.91

(Al,05)(NK) 17.6

°2(H20 + RO.)

®¥(TiO, + Al,O3)
¢%(FeO(T) + MnO + MgO)
4% ( NaO + K,0)

C.2.2 Crystal and Bubble Content

1. Einstein-Roscoe Equation (Pinkerton and Steverk@®?, Eq. 1, p. 49):

ns =m(1l— R¢)—2.5

2. Differential Viscosity at Low Strain Rate (Gay et 4969, Eq.17, p.817):

2.5

Pmax )

Mo =T (¢max_¢

3. Differential Viscosity at High Strain Rate (Gayadt 1969, EqQ.19, p.817):

Minf = nlexp{[2-5 + (ﬁ)o.w] &}

4. Minimum Bubble Viscosity (Llewellin and Manga, 20B§.7, p. 210):

ny=(1- ¢)_1
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5. Maximum Bubble Viscosity (Llewellin and Manga, 2008.9, p. 210):

Ny =1+9¢

C.2.3 Yield Strength

1. Pinkerton and Stevenson (1992, Eq. 3, p. 53):

D Pmax ) 1
7, =1.26 ( P )( )
Y Pe Pmax — ®/ \1 — Prax 51'50-52(1

2.Hulme (1974, Eq.14, p.364):

7, = pgHsina

3. Orowan (1949) Equation-Moore et al. (1992, Eq. 113,488):

pgH?
Ty: W

C.2.4 Velocity, Effusion Rate and Eruption Duration

1. Velocity (Jeffreys Equation) (Kilburn and Lopes919Eq. 3, p.19724):.

_ pgH?sina

Ve bnr

where the constatit= 3

2. Effusion Rate (Hulme and Fielder,1977, p. 228):

E; = WHY,

3. Eruption Duration (Pinkerton and Wilson, 1994, A0):

1

L 0.71
= ((1.32E,9-47a0-51H—0-34)>

C/I\v



Rheology & Flow Behaviour Model Equations

C.2.5 Graetz Number

1. Pinkerton and Sparks (1976, p 181.):

_Ved?
27 kL
where d is calculated by Pinkerton and Wilson (1994, ®2)11
2WH

d=w+m

2. Pinkerton and Wilson (1994, Eq.6, p. 112):

_d

G. =
7kt

C.2.6 Surface Crust Strength

1. Inertial Slumping Regime (Lyman and Kerr, 2006,1£0.2):

L=1Ly+Cy [gATpHO]%t

2. Sloping Viscous Flow Regime (Lyman and Kerr, 28@6 .5, p.2):

1
gApsinag?t]3

nr

L=C,,S[

3.Internal Yield Strength Limit (Lyman and Kerr, 2084). 10, p.2):

_ qgApsina

L
y oo

4. Sloping Viscoplastic Regime-final static heightaoflow with vield strength
(Lyman and Kerr, 2006, EqQ. 9, p. 2):

0o

Hy=—2
Y gApsina

C/IV
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5. Sloping Viscoplastic Regime-timescale of viscomdkiw on a slope (Lyman
and Kerr, 2006, Eq. 15, p. 3):

__ 2qnr
gApHysina

6. Sloping Viscoplastic Regime —time at which heidht dccurs (Lyman and
Kerr, 2006, Eq. 21, p. 3):

H H Hy\  (H H H
o)) () () o) ol
(h—Hy> (HO—Hy>+ n) " \my) - ) 2t oy,

7. Sloping Viscoplastic Regime-length at time (t) Ardiht (h) (Lyman and Kerr,
2006, Eq. 2, p. 2):

h
I
SNBSS

8. Crust Strength Regime (Lyman and Kerr,2006, EgpZ3):

1

Ap12

Oc

L*=CC[

9. Crust Strength Regime (Lyman and Kerr,2006, EqpZ3:

N[ =

= 1 [Uc] ( t)%
=— K
Cclghp

10. SurfaceCrust Strength (Lyman and Kerr, 2006, Eq. 30, p.6):

o - 9bpd’
N OECRE

C.2.7 Eruption Rate

Kerr and Lyman (2007, Eq. 6, p.2):

V() =V (1 — exp_%>
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C.3 Mean Diameter, Shape Factor & Geometric Standar
Calculations

Method:

50 intact (or mostly intact) plagioclase and ortyropene crystals selected
randomly along cross-sectional transects of six $leictions using a
petrographic microscope

Length (L) and width (W) of each crystal recorded avidth measurement
also assumed to equal depth (D)

Mean diameter§p) calculated as the average crystal length of @te 3
measurements

The surface area of each crystal (XSA) was caledlay:

(4*(L*W)+ (2*(W=xD)
and is equivalent to:

4pi r?
Crystal volume (Vol) was calculated by:

LWD
and is equivalent to:

(4/3) pir3

The radius (r) of a sphere with an equivalent vaumthe crystal is
calculated by:

(Vol/4/3/pi) /3
And the surface area of the sphere (SSA) is giyen b
4pi(r?)
The ratio of the sphere surface area to the crgstéhce area is calculated:

SSA/XSA

The shape factog)is obtained as the average surface area ratleed300
crystals

The geometric standard deviatiand is obtained by sorting crystal length
data into size class intervals and determinindgrdguency and cumulative
frequency of each class size. Thd'80id 15.8% percentile clast sizes were
determined and the cumulative frequency (CF) o$¢hdast sizes used to
determine geometric standard by:

CF 50th Percentile
CF 15.87th percentile

Raw data for these calculations are given in tHewiang tables.
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SampleNo L (mm) W(mm) D(mm) XSA(mm? XalVol(mm?® r(mm) SSA(mm?  Ratio
Al 0.225 0.125 0.125 0.144 0.004 0.09434 0.112 0.78
0.225 0.175 0.175 0.219 0.007 0.11807 0.175 0.80
0.15 0.05 0.05 0.035 0.000 0.04474  0.025 0.72
0.175 0.125 0.125 0.119 0.003 0.08676 0.095 0.80
0.15 0.075 0.075 0.056 0.001 0.05863 0.043 0.77
0.3 0.175 0.175 0.271 0.009 0.12995 0.212 0.78
0.375 0.125 0.125 0.219 0.006 0.11186 0.157 0.72
0.55 0.2 0.2 0.520 0.022 0.17385 0.380 0.73
0.225 0.1 0.1 0.110 0.002 0.08130 0.083 0.75
0.375 0.175 0.175 0.324 0.011 0.13998 0.246 0.76
0.15 0.075 0.075 0.056 0.001 0.05863 0.043 0.77
0.5 0.175 0.175 0.411 0.015 0.15407 0.298 0.72
0.3 0.125 0.125 0.181 0.005 0.10384 0.135 0.75
0.375 0.2 0.2 0.380 0.015 0.15302 0.294 0.77
0.2 0.1 0.1 0.100 0.002 0.07817 0.077 0.77
0.325 0.25 0.25 0.450 0.020 0.16929 0.360 0.80
0.375 0.225 0.225 0.439 0.019 0.16552 0.344 0.78
0.275 0.15 0.15 0.210 0.006 0.11391 0.163 0.78
0.3 0.175 0.175 0.271 0.009 0.12995 0.212 0.78
0.375 0.175 0.175 0.324 0.011 0.13998 0.246 0.76
0.35 0.2 0.2 0.360 0.014 0.14954 0.281 0.78
0.275 0.2 0.2 0.300 0.011 0.13799 0.239 0.80
0.125 0.075 0.075 0.049 0.001 0.05517 0.038 0.78
0.275 0.175 0.175 0.254 0.008 0.12624 0.200 0.79
0.3 0.125 0.125 0.181 0.005 0.10384 0.135 0.75
0.525 0.425 0.425 1.254 0.095 0.28294 1.005 0.80
0.175 0.125 0.125 0.119 0.003 0.08676 0.095 0.80
0.3 0.175 0.175 0.271 0.009 0.12995 0.212 0.78
0.275 0.1 0.1 0.130 0.003 0.08693 0.095 0.73
0.5 0.275 0.275 0.701 0.038 0.20825 0.545 0.78
0.6 0.275 0.275 0.811 0.045 0.22130 0.615 0.76
0.175 0.1 0.1 0.090 0.002 0.07477 0.070 0.78
0.225 0.2 0.2 0.260 0.009 0.12906 0.209 0.80
0.25 0.175 0.175 0.236 0.008 0.12229 0.188 0.80
0.375 0.275 0.275 0.564 0.028 0.18921 0.450 0.80
0.275 0.15 0.15 0.210 0.006 0.11391 0.163 0.78
0.175 0.075 0.075 0.064 0.001 0.06172 0.048 0.75
0.175 0.125 0.125 0.119 0.003 0.08676 0.095 0.80
0.275 0.1 0.1 0.130 0.003 0.08693 0.095 0.73
0.35 0.15 0.15 0.255 0.008 0.12344 0.191 0.75
0.65 0.225 0.225 0.686 0.033 0.19882 0.497 0.72
0.375 0.2 0.2 0.380 0.015 0.15302 0.294 0.77
0.275 0.125 0.125 0.169 0.004 0.10087 0.128 0.76
0.375 0.25 0.25 0.500 0.023 0.17756 0.396 0.79
0.25 0.125 0.125 0.156 0.004 0.09772 0.120 0.77
0.175 0.125 0.125 0.119 0.003 0.08676 0.095 0.80
0.3 0.15 0.15 0.225 0.007 0.11726 0.173 0.77
0.15 0.1 0.1 0.080 0.002 0.07102 0.063 0.79
0.25 0.125 0.125 0.156 0.004 0.09772 0.120 0.77
0.25 0.15 0.15 0.195 0.006 0.11034 0.153 0.78
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SampleNo L (mm) W (mm) D(mm) XSA(mm? XalVol(mm® r(mm) SSA(mm? Ratio

XBs11-1 0.375 0.125 0.125 0.219 0.006 0.11186 0.157 0.72
0.25 0.075 0.075 0.086 0.001 0.06951 0.061 0.70
0.425 0.2 0.2 0.420 0.017 0.15954 0.320 0.76
0.375 0.15 0.15 0.270 0.008 0.12631 0.200 0.74
0.6 0.25 0.25 0.725 0.038 0.20768 0.542 0.75
0.3 0.1 0.1 0.140 0.003 0.08949 0.101 0.72
0.125 0.05 0.05 0.030 0.000 0.04210 0.022 0.74
0.3 0.1 0.1 0.140 0.003 0.08949 0.101 0.72
0.225 0.075 0.075 0.079 0.001 0.06711  0.057 0.72
0.625 0.25 0.25 0.750 0.039 0.21052 0.557 0.74
0.3 0.075 0.075 0.101 0.002 0.07387 0.069 0.68
0.425 0.15 0.15 0.300 0.010 0.13169 0.218 0.73
0.45 0.1 0.1 0.200 0.005 0.10243 0.132 0.66
0.2 0.1 0.1 0.100 0.002 0.07817 0.077 0.77
0.25 0.1 0.1 0.120 0.003 0.08421 0.089 0.74
0.45 0.15 0.15 0.315 0.010 0.13423 0.226 0.72
0.3 0.15 0.15 0.225 0.007 0.11726 0.173 0.77
0.5 0.25 0.25 0.625 0.031 0.19543  0.480 0.77
0.375 0.2 0.2 0.380 0.015 0.15302 0.294 0.77
0.175 0.075 0.075 0.064 0.001 0.06172 0.048 0.75
0.375 0.15 0.15 0.270 0.008 0.12631  0.200 0.74
1 0.3 0.3 1.380 0.090 0.27805 0.971 0.70
0.425 0.1 0.1 0.190 0.004 0.10050 0.127 0.67
0.325 0.15 0.15 0.240 0.007 0.12043 0.182 0.76
0.75 0.175 0.175 0.586 0.023 0.17637 0.391 0.67
0.4 0.125 0.125 0.231 0.006 0.11429 0.164 0.71
0.4 0.125 0.125 0.231 0.006 0.11429 0.164 0.71
0.3 0.125 0.125 0.181 0.005 0.10384 0.135 0.75
0.375 0.25 0.25 0.500 0.023 0.17756  0.396 0.79
0.225 0.075 0.075 0.079 0.001 0.06711  0.057 0.72
0.15 0.05 0.05 0.035 0.000 0.04474 0.025 0.72
0.3 0.15 0.15 0.225 0.007 0.11726  0.173 0.77
0.375 0.125 0.125 0.219 0.006 0.11186 0.157 0.72
0.425 0.15 0.15 0.300 0.010 0.13169 0.218 0.73
0.5 0.15 0.15 0.345 0.011 0.13903 0.243 0.70
0.375 0.125 0.125 0.219 0.006 0.11186 0.157 0.72
0.375 0.125 0.125 0.219 0.006 0.11186 0.157 0.72
0.875 0.375 0.375 1.594 0.123 0.30860 1.196 0.75
0.35 0.125 0.125 0.206 0.005 0.10931 0.150 0.73
0.35 0.15 0.15 0.255 0.008 0.12344 0.191 0.75
0.25 0.1 0.1 0.120 0.003 0.08421 0.089 0.74
0.25 0.125 0.125 0.156 0.004 0.09772 0.120 0.77
0.25 0.1 0.1 0.120 0.003 0.08421 0.089 0.74
0.325 0.15 0.15 0.240 0.007 0.12043 0.182 0.76
0.425 0.1 0.1 0.190 0.004 0.10050 0.127 0.67
0.375 0.125 0.125 0.219 0.006 0.11186 0.157 0.72
0.25 0.075 0.075 0.086 0.001 0.06951 0.061 0.70
0.225 0.1 0.1 0.110 0.002 0.08130 0.083 0.75
0.225 0.125 0.125 0.144 0.004 0.09434 0.112 0.78
0.4 0.1 0.1 0.180 0.004 0.09849 0.122 0.68
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Sample No
Dc6

L (mm)
0.5
0.175
0.125
0.525
0.45
0.175
0.2
0.2
0.875
0.275
0.45
0.425
0.175
0.275
0.275
0.4
0.125
0.475
0.3
0.325
0.375
0.425
0.15
0.65
0.625
0.25
0.375
0.625
0.35
0.375
0.55
0.2
0.4
0.2
0.375
0.35
0.45
0.375
0.5
0.3
0.5
0.125
0.375
0.75
0.45
0.4
0.25
0.55
0.55
0.4

W (mm)
0.25
0.1
0.075
0.275
0.175
0.125
0.1
0.1
0.25
0.125
0.175
0.2
0.1
0.175
0.1
0.15
0.075
0.15
0.15
0.15
0.125
0.125
0.075
0.2
0.15
0.125
0.125
0.175
0.125
0.175
0.125
0.075
0.2
0.1
0.2
0.1
0.25
0.125
0.175
0.1
0.2
0.075
0.15
0.3
0.25
0.175
0.125
0.125
0.175
0.15

D (mm)
0.25
0.1
0.075
0.275
0.175
0.125
0.1
0.1
0.25
0.125
0.175
0.2
0.1
0.175
0.1
0.15
0.075
0.15
0.15
0.15
0.125
0.125
0.075
0.2
0.15
0.125
0.125
0.175
0.125
0.175
0.125
0.075
0.2
0.1
0.2
0.1
0.25
0.125
0.175
0.1
0.2
0.075
0.15
0.3
0.25
0.175
0.125
0.125
0.175
0.15

XSA (mm2)

0.625
0.090
0.049
0.729
0.376
0.119
0.100
0.100
1.000
0.169
0.376
0.420
0.090
0.254
0.130
0.285
0.049
0.330
0.225
0.240
0.219
0.244
0.056
0.600
0.420
0.156
0.219
0.499
0.206
0.324
0.306
0.071
0.400
0.100
0.380
0.160
0.575
0.219
0.411
0.140
0.480
0.049
0.270
1.080
0.575
0.341
0.156
0.306
0.446
0.285

Xal Vol (mm3)
0.031
0.002
0.001
0.040
0.014
0.003
0.002
0.002
0.055
0.004
0.014
0.017
0.002
0.008
0.003
0.009
0.001
0.011
0.007
0.007
0.006
0.007
0.001
0.026
0.014
0.004
0.006
0.019
0.005
0.011
0.009
0.001
0.016
0.002
0.015
0.004
0.028
0.006
0.015
0.003
0.020
0.001
0.008
0.068
0.028
0.012
0.004
0.009
0.017
0.009

r (mm)

0.19543
0.07477
0.05517
0.21167
0.14876
0.08676
0.07817
0.07817
0.23551
0.10087
0.14876
0.15954
0.07477
0.12624
0.08693
0.12906
0.05517
0.13667
0.11726
0.12043
0.11186
0.11662
0.05863
0.18381
0.14976
0.09772
0.11186
0.16597
0.10931
0.13998
0.12709
0.06453
0.15634
0.07817
0.15302
0.09420
0.18869
0.11186
0.15407
0.08949
0.16842
0.05517
0.12631
0.25263
0.18869
0.14303
0.09772
0.12709
0.15905
0.12906

SSA (mm2)
0.480
0.070
0.038
0.563
0.278
0.095
0.077
0.077
0.697
0.128
0.278
0.320
0.070
0.200
0.095
0.209
0.038
0.235
0.173
0.182
0.157
0.171
0.043
0.424
0.282
0.120
0.157
0.346
0.150
0.246
0.203
0.052
0.307
0.077
0.294
0.111
0.447
0.157
0.298
0.101
0.356
0.038
0.200
0.802
0.447
0.257
0.120
0.203
0.318
0.209

Ratio
0.77
0.78
0.78
0.77
0.74
0.80
0.77
0.77
0.70
0.76
0.74
0.76
0.78
0.79
0.73
0.73
0.78
0.71
0.77
0.76
0.72
0.70
0.77
0.71
0.67
0.77
0.72
0.69
0.73
0.76
0.66
0.73
0.77
0.77
0.77
0.70
0.78
0.72
0.72
0.72
0.74
0.78
0.74
0.74
0.78
0.75
0.77
0.66
0.71
0.73
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Sample No L(mm) W(mm) D(mm) XSA(mm2) XalVol(mm3) r(mm) SSA (mm2) Ratio

E1l-1 0.55 0.25 0.25 0.675 0.034 0.20174 0.511 0.76
0.15 0.075 0.075 0.056 0.001 0.05863 0.043 0.77
0.4 0.15 0.15 0.285 0.009 0.12906 0.209 0.73
0.25 0.125 0.125 0.156 0.004 0.09772 0.120 0.77
0.425 0.15 0.15 0.300 0.010 0.13169 0.218 0.73
0.75 0.275 0.275 0.976 0.057 0.23839 0.714 0.73
0.375 0.15 0.15 0.270 0.008 0.12631 0.200 0.74
0.575 0.2 0.2 0.540 0.023 0.17645 0.391 0.72
0.15 0.075 0.075 0.056 0.001 0.05863 0.043 0.77
0.25 0.125 0.125 0.156 0.004 0.09772  0.120 0.77
0.15 0.1 0.1 0.080 0.002 0.07102 0.063 0.79
0.325 0.125 0.125 0.194 0.005 0.10665 0.143 0.74
0.3 0.125 0.125 0.181 0.005 0.10384 0.135 0.75
0.25 0.1 0.1 0.120 0.003 0.08421 0.089 0.74
0.275 0.125 0.125 0.169 0.004 0.10087 0.128 0.76
0.175 0.1 0.1 0.090 0.002 0.07477 0.070 0.78
0.35 0.15 0.15 0.255 0.008 0.12344 0.191 0.75
0.425 0.175 0.175 0.359 0.013 0.14595 0.268 0.75
0.175 0.1 0.1 0.090 0.002 0.07477 0.070 0.78
0.8 0.2 0.2 0.720 0.032 0.19698 0.487 0.68
0.325 0.1 0.1 0.150 0.003 0.09190 0.106 0.71
0.15 0.075 0.075 0.056 0.001 0.05863 0.043 0.77
0.25 0.1 0.1 0.120 0.003 0.08421 0.089 0.74
0.15 0.075 0.075 0.056 0.001 0.05863 0.043 0.77
0.6 0.25 0.25 0.725 0.038 0.20768 0.542 0.75
0.225 0.1 0.1 0.110 0.002 0.08130 0.083 0.75
0.575 0.175 0.175 0.464 0.018 0.16142 0.327 0.71
0.325 0.175 0.175 0.289 0.010 0.13346 0.224 0.77
0.575 0.15 0.15 0.390 0.013 0.14566 0.266 0.68
0.375 0.125 0.125 0.219 0.006 0.11186 0.157 0.72
0.425 0.175 0.175 0.359 0.013 0.14595 0.268 0.75
0.175 0.1 0.1 0.090 0.002 0.07477 0.070 0.78
0.3 0.175 0.175 0.271 0.009 0.12995 0.212 0.78
0.425 0.15 0.15 0.300 0.010 0.13169 0.218 0.73
0.275 0.125 0.125 0.169 0.004 0.10087 0.128 0.76
0.2 0.125 0.125 0.131 0.003 0.09071 0.103 0.79
0.225 0.125 0.125 0.144 0.004 0.09434 0.112 0.78
0.25 0.15 0.15 0.195 0.006 0.11034 0.153 0.78
0.125 0.075 0.075 0.049 0.001 0.05517 0.038 0.78
0.25 0.125 0.125 0.156 0.004 0.09772 0.120 0.77
0.35 0.125 0.125 0.206 0.005 0.10931 0.150 0.73
0.275 0.125 0.125 0.169 0.004 0.10087 0.128 0.76
0.45 0.15 0.15 0.315 0.010 0.13423 0.226 0.72
0.25 0.125 0.125 0.156 0.004 0.09772 0.120 0.77
0.775 0.325 0.325 1.219 0.082 0.26940 0.912 0.75
0.65 0.2 0.2 0.600 0.026 0.18381 0.424 0.71
0.75 0.25 0.25 0.875 0.047 0.22371  0.629 0.72
0.225 0.125 0.125 0.144 0.004 0.09434 0.112 0.78
0.375 0.1 0.1 0.170 0.004 0.09639 0.117 0.69
0.625 0.325 0.325 1.024 0.066 0.25076 0.790 0.77
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Sample No L(mm) W(mm) D(mm) XSA(mm2) XalVol(mm3) r(mm) SSA (mm2) Ratio
XF15-1 0.25 0.125 0.125 0.156 0.004 0.09772 0.120 0.77
0.175 0.1 0.1 0.090 0.002 0.07477 0.070 0.78
0.525 0.2 0.2 0.500 0.021 0.17118 0.368 0.74
0.35 0.2 0.2 0.360 0.014 0.14954 0.281 0.78
0.2 0.075 0.075 0.071 0.001 0.06453 0.052 0.73
0.5 0.2 0.2 0.480 0.020 0.16842 0.356 0.74
0.675 0.375 0.375 1.294 0.095 0.28303 1.006 0.78
0.375 0.15 0.15 0.270 0.008 0.12631 0.200 0.74
0.15 0.075 0.075 0.056 0.001 0.05863 0.043 0.77
0.7 0.2 0.2 0.640 0.028 0.18841 0.446 0.70
0.75 0.25 0.25 0.875 0.047 0.22371 0.629 0.72
0.3 0.125 0.125 0.181 0.005 0.10384 0.135 0.75
0.4 0.15 0.15 0.285 0.009 0.12906 0.209 0.73
0.475 0.125 0.125 0.269 0.007 0.12103 0.184 0.68
0.25 0.125 0.125 0.156 0.004 0.09772 0.120 0.77
0.125 0.075 0.075 0.049 0.001 0.05517 0.038 0.78
0.3 0.175 0.175 0.271 0.009 0.12995 0.212 0.78
0.525 0.2 0.2 0.500 0.021 0.17118 0.368 0.74
0.275 0.125 0.125 0.169 0.004 0.10087 0.128 0.76
0.275 0.125 0.125 0.169 0.004 0.10087 0.128 0.76
0.3 0.125 0.125 0.181 0.005 0.10384 0.135 0.75
0.75 0.325 0.325 1.186 0.079 0.26647 0.892 0.75
0.5 0.1 0.1 0.220 0.005 0.10610 0.141 0.64
0.45 0.25 0.25 0.575 0.028 0.18869 0.447 0.78
0.45 0.15 0.15 0.315 0.010 0.13423 0.226 0.72
0.175 0.1 0.1 0.090 0.002 0.07477 0.070 0.78
0.225 0.075 0.075 0.079 0.001 0.06711 0.057 0.72
0.375 0.075 0.075 0.124 0.002 0.07957 0.080 0.64
0.625 0.25 0.25 0.750 0.039 0.21052 0.557 0.74
0.175 0.05 0.05 0.040 0.000 0.04710 0.028 0.70
0.5 0.2 0.2 0.480 0.020 0.16842 0.356 0.74
0.375 0.2 0.2 0.380 0.015 0.15302 0.294 0.77
0.325 0.175 0.175 0.289 0.010 0.13346 0.224 0.77
0.75 0.175 0.175 0.586 0.023 0.17637 0.391 0.67
0.2 0.075 0.075 0.071 0.001 0.06453 0.052 0.73
0.225 0.1 0.1 0.110 0.002 0.08130 0.083 0.75
0.375 0.1 0.1 0.170 0.004 0.09639 0.117 0.69
0.3 0.125 0.125 0.181 0.005 0.10384 0.135 0.75
0.35 0.1 0.1 0.160 0.004 0.09420 0.111 0.70
0.375 0.25 0.25 0.500 0.023 0.17756 0.396 0.79
0.375 0.125 0.125 0.219 0.006 0.11186 0.157 0.72
0.5 0.25 0.25 0.625 0.031 0.19543 0.480 0.77
0.25 0.15 0.15 0.195 0.006 0.11034 0.153 0.78
0.225 0.1 0.1 0.110 0.002 0.08130 0.083 0.75
0.5 0.2 0.2 0.480 0.020 0.16842 0.356 0.74
0.4 0.15 0.15 0.285 0.009 0.12906 0.209 0.73
0.225 0.1 0.1 0.110 0.002 0.08130 0.083 0.75
0.25 0.15 0.15 0.195 0.006 0.11034 0.153 0.78
0.375 0.125 0.125 0.219 0.006 0.11186 0.157 0.72
0.625 0.3 0.3 0.930 0.056 0.23773 0.710 0.76
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Rheology & Flow Behaviour Model Equations

Sample No L(mm) W(mm) D(mm) XSA(mm2) XalVol(mm3) r(mm) SSA (mm2) Ratio

Gl 0.375 0.15 0.15 0.270 0.008 0.12631 0.200 0.74
0.3 0.2 0.2 0.320 0.012 0.14205 0.253 0.79
0.375 0.2 0.2 0.380 0.015 0.15302 0.294 0.77
0.325 0.1 0.1 0.150 0.003 0.09190 0.106 0.71
0.3 0.1 0.1 0.140 0.003 0.08949 0.101 0.72
0.375 0.15 0.15 0.270 0.008 0.12631 0.200 0.74
0.625 0.175 0.175 0.499 0.019 0.16597 0.346 0.69
0.2 0.125 0.125 0.131 0.003 0.09071 0.103 0.79
0.45 0.2 0.2 0.440 0.018 0.16261 0.332 0.75
0.45 0.15 0.15 0.315 0.010 0.13423 0.226 0.72
0.375 0.15 0.15 0.270 0.008 0.12631 0.200 0.74
0.3 0.15 0.15 0.225 0.007 0.11726  0.173 0.77
0.425 0.1 0.1 0.190 0.004 0.10050 0.127 0.67
0.15 0.075 0.075 0.056 0.001 0.05863 0.043 0.77
0.25 0.075 0.075 0.086 0.001 0.06951 0.061 0.70
0.25 0.125 0.125 0.156 0.004 0.09772 0.120 0.77
0.125 0.075 0.075 0.049 0.001 0.05517 0.038 0.78
0.25 0.1 0.1 0.120 0.003 0.08421 0.089 0.74
0.325 0.1 0.1 0.150 0.003 0.09190 0.106 0.71
0.5 0.2 0.2 0.480 0.020 0.16842 0.356 0.74
0.8 0.3 0.3 1.140 0.072 0.25812 0.837 0.73
0.225 0.125 0.125 0.144 0.004 0.09434 0.112 0.78
0.275 0.1 0.1 0.130 0.003 0.08693 0.095 0.73
0.225 0.125 0.125 0.144 0.004 0.09434 0.112 0.78
0.4 0.1 0.1 0.180 0.004 0.09849 0.122 0.68
0.275 0.1 0.1 0.130 0.003 0.08693 0.095 0.73
0.325 0.15 0.15 0.240 0.007 0.12043 0.182 0.76
0.525 0.175 0.175 0.429 0.016 0.15660 0.308 0.72
0.15 0.1 0.1 0.080 0.002 0.07102 0.063 0.79
0.175 0.05 0.05 0.040 0.000 0.04710 0.028 0.70
0.325 0.175 0.175 0.289 0.010 0.13346 0.224 0.77
0.225 0.125 0.125 0.144 0.004 0.09434 0.112 0.78
0.4 0.175 0.175 0.341 0.012 0.14303 0.257 0.75
0.325 0.15 0.15 0.240 0.007 0.12043 0.182 0.76
0.3 0.1 0.1 0.140 0.003 0.08949 0.101 0.72
0.3 0.125 0.125 0.181 0.005 0.10384 0.135 0.75
0.45 0.175 0.175 0.376 0.014 0.14876 0.278 0.74
0.525 0.15 0.15 0.360 0.012 0.14131 0.251 0.70
0.775 0.3 0.3 1.110 0.070 0.25540 0.819 0.74
0.55 0.125 0.125 0.306 0.009 0.12709 0.203 0.66
0.4 0.125 0.125 0.231 0.006 0.11429 0.164 0.71
0.575 0.15 0.15 0.390 0.013 0.14566 0.266 0.68
0.225 0.05 0.05 0.050 0.001 0.05122 0.033 0.66
0.325 0.175 0.175 0.289 0.010 0.13346 0.224 0.77
0.275 0.075 0.075 0.094 0.002 0.07176  0.065 0.69
0.4 0.15 0.15 0.285 0.009 0.12906  0.209 0.73
0.55 0.15 0.15 0.375 0.012 0.14351 0.259 0.69
0.15 0.1 0.1 0.080 0.002 0.07102 0.063 0.79
0.5 0.225 0.225 0.551 0.025 0.18218 0.417 0.76
0.425 0.15 0.15 0.300 0.010 0.13169 0.218 0.73
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Appendix D.1

D.1.2 FIELD LOCATION MAP: 14™ JULY (Dc), 29" JULY (E), 18" AUGUST
(F) and 16" SEPTEMBER (G) LAVAS
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