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“Most volcanologists die in bed”

- volcanologist Maurice Krafft

killed by a pyroclastic flow at Mt Unzen, Japan, 1991



Abstract

North Crater occupies the north-western quadranh@fTongariro Volcanic Centre
and represents one of at least eleven vents wiaied been active on Tongariro since
the last glacial maximum. The most recent cone-fiognactivity at North Crater is
thought to have occurred between 14-12 ka ago ddyoe the distinct, wide, flat-
topped andesite cone. This project focused mainlyhe cone-building eruptions at
North Crater, including stratigraphic correlatiomsth distal tephra, interpreting
eruptive processes, and establishing the sequémsents during cone construction.

Detailed field work identified key stratigraphiccsiens and facies in the proximal,
medial and distal environments. These sectionsvaliostratigraphic correlations to
be made between proximal cone-building facies asthldsheet-forming facies at
North Crater, and established a complete NortheCratuption stratigraphy. In the
proximal environment, welded and non to poorly weeldacies formed from fallout
of a lava-fountain, pyroclastic flow or as falloltbom a convecting plume. In the
medial and distal environment, the lithofacies @stef fallout from a convecting
plume and minor pyroclastic flow. Convective falhdanon to poorly welded
pyroclastic flow deposits dominate the lower eroiptistratigraphy suggesting
explosive eruptions involving a gas-rich magma. Wammge to welded deposits
produced from lava-fountaining occurs later in thene-building sequence and
suggest a change to lower explosively and eruptfayas-poor magma.

Grain size, componentry data, density, petrogregiy SEM analysis were carried
out on representative samples to characterise ftfferetht facies, and reveal

information about eruption processes. The non twlpavelded deposits are typically

made up of vesicular pumice, scoria and mingledtslaf sub-rounded bombs and
lapilli. The welded facies are relatively dense atast outlines are often difficult to

distinguish. The eruptives are porphyritic with ablant plagioclase>clinopyroxene>
orthopyroxene>opaques. Quartzofeldspathic crustholths are common and

indicate crustal assimilation. Mingled clasts afhli and dark glass were found to
have microlites present in the dark glass, but vadsent in the light glass. Electron
microprobe analyses found that the dark and liggdsgcomponents in a single clast
had similar compositions, showing that the conimgsphysical appearance of the
glass is not due to a different chemical compasitio

Forty three whole rock XRF analyses showed thatmhgmas ranged from basaltic
andesite to andesite, and Harker variation plapldy linear trends typical of magma
mixing. Magma mixing as the most important magmatiocess is supported by
disequilibrium of phenocryst compositions and ploegst textures. Magma
viscosity, bulk density and temperature was deteechusing MAGMA (Kware), and
indicate that they fall into the range of typicatiasites.

Eruptive activity involved vigorous lava-fountaigin minor convecting eruption
plumes and dominant collapsing eruption plumess Hativity has produced welded
and non-welded pyroclastic flow and fall deposit$drm the large cone seen today.
There are significant volcanic hazards associatéld this style of activity at North
Crater, characterised by lava-fountaining, eruptmuame fallout, and widespread
pyroclastic flows and lahars extending beyond ting plain. These could all be
potentially devastating to the central North IslafidNew Zealand.
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Chapter 1 Introduction

Chapfter One

Introduction

1.1 Introduction

North Crater cone is located in the northwest secto Tongariro volcanic
complex, within the Tongariro Volcanic Centre (TgVElg. 1.1), and represents
one of at least eleven vent systems that have lbetdwe on the Tongariro
volcanic complex since the last glacial maximum2s:15 ka, Newnhanst al.
1999) (Hobderet al. 2002). Previous work has identified the majorifycone

building at North Crater to have occurred aroundl24a.

This thesis is the first project to focus on the/gbal aspects of cone-building
eruptions from North Crater. This chapter outlittes objectives of the thesis, the
geological setting of North Crater and Tongariroldamic Centre, and previous

work undertaken.

1.2 Study Objectives

This project aims to determine the nature and dycerof North Crater's
eruptions, and establish the sequence of eventdviery in the construction of the

cone.

This will involve:
» Establishing the nature of the proximal, weldedoplastics that make

up the cone, and determining the mechanisms indalvgyroclastic
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transport and deposition in the proximal environtndrhis project
seeks to determine to what extent the welded segseare the
product of pyroclastic flow or hot avalanching,foom fallout, either

from a low hot fountain or from a higher pliniarst convective
plume.

» Establishing the relationship between proximal efmrming facies
and distal sheet-forming tephra fall. The depositshese two areas
are lithologically distinct but appear to be theduct of the same
eruption(s). This study will attempt to reconcile tdisparate records
of eruptive activity on the cone and on the ringiplto derive a more
accurate model of North Crater’s eruptions.
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Figure 1.1: Locality map of the Tongariro Vol canic Centre showing location of North
Crater, from Hobden et al. (2002).
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Figure 1.2: Map of North Island New Zealand, showing the location of Taupo Volcanic
Zone (TVZ) and Tongariro Volcanic Centre. After Waight and Price (1999).

1.3 Geological Setting

North Crater lies in the north-west sector of tlgyyT, which forms the southern-
most centre of the Taupo Volcanic Zone (TVZ, Fi®)1The TVZ is the focus
for young volcanism in New Zealand, being the dantrregion of activity from
late Pliocene to the present, and results fromsthmluction of the Pacific Plate
under the North Island. The TVZ also representegon of crustal extension
bounded to the east by the North Island Shear Défa@ght and Price 1999). It is
a NNE-SSW trending continental rifted arc ¢.300 lkiimg and up to 60 km wide,
and has produced at least 10,000’ loh magma since formation (Waight and
Price 1999). Andesitic activity began at c. 2 Man¢d by voluminous rhyolitic
activity from c. 1.6 Ma in the central part of tmdern TVZ (Wilsoret al. 1995).
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The TgVC forms a relatively young cluster of antlesiacitic volcanoes at the
southern end of the dominantly rhyolitic TVZ. ltclodes the large massifs of
Ruapehu, Tongariro, Pihanga and Kakaramea, anbdsasactive since c. 275 ka
(Hobdenet al. 1996, Waight and Price 1999). Tongariro Volcana igung cone
complex within the TgVC, with the first significantone-forming episode
occurring between 275-215 ka at the southern entieoicomplex. Other major
eruptive episodes followed at 210-200 ka and 13k&5Sollowed by relative
quiescence from 65 ka to the establishment of tegents from 25 ka to the
present (Hobdegt al. 1996). Recent activity since the last glacial besurred at
Te Maari, Tama Lakes, Red Crater, Emerald LakesthNGrater, Pukekaikiore
and Blue Lake Crater, and dominated at Ngauruhoees2.5 ka (Hobdest al.
1996).

North Crater lies at the north-western edge ofTtbiegariro volcanic complex and
forms a large flat-topped cone rising from the herh Tongariro ring plain. The
flanks of the cone rise at an angle of about 30t8%f height of 1830 m (Topping
1974). North Crater represents one of the elevert sgstems that have been
active since the last glacial maximum, and actiatyNorth Crater likely began
soon after the peak of glaciation, but the largesd latest eruptions probably

occurred after about 14 (Topping 1974).

The 1100 m wide crater is defined by large cliffdava, non-welded pyroclastic
material and welded agglomerate to the north, saanthnorth-east, and is filled
by a large solidified lava lake or ponded flow. Tlhea lake forms a horizontal
surface and appears to have overtopped the crateorthe west flowing about
300 m and to the east flowing about 50 m. An explopit 300 m across and 70
m deep lies in the north-west sector of the cratieich has exposed a series of
irregular pancake jointing, massive units and colamjointing present in the lava
stratigraphy. Large andesite blocks 2-6 m acrossf@ind on the crater plateau
and some distance down the flanks of the cone wtlisplay radial concentric
fractures indicating they were ejected while sdiiadt still hot (Mathews 1967,
Topping 1974). Taupo Pumice blocks found on théecrplateau adjacent to the
explosion pit indicate eruptions from North Crated ceased by{C age) 1850 +
10 yr B.P. (Froggatt and Lowe 1990)
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1.4 Previous Work

Some of the earliest work undertaken in the TgVG w@mpiled by Gregg (1960)
in a publication by the New Zealand Geological gyr\Here, early descriptions
of North Crater are given including one which déses the two lengths of cliffs
on the summit that mark the present rim of theecrathich previously was filled
with lava (now solidified); and the centre of thiatpau being occupied by an
ephemeral shallow lake which frequently dries ud amits small amounts of
steam during evaporation. Gregg (1960) also notedes in the New Zealand
Herald (5, 6 and 10 September, 1927) which repodedash eruption from
Tongariro. Gregg (1960) suggested this eruption rhaye been from the
explosion pit in North Crater, although its locatiovas never definitely
determined. Gregg (1960) described the andesibes Korth Crater as distinctly
richer in pyroxene than those from the lower flank§ongariro. The majority of
samples were described as labradorite-pyroxene sdeseand labradorite

andesites, and show distinct petrographic reserobtato Ngauruhoe lavas.

Mathews (1967) described the proximal units neatiNGrater and Blue Lake as
“welded agglomerate” and suggested this was forimelhva-fountaining from a
nearby crater. Although this rock is common ovelr @l Tongariro, it is

particularly abundant on the slopes of North Crafdre moderately welded
agglomerates in the Blue Lake and North Crater ateawv an assortment of
monolithologic clasts 3-5 cm in diameter of nonigekr to weakly-vesicular
porphyritic andesite. Accumulations are also tylhycane colour, either reddish

or greyish.

Mathews (1967) also noted the degree of weldindpimithe agglomerate units
varied from layer to layer and from location to daon. However, strongly
welded agglomerate is abundant near the North CliateWhere the welding is
weaker, the outcropped agglomerate surface appeaerisbly from the larger
fragments and if the welding is weak enough, tlussts can be plucked from the
outcrop. Where there is strong welding the rock rfbaybroken along a bedding
plane, or broken up by columnar jointing. Mathed8g7) described how on the
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north slope of North Crater a clear example ofritgradation from moderately
to weakly welded pyroclastics rock can be seenetdesingle set of beds can be
traced down a steep gully for about 280m, fromttigeend where virtually all of
the beds are moderately welded, to the lower enerevthe deposits are weakly
welded. The majority of agglomerate beds found antiNCrater display similar
characteristics. These agglomerate beds at NogdteCdrape the topography, but
taper out with distance from source. Mathews (19&liggested these
agglomerates accumulated while hot as indicatetvdéging and appearance of
cooling joints. The lava fragments may have beeawshed down from a
considerably high lava-fountain, inferred by theklaof dependence on the
underlying topography. Mathews (1967) stated tha# distribution of the
agglomerate and the obvious degree of welding tranis suggested local sources
for the unit, and the height and discharge rat¢heffountains must have been

large to account for the wide distribution of hebds.

Mathews (1967) also tried to estimate an approxenaafe for the North Crater

deposits when he described a thin lens of ashbiatieled with breccias below the
west rim of the cone. Mathews stated this ash kmdahunique and diagnostic
mineral assemblage which can be compared withpdiuinquestionably assigned,
to the Waimihia Ash (part of the Taupo Sub-groupjol has been given an age
of ~3.5 ka. Mathews also describes blocks of TaRpmice unexpectedly found

inside the SW rim of the crater. This indicatesanaruptions at North Crater had

ceased by about ~2 ka.

Mathews (1967) described massive lava on the easide of the plateau rim
which is exposed inside and below the up-dip edufethe agglomerate bed.
Crude prismatic jointing is exposed which defineegular stout columns. The
explosion pit in the plateau exposes in its walsilar massive lava which lacks
consistent columnar jointing. Mathews goes on tggsst the rocks exposed in
the pit and along the edges of the plateau mayabteop a single lava sheet which
has been contained within the walls of the agglatecbeds at the crater rim. For
the impounding walls not to have been broken dowihle ponding lava, it must

have been relatively viscous or exerted very lodrbgtatic pressure.
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The explosion pit within the plateau is also ddssxli as being about 300 m wide
and ~70 m deep with a broad ring of debris whidpe$ gradually away to the
main plateau. Debris close to the pit includes mangular broken lava blocks
(possibly derived from the solid rock lower in thi). Large lava blocks up to 2
m in diameter showing radial contraction fractuaes also found in the debris.

Thus they have been thrown into their present posiwhen solid but still hot.

Mathews (1967) is unclear whether the developmétie explosion pit and the
surrounding debris was a late phase in the coalinthe mass of lava directly
underlying the summit plateau, or if it is insteagroduct of some later magmatic
activity. Either way Mathews stated this was theeda episode in the volcanic

history of North Crater.

Mathews (1967) suggested landsliding along bedg@iages in the agglomerate
caused gaps to form high on the flanks of the célmvever he also stated no
landslide debris has been identified below theges,gand debris on the lower

slopes may now be covered by younger deposits Treflaari.

Topping (1973; 1974) was the first to study thep&nn deposits thought to be
associated with North Crater. His research of tbaghariro Sub-group from the
TgVC, 13.8 ka to present, used distal outcropsdemtify source vents for the
various formations and members. Topping describetephra formations within
the sub-group including the Mangamate Tephra Foomand its 6 members. In
the Mangamate Tephra Formation he suggested th®afe Lapilli Member
source vent is North Crater, while the other menibesitions tended to be Tama
Lakes — Ngauruhoe sourced. The Te Rato Lapilli @onébly underlies the
Oturere Lapilli and immediately overlies a rhyaitephra — the Papanetu Tephra
(Topping 1973). Wood found in peat directly undentythe Te Rato Lapilli has
been C14 dated at 9780 = 170 years B.P. givingltiest age for the member.
The isopach map constructed by Topping (1974)HerTie Rato Lapilli (Fig. 1.3)
alone does not convincingly define a particulart\ienthe member, especially as
the dispersal axis coincides with a number of veWgh eruptions immediately
following and prior to the deposition of the Te &atapilli taking place from a
number of vents in the TgVC it is possible for afythese vents to be the source
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of this lapilli (Topping 1973; 1974). Topping (197074) suggested North Crater
is the source vent as there is a lack of Te RafullLan sections to the west of

Ngauruhoe. As Te Rato Lapilli is recognised insitg to 1320 m elevation on
the northern slopes of the cone this suggests #jerity of the cone is older than

10 ka.

Topping (1974) also suggested that the informabyned Pahoka Lapilli was
erupted from a North Crater source, although seflicdata are lacking to make
any definite conclusions. The unit underlies thenjemate Fm and has an age
range of 9.8-10 ka, with the andesitic and daciépilli showing similar
characteristics to those of the younger Te RatadllLagowever, an isopach map
was unable to be constructed by Topping for thié as too few sections were
available, but available data did suggested m&lydirected lobe with a possible
North Crater source.

Figure 1.3: Isopachs (mm) of Te Rato Lapilli, from Topping (1973).

Topping (1973; 1974) also suggested that even thahg majority of cone

building activity at North Crater had ceased bykaQ the appearance of Papakai
Tephra (3.4-9.7 ka) gave evidence for a considgratlinger age for the upper
section of the cone (Topping 1973). Although thephra is largely associated
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with one or more vents in the Ngauruhoe-Tama Lakes, there is a notable
component added from one or more northern Tongagras. An increase in the
rate of Papakai Tephra deposition occurred afteniial slow deposition of the
basal tephra, and this could have been associatibdte initiation of cone
building eruptions from Ngauruhoe. However, Toppifi®74) suggested this
increase is far more likely due to renewed conddimg eruptions from North
Crater. This younger age range is supported bydedification of a rhyolitic ash,
which has been questionably assigned to the Waanhi&pilli by Mathews (1967).
The thin ash bed is found interbedded with brecbelew the west rim and is
given an approximat€C age of 3280 + 20 yr B.P. (Froggatt and Lowe 1990)

Topping (1974) identified several meter thick, Blgoumiceous block and ash
flows exposed in stream cuttings several km’s nofthorth Crater. These were
probably deposited as one or more flows from N&thter about 10 ka which
have been overlain by a thin mud flow, a yellowisbwn ash with minor brown

lapilli and the Papanetu Tephra.

The Rotoaira Lapilli is suggested by Topping (19I874) to have a lower Te
Maari crater source but is not convincingly prowecdis work. Lower Te Maari
crater was proposed as the source vent for thidli lapsed on chemical and
titanomagnetite analyses which are similar to lafeasd exposed in the lower
crater wall. The Rotoaira Lapilli often lies on teeded Oruanui Formation and
is the oldest andesitic unit conformable with thhespnt day topography to the
south-east of Lake Rotoaira. The Rotoaira Lapdlieasily distinguishable by a
black ash separating two lapilli horizons. The gwish red colour of the upper
lapilli horizon and brownish yellow of the lowerpidli horizon also make the unit
recognisable. This unit has been dated from charoasd directly below it,
which is considered to have been carbonised byethigtion, giving an estimated
age 13.8 ka = 0.8 ka (Topping 1973; 1974). Incotepkopach mapping (Fig. 1.4)
of the unit suggested a northern Tongariro souaoe, because of the similar
chemical characteristics to the lava flows exposede Maari craters, Topping

(1973; 1974) suggested the likely source vent eatlaari craters.
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Figure 1.4: Isopachs (mm) of Rotoaira Lapilli Formation, from Topping
(1973).

Little work was carried out on the Tongariro comptliring the 1980s and early
1990s, with most research focused on Mt Ruapehungldhis time. It was not
until the mid to late 1990s when in-depth reseasnhthe Tongariro complex
continued with a doctoral thesis by Hobden (199ii)l aesearch papers by
Hobdenet al. (1996), Donoghuest al. (1995a) and two conjunction papers by
Nairn et al. (1998) and Nakagawet al. (1998). These conjunction papers focus
primarily on the eruptions since ~10 ka and notcsjally on eruptions from
North Crater, while Hobden (1997) looks at all Tang Volcano vents including
North Crater.

Hobden (1997) described the stratigraphy at Norttet, stating the spatter cone
was built up at a similar time to the one at Bluké. Hobden (1997) suggested
the activity culminated with sub-plinian eruptica®und 9.8-10 ka producing the
Pahoka Tephra and Te Rato Lapilli. Hobden descrithed crater rim to be
composed of 1-10 m thick welded agglutinates arebmiorphic tuffs formed
during Hawaiian and Strombolian style lava-fountagn Eruptions from the
young cone probably produced the lava flows onnbwkth-west flanks of North

Crater, and approximately 25 exposed lavas andcfastic units are exposed.

Work by Nairnet al. (1998) used new tephra mapping to considerabligeethe
vent locations suggested by Topping (1973; 1974jckvwere based on patrtial
isopach maps. Nairet al. (1998) compiled new and more complete isopach maps

by adding new proximal data to the distal dataasfier works.

10
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Pahoka Tephra previously suggested by Topping (1P984) to be from a North

Crater source, is revised by Naienal. (1998) to be from a vent in the Saddle
Cone area. From mapping and identification of pr@tifacies ejecta they were
able to establish the Pahoka Tephra vent locatioreraccurately, and although
there is no vent here today it is inferred to haeen buried by the Saddle Cone

lavas.

The Te Rato Lapilli, also suggested by Topping @91974) to have a North
Crater source, is revised by Naatal. (1998) to be from a vent now buried under
Ngauruhoe cone. This vent was also able to be mccarately located from the
new mapping of dispersal patterns and facies digion, and a possible vent site
at North Crater is excluded by the absence of pnekiTe Rato facies ejecta in

nearby exposures (Naigbal. 1998).

Topping (1973; 1974) suggested young lava flowsnfrhorth Crater which
extend north-west from the cone relate to the PaipB#phra eruptions; however
Nairn et al. (1998) found Te Rato Lapilli overlying these latas250 m below
North Crater rim. They consider these young Northt€r lavas are most likely
related to the Rotoaira eruptive episode (Neairal. 1998).

Recent work by Basher (2005) on Te Maari crateteqndthe absence of any
pyroclastic deposits which suggests Te Maari csateere not significantly
explosive (sub-plinian). This implies the Rotoalrapilli described by Topping
does not originate from Te Maatri. This is suppotigdinpublished mapping by T.
Kobayashi (pers. comm. 2006) which correlates tjgduginates of North Crater

with the sub-plinian Rotoaira Lapilli.

Since the late 1990s studies on Tongariro havelynbeen focused on the young
eruptions at Ngauruhoe, Red Crater, Te Maari gafeama Lakes and Ruapehu.
Little formal work has been carried out on Northater and distal deposits in
recent years, although informal mapping and figidlies by Tetsuo Kobayashi
(Univ. of Kuyoshima) and the recent completion ofM&c. thesis on the

geochemistry of the Rotoaira eruptive sequence I2906) marks the continued

11
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interest in the cone-building processes of Northt€rand the correlation with

distal tephra deposits.

12
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Chapfter 2

Stratigraphy and
Facies
Characleristics

2.1 Introduction

This chapter describes the field characteristics Nafrth Crater eruptives,
including geomorphology, stratigraphy, field coatedns and facies
characteristics. Stratigraphy, correlations antefadata have been compiled from
field stratigraphic logging and mapping of 80 oafis in proximal (0-2 km),
medial (2-6 km) and distal (>6 km) environmentsuaie North Crater (Fig. 2.1).
Often the medial to distal localities will hold aome complete record of a
volcano’s history compared with the proximal sgedphy, as non-welded or
consolidated units may not be preserved on thepstgadients of the upper
slopes. However, this study focuses on the conaifgy eruptions of North
Crater and products of these events are observaudyna proximal localities.
Possible correlation of distal ash and lapilli bé@stoaira Lapilli) with proximal
units on the cone has meant stratigraphic sectimosigh the medial and distal
environments are also important. However with thst Iglacial maximum,
transition to interglacial period, and sustainedrmiag from about 15 ka
(Newnhamet al. 1999), there is some loss of the tephra recordrbgion, hence

there is sometimes a discontinuous nature of madiglidistal deposits.

Mathews (1967), Topping (1973, 1974) and HobderOTl%have previously
studied the stratigraphy of deposits associatel Mirth Crater along with

13
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Fig 2.1
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unpublished mapping by Nairn (pers. comm. 2005) lkkobayashi (pers. comm.
2006) but only as part of more general volcanolgresearch on the TgVC.
Recent work by Doyle (2006) has identified the guescorrelation of distal
Rotoaira Lapilli with units on the upper slopes Wbrth Crater through
geochemical data, and in this chapter an attemipto@imade to correlate these
distal and proximal units stratigraphically to comf the work of Nairn and

Kobayashi and assess Doyle’s findings.

Ruapehu
Ngauruho e

Figure 2.2: Photo looking south showing North Crater geomor phol ogy and
neighbouring vents at TgVC.

2.1.1 Terminology

It is important to define the terms commonly usddcl are associated with hot
lava-fountaining style eruptions and their relevatw North Crater deposits. The
term agglutination is the instantaneous or syn-ditjooal flattening and adhesion
of hot, soft pyroclasts upon landing, with the tesut deposit forming an

agglutinate or spatter pile and particle outlineinspart retained. Welding is

defined as the post-depositional compaction of taplyooclastic deposit under its
own weight into a coherent rock; clast accumulatate influences the degree of

welding, as a slow rate allows clasts to cool efming buried (Wolff and

15
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Fig 2.3-2.5
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Sumner 2000). These two processes form a contirangnoften form deposits

similar in appearance (Wolff and Sumner 2000).

2.2 Geomorphology of North Crater

North Crater is a large, distinct, flat-topped coiseng to 1820 m above sea level,
(c. 1100 m above the surrounding ring plain) thatksa the north-western edge of
the TgVC. To the east the cone is bounded by thgdgc. 10-20 ka) Blue Lake
vent (Fig. 2.2) which was probably built up arouhd same time, although North
Crater is possibly not quite as old (Hobdstral. 2001). To the south the cone is
bounded by the older (c.65-110 ka, Hob&eal. 2001) Tongariro Trig and it is
assumed that North Crater deposits onlap ontocthi®. These cones may have
applied some topographical control on the dispep$dioth hot and cool flows
associated with the sub-plinian and fire-fountagnieruptions during cone

formation at North Crater.

The present volume of North Crater cone is estithaiébe 0.5 krwith probably
very little change from its original volume sinceigtive activity ceased (Hobden
et al. 2001). This implies the cone flanks and slope exgls remained relatively
similar since formation. The cone flanks comprisgded flows and agglutinates,
scoria and pumiceous flow and fall deposits, talnd scattered ballistic blocks.
These lithologies are described in detail in thiéo¥ang sections. The flanks of
the cone have a varying slope angle of 27-30° gmdou35-37° on the upper
welded cone (Fig. 2.3) and rise to a flat top aldokin wide (Fig. 2.2). This level
surface is a solidified lava ‘lake’, or ponded laflaw, infilling the crater. A
section through this ponded lava is exposed in @ rB5wide and 70 m deep
explosion pit in the north-western sector (Fig.)2large and small blocks of this
lava are scattered around the explosion pit, wéhri@ forming a slight rise of
about 5 m from the cone plateau to the lip of theThese blocks have also been
found part way down the flanks of the cone. Onupper slopes of the cone only
a few gullies are present which cut into the cotmtigraphy. During the
fieldwork period (summer) these gullies were dryt during winter they may
drain any amount of water off the cone from snow &® melt. On the lower
slopes to the north some of these gullies form ketedams where groundwater

enters them and the cone-forming material becomfersless welded and more
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easily erodable. A small splay fault from the miult to the west is also seen to
cross the summit crater from the southwest to eaghand has helped form the
amphitheatre notch in the NE crater rim. Little picgl evidence remains from
this fault and it is unclear the amount and dietbf movement it has undergone.

oA North,Bluff
Eastern Gully 1

itheatre& *

~ 1]
:‘J ’,

WL f/
A rﬁ' e

Figure 2.4: North Crater DEM showing main features
discussed in text.

Near the crater rim several main features can ee sich will be referred to in
later sections (Fig. 2.4). The large bluff risinigoge the summit plateau to the
south (T19 384280) is herein termed “South Blutifite smaller knob on the edge
of the crater rim to the south east (T19 391278)ei® in termed “Pimple Rock”,
the lower bluff rising above the summit plateauhte east (T19 393282) is herein
termed “East BIuff’, the large horseshoe shapedfdbleutting into the lava lake
(T19 392284) at the eastern rim is herein termkd Amphitheatre” and the large
bluffs tracing down the northern slope from theteraim is herein termed “North
Bluff”.

Ketetahi Hot Springs are located on the northespes of North Crater (Fig. 2.2)
at an elevation of 1340 m and are thought to béofed vapour-dominated system
(area of 15-20 kR) underlying the TgVC. It is formed by a combinatiof
magmatic steam mixed with circulating meteoric wateh inferred equilibrium
temperatures of 230-290°C (Hobdenal. 2001). Ketetahi Springs contain hot

springs, mud pools, fumaroles (some superheatediYreermally altered ground,
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with the hot springs discharging acid-sulphate vgat®lo evidence for major
eruptions has been found at Ketetahi, althoughharlsavas generated down the
Mangatipua Stream in about 1895 with deposits foaihdite 67 (Hobdest al.
2001).

Neighbouring vents and the proto-North Crater molpgly may have played a
significant role in the construction of the youngrtth Crater cone. The southern
Tongariro Trig grew between 115 and 65 ka involviagdesitic-dacitic
autobrecciated lavas, agglutinates and pyroclastitepiclastic deposits, to form
a cone 12 krh(Hobdenet al. 2001). Unpublished mapping by Nairn (pers. comm.
2005) and Kobayashi (pers. comm. 2006) suggests l&nom Tongariro Trig
flowed predominantly to the west and northwest, ava partially underlie the
proto-North Crater vent. This mapping has also tified lavas associated with a
proto-North Crater vent which flow predominantly ttee north and have been
dated as pre-Oruanui and pre-Rotoaira (Nairn pmysim. 2005). It is unclear
what form the underlying vent had built during @rap of these lavas, however
due to the lava composition being andesitic in ratumay be possible to assume
a similar, but smaller cone to the present had leglh Due to the presence of
Tongariro Trig and proto-North Crater lavas, erops from the young North
Crater may have only formed the prominent uppereceeen today, while the
surrounding sloping ring plain consists predomihaf the older lavas from

Tongariro Trig and proto-North Crater.

When comparing the shape of North Crater to otlmenposite volcanoes the
broad flat topped summit is distinct and is rareden at other composite cones.
For example Ngauruhoe (New Zealand), Strombolily)itaand Mt Mayon
(Philippines) all exhibit the typical conical shapssociated with andesite cones
formed at subduction margins (Fig. 2.5). They iak with slopes of about 30-35°
and have lavas in the range of basaltic to andesitbwever, they differ from
North Crater in that the flanks rise up to meea aelatively sharp summit, with
only a small crater present indicating a sole weith no to very minor vent
migration. The distinctive flat topped morphologlyMorth Crater may reflect a)
an eruption style involving a high, spreading faimtof fluid magma, b)
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structural controls on vent dimensions or) contusi@ruption of a collapsing

eruption column.

Cross-sectional profiles across North Crater amdstinrrounding landscape (Fig.
2.6 and 2.7) show the varying slope angles wittadise from the vent. Two main
slope segments can be identified and correspond) tthe upper steep cone
dominated by welded eruptive products (~30-35°)thie) lower cone dominated
by non to poorly welded eruptive products (~25-301) c) the lower surrounding
ring plain (<25°) (Fig. 2.7). The cross-sectionedfpes show North Crater to be
relatively symmetrical, with the varying slope aglinsufficient to disrupt the
symmetrical cone building of North Crater, and aade no large scale collapses
have occurred. The E-W profile shows the greatasation from the others, with
lower slope angles and less elevation change vistiartte. This could be due to
the presence of underlying deposits from the olaergariro Trig which lie to the
west of North Crater. The crater summit also appéarbe symmetrical with
minor variations between profiles. The symmetrytted cone and summit crater
suggests limited vent migration during the eruptmisodes and a summit focus
for activity throughout. Intense fountaining of ilumagma with high gas content

may also contribute to the broad structure, dueehagh, spreading fountain.

Ngauruhoe is a symmetrical composite volcano in Tg¥C showing similar
magmatic processes and but contrasting eruptida atyd morphology to North
Crater (Fig. 2.5c¢). It is a young cone which haswgr over the last 2,500 years
(Hobden et al. 2002) involving alternation between effusive, \arn@n,
strombolian and sub-plinian eruptions of andesnamgma (Hobdert al. 2002).
The slopes rise at ~32-35° to an elevation of 2,@87@and the summit crater is
400 m wide undergoing frequent modification duertimor vent migration over
the last 150 years (Hobden 1997). Growth of theecoas followed a sectorial
pattern which reflects constant modification of soitn morphology. The
geometry and morphology of the summit and ventugrice the direction of
deposition of new lava flows, with small geometitanges in the vent having a
major influence on the pattern of cone growth (Habet al. 2002). Spatter has
occasionally overtopped higher parts of the craiter forming detached flows

down the less favoured side of the cone. With neral’even radial distribution
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Fig 2.6
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Fig 2.7
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of lava flows from Ngauruhoe, and concentratiorthe N, NW and SW sectors
the cone has been able to maintain its overall sgtrynand peaked summit
(Hobden 1997). This symmetry may be maintained bgodition of associate
pyroclastic avalanches, pyroclastic fall materiadl &rmation of scoria cones at
the vent. The differing eruption styles occurririgNgauruhoe compared to North
Crater may account for the different summit morplas. Eruptions at
Ngauruhoe involved vulcanian, strombolian and efeigruptions building up the
flanks and summit with lava flows and scoria pyasts. Eruptions at North
Crater may have involved intense fountaining of-gels fluid magma and

collapsing eruption plumes resulting in subsequéeaposition of pyroclasts
further from the vent due to a spreading founténs allowing formation of a

broad crater.

2.3 Proximal Stratigraphy

In the following sections the stratigraphy of eruptunits from North Crater is
described for the proximal (<2 km from vent) anddmédistal (2-8 km from
vent) environments. A number of lithofacies are oggised within the

stratigraphy and the nature of these is discusseddtion 2.6.

A distinct but broad range of deposits and thusefadypes are observed in
proximal localities at North Crater. Sixty eightes (Fig. 2.1) were logged in
proximal localities to North Crater (<2 km from \gmevealing these distinct

eruptive units. Key stratigraphic columns are gireAppendix B.

North Bluff (Fig. 2.4), the main bluff on the noetim slopes of the upper cone, is
300-350 m in length, reaches a maximum height 6f4@ m, and exposes a large
section through the upper cone stratigraphy. Laggeven sections (sites 9, 10,
8, 44, 45, 15 and 7, see Appendix B for complatgigtaphic columns) at various
intervals down this bluff identifies a broad rangk eruptive products. This
includes a basal grey, medium ash with dense anguddl rock lithics and
sequences of non-welded scoria and pumice depalsitg) with moderately to
strongly welded fall and flow deposits. From theseen logged sections a
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Fig 2.8
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Fig 2.9
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composite stratigraphy may be compiled of near \enptives seen at North
Bluff (Fig. 2.8).

South Bluff, on the southern rim of the cone (Rgt) displays strong to intensely
welded units through most of the exposed thickite36 m). Three sections were
logged along the northern face of the bluff (Fig)2and one at the most southern
tip of the bluff. Although from a distance it appedhe bluff is mainly bedded,
and strongly welded, there is also a minor compboémoderately welded units
which grade up into each strongly welded unit dmetdfore, probably represent

the cool base of each depositional unit.

Eastern Gully 1 (Fig. 2.4) is a narrow stream gwlyich exposes cone deposits
from the crater rim down to the Tongariro Crosdiragk at 1670 m, and includes
logged sections at sites 20, 14, 19, 13, 12, 111ajsee Appendix B for complete
stratigraphic columns). The upper section of thiygforms the Amphitheatre at
the crater rim, where stream erosion and slopertaihas exposed the highly
jointed ponded lava infilling the crater. Visiblethe edges of the Amphitheatre is
the original crater rim and the down-slope dippegls; these are seen to butt up
against the solidified ponded lava. Down-slopedhly cuts into the cone and a
series of non to moderately welded scoria and peoois units can be seen, with
some of the more pumiceous units containing minglasts. Midway down-slope
(at site 1) an orange red bomb/block unit is seelovb the scoria and pumice
deposits. This unit is not seen at any other op&ian the cone and is thought to

be a localised flow.

Eastern Gully 2 (Fig. 2.4) is also a small strearttimg which extends from just
below the crater rim down to just below the Tonga@rossing track and includes
logged sections at sites 28, 27, 26, 25, 24 an(s&6 Appendix B for complete
stratigraphic columns). The upper portion of theatgjraphy is a red scoria
welded unit overlying a sequence of non-weldediacamd pumice deposits. The
more pumiceous deposits contain mingled clastslainm that seen in Eastern
Gully 1. From these six logged sections a compositatigraphy for Eastern
Gully 2 can be established (Fig. 2.10).
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Fig 2.10
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Fig 2.11
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Sites 58-60 (Fig. 2.1), inside the explosion plyeal the internal columnar and
platy jointed stratigraphy of the solidified ponddéalva, which matches the
stratigraphy seen in the Amphitheatre. Pondinghef lava within the summit
crater is likely to have occurred in the final gagf the North Crater eruptions,

as the lava is largely impounded by the origingderpcone deposits.

In the field it is evident the stratigraphy changesh vertically at individual sites
(Fig. 2.8b), and horizontally between sites tonbeth, south and east (Fig. 2.11).
Many of the intensely welded units occur predomilyato the north and south of
the vent, while moderately to poorly welded units predominantly found to the
east and underlying the intensely welded unithenrtorth (Fig. 2.11). A few of
the units are only seen in one or two outcrops ssiygy localised emplacement
by flows. Some of the non-welded units also halenaed appearance with beds
thickening and thinning down-slope. These featurelcate varying eruption
intensity, fountain heights and plume heights tasgifrom the tapping of various
magma batches with varying compositions, volatitntents, pressures and
temperatures. These eruptive processes will beiskgd in detail in chapter 5.

2.4 Distal and Medial Stratigraphy

A limited number of sections were logged at distatl medial localities during
this study due to the nature of some of the oucen limited accessibility in the

medial environment. The location of these sectisrshown in Fig. 2.1.

Medial units thought to be associated with Nortat€r and not products from
younger vents are characterised by scoria and memsclapilli and ash deposits
overlying block and ash pyroclastic flow depositsg( 2.12). It appears these
pyroclastic flow deposits overlie a grey andedigica flow which is seen in the
nearby stream; however the contact between theseuhits is not seen at any
medial locality. It is possible these pyroclastiowf deposits may be related to
some of the welded flow deposits seen higher orctime which have cooled and
become less welded with distance from vent. Theipemus and scoriaceous
units are thought to match stratigraphically witnrwelded units close to the

29



Chapter 2 Sratigraphy and Facies Characteristics

Fig 2.12
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vent as they display similar features such as easicularity, componentry and

sorting.

2l

Figure 2.13: Distal units associated with North Crater (Rotoaira Lapilli) at site 74. This
unit consists of alternating yellow orange pumice lapilli beds and dark grey/black ash.
Tool handle measures 30cm.

Distal units thought to be associated with Nortat€r eruptions include the lapilli

and ash-rich Rotoaira Lapilli. This unit consists 23 yellow orange pumice

lapilli beds alternating with dark grey fine ashg(R2.13). As described in Chapter
1, many authors have debated the source vent éoRtoaira Lapilli. This study

will attempt to correlate the distal Rotoaira L&dibgged at sections 70, 72, 74
and 75 with medial and proximal sections on Northt€r proving the source vent
is North Crater (suggested by Basher 2005; Doyl@62@8nd Kobayashi, pers.
comm., 2006) and not Te Maari craters as suggéstedrlier authors.

2.5 Stratigraphic Correlations

Section 2.3 described several of the main outcawpblorth Crater and the units
seen at each. It was possible to make stratigraqanrelations along the outcrops,
especially where they have extended tens to huadsedheters down slope and
units could be traced out, and often a composigigtaphy for the outcrop could

be produced.
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Fig 2.14
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Fig 2.15
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Fig 2.16
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Key stratigraphic sections logged in proximal l@teé around the vent are able to
be correlated using fence diagrams (Fig. 2.14)s Torrelation around the cone
allows us to compile a complete stratigraphic sectof youngest to oldest
deposits (Fig. 2.15), and infers eruption histditlyese round the cone correlations
are made based on many of the contacts being abbe tsighted/walked out
between sites. Where units could not be sighteddst sites correlation was
made based on unit characteristics such as unihegy, grain size, sorting,
componentry and stratigraphic location above/beatevtain marker beds.

Proximal to distal stratigraphic correlations wenade (Fig. 2.16) for units from
the cone trending northward towards the Rotoaighttay. Correlations suggest
a possible relationship with the lower non-weldetdtsion North Crater cone,
seen at site 15, indicating North Crater as thecgowuent for this distal Rotoaira
Lapilli unit. Correlations between proximal, medehd distal sites were made
based on units overlying certain marker beds, amdtsuwith similar
characteristics.

From these correlations and field logging severainnfacies types at proximal
and distal localities have been identified. Eadhemwill be described separately

in the following sections.

2.6 Proximal Facies Characteristics

2.6.1 Welded Lithofacies

I ntensely Welded Facies

These are massive, dense, intensely welded (228 g cn®®) units where no
clast outlines are visible. This facies is crystalt, medium to coarse grained and
ranges in colour from medium grey to dark grey.eRaall rock lithics and crustal
xenoliths can be distinguished in some rock facef-& cm, lighter grey and
cream, undeformed, sub-round inclusions indicaéiqgobable pyroclastic origin
to the unit. Often these units contain irreguladumnar and platy jointing. An
example of this type of facies is seen in the waflgthe explosion pit at T19
385283 (Fig. 2.17), where the exposed thicknesg@sm. This facies occurs
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Fig 2.17, 2.18, 2.19
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predominantly as the solidified ponded lava inijithe crater, but is also seen in
minor amounts in the upper-most units of North &wdith Bluffs. The possible

mode of origin for this facies is by rapid spatdecumulation from dense lava-
fountains within or near the vent with post-depositshear movement (Table
2.1).

Table 2.1: Summary of proximal lithofacies characteristics seen at North Crater.

Proximal Facies Unit Density Clast Size  Type Section M ode of Emplacement

Welded Lithofacies

Rapid spatter accumulation

Inte_nsely Welded 222-26gci  Notvisible Site 58 near vent with post-
Facies depositional shear

movement

Faint Spatter accumulation,
Strqngly Welded 1.3-246gci  stretched Site 53 agglutination and_v_veldmg,
Facies : some post-depositional
ribbons .

movement in areas

Slower spatter
Moderately Welded  1.11- .23'01 9 5-20 cm Site 17 accumulation, cool base to
Facies cm .

hot units.

Non-Poorly Welded Lithofacies

Massive . Concentrated density
Bomb/Block Facies 510 ¢m Site 28 current
Reverse Graded i . Low energy, granular
Bomb/Block Facies 12-20 cm Site 25 pyroclastic flows
Massive I\/!mgled 6-9 cm Site 23 Concentrated pyroclastic
Bomb Facies flow
Mas_swe Lapilli 24 em Site 45 Pyrpclastlc fallout, sub-
Facies plinian plume
Rev_e_rse G_raded 3-7 cm Site 25 Low energy granular
Lapilli Facies pyroclastic flows
Massive Ash Facies <2 mm Site 15 Pyroclastioll
Bedded Ash Facies <2 mm Site 24 Pyroclastic fallout or ash

cloud surge

Strongly Welded Lithofacies

These are massive to cm-bedded dense, stronglyaéld3 - 2.46 g ci¥) units
where some clast outlines are visible. Clast oalithat are seen are typically
faint and often distinguished in the massive fageheir slightly different colour.
They are often seen as pinkish or greyish ribbtretchied out to <2 cm thick and
often up to 30 cm long (Fig. 2.18). The clast ribbdie parallel to the slope/unit
dip indicating possible deposition while hot andseguent attenuation after lava-
fountain deposition. Some units in this facies shHodding on the 30-40 cm

37



Chapter 2 Sratigraphy and Facies Characteristics

scale, and are planar to weakly bedded and withesoeas pinching out down
slope indicating a change to lateral transportcuaing. No grain size variations
can be easily distinguished, but are defined bypsbadding planes and minor
changes in welding. The facies is crystal rich, imedto coarse grained and range
in colour from dark pinkish grey to light pinkisliey. Rare wall rock lithics can
be distinguished in some rock faces as 2-5 cm €801&m, medium grey to black
porphyritic andesite, sub-angular to sub-round usicns. Often units in this
facies contain irregular to columnar jointing. Aoglbbexample of this facies is seen
in South Bluff at site 53 (Fig. 2.18) where thisiés is most abundant. However it
also occurs through North Bluff, East Bluff, Pim@eck and minor occurrences
on the eastern upper flanks of the cone. Some, urétsSouth Bluff (Fig. 2.19),
display features which indicate welding of hot mfasts, but has undergone little

or no post-depositional lateral transport.

Moderately Welded Lithofacies

These are massive, moderately welded (1.11 - 2.63 units with moderate
density where clast outlines are more visible tienprevious facies. Clast shapes
are more easily distinguished in the face and allyi@ppear as scoriaceous, 5-20
cm, sub-round, well sorted, elongate to cowpat-tkapes which appear poor to
moderately vesicular. These elongated clasts arealy compacted together but
show no imbrication, but instead lie flat and aracked to near parallel to the
slope. These units are thought to have formed bygtgstic fall from a high lava
fountain. Some units have clasts which are typcslib-round and poorly sorted
and the unit appears massive with no to very mbeatding features defined by
subtle changes in grain size. These units arepratd as the cooler base of hot
flows. The units of this facies are typically 0.48In thick, but in a few localities
they reach 2-2.5 m thick. This facies is typicathystal rich, fine to medium
grained, reddish brown to black in colour and scm@ous. Some dense wall rock
lithics can be seen in faces and are medium gré&attk porphyritic andesite, 5-
10 cm, and angular. A good example of this facteseien at site 17 (Fig. 2.20),
and it is typically found as thin units capping #&stern slopes, and sometimes

associated with the strongly welded facies.
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Fig 2.20, 2.21, 2.22
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2.6.2 Non to Poorly Welded Lithofacies

Massive Bomb/Block Facies

This is a non to poorly welded massive, poorlyetrbomb or block facies where
clasts are round to sub-round, 2-10 cm, moderakegtdy vesicular, crystal rich
and reddish brown or black scoria. Units in thigda are either clast supported or
contain minor matrix. Matrix consists of coarsechlash and small red and black
lapilli. Some pockets within the units of this fesiappear to be poorly welded,
but density of these pockets has not been detednieits are typically 0.5-1.5
m thick and are seen to thin rapidly with distafroen vent in extensive outcrops.
Dense wall rock lithics are also common, and araliome grey to black
porphyritic andesite, 2-5 cm and angular. Raretafu®noliths are also found in
the form of <2 cm sugar-like quartz lumps. Thesentsle under pressure and are
often rounded with orange surface staining. Clashding in this facies suggests
emplacement involving lateral transport, possibly & concentrated density
current. Some of the units are seen to grade imontoderately to strongly
welded facies overlying them and therefore mayeasgnt the cool base of hot
pyroclastic flows, or are separate pyroclastic 8owhere no overlying welded

deposits exist. A good example of this facies ensat site 28 (Fig. 2.21).

Reverse Graded Bomb/Block Facies

This is a non to poorly welded, compacted, modetratpoorly sorted, graded
bomb or block facies very similar to the previoasiés. Clasts are round to sub-
round, 4-20 cm, moderately to highly vesicularstay rich and reddish brown or
black scoria. Units are reverse graded with largatis (12-20 cm) found in the
upper portions, grading down to smaller bombs ¢#8 in the lower portions of a
unit. Units are either clast supported or with min@trix support, with the matrix
consisting of coarse black ash and small lapitm® pockets within the units of
this facies are poorly welded; the density of thieas not been determined. Units
in this facies are typically 0.5 to 1.5 m thick aa@ seen to thin down slope with
distance from the vent. A few of the units show onigradational contacts over
centimetre scale suggesting minor entrainmentastslinto the upper flow units.
Dense andesite wall rock lithics are also commah ae medium grey to black,
4-7 cm and angular, and are often concentratedrtbtt@ bottom of the unit. A
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good example of this facies is at site 25 (Fig2p.Zlast rounding and graded
nature suggests this facies formed from relatil@ly energy granular pyroclastic

flow.

Massive Mingled Bomb Facies

This is a non-welded, but compacted, massive sbmatib facies. Units in this
facies are made up of a mixture of black scoriats|ayellow brown pumice clasts
and clasts showing a mingled, streaky texture ¢ ltiwe black scoria and yellow
brown pumice. Clasts show varying degrees of nmgglvith little to none in
scoriaceous clasts to moderate and intensely ndngleniceous clasts. Both end
member clasts are always present. Clasts in theise are either 2-4 cm or 6-9
cm, sub-round to round, poorly to moderately vdaigucrystal rich and are
typically clast supported with minor matrix and pgcsorted. Matrix consists of
black and yellow brown coarse ash and small lapiliih minor pinkish red small
lapilli also present. Some dense wall rock lithare also found and are dark
grey/black porphyritic andesite, 1-5 cm, crystahrand angular. A good example
of this facies is at site 23 (Fig. 2.23). Clastmdumng in this facies suggests
emplacement involving lateral transport, possibdyaaconcentrated pyroclastic

flow.

Massive Lapilli Facies

This is a non to poorly welded, compacted, maskipdli facies. Units in this
facies are either black or reddish brown scoriasemuyellow brown pumiceous,
with pumiceous clasts finely vesicular and scori@sts poor-moderately
vesicular. Most are 2-4 cm (with a few units <2 csb-round, crystal rich,
moderately to well sorted and clast supported. Vl@igor matrix consists of
medium to coarse yellow brown or black ash. Someselevall rock lithics are
seen, being dark grey to black porphyritic anded4it8 cm and angular. The units
in this facies are typically 0.3-1.0 m thick ande &een to have a relatively
consistent thickness away from vent in the proxirzade. A good example of this
facies is seen at site 45 (Fig. 2.24a). The madsedding and relatively well
sorted character suggests this facies is the ptamfupyroclastic fallout from a

sub-plinian plume.
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Fig 2.23
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Reverse Graded Lapilli Facies

This is a non to poorly welded, compacted, gradmuilli facies. Units are
typically reverse graded with larger (5-7 cm), sabnded clasts in the upper
portion, and smaller (3-5 cm), sub-round clastghim lower portion of the units.
Clasts are either yellow brown pumiceous or blak/scoriaceous and are clast
supported with minor matrix. Matrix consists of tx@ yellow brown and black
ash and very small lapilli. Units in this facies aypically 0.4-1.0 m thick with
some having irregular thicknesses as they lensidthcait away from vent. Some
dense wall rock lithics are also seen, and arecin3 angular, dark grey/black
porphyritic andesite. A good example of this faggeat site 25 (Fig. 2.22) where
a graded pumice unit can be seen which lenses dnoamh downslope. Clast
rounding and the graded nature suggest emplacedietitis facies involved

lateral transport possibly as a lower energy, dearyroclastic flow.

Massive Ash Facies

This is a very fine to fine, massive, very welltedrash facies. It appears to be the
lower most unit in the 14-10 ka North Crater eruptsequence, and is a light to
medium grey colour. It contains a number of densdl vock lithics (~ 25%)
which are angular, 4-8 cm, medium grey andesite @tposed thickness of this
facies is 1.5-2 m as the base of the unit is neh ssywhere on the volcano. A
good example of this facies is at site 15 (Fig4B)2where it is exposed at the
base of the stratigraphy. It is possible this fad@med during vent clearing at

the start of the eruption sequence.

Bedded Ash Facies

This is a very fine to medium, bedded, well sorst facies. This facies consists
of purplish or bluish grey medium ash bedded witbmim or grey very fine ash
beds. Bottom beds contain few pumice lapilli, batdense wall rock lithics are
seen. A good example of this facies is at site 2d. (2.24c). It is possible this
facies formed during small phreatomagmatic erugtiaeposition of an ash cloud

or co-ignimbrite surge, or as fallout during wanstgges of activity.
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Fig 2.24a,b,c,d
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2.7 Distal Facies Characteristics

2.7.1 Non to Poorly Welded Lithofacies

Massive Lapilli Facies

This is a massive, loose, pumice lapilli faciespillaclasts are orange to yellow,
poorly to moderately vesicular with minor matrix @érk grey coarse ash, sub-
round to round, well sorted, 1-3 cm and crystah.rithe thickness of this facies
ranges from 10-40 cm and with rapid thickness Wara along lengthy outcrops.
These variations indicate erosion of the unit mayehtaken place during the last
glacial, and original thickness may no longer h@esented at some sites. A good
example of this facies is at site 74 (Fig. 2.24d)tbe Rotoaira Highway. The
grain size and sorting characteristics of this dacindicate emplacement as a

widespread pyroclastic fall.

Massive to Bedded Ash Facies

This is a massive to bedded, dark grey/black, diste. It is distinctive in the field
and is found bedded with the previous facies withiekness ranging from 8-12
cm. However like the massive lapilli facies desedlabove, the thickness is seen
to change rapidly over short distances. The urfithie facies are seen to grade
between massive and bedded along an outcrop. béws suggested that the ash
has been redeposited, and the appearance of addsf and pinched bedding
dispersed with sections of more massive ash mafyroothis. Bedding is seen on
the millimetre scale and is distinguished by sligltifferent coloured and size
ash. A good example is found at site 74 (Fig. 22#ds possible this ash was
originally deposited as fallout from a co-ignimbritash cloud surge or
phreatomagmatic ash, and has since undergonel laeraking.

Table 2.2: Summary of distal lithofacies characteristics of North Crater eruptives

Distal Facies Clast Size Type Section M ode of
Emplacement

Non-Poorly Welded L ithofacies

Mas_swe Lapilli 1-3 em Site 74 Pyroc_:l:_;\suc fall, sub-
Facies plinian plume
Massive to Pyroclastic fall or ash
Bedded Ash <2 mm Site 74 cloud surge and
Facies lateral reworking
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Chapter 2 Sratigraphy and Facies Characteristics

2.8 Summary

North Crater is a relatively young andesite conelenap of a complex suite of
non- welded and welded pyroclastic deposits. Goqubsures around the cone
provide a detailed record of the eruption strapgsa North Crater has slope
angles typical of subduction related andesite cimngshas a large flat plateau at
the summit created by ponded lava infilling thetvenater. It is unsure why North
Crater displays such a large summit crater, butiplelclosely-spaced vents or a
collapsing eruption plume during the eruption egpesare likely causes. The
solidified ponded lava has then been locally extavay a possible steam driven
eruption sometime after the main eruptions ceaeting the explosion pit in

the northwest sector. The eruptive products ans tihe formation of North Crater
may have been topographically influenced by thelaimage Blue Lake vent, and
the older Tongariro Trig vent, directing the majpriof ground-hugging

pyroclastic flows to the north and west.

By compiling stratigraphic logs in the field, cdagon of proximal, medial and

distal deposits on North Crater has been posdildeelations can be made along
large outcrops showing the changing nature of uaitgy from the vent,

especially those of strongly welded near-vent uritisund the cone correlations
shows how outcrops fit spatially and has allowecbmplete eruptive sequence
for North Crater to be produced. However, as thmatigtaphy changes rapidly
over small distances with units lensing in and outdisappearing completely,
absolute correlations cannot be made. These latarations suggest many units
in the proximal cone deposits have lateral equntalen the medial and distal

environment.

Correlations from proximal vent locations to disRdtoaira Lapilli units have
also been possible. From these correlations wesstatlish Rotoaira Lapilli has a
source vent at North Crater; however correlatiotwben more medial sites is

needed to firmly establish the stratigraphic catieh of individual beds.
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Chapter 2 Sratigraphy and Facies Characteristics

From these correlations a number of lithofaciesideatified. These facies show
the variability of products of the North Crater gtions indicating rapid changes

of complex eruption processes at North Crater.

These lithofacies and stratigraphic correlationgenia possible to define several
phases of activity at North Crater, starting withhset of eruptions, cool

pyroclastic falls and collapsing columns producha pyroclastic flows, along

with high intensity lava-fountaining forming the thntensely to moderately
welded fall and flow units on the upper cone. Ipisssible there were several
breaks in the eruption sequence of days, weeksthmar years as intensely to
moderately welded units are found to overlie otin@ided units with sharp

contacts between. The lack of major unconformitiethe North Crater sequence
suggests no significant time breaks in the eruptiame occurred, indicating the
main eruption activity may have taken place ovéeva months or years. These

eruption mechanisms and history will be discussetktail in chapter 5.
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Figure 2.1: A) Map showing numbered field sites in proximal and distal localities relative to North Crater.
B) Detailed map showing numbered proximal localities around North Crater. Grid references given in
Appendix A
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Figure 2.3: Photo of the lower portion of North Bluff on North Crater showing slope angles on
the upper cone.

Figure 2.5: Geomorphology of North Crater (A) and typical subduction zone cones, (B) Stromboli - Italy,
(C) Ngauruhoe - New Zealand and (D) Mt Mayon - Phillippines.
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Figure 2.6: Elevation model for a section of Tongariro National Park, North Crater centred. Line showing where topographical cross-section profiles
taken from, A) S-N, B) E-W, C) SW-NE, D) SE-NW.
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Figure 2.7: Cross-sectional profiles across North Crater and surrounding landscape. a) S-N, b) E-W,
c) SW-NE and d) SE-NW. Slope segments a 8; /5) show where there is greatest slope angle change
on the cone.
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Chapter 2 Stratigraphy and Facies Characteristics

A North Bluff Composite Stratigraphy and Facies
30m — Descriptions

Strongly welded facies, with minor intensely welded facies on very top.
Irregular to columnar jointing.

25m ] Non-welded massive bomb facies, black scoria.

ec fgt:ies

20m — Non-welded massive bomb facies, black scoria.

Non-welded massive lapilli facies, yellow brown pumice with minor black scoria.
Non-welded massive bomb facies, black scoria.
Non-welded bomb/lapilli mingled facies, black scoria and yellow brown pumice.

15m— Non-welded massive bomb facies, black scoria.

Strongly welded facies, red vesicular, scoriaceous, material with few
clast outlines. Dense juvenile bombs with surface breadcrust cracking.

10m —

Strongly welded facies, red vesicular, scoriaceous, material with few
clast outlines. Dense juvenile bombs with surface breadcrust cracking.

Strongly welded facies, red vesicular, scoriaceous, material with few
clast outlines. Dense juvenile bombs with surface breadcrust cracking.

M——— Moderately welded facies, red vesicular, scoriaceous, material with few
: clast outlines.

Non-welded massive bomb facies, black scoria.

Non-welded bomb/lapilli mingled facies, black scoria and yellow brown pumice..
Non-welded massive bomb facies, black scoria.

Massive ash facies

om

Figure 2.8: A) Column of North Bluff composite stratigraphy, North Crater, with general facies descriptions. B) the total length of the North Bluff, C) the units of North Bluff closest to the vent, main bluff height 25 m (NW=non-welded facies,
W=welded facies), D) site 44 lower non-welded pumice and scoria units, prominant black scoria unit 3.2 m, E) the varying structures just below site 44, full height of bluff 35 m, F) all the units at site 15, height of bluff 22 m.
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South Bluff

East

Figure 2.9: South Bluff stratigraphy and correlation, with general facies descriptions. See Appendix B for full stratigraphic columns.

25

West

Strongly welded facies with stretched clast ribbons. Dark pinkish
grey

Moderately welded facies with stretched clast ribbons and cowpat
clast outlines seen together. Dark pinkish grey/black.

Strongly welded facies grades into basal moderately welded facies
with stretched clast ribbons in upper section and cowpat clast
outlines in lower section. Dark pinkish grey/black.

Strongly welded facies with pockets of moderately welded.
Stretched clast ribbons interspersed with cowpat clasts. Dark
pinkish grey.

Strongly welded facies grades into basal moderately welded facies
with stretched clast ribbons in upper section and clast cowpat
clast outlines in lower section. Dark pinkish grey/black.

Strongly welded facies with pockets moderately welded. Stretched
clast ribbons with cowpat clast outlines. Dark pinkish grey.

Strongly welded facies grades with stretched clast ribbons. Dark
pinkish grey/black.
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Figure 2.10: Composite stratigraphy of Eastern Gully 2, sites 36, 24-28, North Crater. Unfilled circles represent mingled lapilli facies, and black filled circles represent black scoria bomb facies.
Complete stratigraphic logs for each site are found in Appendix B. Letters in stratigraphic log refer to sections outlined in the photographs.
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Pimple Rock East Bluff Amphitheatre North Bluff

Welded Facies

Non-welded Facies

Figure 2.11: A) Photo from Te Maari Craters looking west towards the eastern flank of North Crater, showing areas non-welded and welded
facies (Photo provided by T. Kobayashi). B) Photo looking south towards the northern flank of North Crater, showing areas of non-welded
and welded facies.
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Figure 2.12: Photo of medial site 69 with block and ash flow (seen below dashed red line) and overlying pumice, ash and scoria deposits sourced from
North Crater and later deposits from younger Tongariro vents . See Appendix B for complete stratigraphic column. Person for scale (1.6m).
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Site 36

Figure 2.14: Fence diagram showing stratigraphic correlations between key proximal sites on North Crater. See Appendix A for detailed
stratigraphic columns of these sites. Red dots on insert DEM denote other field sites. Dashed lines indicate possible correlations.
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Chapter 2 Stratigraphy and Facies Characteristics

Phase 4 eruptives are predominantly strongly welded
with basal moderately welded zones, minor intensely
welded units are also present.

In the early stages of this phase base flows where
Phase 4 cooler resulting in more poorly welded deposits
Welded Facies underlying strongly welded facies. Later in the phase,
base flows had little cooling and formed moderately
welded zones at the base of strongly welded facies.
These units are localised primarily to the south (South
Bluff) and to a lesser extent to the west and capping
North Bluff.

Phase 3 eruptives are predominantly non to poorly
welded units. This phase consists of predominantly
Phase 3 . mingled facies, with each unit containing varying
Non-welded Facies amounts of pumice and scoria. This phase occurs
predominantly at North Bluff.

Phase 2 eruptives are predominantly moderately to
Phase 2 strongly welded facies. Some units show mixed clasts
Welded Facies and strong welding, while others have basal
moderately welded flows.

This phase can be traced from North Bluff around
the northern and eastern slopes to East Bluff.

Phase 1 eruptives are predominantly non to poorly
welded facies. The units range from massive/graded
scoria bomb and pumice lapilli to mingled lapilli and
Phase 1 ash. o . _
Non-welded Facies Many of the units in this facies are localised at various
sites around the northern and eastern slopes of North
Crater. The unit found lowest in the stratigraphy
appears to be a fine light grey ash possibly produced
during vent clearing at the start of the eruption
sequence. No units were found at the lower contact
to this grey ash.

Figure 2.15: Column of complete North Crater eruptive products and general facies descriptions.
Entire sequence 40-60 m thick.
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Figure 2.16: Stratigraphic correlations from a proximal cone site to selected medial and distal sites.
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Chapter 2 Stratigraphy and Facies Characteristics

Figure 2.17: Intensely welded facies at the Amphitheatre with platy fracturing and
massive units visible. Note the folded structures in the platy jointed zone. Person for
scale (1.6 m height).

v’ & - e 3 G

Figure 2.18: Strongly welded facies at site 20.  Figyre 2.19: Stongly welded facies at South BIuff,
Faint clast outlines are visible in the face as areas of stretched clast seen next to areas of
stretched ribbons. Hammer handle measures cowpat-like clasts. Pen 15¢m long.
30cm.
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X 3 ..'.7‘5‘ 3 g ¢ «* g . 3 Pt 6 S *

Figure 2.20: A) Moderately welded facies at site18 (person for scale 1.6 m), B) black scoria clasts seen in
reddish brown moderately welded facies site 18 (tool handle 30 cm).

3 : § - ki : i Bl L
Figure 2.21: Massive non to poorly welded Figure 2.22: Graded non to poorly welded bomb/block
bomb/block facies site 29. Hammer handle 30  facies (a) and graded non to poorly welded lapilli facies
cm long. (b) site 27. Tape measure set at 1 m.

39



A%

T “ S e R ,‘1. o .
Figure 2.23: Massive mingled bomb facies seen in units a and b, site 23/36. Insert shows typical
clast found in this facies. Person height for scale 1.6 m.
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Chapter 2 Stratigraphy and Facies Characteristics

. (3 < B

B) Massive non to poorly welded ash facies
(unit next to drink bottle), site 15. Drink bottle
30 cm.

L &

C) Bedded ash facies, site 24. Tool head 10 cm long.

i e e %ﬁ» >
D) Massive non to poorly welded distal lapilli facies and massive
to bedded distal ash facies, site 74. Tool handle 30 cm long.

Figure 2.24: A) massive to poorly welded lapilli, B) massive non to poorly welded ash
facies, C) bedded ash facies and D) distal non-welded facies
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Chapter 3 Textural and Petrographic Charactecist

Chapter 3

Textural and
Petrographic
Characleristics

3.1 Introduction

This chapter details laboratory analyses which veargied out on a number of
pyroclastic samples from North Crater eruptivedeotéd in proximal, medial,
and distal environments. Laboratory work includegiry size, componentry,
petrographic, SEM and clast density and vesicylaot determine spatial and
temporal differences in the deposits. Figure 2.twsh site localities, and a
catalogue of samples is given in Appendix A. Apperigldescribes stratigraphic

columns and shows position of samples collectezhel field site.

3.2 Grain Size Analysis

Many bulk samples of non-welded pyroclastic unitsavcollected in the field at
proximal, medial and distal localities which wetdeato be sieved for grain size
analysis. Grain size analyses were carried outrdteroto determine grain size
distribution variations stratigraphically in proxamn sections, and grain size
distribution variations between facies. The datataim samples from all over the
field area (Fig. 2.1) and full results for graizesianalysis undertaken in this study

are given in Appendix D.
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Chapter 3 Textural and Petrographic Charactecist

3.2.1 Methods

Non-welded ash, lapilli and block samples wereemtéd from various proximal,

medial and distal sites around the vent. All sasplere oven dried at 50°C for
48 hours prior to dry-sieving. Sieving was carriegt using Endecott sieves
ranging from -6.0 phi to 4.0 phi at 0.5 phi intdssasing the mechanical shaker.
Hand shaking was used for softer, more pumiceooplkes in order to minimise

clast degradation. Samples were shaken at modangpétude for 5-10 minutes

on the mechanical shaker, or 5 minutes by handh Eee fraction was weighed
and separately retained for further analysis.

3.2.2 Results and Discussion

3.5
. Flow ¢ Distal
3.0 1 ]

2.5 -
2.0 1
15
1.0
0.5

0.0 ! ! ! ! !

-6.0 -4.0 -2.0 0.0 2.0 4.0
Mean Grain Size (phi)

® Proximal

- o
-------------------

Sorting (phi)

Figure 3.1: Graph of mean grain size versus sorting for alvetk North Crater samples with typical
fall and flow fields from Freundt et al. 2000. 4Hain size data are presented in Appendix D.

A plot of mean grain size versus sorting (Fig. 3shpws a clear distinction
between the grain size character of proximal coogding units and distal

deposits. The majority of proximal samples falbirat clustered group exhibiting
relatively constrained coarse mean grain size @RiQo -4.0 phi) and sorting (1.5
phi to 2.25 phi). They are of significantly coarseean grain size and less well
sorted than the medial and distal samples. The ahédlidistal samples show a
wider range of values, and have mean grain sizéisein2.0 phi to 2.0 phi range
and sorting of 0.7 phito 1.7 phi (Fig. 3.1). Thels¢a are likely to underestimate
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Fig 3.2
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the coarsest grain sizes because of technical raomtst on sampling very coarse

deposits in the field.

Proximal Relationships

Figure 3.2 shows the mean grain size, sorting aaximum clast size for samples
collected from the North Bluff composite stratighgp The mean grain size and
sorting data was compiled from laboratory analyaikjle maximum clast size
data are taken from measurements collected iniéheé. frigure 3.3 shows the
typical grain size distributions for selected mairoximal facies. Figure 3.16
shows how mean grain size varies up through theptaim sequence of North
Crater cone-building eruptives.

The mean grain size for individual units sampledrfiNorth Bluff ranges from -5
to -3 phi (Fig. 3.2). All units sampled have coansean grain size (bomb/blocks)
and are relatively poorly sorted (1 - 2.5 phi, BR). The maximum grain size
observed in the field was often not representethensieved samples, but was
recognised in the field as being a discrete pomian many of the units. This
implies many of the units in North Bluff, and thaound the cone, have bimodal
grain size distributions. The maximum clast sizéadadicates the presence of
this coarser fraction, and density determinationloips off larger bombs from
the sampling zone allows inferred grain size ddténis discrete population to be

added to the sieved data sets.

Some samples from North Bluff have clasts larganthbout -5.5 phi measured in
the field. These clasts were measured with dimessid height, width and length
recorded as well as a brief description of theapgh Small chips were broken off
these outsize clasts and numbered. In the lab tgewsi these chips was
determined using the methods described in sectibd.3Vlaximum volume of the
original clast was then determined by using thenfda for the volume of an
ellipsoid (Eqn. 3.1) which best approximated thapghof the majority of the

clasts measured.

Volumeof ellipsoid(cm®) = %H|Wh Egn. 3.1
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Total mass of the original clast could then be mheiteed using the volume and

density (Eqn. 3.2). Results are given in Appendix D
Mass= density(gcmi®) x volume(cnr’) Eqgn. 3.2

The mass and grain sizes determined for the outsizBon was then added to the

sieved grain size distribution (Appendix D).

Many of the maximum size measurements at NorthfBinfl around the cone
included dense juveniles and lithics and may repredallistic bomb/blocks
which have been deposited simultaneously with th@gastic convective fall
and flow deposits.

Proximal Facies Grain Size Variations

The massive bomb/block facies, previously describecchapter 2, typically
displays a coarsely skewed size distribution (RBd@a) with very little fine
material (<2 phi) and ranges from very poorly toogyp sorted with a typical
range of -2 phi to -4 phi. Grain size data for tharsest size fractions were added
from measurements from clast chips described eadmd with this data
distributions are typically bimodal. There was cleaidence for this in the field
where there was a distinctly coarser populationd-8 phi) with a more uniform
finer population (-2 to -5 phi). The mean grainesfar this facies derived from
sieved fractions is typically -5 to -3.5 phi, howewvith the addition of the
coarser population the mean grain size is -6.5 fohi.

The mingled lapill/bomb facies, previously desedbin chapter 2, typically

displays a distinct bimodal distribution, with ¢iigcoarse skew (Fig. 3.3b) and
very poorly sorted (-3 - -2 phi). Some units whiake bomb rich display a

stronger coarse skew than those which are lajhi The mean grain size for this
facies ranges from -2.5 phi to -4.5 phi, which stteto the broad range of grain
sizes seen in the field for these units, and apec&jly of finer mean grain size

than the massive bomb facies.
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500 - a. Massive bomb facies grain size distribution (AGB)
450 -
400 -
350 +
300 +
250 ~
200 ~
150 -
100 -

50 ~

Mass (wt %)

Grain size (phi)
250 1 b. Mingled lapilli/bomb facies grain size distribution (AG27)
200 ~

150 ~

100 +

Mass (wt %)
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-6 -5 -4 -3 -2 -1 0 1 2 3
Grain size (phi)

250 ~
c. Massive lapilli facies grain size distribution AG65)
200 -

150 ~

100 ~

Mass (wt %)
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Grain size (phi)

Figure 3.3: Typical proximal grain size distributions for theam non-welded proximal facies. Full grain size
results are given for all samples in Appendix D.
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Grain size distributions of the massive lapilliicare typically coarsely skewed
and weakly polymodal to bimodal (Fig. 3.3c). Theameayrain size is finer than

the massive bomb (-3 to -4.5 phi), poorly to veopity sorted ranging (1 phi to

2.5 phi). Rare outsize clasts (> -6 phi) were foahdome field sites consisting of
dense juveniles and wallrock lithics, thought tpresent ballistic fallout during

deposition of these units. A few of these are regméed in the grain size data
(Appendix D).

Medial/Distal Grain Size Distribution

The majority of lapilli units in the distal envirorent show normal to finely
skewed grain size distributions and range from 12phi and are moderate to well
sorted (1.7-0.8 phi). Only a few of the units degplpolymodal grain size
distributions, with all the others displaying binabdlistributions. The ash units in
the distal environment typically range from O tpl# and are well sorted (1.6-2.5
phi). They show slight polymodal distributions atids could be due to the
reworked nature of these deposits. In the mediar@mment grain size typically
ranges from -3 to 1 phi (mean -2.5 - -1 phi) and/édl sorted (0.9 — 1.05 phi) and

typically displays a normal, bimodal distribution.

3.3 Componentry

Hand specimen componentry was conducted on therityajof sieved bulk
samples collected in the field. The aim of this w@sharacterise various field
units and determine the average componentry of miapies described in chapter
2. Componentry analysis was carried out on all $iaetions above -3.5 phi,
however where samples were predominantly lapalimgles down to -3 phi were
taken. This componentry analysis was undertakexomunction with density and
vesicularity analysis, thus only samples/clastssehofor density analysis were
analysed for detailed componentry. The material s&sarated into groups of
similar texture/lithology (Fig. 3.4) and describadeighed and recorded (see
Appendix C). The five main clast types identifiad:a
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e Type 1 - scoria, black or reddish brown, moderatelyighly vesicular

* Type 2 - black scoria with small mingled amounts yeflow brown
pumice bands, moderate to highly vesicular

* Type 3 — clasts with intense mingling, containireanequal amounts of
black scoria and yellow brown pumice, moderateliiighly vesicular

e Type 4 — pumice, yellow brown, moderately vesicular

 Type 5 — a) wall rock lithics, dense, angular, dgrky to black and b)

xenoliths, white sugary quartz with outside orastgning.

3.3.1 Results and Discussion

Figures 3.5, 3.6 and 3.7 show the componentry @fipral samples AG25, AG26
and AG27 respectively in the five to seven coargesin size fractions. These
samples are from successive units at site 25 (A&2fhe bottom, AG27, and
AG26 at the top) and used to characterise the igtghic variation in
componentry. The average distribution of the comirfractions tends to
approximate that of individual size fractions, gxtctor the coarsest fraction. The
size fractions in the -4 phi to -3 phi range tendshow the average range of

componentry found in each sample.

This relationship is consistent with all sampleschhwere analysed and therefore
a weight percent average of all the size fractianalysed is used to compare
samples. Componentry details are included in Appefid From this averaged

componentry data it is then possible to give ave@@mponentry descriptions for

several main facies types (Fig. 3.8), describechapter 2.
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Fig 3.4
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Pumice
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Scoria
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Pumice Dense lithic
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Figure 3.5: Componentry data for sample AG25 for the sevensesasize fractions. Total % (in

box) appears to approximate those size fractions.
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AG26 -5 phi Componentry
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Figure 3.6: Componentry data for AG26 for the five coarsest &iactions. Total % (in box)
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Figure 3.7: Componentry data for AG27 for the five coarsest &iactions. Total % (in box)
appears to approximate those size fractions.
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Figure 3.8: Componentry of main facies seen on North Cratetalare compiled from averaged totals of
units within each facies.

Proximal massive bomb/block facies assemblage

The massive bomb/block deposits are dominated\mnjle scoriaceous material.

The average componentry of this facies is showign 8.8b with Type 1 clasts

making up 58% of the average sample by weight, lesser amounts of Type 2,

Type 4, and Type 5 clasts also making up a sigmfiportion of the facies. Type

5 clasts are predominantly wall rock lithics (Typa), with trace amounts of

quartzofeldspathic metasedimentary xenoliths (Tgpg The metasedimentary

fragments represent basement rock brought to tHacguby the rising magma

column. Similar fragments have been found at offmngariro and Ngauruhoe
sites (e.g. Grahamt al. 1988, Hobden 1997). There are also a small prapoof
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intensely mingled clasts found in one sample whichy record erosion of
underlying beds during transportation and emplacenoé this unit, or reflect
clast recycling in the vent (Houghton and Smith 3)99The proximal graded
bomb/block facies average assemblage is very sinal#éhis facies assemblage,

thus is not given a separate description in thegptdr.

Proximal massive lapilli facies assemblage

The massive lapilli deposits analysed are dominatefuvenile scoriaceous and
pumiceous material. The average componentry offflasigs is shown in Fig. 3.8d
with Type 1 clasts making up 63% of the averagepsadny weight. Type 2, Type

4 and Type 5 clasts also make up significant prtoges of the facies. An
insignificant amount of Type 3 (1%) material is fouin one sample, possibly
entrained by the same mechanism described in thdgus section. The dense
lithics (Type 5) found in this facies are similarthose described in the previous
section, with both dense wall rock lithics and qeefieldspathic metasedimentary
xenoliths identified. The proximal graded lapibicies average assemblage is very

similar to this facies assemblage, and is not seplgrdescribed.

Proximal mingled lapilli and bomb/block facies assemblage

The mingled deposits are dominated by juvenile tethgpumiceous and
scoriaceous material. The average componentry isfféities is shown in Fig.
3.8c with Type 3 clasts making up 41% of the aversgmple by weight. Also
making up significant proportions of the averageeasblage are Type 3 (27%)
and Type 2 (18%) clasts, with lesser amounts ofeTypand Type 5 material.
From individual samples the mingled lapilli and dwbiock facies can be defined
as having more than 15% Type 3 and a significaopgntion of Type 2 clasts.

Type 5 clasts consist solely of dense wall rodkds.

Distal massive lapilli facies assemblage

The distal lapilli deposits analysed are domindtggumiceous juvenile material.
The average componentry for this facies is showrign 3.8a, with Type 4 clasts
making up 89% of the average sample by weight. T/ptasts are also found in
one unit, but not in sufficient amounts to defime tunit as a mingled facies
variant. This facies contains no Type 5 clastsates distance of <6 km from the

vent we would assume dense wall rock lithics hdready fallen from the plume.
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This facies contains no scoriaceous material irlap#i fraction (present in small
amounts in the matrix ash) suggesting these uratg mave formed from fallout
of a buoyant sub-plinian plume. Denser scoriacaoaserial (compared to the
pumice lapilli, Table 3.1) may not have been engdiinto the high buoyant
plume and has been dispersed on a different tomjecompared to the pumiceous

component.

3.4 Vesicularity and Density

A selection of clasts from proximal and distal liitoies were measured for density
and vesicularity to assess the vesiculation stiatkeomagma during the eruption.
Dry magmatic eruptions (driven by exsolution of mmegic gas) typically yield

clasts of vesicularity 70-80% regardless of magimsaosity (Francis 1993). Clast
vesicularity can also indicate if external waterswan important factor in the

eruption mechanism.

3.4.1 Methods

Density and vesicularity measurements were obtaired juvenile clasts using

the wax coating method developed by Houghtbml. (1988). Clasts were taken
from the -5.0 to -3.0 phi fractions for most sansplalthough with some lapilli

samples from distal sites clasts from the -2 t6 ghi had to be analysed for lack
of larger fractions. Each clast was oven driedghed, coated in a known volume
of wax paper and weighed again immersed in watdreMthe density of a clast
was less than 1, the clast floated and was weidloga with a lead ballast. The

density of each clast was calculated using equati®ioelow.

weightin air Eqgn. 3.3
wt in air — (wt in water - ballastwt + (002 x no. wax sheets)

Density=

Vesicularity of clasts was calculated (equation) 3using a Dense Rock
Equivalent (DRE) of 2.6 g ct typical of most andesitic rocks (Houghtenal.
1988).

Vesicularity = 1 - (density / DRE) x 100 Egn. 3.4
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3.4.2 Results and Discussion

Full results for density and vesicularity analyare given in Appendix C. The

important results, trends and relationships of éhdata are discussed in this

section.

Table 3.1:Minimum, maximum and mean density and vesiculaalyes for the five main clast

types identified in section 3.3. Density valuegugiin g crit, vesicularity values given as a

percentage. Mean values are an average of the malaies for that clast type in each sample.

Minimum  Maximum Mean Mean Minimum Maximum
Density Density Density Vesicularity Vesicularity Vesicularity
Type 1 - Scoria 0.06 2.43 1.12 56.7 6.6 80.9
Type 2 - Minor 0.61 1.56 1.00 61.6 39.9 76.4
Mingling
Type 3 - Intense 0.65 1.42 0.89 65.8 45.2 74.9
Mingling
Type 4 - Pumice 0.38 2.51 0.93 64.0 3.4 85.4
Type 5a —Lithics 2.08 2.59 2.42 6.9 0.3 20.1

There is a wide range of density and vesiculardjues in proximal and distal

environments at North Crater (Table 3.1). Resuimasthat Type 4 clasts have
the largest vesicularity range (3.4 - 85.4%) butehane of the highest mean
vesicularites (64%) of all the clast types. Typeclasts have the smallest
vesicularity range (45.2 - 74.9%), and the higinesan vesicularity (65.8%) of all

the clast types. We would expect Type 5a clastBatee the lowest range and
mean vesicularity. Although the maximum vesicuja(®0.1%) is unexpected for

a dense lithic and it is possible some dense jleemnay have been mistaken for
wall rock lithics. The mean vesicularity of Type 8asts (6.9%) may be a better
representation of the typical wall rock populatidine degree of mingling is also
reflected in the vesicularity of a clast. Type 3Jasts have a higher mean
vesicularity (65.8%) than Type 2 clasts (61.6%yicating the more a clast is
mingled with pumiceous magma the higher the vesardyl Type 1 clasts have

the lowest mean vesicularity (56.7%). Clasts of @ylpand Type 4 also display
relatively high density (2.2 - 2.5 g éhand low vesicularity (3.4 - 15.4%); this

indicates dense juvenile clasts are also presddoith Crater deposits.
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Whole-Unit In-Situ Density

The density of depositional facies types refletis tlensity and vesicularity of
constituent clasts as well as the concentrationcanapaction of clasts within the
deposit. Facies which are dominated by Type 1 ayje P clasts, (typically the
non to poorly welded, massive and graded bomb/blackes) will have the
lowest mean vesicularity (56.7 - 61.6%) and highmetin density (1.0 - 1.12 g
cm®). Facies which are dominated by Type 2, Type 3 Bypk 4, (typically the
non-welded, mingled massive bomb/block and lagtid massive or graded
lapilli facies) will have a moderate mean vesicitjyaf61.6 - 65.8%) and density
(0.89 - 1.0 g ci). Those facies which are predominantly Type 4 andlipe 3,
(typically non-welded, distal massive lapilli andassive or graded lapilli) will
have the highest mean vesicularity (64 - 65.8%) lamest mean density (0.89 -
0.93 g cri?).

Table 3.2: Mean, minimum and maximum density of the threeesldigcies. All density values are

given in g cri.
Minimum Maximum Mean
Density Density Density
Intensely welded facies 2.22 2.60 2.47
Strongly welded facies 1.30 2.46 2.11
Moderate welded facies 1.11 2.01 1.54

Whole rock density (Table 3.2) was determined &mks from the welded facies
at selected proximal locations around the ventc@wyparing visual observations
and facies descriptions a relationship betweenvibibility of spatter clasts in
each facies and the whole rock density becomesrapipal he intensely welded
facies has no visible clast outlines and showshigkeest mean whole rock density
(2.47 g cnit) and narrow density range (2.22 - 2.6 g3nThe high mean density
of the facies could reflect rapid compaction of haastic spatter during
emplacement. Rocks in the strongly welded faciestaio some visible clast
outlines, often as thin stretched out ribbons. Téises has a relatively high mean
whole rock density (2.11 g ¢fth with a large range (1.3-2.46 g &nindicating
the rocks in this facies may have originated frormgmas with varying gas
content, and rates of emplacement and compactioa vagiable. The moderately

welded facies contains visible clast outlines woften clast sizes (bombs) and
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shapes (sub-rounded to elongated) easily distihgdidoy a low mean density
(1.54 g cn?). The low mean density of this facies probablyes the relatively
lower intensity activity and lower rates of spatéemcumulation compared to the

other welded facies.

Due to the small size of clasts in many distal @é&pa comprehensive analysis of
density and vesicularity changes within the distaits was not obtainable. Also
due to field and transportation constraints onlfe\ samples from the medial

area were collected.

Density g cn®

0.00 0.50 1.00 1.50 2.00 2.50
30 1 1 1 1 |

25 4

20 +

Height (m)
=
o

—A— Mean bulk sample density
—4@— Whole rock density

10 A

0-

Figure 3.9: Mean density of samples from complete North Blufifmosite
stratigraphy, contains both bulk sample densitied hole rock densities. Range
of densities is shown for bulk samples.

Proximal Temporal Relationships

Mean density of proximal samples varies with heigptthrough the North Bluff
composite stratigraphy (Fig. 3.9). Density is @iy low but variable reflecting
dominantly non-welded deposition but with fluctoais in eruption intensity or
style of pyroclastic deposition. An abrupt shift esident in the upper 5 m
marking the dominance of strong welding and aggéation. A complete record of
North Crater deposits (Fig. 3.16) shows the measitleand vesicularity changes
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during each phase of eruptions at North Cratapjtears the final climactic phase
of activity at North Crater involved magma eruptdda high intensity allowing
deposition and rapid accumulation of hot plastiatsgy, with the formation of
predominantly strongly to intensely welded facieg( 3.16).

3.5 Petrography

Petrographic analysis was carried out on selectealemock welded pyroclastic
samples as well as individual clasts selected smwved samples. The aims of this
analysis were to describe phenocryst textures asdnablages and groundmass
texture of whole rock and clasts. Selection of vidlial clasts from bulk samples
was based on vesicularity and density featuresedisas clast type (i.e. mingled,
scoria etc). Full petrographic descriptions areegivn Appendix E. Groundmass

textures and vesicle morphology was carried outgugie SEM (section 3.6).

3.5.1 Methods

Bulk rock and clast samples were cleaned, trimmedl @t into small blocks

(~4.7 x 3.7 x 2.5 cm). Vesicular samples were doada hot plate overnight at
~50°C then impregnated with araldite K142 and dagdin overnight at ~50°C.
All samples had one side ground flat using the diaanap wheel and #600 polish
powder, then dried overnight before being mountedrosted glass slides with
Hillquist glue. Impregnated samples were cured ight on a cool bench, while
other samples were cured on the hotplate overaghtb0°C. Samples were then
trimmed to ~1mm and ground to ~30 um using firStauers Discoplan-TS and
then #600 polish powder on a glass plate. Thini@estbeing used for electron
microprobe and SEM analysis were then polishedhenlap wheel using #800
polish paper and finally cloth with fine aluminavpaer. Sections not being used

for microprobe or SEM were sealed with a glass rsiye

3.5.2 Results and Discussion

The main mineral phases present in products ofiNGrater eruptions include
plagioclase, orthopyroxene (hypersthene), clinoggne (augite), opaque
minerals and rare olivine. The rocks also have dewange in abundance of

vesicles, lithics and groundmass textures.
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Plagioclase

Plagioclase (13-35% modal abundance) is typicalbhedral, displaying a range
of shapes including tabular, lath and lozenge ramgypically from 0.8 to 2 mm,
but up to 2.8 mm. These crystals display a widegeanf textures with the
majority showing some degree of disequilibrium siekesorption or dissolution
textures. Sieve textures show a wide variety arahges include small round
sieves concentrated in the centre, or in a rirgpate distance from the edge (Fig.
3.10g). Some also have long needle like sieves r@gular large sieves
concentrated in the centre. A small number of afgstisplay intense sieve
coverage. Some crystals also display normal orrseveoning, or oscillatory
zoning, and often crystals will display a combioatbdf zoning and sieve textures.
Some phenocrysts are poikilitic with inclusions agague minerals, pyroxenes
and glass. Crystals occur predominantly as dis@edms, but are often seen on
clumps of 2-3 or in glomeroporphyritic groups witither mineral phases

pyroxene and opaques.

Clinopyroxene and Orthopyroxene

Both of these phases (5-15%) are typically subhedeaely euhedral and
anhedral, with shapes ranging from prismatic, tbuath to irregular. They are
typically smaller than plagioclase crystals (0.01® mm, max 1.5 mm), although
some orthopyroxenes occur as long tabular cry§aBmm). A small number of
clinopyroxene crystals are twinned (Fig. 3.10b)Y amany of the clino and ortho-
pyroxenes occur in groups of 2-3 or in glomeropgrptc groups (Fig. 3.10Kk)
with other mineral phases (plagioclase and opagué&®se mineral phases rarely
show sieve or other disequilibrium features, aslwasl inclusions of opaque

minerals or other pyroxenes.

Opaque Minerals

Opaque minerals (1-5%) are typically euhedral,lyamahedral, and occur as sub-
rounded to cubic crystals, or irregular skeletabvwghs in glomeroporphyritic
clumps. They range in size from 0.1 to 0.5 mm, sitime irregular shapes being
up to 1 mm. Under reflected light the phases presetude ilmenite (15-25%),
titanomagnetite (65-70%), titanomagnetite with imte exsolution lamellae (5-

10%), and rare inclusions of pyrrhotite and chajcie.
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Fig 3.10
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Olivine
Olivine is rare (c. 1%) in North Crater depositscuarring as irregular, anhedral

crystals, 0.8-1 mm, and were always ringed by §raned augite crystals (Fig.

3.10h) indicating disequilibrium with the enclosinggma.

Xenoliths and Lithics

Xenoliths (1-15% xenolith and lithic modal abund@noccur in the majority of
thin sections. They are typically sub-rounded tonghte quartzofeldspathic
metasedimentary xenoliths and range in size frotdo 4 mm and are extremely
fine-grained (<0.1 mm) (Fig. 3.10i). Quartz xenwditcontain quartz, plagioclase
and often opaque minerals. The source of thesetzpdi@ldspathic xenoliths is
most likely the basement greywacke directly beltne TgVC (Grahamet al.
1988, Hobden 1997). Rarely these xenoliths haveomaneve textures where
crystals may have been out of equilibrium with thelt. Fine-grained pyroxene
xenocrysts are also found in a few thin sectiores€ are finer grained than the
augite glomeroporphyritic clumps and may origindtem a deeper magma
source, and may represent olivine crystals whicheheompletely reacted to
clinopyroxene. Wallrock lithics derived from thel@anic structure occur within
sections of welded pyroclasts. They are identibgdheir high density and sharp
boundaries with the surrounding groundmass (F0jB. Wallrock lithics are of
andesitic composition and contain phenocrysts prsly described, but have a
fresh glass groundmass compared to the partiallgrdeed host groundmass.

Groundmass

A wide range of groundmass (22-50% modal abundangegs were seen
throughout the North Crater deposits (Figs. 3.1@.&1). The textures ranged
from hyalopilitic and intersertal to intergranulagnd those which were
intergranular were trachytic with minor areas bdgited with mottled microlites.
The hyalopilitic and intersertal textures rangemhfrfresh glass, partially/strongly
devitrified glass, to completely devitrified glagsften microlites show a sub-
parallel alignment around phenocrysts, suggestilgyvaige and late-stage
deformation. Microlites were predominantly of plagjase, pyroxene and opaque
minerals. Some groundmass plagioclase display mpéthching features such as

swallow-tail terminations.
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Figure 3.11: Groundmass glass seen in a) crossed polarised éigh b) plain-polarised, for whole rock
sample AGO:

A small number of welded bulk rock thin sectionpegr to have clast outlines
distinguished as different coloured glass underntih@oscope (Fig. 3.10a, d, I).
These are thought to be from accumulation and ernglastic deformation of hot
agglutinate. Clast outlines are irregular and thinstretched out, and often are
more devitrified than the surrounding groundmassn& display sharp to slightly
mingled boundaries and are often a darker coloorpewed with the surrounding
groundmass. Where crystals are present they disglajlar features to the

phenocrysts described previously.

Banded or mingled clasts (Fig. 3.10e) appear t@ mavdifferences in fresh glass
other than colour at 20x magnification, but haverb&rther analysed under the

SEM to determine the basis for differences betwgass colourings.

3.6 Scanning Electron Microscope (SEM) Analysis

SEM analysis was carried out on ash and matrix ma&tef the 1 or 1.5 phi
fraction from selected samples using a Hitachi 864Eield Emission Scanning
Electron Microscope. Analysis was also carried @utpolished thin sections to
produce images of clast/rock groundmass and miertdixtures within the glass.
Rock and clast vesicle morphology analysis was alsgertaken using binary
images produced from original SEM images.
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Fig 3.12
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3.6.1 Ash Clast Morphology

A range of ash morphologies can be distinguishedamples from selected
proximal, medial and distal localities (Fig. 3.1@ge Fig. 2.1 for site locations
and Appendix B for sampled units in stratigraphidumns). Ash matrix, taken
from non-welded units at proximal and distal sisgw a range of morphological
features which can be broadly classified as graupdderate to highly vesicular,
delicate bubble wall ash; group 2: poorly vesicusaib-rounded ash; or group 3:

blocky to prismatic or angular crystals with adbesi of vesicular glass.

Group 1 is found in samples AG26, AG25, AG27, AGBAE;71, AG52 and
AG67 (Fig. 3.12). This group of ash generally reprds ash that has been
deposited from a pyroclastic fall as they have glaard delicate edges which have
suffered little abrasive action and are angulasuio-angular (Heiken and Wohletz
1985). The moderate to highly vesicular naturehefse clasts infers they were
produced from magma which was actively vesiculatfrigiken and Wohletz
1985). Vesicles range from long stretched tubegldagated and ovoid shapes,
with often many different shapes seen in the sdam.cThe shapes of the clasts
reflect the nature of the vesicles, i.e. elongateltel vesicles form elongate, sub-
angular ash clasts. In some units mixed populatdrimsghly vesicular and poorly
vesicular delicate ash occur together, suggestagnientation of slower moving,
partially crystallised, degassed magma from theladrwalls along with the more
gas-rich, less crystalline magma near the condug ¢ableet al. 2006). This
group of ash is associated with the proximal massiemb/block and lapilli

facies.

Group 2 is found in samples AG28, AG34, AG42 and7BGFig. 3.12). This
group of ash generally represents ash that has degosited by a pyroclastic
flow as they have high degrees of edge modificatthsplay very few delicate
glass structures and are rounded and chipped tidicabrasion during lateral
transport (Heiken and Wohletz 1985). The poorlyiaidar nature of these ash
clasts indicates they were produced either from maagvhich had partially
degassed prior to eruption, or have undergonefpaginentation bubble collapse
(Sableet al. 2006). This group of ash is associated with thexipmal graded
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bomb/block and lapilli facies. It is important tote here that sample AG34 (Fig.
3.12e) is a fine black ash from the Rotoaira Lapifit, however it shows strong
rounding and edge modification suggesting it hasnbdeposited by lateral
transport (Heiken and Wohletz 1985).

Group 3 is found in samples AG27, AG34 and AG6%.(Bi.12), and represents
free crystals, dense juvenile or wall rock lithfosind in ash beds or matrix. Some
of these show vesicular areas where glass hasetib@rthem during eruption

(Fig. 3.12, group 3). The identification of indival crystals in the matrix and ash
indicates the eruption was sufficiently intensséparate crystals from the magma

at fragmentation, or is associated with emplacemertesses.

3.6.2 Juvenile Clast and Whole Rock Vesicle Morphoby

Images were taken of polished thin sections at mglgnification under the SEM
in order to characterise vesicle morphology fromlded whole rock and

individual juvenile clast samples from severalltd tain facies.

Whole rock thin sections of welded facies displayedy few vesicles and were
typically irregular, elongate shapes (Fig. 3.13&).higher magnification these
vesicles have irregular walls bounded by randomigrtated microlites and
vesicle spaces (Fig. 3.13d). Vesicles in these adklhcies typically occur in
small groups, and rarely as individual vesicles.

Vesicles in pyroclastic clasts with moderate tohhygvesicular textures show a
range of vesicle shapes. The majority of vesiclessirregular shapes indicating
bubble coalescence, as the majority of bubblesiafermed with some ruptured
walls (Gurioliet al. 2005). Clasts with high vesicularity (c. 80%) tyglly display
larger (500-750 pum) more complex and contorted clesshapes with a few
smooth, spherical vesicles distributed between. (Bigj3e,f). Clasts with lower
vesicularity (64-67%) typically display medium (80-pum) to small (15-30 pum)
vesicles with smoother elongate to ovoid shapesdenser packing arrangement
(Fig. 3.13g,h,i). The change from lowest to highessicularity may be
accomplished principally by an increase in the alamse and size of the largest
vesicles (Guriolet al. 2005). Complex vesiculation histories are impdreard
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Fig. 3.13
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suggested in North Crater samples by the intenastioetween bubbles, with
complex shapes resulting from bubble coalesceneéprmiation and minor
collapse. Large vesicles in the North Crater samp@so suggest significant
vesiculation time to allow growth and maturation thie bubble population
(Gurioli et al. 2005). Stretched and elongate vesicle shapes anéfidd in clasts
of lower vesicularity (Fig 3.13a, b), and are ipreted to result from extensional
shear at the conduit margins. Bubble size andnstede also control the degree to
which bubbles are elongated in the conduit (Klug @ashman 1996).

Vesicle distribution in intensely mingled clastgiea from vesicle distribution in
end member scoria and pumice clasts. The presdngecmlites in the ‘dark’
glass of mingled clasts limits bubble expansion emmlescence. Thus, clasts with
mingled dark (microlite-bearing) and light (mictelifree) glass of similar
composition (discussed in chapter 4) have varyiagicke densities in a single
clast and result in varying clast densities in rgl@ unit (Klug and Cashman
1996).

3.6.3 Groundmass and Microlite Textures

The various clast types identified in componentmalgsis have been analysed
using polished thin sections under the SEM to ditarse the range of

groundmass types and microlite textures identifegletrographic analysis.

Microlites in samples from North Crater display thntneral phases previously
identified in petrographic analysis and includegpalase + orthopyroxene +
clinopyroxene + titanomagnetite + ilmenite (+ glasType 1 clasts analysed by
SEM display little to no microlite textures (Fig.13da), and tend to be fresh glass
(non-devitrified). Where rare microlites are prasenthese clasts they occur as
individual plagioclase laths of ~ 2 um. Type 2 &hdlasts are discussed in the
following section (Mingled Clasts). Type 4 clastsow a small degree of
microlite abundance (Fig. 3.14b). The microlitesga in size from 2-4 um and
form single crystals, with plagioclase morphologiggically tabular to acicular
with very few skeletal, hopper and swale shapesoX@ne crystals are typically
tabular to lath 2-3 pm, and Fe-Ti oxides are tylpiaaubic and <2 um. The
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Fig 3.14
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microlite density is low in group 4 clasts with serareas being microlite free.

Microlites show random orientation over the cm scal

Mingled Clasts Groundmass

One of the aims of SEM analysis was to determimertature of any physical
differences between the light and dark glass seenimgled clasts. Several clast
samples were selected from Type 2 and 3 sampleshwdisplayed minor to
intense mingling between light and dark glass. Arefalight and dark glass were
mapped out on the glass slide in order to deterrareas of different colouring
once viewed under the SEM. These selected sam@esalso used later in glass
geochemistry and microprobe analysis (chapter 4)etermine the nature of any

chemical differences between the light and darkgyia a single clast.

S - J ; 13 = um
ag = <270 1um E G = A -

Figure 3.15: SEM images of glass seen in mingled clast AG28a) glass showing microlites, b) light glass
free of microlites, ¢) area where boundary (redlssline) between microlite-free ‘light’ and micitetbearing *
dark’ glass can be seen. Red scale bar 18 um aatbphliaken at 270x magnification.
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Images of polished thin sections revealed interggthysical features in the glass
of mingled clasts (Fig. 3.15). ‘Dark’ glass textsirdisplay fine microlites in
moderate abundance of predominantly plagioclase pmdxenes (Fig. 3.15a),
while ‘light’ glass is entirely microlite free (Fig.15b). The microlites in the dark
glass are predominantly plagioclase with pyroxesras$ Fe-Ti oxides and have a
relatively high proportion of crystals (c. 40%). dviblite morphologies include
tabular, acicular, lath and cubic to rare swalla-thopper and skeletal and have
typical size range of 2-5 um. In greyscale SEM iesaghe sharp boundary
between ‘dark’ and ‘light’ glass can be seen in therolite abundance (Fig.
3.15c¢). It is possible that the only differenceviEn the glasses in mingled clasts
may be physical, due to the abundance of microirtesark glass. Geochemical
analysis may determine the nature of any chemiti@rences (Chapter 4).

Welded Facies Groundmass

Several samples from the welded facies were ardlyseler the SEM to
characterise the groundmass and microlite textéiksvelded samples analysed
showed a range of microlite abundance, with thepgution of crystals being
extremely high (90-100%, Fig. 3.14c, d, e, f). Tlredominant mineral phase is
plagioclase and morphology ranges from tabulam lahd acicular to rare
swallow-tail with typical size ranges of 2-5 pmgdan some areas the plagioclase
is so dispersed it appears as mottled glass. Lasseunts of pyroxene and Fe-Ti
oxides occur as crystals which are tabular, latbutic and typically 2-4 pum. The
microlites are typically at random orientation wghb-parallel alignment seen in
some areas alongside phenocrysts. One slide cedtanlarge stretched clast
inclusion with a partially melted boundary to thegndmass. The groundmass
inside this clast was noticeably coarser (5-8 (maptthe surrounding groundmass

(2-4 um) and all microlites are displayed at a mamarientation (Fig. 3.14f).

A few of the microlites in the welded units displaginor swale features
indicating possible pressure decrease and supérgodlring crystal growth.
Higher crystallinity in these welded rocks suggestpid decompression and
conditions of slow nucleation and growth (Hammed &utherford 2002). The
sub-parallel orientation near phenocrysts mightgssg crystallisation directly

from the melt with orientation during emplacemewijle the randomly orientated
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microlites may have formed from devitrification tife remaining melt (Davies
and McPhie 1996).
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Chapter 3

Maximum Clast Size

Figure 3.2: North Bluff composite stratigraphy showing mean grainsize, sorting and maximum clast

Size variations.
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e. Type 5a: dense lithic f. Type 5b: quartz sugary xenoliths (upper 2 clasts)

Figure 3.4: The main clast types identified in North Crater deposits from componentry analysis.
a) scoria. b) minor mingling. ¢) intense mingling. d) pumice. e) wall rock lithics. f) quartz sugary
xenolith, white scale measures 12cm.
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d. Groundmass textures of clear and dark glass, AG04

e

g. Plagioclase phenocrysts, upper shows oscillatory zoning, lower large
one shows heavy sieve texture and osc illatory zoning, AG14

-

i. Xenoliths AG06 j. Lithic inclusions seen as reddish brown, AG04 k. Glomeroporphyritic clump and groundmass texture, AG03 I. Groundmass textures of light and dark glass, AG63

Figure 3.10: Photomicrographs of selected features seen in North Crater samples.
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i) AG52 k) AG69 ) AG68
Figure 3.12: SEM images of ash clasts from selected bulk samples. Group 1 (a-d) - brittle, high to moderately vesicular. Group 2 (e-h) - poorly vesicular, sub-rounded. Group 3 (i-l) - blocky, prismatic or angular.
71




Chapter 3 Textural and Petrographic Characteristics

te and vesicle texture around large vesicle in welded
unit AG62, 4.8% vesicularity.

e

g. small to medium vesicles in AG68-29, 64% vesicularity

i. small to medium vesicles in AG25-12, 67% vesicularity

Figure 3.13: Binary images of various vesicularities from SEM images for vesicle morphology analysis
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b. Faint microlites (lighter gray) seen in pumice clast
AG68-28

c. Microlites surrounding vesicle in welded unit AG62 d. Boundary (dashed red line) between clast inclusion,
smaller microlites in groundmass and larger microlites
in clast inclusion of AG63

G

T

R St

e. microlites surrounding phenocrysts in welded unit f. Microlites at random orientation with mottled
AG62 appearance AG63

Figure 3.14: SEM images of groundmass and microlite textures in welded rocks and individual clasts.
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Figure 3.16: Complete stratigraphy of North Crater eruptives with a) mean grain size, b) sorting, ¢) maximum clast size, d) mean clast vesicularity and

e) mean bulk density.
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Chapter 4

Geochemistry and
Mineralogy

4.1 Introduction

Eruptives from many of the vents on Tongariro angpehu have been analysed
for glass and whole rock geochemistry to deternmmagma composition and
magmatic processes. However, little work has beener out on North Crater
deposits. Recent studies by Doyle (2006) on glaslsvehole rock geochemistry
of the Rotoaira Subgroup includes analysis of lwb#ital and proximal deposits

that may possibly be related to North Crater.

In this chapter, whole rock XRF geochemistry isreieed for a suite of samples
through the stratigraphic succession at North Craf¢so glass microprobe
analyses of mingled and homogeneous clasts wilised to determine phenocryst
composition, any differences between light and dgplkes of glass, and the nature
of magma mingling and mixing prior to eruption. Ansplete set of whole rock,

phenocryst and glass geochemical data are givAppendix F.

4.2 Background and Previous Work in the TgVC

Recent studies have shown that during magmatisiociassd with subduction
zones many deep and/or shallow processes occuthvwduntrol the chemical
composition of eruptives. Deep processes can ieclatying degrees of partial
melting, volatile fluxing and slab-mantle interacts. Shallow processes can

include magma mixing, assimilation and fractionajstallisation. However, it is
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possible for some of these processes to occurhteged variable extents, thus
limiting the ability to clearly interpret geocheralcdata (e.g. Waight and Price
1999).

At TgVC the young eruptive vents have been the nfiagus for geochemical
analysis with many published papers by several aasthHowever, very little
analytical work has been carried out on the lavas folder Tongariro vents. The
1954 eruption of Ngauruhoe renewed interest foremamalytical work to be
carried out on other Tongariro vents (Hobden 198uxhors of early work (pre-
1980, e.g. Greg 1960; Mathews 1967; Topping 19%F4]) favoured crustal
contamination of a parent basaltic magma, alongh witmited fractional
crystallisation as the main processes producingesitel magmas at Tongariro
(Hobden 1997).

Early work by Cole (1978) on the young eruptivesTangariro was the first

published study solely devoted to TgVC lavas. Hesglfied the lavas as calc-
alkaline andesites dominated by phenocryst-rictoxgme and olivine andesites.
Cole (1978) also noted that the NE alignment ofpeve vents at Tongariro

suggested a magma source from the NE-striking saiimiuzone, although the
lavas differed chemically from typical island arcdasites possibly by crustal
contamination. He also recorded that the most vmlaos lava types at TgvC
were labradorite and labradorite-pyroxene andesitéh phenocrysts of

plagioclase (Ass.49, orthopyroxene and clinopyroxene, in a fine todiom

grained groundmass.

Work by Graham and Hackett (1987) focused on Mtfeba, and found the
majority of lavas were calc-alkaline, medium-K leasind acid andesites with
phenocrysts of plagioclase, clinopyroxene, orthopgne, olivine and

titanomagnetite. They were able to divide the lavds 6 distinct groups that
were each petrographically, geochemically and @otdly distinct. Three other
types have since been added to this scheme andnogwandesites in the TgVC
fit into a group within the scheme (Grahahal. 1995). Graham and Hackett
(1987) recognised assimilation concurrent with ticaal crystallisation (AFC) as
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the dominant magmatic process at Ruapehu, with slawves also showing

evidence of crystal accumulation or magma mixing.

Tongariro andesite crystallisation temperaturesevadsle to be derived from co-

existing clino- and orthopyroxenes and found togeabetween 120Q (basalt)

and 1050C (dacite), with relatively low crystallisation msures (<10 kbar)

implied by the mineralogy and metamorphic inclusid@Grahamet al. 1995).
Grahamet al. suggested andesitic magmas could be generatedcbghination
of AFC of a primitive mantle-derived basaltic mag@ad magma mixing, but
they noted that the geochemical characteristicaatalpe convincingly explained

by any single magmatic process.

Hobden (1997) produced a comprehensive whole @¢@& éamples) and electron
microprobe (phenocrysts only) geochemical data feet the TgVC which
encompassed all volcano-stratigraphic units. Hob@e97) found that some
volcano-stratigraphic units had similar geochemiiatrd suggested an origin from
a common deep magma reservoir. Other units, howelaw patterns which
indicate a common high level differentiation higtonvolving magma mixing,
fractional crystallisation and crustal contaminatiblobden (1997) suggested that
a relatively complex history may have existed foe plumbing system of the
TgVC where combinations of both deep and shallowcgsses, operating
independently or interconnected, may have exisuaihd different periods of
Tongariro’s development. She also noted that nptems from Tongariro had the
primitive characteristics of direct mantle meltstwno true basalts erupted, and
that low pressure crystallisation with delayed ascer stalling of magma in high
level chambers was an important process. Earligrstallisation in an

intermediate-level ‘parent’ chamber may also has@iaed (Hobden 1997).

Donoghueet al. (1995a) identified a magma mingling episode atgeba (the

Pourahu Member) between two andesitic magmas. Téeyded non-mingled
clasts of ‘end-member’ predominantly pale yellowsn andesite and dark
brown andesite, that also contained rare classtrefky mingled pumice of the
two colours. Through electron microprobe analysis ddjoining glasses they
found the light and dark glass to have differemhpositions, with the dark glass
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having 60-68 wt% Sig@ and the light glass 71-73 wt% SidDonoghueet al.
(1995a) suggested the light coloured andesitic naagias contained in a high-
level chamber beneath the vent, and the dark hatter denser magma was
injected into the bottom of the chamber which teiggl the eruption (Donoghue
et al. 1995a).

Studies of the young eruptives on Tongariro (<10Pkdnoka-Mangamate (PM)
eruption sequence) by Nakagawhal. (1998) suggested that prior to ~10 ka,
magmas ascended slowly and stagnated at shallawsdegbkm) before eruption.
However, around 10 ka regional rifting episodesdomeg the southern TVZ
involving the andesitic TgVC and the rhyolitic Tauolcanic Centre. This
rifting opened fissures to some depth and alloweguidr ascent of underlying
magma bodies resulting in the eruption of ~10 ka &Mptives from multiple
fissure vents at TgVC. Nakagaved al. (1998) recognised three magma types
within the PM sequence, each the mixing productwaf end-member magmas,
but found that products from each vent had vargimigpositions. They suggested
that separate storage and transport systems frdeeper level magma chamber
must have existed beneath each vent, allowing swawtional crystallisation

and/or magma mixing to occur.

Short-term variability in whole rock geochemistnyRuapehu andesitic lavas was
identified by Priceet al. (2005). This is also the case at Tongariro (Hobeteal.
1999) and indicates that a complex andesitic magionabing system is present
beneath the active vents. Eruptions are not ferh faoclassical simple magma
chamber, but rather through a complex interconngctiike, sill and chamber
network, leading to fractional crystallisation, mag mixing and assimilation
(Priceet al.2005).

4.3 Methods

4.3.1 Electron Microprobe Analysis

Polished thin sections of nine selected rocks fidanth Crater were prepared
using the methods outlined in section 3.4.1. aralyaed for glass and mineral
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chemistry using a JEOL-JXA(5A) electron probe miaralyser, at the
Department of Geology, University of Auckland, NeXealand, under the
direction of R. Sims. All analyses were made usingelectron gun accelerating
voltage of 15 kV, with 1.8 nA electron beam curreim electron spot diameter of
~3 um was used, with the beam defocused for glaak/ses to ~20 um. The
standard deviations associated with the glass sisafyre: SiQ <t4.7 %, TiQ
<+0.21 %, AYO; <+4.05 % FeO* <+1.09%, MnO <+0.08 %, MgO <+0.39 %,
CaO <+2.5%, NgO <+0.90 %, KO <+0.96 %, Cl <+0.05% and NiO <%0.12 %.

4.3.2 X-ray Fluorescence Analysis

Selected samples were analysed for major and élaceents by a Spectro X-Lab
2000 fully automated X-ray fluorescence (XRF) spmueter housed in the
Department of Earth and Ocean Sciences at the tsyef Waikato.

Samples were taken from whole rock blocks and wihdvidual pyroclastic
clasts, and broken into small fragments using aynéammer; heavy paper was
used around the sample to prevent contaminati@gnients were selected based
on their freshness and any which showed contaromdtom paper, hammer or
xenoliths were discarded. Rock fragments were gtonra tungsten carbide ring
mill, which was thoroughly cleaned between eachpemRock powders were
then prepared for major and trace element analigiswing the sample
preparation techniques similar to Norrish and Huitt977) and Chappell (1992).
Glass fusion disks were prepared with 0.3300-0.3%G8f sample powder and
2.5000-2.5500 g of 1.2:2.2 flux, and trace elenteiquettes were prepared with
5g of dried rock powder with 10-20 drops of liqiH¥A binder.

4.4 Whole Rock Geochemistry

4.4.1 Magma Classification

The whole rock composition of North Crater sampkedisplayed in a TAS
classification diagram (Fig. 4.1) which shows thejonty of rocks fall in the
calc-alkaline andesite field (57-63 SiWt%), with a few samples of basaltic-

andesite to basalt composition. From the TAS diaasion we can broadly define
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three groups: Group 1: the majority of samples irajpdgrom 58.17-61.92 Si9
wt%; Group 2: four clustered samples ranging fr&@m5-56.89 SiQwt% which
are in the lower stratigraphic level of North Cratkeposits; and Group 3: two
samples ranging from 50.74-53.97 $i@t%, which are samples from the
Rotoaira Lapilli. The most evolved compositionsurcin the stratigraphic middle
of the North Crater sequence, indicating that apknsystematic geochemical

progression with time does not occur.

7 -
Alkaline series /
6
.

?\i . e ¢
; 5 7 <, ”’0
Q\I 3.’ 0&
f 47 Calc-
0O . alkaline
§ 3 serie:
Z .

2 _

1 _

0 Basalt Basaltic Andesite Andesite

50 55 60 65
SiO, Wwt%

Figure4.1: Graph showing TAS whole rock magma classificatioNarth Crater eruptives.

4.4.2 Major Oxides — variation diagrams

For North Crater the major oxides of CaO, 7iBe0s;, MnO and MgO decrease
with increasing Si@ while NgO and KO increase with increasing SiOThese
trends would be expected for fractional crystafisa involving the mineral
phases observed at North Crater (Fig. 4.2). Trefdgcreasing CaO versus 310
are consistent with fractional crystallisation ¢dgioclase and clinopyroxene, and
the tightly clustered decreasing,Bg trend is consistent with the removal of
pyroxenes and Fe-Ti oxides by fractional crystatlen. However, the variation
diagrams show more straight lines than curved semdl often scattered points in

some elements, e.g.®, which suggests processes other than closed system
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fractional crystallisation could be occurring atritoCrater with eruptives not
derived from a single parent magma. Plots o] TiO,, CaO and MgO show
the main group of North Crater samples to lie @mnalar trend line, although the
samples analysed from the Rotoaira Lapilli appediet on different trend lines
from this main group in some oxide variation diagsa(Fig. 4.2b). The presence
of crystal xenoliths in the majority of samples icadtes that some crustal

assimilation is occurring.

In comparison with other eruptive deposits from ganro (Ngauruhoe, Red
Crater, Tongariro Trig, Pukekaikiore and NE Oturénem Hobdenet al. 2001
and Tama Lakes and Half Cone from Nakagaetaal. 1998), North Crater
samples appear slightly more enriched igOK MgO, TiQ and NaO, more
depleted in MnO, while KE®;, CaO, and AlO; are similar (Fig. 4.2). When
comparing North Crater samples to the Rotoaira Bulpg(Doyle 2006), similar
trends are apparent, although North Crater sangrke®nriched in AD3;, MgO,
NaO and CaO and indistinguishable in,Gg MnO, TiO, and KO (Fig. 4.2).
This could be due to the more complete samplingregindertaken on the entire
sequence of North Crater proximal eruptives congpasith Doyle’s (2006)

samples which were restricted to basal proximaldistl ring-plain deposits.

SiO, wt% varies significantly in phase one of the No@hater sequence (Fig.
4.3). It appears the lower-most units of North €raruptives show a progressive
increase in Si@ content, which is inconsistent with the erupticnaotypical
closed system, normally zoned magma chamber. Thgnaahamber may have
been completely overturned prior to eruption, cdusgthe injection of hotter or
more mafic magma, which has then lead to the ernpilihe presence of mingled
units in the lower part of phase one would alsagesginjection and mingling of
magmas prior to or during the initial phase of @reption. About half way
through phase one there appears to be some evéch Was caused the SIO
content to change relatively quickly and begin exréase. Other major oxides
and trace elements also show these variations §F8). The injection of fresh
magma into the erupting magma chamber could hawgecdathis to occur. In the
following phases of the eruption, Si@t% and other oxides and trace elements
tend to show steady patterns with any fluctuatiostly within analytical error.
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Fig 4.3
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Figure 4.4: Harker variation diagrams for selected whole rddce elements, a) Sr, b) Rb, ¢) Ba

and d) Zr.

4.4.3 Trace Elements — variation diagrams

In Harker variation diagrams for North Crater erugs the trace elements Rb, U,

Th and Ba behave incompatibly and increase in admugel with increasing SpO

wt%, while V, Zr, Sc and Cu behave compatibly aedrdase in abundance with

increasing Si@ Other trace elements display no apparent trentsiacreasing

SiO; (Fig. 4.4).

In comparison with other Tongariro eruptive depogitom Nakagawat al. 1998
and Hobdenret al. 2001), Rb, Th, Ni, Cr and Zr show slight enrichie@u
appears slightly depleted, and elements Sr and B&a irdistinguishable.

Compared with Rotoaira Subgroup (Doyle 2006), N@thter trace elements Ni,

Th and Cr appear slightly enriched, Rb, Ba and @ushghtly depleted, while Zr

and Sr show no trends. The relatively low levelsNofindicate the magma at

North Crater has undergone considerable crystatifraation of early olivine,

which is now reacted with pyroxene.

90



Chapter 4 Geochemistry and Mineralogy

There also appears to be no systematic geochewheaige in trace elements
through the vertical succession of North Cratepgves. Harker variation plots of
key stratigraphic sections around North Crater showpatterns of increasing or

decreasing element abundance with stratigraphghhéig. 4.5).
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Figure 4.5: Harker variation plots of selected whole rock #agements in key stratigraphic sections
around North Crater (see Fig 2.1 for locations)RY) at North Bluff, b) Ba at Eastern Gully 1, c) &a
Eastern Gully 2, and d) Cu at North Bluff.

4.5 Phenocryst Composition

4.5.1 Plagioclase Feldspar

Plagioclase feldspar is the most abundant mindras@ in North Crater deposits
and phenocrysts range from andesine to bytownitg.AnAnalysis of phenocryst
cores and rims revealed that some crystals weralm@ys homogenous, with
cores ranging from Ajr.eg @and rims ranging from Ag.; with typically 4-10

mol% An variation within one crystal. Some phenatsydisplay reverse zoning
(An-poor core and An-rich rim) and sieve texturexjicating disequilibrium,

typical of magmas which have been mixed or undergalecompression.

Compared with samples from the Rotoaira Subgroups(é, Doyle 2006), North
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Crater samples are indistinguishable, and fall thiosame range as other TgVC
eruptives (Ans.go, Hobden 1997) (Fig. 4.6).
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Figure 4.6: Triplot of plagioclase feldspar phenocryst compoas in North Crater deposits.

Augite L]
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Figure4.7: Triplot of clinopyroxene, orthopyroxene and olivipleenocryst compositions in North
Crater deposits, tie lines connect phenocryst caitions in the same rock to show equilibrium
(parallel tie lines) or disequilibrium (crossed fiaes).
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4.5.2 Pyroxene

Pyroxene is the dominant mafic phase in North Crakeposits, with both
orthopyroxene and clinopyroxene phenocrysts oaegrim all eruptives (section
3.5). Orthopyroxene has a compositional range(kz)) and clinopyroxenes vary
from Cag.4IMQa1-sd&-15, Which is similar to clinopyroxene composition®rfr
other TgVC deposits (GaudVigsssFer24 Hobden 1997) and the Rotoaira
Subgroup (Cg&.4dMQgsssFe.23, Doyle 2006). Orthopyroxenes range in
composition from CagMgai1-7d-&6.47, Which is similar to other TgVC eruptives
(CasMgss-sd€11-42, Hobden 1997) and the Rotoaira Subgroups{E&n Doyle
2006). Tie lines connecting clino- and ortho-pym&ephenocrysts in the same
rock show some phenocrysts to be in equilibriunineéch other, while others are

slightly out of equilibrium indicating mixing of nganas (Fig. 4.7).

4 5.3 Olivine

Olivine phenocrysts are rare and found in onlyva $&amples from North Crater
eruptives, occurring as small (0.8-1 mm, sectids) &nhedral crystals rimmed
with fine-grained clino- or orthopyroxene. The capion of North Crater
olivine ranges from Rf.7gand falls into the range for other TgVC eruptiEsys-
67, Hobden 1997), but are generally more forsterthan (distal) Rotoaira
Subgroup (Fe.77 Doyle 2006) (Fig. 4.7).

4.5.4 Fe-Ti Oxides

Fe-Ti oxides are found as phenocrysts and inclgsion plagioclase,
orthopyroxene and clinopyroxene and as skeletaliy® in glomeroporphyritic
clumps (section 3.5). The spinel phase is much mabandant than the
rhombohedral phase (ilmenite), which is often absanmany North Crater
eruptives. The composition of titanomagnetite ranfgem 10.33-18.33 Tiowt%
and ilmenite from 46.29-48.55 TQvt%, with titanomagnetite varying by 18.07
TiO, wt% within a single clast. In comparison with De'gl (2006) Rotoaira
Subgroup, the titanomagnetite phase of North Ctaera similar composition of
~7-20 TiIGQ wt%, and also compares to other TgVC eruptive®2Q TiG, wt%,
Hobden 1997). Fe-Ti oxides are sensitive to chamgesagma composition, so

large variations in Fe-Ti oxide composition withansingle clast could indicate
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complex mixing involving several magma batches ortN Crater eruptions (e.qg.
Carmichael 1967).

4.6 Glass Geochemistry

Matrix glass analyses were carried out on 8 potistien sections of individual
clasts from pyroclastic samples. Microprobe anaysieglass from North Crater
eruptive deposits show glass compositions rangelwitiom andesite to rhyolite
(SIO, = 57.7-73.7 wt% and 0 = 0.93-4.57 wt%) (Fig. 4.8). In one clast, IO
ranged from 57-71 wt% indicating large magma hefeneity. This will be

discussed further in section 4.6.
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Figure 4.8: TAS classification plot of North Crater glass frefectron microprobe analyses

In comparison with distal Rotoaira Subgroup (DAa30®©6), North Crater deposits
appear to be slightly more enriched igKkand cover a slightly broader range of
values, although when compared with proximal Reto&ubgroup (Doyle 2006),
North Crater deposits are nearly indistinguishdblg. 4.9). KO is only shown
here as it is the best discriminator for identifyisimilarities and differences in
matrix glass since it is the least likely elemeothe affected by undetected
microlites in matrix glass (Doyle 2006).
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Limited electron microprobe data exists for Tongamlass, with only detailed
whole rock XRF analysis carried out by recent woskée.g. Donoghuet al.
1995a; Hobden 1997; Pries al. 2005). Glass analyses from the young Te Maari
lava flow, Central Crater lava flow and agglutinédend west of Tongariro Trig
(Doyle 2006) all show relatively constrained anfdasate groups on a;,R versus
SiO, plot (Fig. 4.9). The young lava flow from Te Ma&ithe most evolved of
the group (SIQ = 72.7-76.5 wt%, KO = 3.37-4.39 wt%, Doyle 2006), which
might be expected as it is one of the younger degpor Tongariro. North Crater
eruptives appear slightly more enriched isOKcompared to the lava flow from
Central Crater (Si®@= 57.3-60.1 wt%, KO = 0.95-1.81 wt%, Doyle 2006) and
slightly depleted in KO compared with the agglutinate west of Tongarir@g T
(SIO, = 63.9-67.1 wt%, KO = 3.04-3.68 wt%, Doyle 2006). Ruapehu glass
analyses show similar trends to North Crater ewvegtiand fall within a similar
compositional range (S¥O= 66.1-71.1 wt%, KO = 2.56-4.29 wt%, mean values,
Donoghueet al. 1995a) (Fig. 4.9).

5 -
°
A AA
4 - °
° AA%
o P s
8o o
3 - N0 * .
°
° '.’
)
2 Rotoaira Subgroup
o ® North Crater
%o % Ruapehu
o [ ]
1 - O o ¢ Central Crater Lava
A Te Maari Lava
Tongariro Trig Agglutinate
0 T T T T 1
55 60 65 70 75 80

SiO, wt%

Figure 4.9: K,0 vs. SiQwt% plot showing composition of glass from Nortat€r, compared
with proximal Rotoaira Subgroup (Doyle 2006), RuapéDonoghue et al. 1995a), and other
Tongariro sites (Doyle 2006).
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4.7 Evidence of Magma Mingling and Mixing

Evidence of clast heterogeneity was seen in thhl fisection 2.6) and in
petrographic analysis of various pyroclastic urfisur clasts were selected which
showed magma mingling, visible as streaky and kbaridght’ pumice glass and
‘dark’ scoria glass, and analysed using the elactmucroprobe in order to
determine the nature of any chemical differencesbl@ 4.1). Areas of ‘light’ and
‘dark’ glass were mapped out on the thin sectioddtermine between different
glass zones when under the microprobe. The darklightl glass components
occur in varying amounts in each clast and uniprasiously described in section
3.3, and range from minor mingled to intensely rfedg The majority of clasts
which show mingled textures have sharp contactwdet the light and dark
zones, indicating these two components did not efiiciently before eruption
(Donoghueet al. 1995a).

The glasses in the dark glass component range eet®&€.66-71.76 wt% SKD
and 0.93-4.57 wt% ¥O, and within an individual clast the largest ran§&io; is
57.66-69.31 wt%. The light glass component rangssvden 59.04-73.72 wt%
Si0, and 1.06-3.93 wt% O, and within an individual clast the largest ramde
SiO, is 65.68-71.28 wt% (Fig. 4.10). Comparison of éhéso glass types (Fig.
4.10) shows they are not separated into two disgncups, for example more
felsic light glass and more mafic dark glass. Hosvethe light glass appears to
have several distinct compositional ‘groups’, this tmay be the result of a small

and incomplete data set.
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Figure 4.10: Graph of K20 vs SiO2 wt% for light and dark glassnpositions in North Crater
eruptives.
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Table 4.1: Electron microprobe analyses of light and darksglan mingled clasts from North Crater, Tongariro.

Microprobe 1D SiO» TiO, Al,03 FeO MnO MgO CaO Na,O K20 Cl Total

AG68-29 glass light 6655 69.95 0.65 13.05 3.32 0 0.54 2.43 34 3.39 0.16 96.89
AG68-29 glass light 6656 69.17 0.71 12.88 3.15 0.11 0.52 2.43 3.43 3.31 0.19 95.9
AG68-29 glass light 6657 69.17 0.57 12.84 3.17 0.06 0.58 241 3.65 3.36 0.18 95.99
AG68-29 glass light 6658 69.55 0.71 12.97 3.27 0.1 0.57 2.28 3.46 3.31 0.21 96.43
AG68-29 glass dark 6661 67.73 0.73 14.04 3.96 0.1 0.7 3.29 3.63 2.96 0.17 97.31
AG68-29 glass dark 6662 67.91 0.84 13.47 4.56 0.1 0.59 3.11 2.46 3.15 0.22 96.41
AG68-29 glass dark 6663 67.3 0.81 13.75 4.43 0.08 1.01 3.51 3.64 3.01 0.11 97.65
AG68-29 glass dark 6664 67.92 0.81 13.36 3.99 0.09 0.82 2.82 3.46 3.24 0.16 96.67
AG68-29 glass dark 6665 69.59 0.64 131 3.52 0.16 0.56 2.28 3.62 3.46 0.17 97.1
AG29 glass dark 6573 66.74 0.97 14.38 4.27 -0.11 0.57 3.77 2.86 2.75 0.23 96.50
AG29 glass light 6578 71.67 0.67 13.01 3.28 0.07 0.55 1.9 3.15 3.54 0.21 98.05
AG29 glass light 6585 70.53 0.56 131 2.83 0.08 0.53 2.14 31 3.46 0.12 96.45
AG29 glass light 6891 70.6 0.76 13.07 2.89 0 0.55 21 2.08 3.31 0.14 95.5
AG29 glass dark 6592 68.34 0.74 14.55 3.93 -0.01 0.49 3.77 3.72 3.02 0.23 98.78
AG29 glass dark 6593 69.31 0.71 13.22 3.78 0.01 0.66 2.78 3.58 3.47 0.18 97.7
AG29 glass light 6594 71.2 0.6 13.13 3.16 0.08 0.51 2.23 2.38 3.29 0.15 96.73
AG29 glass light 6595 71.58 0.61 13.35 1.8 0.08 0.53 2.04 2.37 3.46 0.11 95.93
AG42-4 dark glass 6596 70.84 0.49 13.24 3.39 -0.06 0.55 2.42 3.63 3.51 0.12 98.13
AG42-4 dark glass 6597 68.34 0.81 13.63 4.09 0.05 0.79 3.09 3.9 3.17 0.14 98.01
AG42-4 glass light 6608 65.68 0.81 14.2 5.09 -0.01 0.95 3.71 3.74 2.88 0.18 97.23
AG42-4 glass light 6609 66.3 1.01 14.18 5.25 0.08 1.14 3.96 3.96 2.82 0.19 98.89
AG42-4 glass dark 6611 66.79 1.2 14.15 5.02 0.21 0.89 3.47 3.82 3 0.16 98.71
AG42-4 glass dark 6612 65.8 1.03 14.42 5.07 0.14 1.06 3.82 4.07 271 0.14 98.26
AG42-4 glass light 6613 71.28 0.63 13.22 3.25 0.03 0.52 2.44 3.72 3.54 0.15 98.78
AG42-4 glass light 6614 71.15 0.74 13.23 3.23 0.13 0.53 2.23 3.92 3.48 0.12 98.76
AG42-4 glass light 6615 69.54 0.81 13.35 4.12 0.06 0.8 2.9 3.82 3.18 0.16 98.74
AG25-12 glass light 6619 70.85 0.69 13.63 3.59 0.06 0.6 2.84 311 3.29 0.18 98.84
AG25-12 light glass 6621 73.12 0.52 12.67 2.61 0.21 0.28 1.72 35 3.83 0.24 98.7
AG25-12 light glass 6622 69.36 0.63 14.25 3.84 0.1 0.79 3.37 3.8 2.99 0.21 99.34
AG25-12 glass light 6626 73.72 0.52 12.54 2.49 0.07 0.34 1.7 3.59 3.93 0.2 990.1
AG25-12 dark glass 6632 65.74 0.87 14.62 5.12 0.03 1.34 4.02 3.72 2.76 0.12 98.34
AG25-12 dark glass 6633 64.71 0.81 15.35 4.02 0.01 1.08 3.87 3.81 2.78 0.13 96.57
AG25-12 dark glass 6634 65.29 0.97 14.24 5.58 0.16 1.21 4.19 3.55 2.74 0.16 98.09
AG25-12 dark glass 6635 70.23 0.69 13.63 3.57 0.08 0.65 2.73 3.85 3.36 0.22 99.01
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Chapter 4 Geochemistry and Mineralogy

The dark and light glass within three of the folasts (AG25-12, AG29 and
AG68-29) appear to have slightly different composis, with only one or two
data points plotting within the opposite group (Figll a,b,d). AG42-4 is the
exception, with compositions for the light and dgt&ss showing no distinction
(Fig. 4.11c).

As previously identified in section 3.6.3 the daylass component in mingled
clasts is microlite rich, while the light glass gooment is microlite free. It is
possible the presence of microlites in the dark meadhas caused the slight
compositional and physical differences of the matid resulted in physically
mixed units when erupted and emplaced. The mieslibtay have formed during
cooler, slow ascent along the conduit margins, eviile microlite free glass
formed from the hot, rapidly ascending magma nbar dentre of the conduit
(Castroet al. 2004; Sableet al. 2006). The two subtly contrasting andesitic
magmas may not have been efficiently mixed prioeraption because of other
physical properties, such as viscosity, dissolvedaties and temperature,
resulting in a mingled magma. These processedwitliscussed in chapter 5.

4.8 Magma Physical Properties

4.8.1 Geothermometry and Oxygen Fugacity

Co-existing ilmenite and titanomagnetite pairs frblorth Crater eruptives were
analysed using the electron microprobe from potistien sections in order to
estimate mean temperature (T°C) and oxygen fugéi€y). limenite is scarce in
North Crater eruptives compared to titanomagneditd were often not found
within the same thin section, limiting the numbé&geothermometry calculations.
Ideally oxide pairs should show evidence of eqililm, i.e. direct contact with
each other, but this was generally not the cask Wdrth Crater Fe-Ti oxides.
The Mg/Mn partitioning test for equilibrium betwedwo pairs of co-existing
oxides by Bacon and Hirschmann (1988) is usedeatity possible equilibrated
pairs in North Crater samples. The results (Figj23show the majority of these
titanomagnetite-ilmenite pairs from North Crateotpbutside the error envelope,
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which indicates the region of mineral-host-rock iglgium. The reason the
majority of the pairs may fall outside of the eduium envelope may be due to:
a) small temperature and/or compositional deperelendVig/Mn partitioning, b)
electron microprobe analytical precision, c) pagitkbrium alteration, or d)
crystal disequilibrium (Bacon and Hirschmann 1988).
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Figure 4.12 Log Mg/Mn for 20 ilmenite-magnetite pairs in No@hater eruptives. Best fit
equilibrium line (heavy solid line) is surroundey érror envelope (95% confidence limits, £2 s.d.,
dashed lines) determined from Bacon and Hirschn{a888).

It is likely that crystal disequilibrium is the ntosnportant factor influencing

North Crater Fe-Ti oxide pairs, due to the extemsmixing and mingling of

multiple magma batches occurring through a completwork of sills, dikes and

chambers beneath TgVC. Because of this disequitibbhetween oxide pairs only
one sample passed the equilibrium test, which gatemperature of 898 °C and
fO, of -11.71.

4.8.2 Magma Viscosity, Density and Temperature

Kware MAGMA (Wohletz 2005) geological software wased to calculate the

effective viscosity, bulk density and liquidus tesngtures for North Crater
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eruptives. The program uses major oxide values fuiole rock XRF analyses to
calculate effective melt viscosity using Shaw (197@2elt bulk density using
Bottinga and Weill (1972), and liquidus temperatuiing Sisson and Grove
(1993).
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Figure 4.13: Whole rock viscosity and temperatures for a rangeNorth Crater eruptives,
calculated from Magma model (Wohletz 2005).

Variations in the viscosity exist in eruptions fradorth Crater (Fig. 4.13), with
the average effective viscosity of the eruptivemdpe.69 x 10 log Pa-s, with a
range of 2.88 x 1o 8.58 x 16log Pa-s (Table 4.2). Differing magma viscosities
in a single magma chamber is an effective baraesfficient mixing between the
contrasting magmas resulting in mingled and stresakptive deposits (Donoghue
et al. 1995a). Where magma viscosity is higher at a amtémperature (Fig.
4.13), it is likely little dissolved water may bertained in the magma, as water
acts to decrease the viscosity of the magma aahe temperature (Spera 2000).
Andesite magma viscosities typically range from* 16 10 log Pa-s at
temperatures 1000 to 1300 °C, dacites range from ta01¢ log Pa-s at
temperatures 800-1100 °C, and rhyolites range i@\ to 10 log Pa-s at
temperatures 800 to 1000 °C (Spera 2000). When aontp North Crater

effective viscosity to these viscosities, North €ramagmas fit into the typical
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andesite range. There also appears to be a garamdl of increasing viscosity
with increasing Si@content (Fig. 4.14). This trend is expected asensiiceous
magmas (containing dissolved water) tend to haghédri viscosities than less

siliceous magmas (Spera 2000).
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Figure 4.14: Whole rock viscosity vs Si@ontent for analysed North Crater deposits.

North Crater magmas have an average temperatuté3ff °C calculated from

whole rock composition (Fig. 4.13, Table 4.2), whits typical of andesitic

magmas (1000-1300 °C, Spera 2000). The temperadmea®latively constrained,
with the majority of points falling between 11122P2°C, with one outlier at 797
°C, however they are higher from the temperaturleut@ed from Fe-Ti

geothermometry and it is unclear why this occutse method defined by Sisson
and Grove (1993) gives no equilibrium or error dopes when calculating
temperature, thus the temperatures calculated ukiagnethod may not be any
more reliable than those determined using Fe-Tdexjeothermometry (section
4.6.1). There no clearly defined patterns with wagyiscosity and temperature
(Fig. 4.13). Temperature, viscosity and $Ma% all show similar patterns with
stratigraphic position in the North Crater sequeftig. 4.15). At the start of the
eruption initially high temperature and low visdgsinagma is erupted, evolving
into lower temperature and higher viscosity magifaere is an abrupt change

where temperature increases (with decreasing vtgrasthe middle of phase 1
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Fig 4.15
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(Fig. 4.15), and could indicate the injection oédh magma into the magma
chamber. During phases 2, 3 and 4, temperatur@iaodsity appears to stabilise,
with only minor fluctuations as Sg&ontent varies in the magma. The presence of
microlites, phenocrysts, dissolved water and otloatiles are important factors
which can influence the viscosity of a magma ang & playing an important

role in North Crater magmas.

Table 4.2: Summary table of physical properties of North €rahelts. Complete data set in

Appendix F.
Viscosity, log Pa-s Liquidus Temp, °C Melt Bulk Density, kg m-3
(Shaw 1972) (Sisson and Grove 1993). (Bottinga and Weill 1972)
Mean 2.69 x 104 1136 2669
Minimum 2.88 x 100 1112 2246
Maximum 8.58 x 104 1222 2831

Bulk density measurements (calculated by Kware MAGMetermined North
Crater magmas to range from 2246-2831 k§j with an average density of 2669
kg m?® (Fig. 4.16, Table 4.2). These results are simdaresults calculated in the
laboratory (section 3.4.2) for the welded facieswéver the calculated bulk
densities are slightly higher. By adding FeO;®% MgO, TiG, and CaO to a
magma it typically increases its density, whereaklireg alkalis typically
decreases the magma density. Thus at North Cratierfractional crystallisation
occurring and removing mineral phases from the roetitaining MgO, TiQ,
Fe,0O; and CaO there should be an overall decrease iméhiebulk density with
increasing Si@wt% content. Also influencing the melt bulk degisg the amount
of dissolved water, as only small amounts of desdlwater will dramatically
lower melt density and significantly affect otheroperties such as viscosity
(Spera 2000). The production of bubbles in a capliorystallising volatile-
saturated magma reservoir affects the densityehtagma and has a key role in
triggering eruptions. Typical magma bulk densits#sl GPa range from 2720-
2660 kg nt at 1000-1350 °C for andesite, 2620-2580 Kg ah 800-1180 °C for
dacite, and 2550-2500 kg $rat 800-1000 °C for rhyolite (Spera 2000). North
Crater magmas mainly fall within the range of tgtiandesite magmas. Bulk
density shows a similar pattern with stratigraplpigsition to temperature,
viscosity and SiQwt% (Fig. 4.15). The trends in bulk density, temgpere and

viscosity from the onset of North Crater erupti@mse opposite to what would be
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expected if a closed system, zoned magma chamb&rewgpting, and instead
indicates an open system with complex magmatic gaees is controlling the

eruptions at North Crater.

2,900
2,800 -
2,700
2,600 - ¢
2,500
2,400

2,300

2,200 T T T T )
750 850 950 1050 1150 1250

Temperature T

Figure 4.16: Whole rock bulk density vs temperature for Nortat€r magmas determined from
Kware MAGMA (Wohltez 2005).

4.9 Summary

Whole rock XRF analysis shows the majority of defsoso be calc-alkaline
andesite with limited basaltic-andesite, with theosin evolved Si@rich
compositions falling in the stratigraphic middle thie North Crater sequence.
Harker variation plots of major oxides and tracenents display mainly straight
line trends which may indicate magma mingling anacpsses other than closed
system processes to be occurring, i.e. an open atagisystem with multiple
magma batches feeding North Crater eruptions. Theesepce of
quartzofeldspathic xenoliths in many of the Norttat€r samples would indicate
that some crustal contamination is also occurridgrth Crater deposits show

patterns which are similar to other Tongariro veartd the Rotoaira Subgroup.

Plagioclase feldspar is the most abundant minenals@ at North Crater and

compositions range from A#zz Core to rim compositions also vary in many of
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the phenocrysts indicating magma disequilibriumthwypically 4-10 mol% An
variation within a single phenocryst. Pyroxene he tsecond most abundant
mineral phase, with orthopyroxene compositions iranpgfrom Eng;.70 and
clinopyroxenes ranging from ggJMg41-5F6-18 Crossed tie lines between clino-
and orthopyroxene phenocrysts on a triplot showes@yroxenes in the same
rock to be out of equilibrium, indicating mixing@mingling of magmas. Olivine
phenocrysts are rarely found in North Crater depasid range from k@7 and
are often rimed by fine grained augite crystals.-TFexides occur as abundant
spinel and varying rhombohedral (ilmenite) pha3@snomagmetite ranges from
10.33-18.33 TiQwt% and ilmenite ranges from 46.29-48.55 F7u42%.

Glass geochemistry show compositions range widegnfandesite to rhyolite,
with as much as 14 SpOwt% variation within a single clast, indicatingde
magma heterogeneity. Zones of light and dark celd@glass within single clasts
were analysed for chemical differences. Dark glasgjed between 57-71 SiO
wt% with a variation of 12 Si©wt% within a single clast. Light glass ranged
between 59-73 SiOwt% with a variation of 6 Si@wt% in a single clast.
Analyses show that within a single physically medylkclast there are no distinct
groupings between the light and dark glass compsnerdicating that within the
subtly contrasting magmas the differences may be mploysical (i.e. containing +

microlites) rather than chemical.

Geothermometry calculations with Fe-Ti oxide painewed nearly all pairs to be
in disequilibrium (according to the Mg/Mn partitiog test of Bacon and
Hirschmann (1988)). However the calculations didvpr the oxide pairs were
formed in different magma bodies and were minglaed arupted together at
North Crater. Only one pair fell within the errarvelope, indicating equilibrium,
and gave a temperature of 898 °C angddO-11.71.

Magma viscosity, bulk density and liquidus tempeamatfor North Crater samples
was calculated using the Kware MAGMA software. Efifee viscosity for North
Crater magma was determined to range between 2188and 8.58 x 1blog Pa-
s, with an average viscosity of 2.69 x*1®a-s, which falls within the general

range for andesitic magma. Varying magma viscasiiie a single magma
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chamber or conduit is an effective barrier to et mixing between contrasting
magmas, resulting in streaky and mingled clasguidus temperatures have been
determined to range generally between 1112-1222.6Cmuch higher than that
calculated by the Fe-Ti geothermometry. Temperatuseosity and Si@wt% all
show similar patterns with stratigraphic level imetNorth Crater sequence.
Calculated bulk density measurements for North é€rdeposits range between
2246-2831 kg m-3, which are similar or slightly inég than those determined in
the laboratory. These bulk densities fall withire trange for typical andesitic

magmas.
Interpretation of these results will provide coasits on eruptive processes from

magma chamber to vent dynamics to be determinetwdhbe discussed in the

following chapter.
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Figure 4.3: Stratigraphic column of complete North Crater eruptive products,showing vertical variations in SiO2 wt%, selected major oxides and trace elements
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Chapter 5 Eruptive Processes and History

Chapter 5

Eruptive
Processes and
History

5.1 Introduction

North Crater is a large composite cone in the nasst quadrant of the TgVC.

The major cone forming events, involving sub-plmiand vigorous lava-

fountaining activity, took place between 14-12 Héis chapter discusses the
inferred eruptive processes involved in the cormren&tion of North Crater and

describes its eruption history. The hazard impastociated with a similar North
Crater style eruption at TgVC will also be discukse

5.2 Andesite Cone Volcanism

Most constructional volcano edifices are built fremupted material that extends
over the original topography of the vent, and vargize and shape, where shape
is a function of slope angle. At one end of thdeseae shield cones characterised
by their extremely low slope angles, while compmsibnes typically have large
slope angles around 25-30°, with magma rheologgrdehing the final cone
morphology. These large shield and composite camesproduced by multiple
eruptions over tens to hundreds of thousands ofsyaad built up of diverse

eruptive products. The smallest volcanic structuredude lava domes and
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scoria/tuff cones, often built from a single eroptepisode and are small isolated
features (Davidson and de Silva 2000).

5.2.1 Composite Cones

Composite cones are defined as “relatively largmgilived constructional
volcanic edifices, comprising lava and volcanidgtaptoducts erupted from one or
more vents, and their recycled equivalents” (Damidand de Silva 2000). They
consist primarily of lava flows that alternate wkikds of pyroclastics, often with
weak contacts between the layers. They are typicaibesitic to dacitic cones
found above subduction zones, and are charactehgetlaving the greatest
diversity of volcanogenic products over any othelcanic landform (Davidson
and de Silva 2000). Composite cones are construmted long periods of time
with frequent large eruptions, with the location thke volcanism remaining
relatively constant at a single vent (Marti and €r2005). Geophysical studies at
active composite volcanoes have identified the gares of shallow (5-10 km)
magma chambers, confirmed by petrographic studiestifying plagioclase rich
porphyritic magmas typical of shallow reservoir thep It is also typical for
composite cones to have pyroclasts showing evidehagense magma mixing,
typical of shallow magma systems (Marti and Ern@03). Fractionation and
magma mixing at shallow levels may produce the eamfgmagma types seen in

composite cones (Wohletz and Heiken 1992).

The volcano flanks are built up by multiple lavawis, pyroclastic deposits and
reworked volcaniclastic material forming a distiaet conical shape (Marti and
Ernst 2005). Changes in magma composition duringeraption may result in
Vulcanian or Plinian activity and the formation bigher convective plumes
forming pyroclastic fall units and pyroclastic flewfall deposits will mantle the
landscape while pyroclastic flows will follow gk and streams down off the
volcano. It is also common at composite volcanoesiébris avalanches to occur
and produce widely dispersed and large volume despos the lower slopes and
ring plain (Davidson and de Silva 2000). Phreatttvidy may also occur at
composite cones when magma comes into contactangtiater lake, groundwater
or a hydrothermal system. Explosive steam eruptresslt without the eruption

of juvenile tephra or fine-grained ash falls (Wdhland Heiken 1992).
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5.2.2 Compound Volcanoes

A compound volcano is defined as a “volcanic magsimed from coalesced
products of multiple, closely spaced, vents” (Dawid and de Silva 2000).
Formation of compound volcanoes is favoured wheptens at a vent are small
to moderate in size and relatively frequent (Dasmdsind de Silva 2000). The
formation of a compound volcano could occur asvégtimigrates over time in
response to a moving volcanic front or subductionez or migration may be

random. Ruapehu volcano is a good example of a congpvolcano.

5.2.3 Cone Complexes (e.g. Tongariro Volcano)

Cone complexes are large structures made up ofnaentration of closely-
spaced, but discrete and partially overlapping sofigavidson and de Silva,
2000). Tongariro is a good example of a compositeecomplex as it comprises
of about 30 relatively small, closely spaced véhisbden 1997). Because of the
random structure of overlapping cones and no basemeposures, complex
geometries can exist, and it is often difficultestimate individual cone volumes
(Davidson and de Silva 2000).

5.3 Styles of Andesitic Explosive Activity

Eruptive activity at cone volcanoes is characteribg a diversity of styles and
mechanisms which produce a wide range of eruptigduyrts.

5.3.1 Lava Fountaining

Typical Hawaiian style activity usually involvesdadtic eruptions with very low
viscosity magma (10-100 Pa s) where a pillar-lé&tegf molten pyroclasts and gas
is sprayed hundreds of meters above a central wéere the height of the
fountain is controlled by the magma volume flux arodatile content (Wolff and
Sumner 2000). They are the least violent form ofcamism with subdued
intensity, magnitude and dispersal power as a cuesee of low viscosity, and
during an erupting episode a vent may expel appratdly 50-1000 fis* of lava

(Vergniolle and Mangan 2000). Intense lava fount@nvolcanism may also
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occur in magmas of other compositions (i.e. basamdesite or peralkaline
rhyolite) when erupted magma is still gas rich &ad higher eruption velocities,
resulting in large, high lava-fountains which magydustained for several hours or
days (Vergniolle and Mangan 2000; Marti and Er5). Lava fountaining is a
relatively uncommon style of explosive activity atdesite cone volcanoes, but
was apparently the dominant mechanism during ttee Etages of North Crater

eruptions, so is considered in some detail.

Fountain structure is determined by the velocityfipg and the maximum spread
angle, i.e. if it is a narrow jet or a broad sprhyt is also dependent on magma
gas content and effusion rate (Francis 1993; Surehel. 2005). High mass
effusion rates result in collimated fountains arfdgh fragment accumulation rate
on the ground (Sumnegt al. 2005). Eruption temperatures are highest in the
centre of the fountain, where it is optically thiekd has a high clast density
creating the incandescent yellow-white glow typicdlfire fountains (Francis
1993; Sumneret al. 2005). Typical temperatures have been found t@ean
between 1150°C and 1216°C (Vergniolle and Mangd&®20rhe outer part of the
fountain is the fiery red-orange region where thmperature is cooler, clast
density is lower and is optically thinner. This i@y passes into a sparse, black
ring of chilled pyroclasts (Fig. 5.1) (VergniollagéMangan 2000).

g
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PYROCLASTIC FOUNTAIN DYNAMIC STRUCTURE AND
RESULTING FEATURES AND POST-ERUPTION DEPOSITS
AND MORPHOLOGY

Figure5.1: Lava-fountain dynamic structure and associate¢on facies typical of most lava-
fountains. From Head and Wilson 1989

Fragmentation of magma by volatile degassing, agld Imagma rise rates are the

main mechanisms driving lava-fountaining (Wolff aBdmner 2000; Marti and

111



Chapter 5 Eruptive Processes and History

Ernst 2005). The degree of fragmentation in Hawasig/le volcanism is typically
poor resulting in relatively large clots up to seldens of centimetres. Because
of the large clast sizes many pyroclasts may remmitien during transport and
completely coalesce after fallout to form clastagdavas if typical basaltic lava,
otherwise welded spatter piles may build up arainedvent and form agglutinate
or welded deposits (Fig. 5.1) (Francis 1993; Pa2®04; Marti and Ernst 2005;
Sumneret al. 2005). Other smaller clasts or those on the oaitefdthe fountain
may cool sufficiently during flight to be depositad solid tephra or scoria around
the vent. Hot fragments may also cool during flightten there is a higher
fountain as they have further to travel (Parfitf20Marti and Ernst 2005).

Due to the coarseness of the pyroclasts and thestaption column associated
with Hawaiian style volcanism ejecta usually fddse to the vent, and no further
than about 500 m. They can form spatter cones, adm@nd other conical
deposits with steep sides, or coalesce to formas®tlava flows, and rates of
cone building may exceed 5 rihrA dilute convective plume incorporating
volcanic gas, aerosols and ash forms above thdirgufre-fountaining column
and contain less than 0.17% of the total mass \d krupted during typical
Hawaiian style volcanism (Vergniolle and Mangan @00However, during
vigorous andesitic lava-fountaining, concurrent-plibian plumes have also been

observed (Sumner 1998; Yasui and Koyaguchi 2004).

5.3.2 Strombolian Eruptions

Often associated with lava-fountaining is Stroméolstyle volcanism. This type
of activity involves gas being released as dis¢retien rhythmic, bursts which
break the cooled surface of the magma column @& lake and eject a shower of
incandescent lava fragments (Parfitt 2004). Asdhsts are often already cooler
than from lava-fountaining, and cool rapidly duriiight they are unable to weld
or coalesce on landing and build up loose tephrscoria cones around the vent
(Parfitt 2004). It is not uncommon for rapid chasdeetween fountaining and
strombolian style activity as magma rise rateshim ¢onduit fluctuate during an
eruption (Vergniolle and Mangan 2000; Parfitt 20@5hmincke 2004). True
strombolian deposits are rare within the North @raequences but are important

processes at other Tongariro vents (Hobden 1997).
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5.3.3 Agglutination and Welding

As defined in chapter 2, agglutination is the intaeous syn-depositional
adhesion and kinetic deformation of clasts, whikdding is the post-depositional
compaction of a hot pyroclastic deposit under ws aveight (Wolff and Sumner
2000). Agglutination occurs syn-depositionally wikie adhesion and deformation
of hot, fluid clasts on deposition, where clastioes are partly or wholly retained
(Sumneret al. 2005). Agglutination typically requires lower visities and higher
temperatures than simple welding, and clasts wgbosities of less than or equal
to 1000 Pa-s agglutinating. These low viscositias laot temperatures are typical
of the inner portion of a basaltic lava-fountaimpwever as clast viscosities
increase with decreasing temperature only the tairggments will experience
deformation on landing. Framework agglutination n@gcur where piles of
predominantly ridged clasts are stuck togetherheyeixtruded hot, fluidal cores of
bombs (Sumneret al. 2005). Welding occurs after deposition to become a
coherent rock through load-pressure deformatiorthef hot, plastic fragments
which ‘stick’ together at point contacts (Wolff aiglimner 2000; Sumnet al.
2005). The key factor influencing welding is thestl accumulation rate, with
welding favoured when clasts at the surface of dbeumulating deposit are
unable to cool significantly before being buriedlare of a larger clast size. For
hot clasts deposited at low accumulation rates pabwombs are common, while
high accumulation rates form the compacted androefd spatter deposits. Also
important is if the number density of the fallingttpyroclasts is great enough to
minimise radiative heat loss from the falling ctaahd accumulation pile (Sumner
et al. 2005). When welding is accomplished in a mattesaxfonds it is possible
for the deposit to begin to flow and form a clastag lava flow (typical in
basaltic fountaining eruption), however the deveiept of yield stress from the
progressive groundmass crystallisation may be emaogreserve agglutination
piles and prevent the formation of clastogenic lfleavs (Wolff and Sumner
2000). It is important to note that there is a sanim between agglutination and
welding processes which reflects the varying eamptintensity and magmatic

properties such as gas content, temperature asthltiyity (Sumneset al. 2005).
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5.3.4 Andesitic Lava Fountaining Case Study

| zu-Oshima, Japan 1986

Izu-Oshima is a volcanic island of basaltic-andesdamposition in central Japan,
approximately 100 km SSW of Tokyo where lava-fountaruptions in 1986
occurred through vents located in the central crab@e (Mannen 2006). Lava-
fountaining activity began on 15 November from ssfire in the central crater
(fissure A) reaching a climax on 16 November fokmlby a shift to paroxysmal
explosions that continued until 21 November. Lat¢hie day on the 21a fissure
erupted suddenly (fissure B) in the crater flood @noduced an eruption column
and lava-fountaining reaching several hundred reetsrd dispersing scoria
fallout. This fissure eruption fed a large scor@ne€ and lava flows as it was
accompanied by renewed lava-fountaining activignfrfissure A; however the
intensity of fissure A was considerably weaker (88m1998; Mannen 2000;
Kaneko and Wooster 2005). Lava-fountaining at fisdsl initially was mild, but
abruptly intensified approximately 50 minutes attez onset of the eruption, the
maximum plume height was reported to be 16 km. H@waccurate information
with regard to plume height was difficult to obtadue to limited visual
observations. These fissure eruptions ceased inetly hours of the 22
(Mannen 2006). The fountain behaviour at fissunerégressed from intermittent
strombolian through violent strombolian and sustdidava-fountaining at the
climax of the eruption. The style of fissure B dfap was not typical Hawaiian
style as the fountains were unusually high (1600ang developed an associated
sub-plinian plume (10-16 km, Sumner 1998). Basadticlesite lava flows that
formed from the fissure B eruption contained renmedast outlines indicating the
flows were spatter fed or clastogenic, and integare¢o have formed by syn-
depositional agglutination and coalescence (Sumig®98). Fountaining also
produced an elongate scoria cone from oblique argtructure which contained
beds of incipiently welded, highly vesicular lapgdtoria to highly welded, poorly
vesicular, flattened and ragged clots and lumpsgygfutinate (Sumner 1998).

Deposits produced around the vent during the esngtt 1Izu-Oshima were mainly

in the form of spatter ramparts and a scoria c&sguences through the scoria
cone show black and red-brown scoria, bombs arel Idric fragments. The
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scoria and bombs display varying degrees of weldind vesicularity, and the
units are often weakly bedded with gradational actst Within the scoria cone
the beds range from incipiently welded, red-oxidjskighly vesicular, granular
scoria to highly welded, dense, poorly vesiculdach, flattened clots and lumps
of agglutinate (Sumner 1998). These beds were forifnem active lava-

fountaining which lasted about 4 hours and bugt tbne to approximately 40 m.
Welded deposits have been formed by the larget slass, with black ribbon-
like, elongated clasts and sub-parallel alignmehiilevmoderately to incipiently
welded units consist of smaller, granular, oxidjsedb-round to sub-angular

scoriaceous clasts (Sumner 1998).

North Crater deposits on the upper cone, and tied ftages of the eruption, are
similar to the deposits in the scoria cone of Izhitha. North Crater welded units
are of the larger grain size, while moderately wdldnits are typically finer grain
size. The units also are similar in texture, wikie tstrongly welded deposits
having similar ribbon-like, elongated black scodkasts with nearly no pore
space, while the moderately welded units are moenuar, sub-angular to

elongate and often oxidised.

5.3.5 Sub-Plinian Volcanism

Sub-plinian style volcanism is associated with higiuption plumes which
produce widespread tephra sheets blanketing thegtaphy. Plume heights can
be sustained for moderate to long periods of timek@ften reach heights of 20-30
km. Eruptions involving dacite and rhyolite magnm@ aisually involved, but

eruptions involving more mafic compositions are@alemmon (Francis 1993).

It is often difficult to separate out sub-pliniamo plinian eruptions, but simply
put eruptions in the lower ranges of magnitude t~k@) and intensity (discharge
rate ~16 kg/s) can be classified as sub-plinian, whileiptineruptions will have
magnitudes of 18-10"® kg and discharge rates of ®100° kg/s. Changes in
magma degassing, viscosity, ascent rate and cogéorhetry conditions through
the eruption can also result in sub-plinian acti(iMartin and Nemeth 2006).
Sub-plinian activity is often characterised by d@@e variations resulting in

short phases of sustained eruption separated byngatime breaks or other
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eruption styles. The varying discharge rates canltrén formation of pyroclastic
density currents (PDC) related to unstable condfitio the eruption column. PDC
deposits are typically interbedded with fall dep®svith no signs of interruption

in the fall record (Cionet al. 2000). Because of the lower ranges in magnitude
sub-plinian tephra dispersal will be smaller coneplatio plinian eruptions (Walker
1973). Typical thickness half-distanceg for sub-plinian eruptions are 0.5-4 km,
while plinian eruptions have typical alues of 2-10 km (refer Fig. 5.7) (Ciosti

al. 2000).

Complex fragmentation processes are thought to rocturing sub-plinian
eruptions due to the unsteady and varying natutbeoeruption plume (Cioret
al. 2000). It is thought syn-eruptive degassing asgosity increases in a magma
column during the filling of the conduit may resutit the alternation between
sustained columns and relative quiescence. Magiystatlising rapidly in the
degassed portion of the conduit causes magma si@agnand results in build up
of pressure eventually reopening the conduit (Sabld. 2006). Each new pulse
of the sub-plinian plume may be associated with e@@rowth and destruction,
indicating an important control of volatile contembd magma rheology. The
varying nature of sub-plinian eruptions could alssult from the differences in
magma discharge at the surface and rates of magpysfrom the magma
chamber (Cionet al. 2000).

5.3.6 Pyroclastic Flows and Fallout

Pyroclastic Flows

Two major mechanisms for transport of pyroclastiows exist and are

distinguished by the density of the emerging jethwespect to the atmosphere,
I.e. buoyant versus non-buoyant behaviour (Wilsad Bloughton 2000). Two

end-member types of pyroclastic density currente Heeen identified, dilute and
concentrated, where dilute currents are known asocigstic surges and

concentrated currents are known as pyroclastic Sflgwilson and Houghton

2000). When an eruption column is formed, the 8tgbis dependent on the

density/buoyancy of the column, mass eruption eatd volatile content. If a

column (or part of the column) is denser than tineoaphere it will collapse once

it leaves the gas thrust region near the vent amdsl its momentum collapsing
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under gravity. As the erupted mass collapses thengal energy gained in the
eruption is transformed to kinetic energy drivihg mass at high speed across the
ground (Francis 1993).

Dilute currents can travel at tens of meters peoisé, contain <0.1-1 vol.% of
solids and are density stratified with highest ipltconcentration closest to the
ground. The material is primarily transported bybtident suspension, with a
small population salting or sliding along the grdusurface (Wilson and
Houghton 2000). They typically produce relativeiynt bedded or cross-bedded
to massive deposits which can have large run-aauices, about 10 km for sub-
plinian eruptions (Valentine and Fisher 2000). Rilucurrents generate a
secondary buoyant plume or ash cloud which riséshefflowing mass (Wilson
and Houghton 2000).

Concentrated density currents travel at similaredpeto surge flows, and
velocities greater than 200-300 Tkave not been observed but can be inferred
from the heights of obstacles climbed. These caonatad flows contain tens of
volume percent of solids, have a free surface aldueh the solids concentration
diminishes rapidly and transport the material lyombination of particle-particle
contact, fluidisation support, matrix support, @isgve pressure and buoyancy
(Wilson and Houghton 2000). Turbulence may or matyle present in the flow,
but is not dominant as a particle support mechariisenin surge flows (Wilson
and Houghton 2000). Ignimbrites and block and #&sh fleposits are the product
of concentrated density currents and are predorijnamassive, poorly sorted,
ash-rich deposits laid down by a particulate, gasetiow. Ignimbrites are
pumiceous, ash-rich deposits, while block and dskwsf are small-volume
deposits containing dense to moderately vesiculagrjile bombs and blocks in
an ash matrix (Freunét al. 2000).

Pyroclastic Fall

Pyroclastic fall deposits are produced by the tdllof clasts from an eruption

plume during an explosive eruption and are higlagiable depending on the kind

of eruption, changes in eruption style, composiiod distance to source (Francis
1993; Houghtoret al. 2000). Pyroclastic falls are of two main typedlisic fall
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produced from gas-thrust, and convective fall f@tmuoyant plume. Ballistic fall
and cone accumulation is favoured when clastsoaredarse to be buoyant in the
plume, and the distance travelled is a functionnitfal gas exit velocity and
ejection angle. Convective fall is favoured whearefi material (ash and lapilli) is
buoyant in the plume and falls from the umbreligioa; dispersal is a function of
plume height, fall velocity and wind. These conwexfalls mantle the landscape
and are typically well sorted, decreasing in grsize with distance from source
(Houghtonet al. 2000).

5.3.7 Andesitic Sub-Plinian Case Study

Asama Volcano, Japan, 1783

Asama volcano is an andesitic cone in central Japaich produced a three
month long sub-plinian to plinian eruption during8B. During the eruption
period the eruption styles changed with time frommpe falls through
pyroclastic flows to lava flows. The eruption haseb divided into six phases,
each representing a single eruptive event duriegtiinee month eruption. The
four initial phases of the eruption from May tolgakugust were characterised by
vertical eruption columns producing widespread fadhand intense pyroclastic
falls and intense rumbling and earthquakes (Yaadi kkoyaguchi 2004). Phase
five is considered to be the climax of the Asamapt#on when the duration of
eruptive phases and mass of erupted magma increapesentially. Activity at
the onset of phase five was characterised by fobrphases of plinian activity
each lasting 4-5 hours with or without the generaif pyroclastic flows. This
was followed by an increase in the eruption intgnand the generation of a
pyroclastic flow. The later stages of phase fiverinated in a large scale plinian
eruption which lasted for ~15 hours and producedd/arse range of deposits with
contrasting modes of emplacement, such as pyracldstws, lava flows,
construction of a cone and pumice falls. A few Iscaifter the close of phase five
a large pyroclastic flow and debris avalanche wasegated from either an
explosion at the summit, a flank eruption or se@spexplosion disrupting a lava
flow, and is the final phase of the 1783 eruptibsama (Yasui and Koyaguchi
2004).
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The pyroclastic fall deposits produced during tR@3 eruption consist of many
thin pumice and ash beds, with dominantly pumicdshi@ the uppermost, later
stage deposits. Those ash beds dispersed in ther upfis are thought to be
derived from ash clouds of pyroclastic flows. Thagelastic cone is interpreted
to have formed during this eruption from lava faining coeval with a plinian
eruption and is now scattered with loose lapilih aand bombs from eruptions
post-1783. The units associated with the 1783 emupmtonsist of alternations of
welded and non-welded deposits, with cooling fesgusuch as columnar joints
apparent in the densely welded deposits. Partiklréaof the cone produced a
small lava flow to the north of the cone and i®inéd to have occurred during the
final stages of phase five (Yasui and Koyaguchif0G@yroclastic flows are
widely distributed toward the northeast and regehou8 km from the vent. Small,
non-welded, scoriaceous pyroclastic flows and aasat ash layers interbedded
with pumiceous fall material are interpreted to dvd@rmed from partial plinian
column collapse during the initial stages of ph&xge. Flow units consisting of
dark brown scoria blocks and matrix are charaadrisy strong welding, with
oxidization in the upper 30 cm, while other non-aezl scoriaceous flow units are
characterised by strong reverse grading. Somewbkided layers are interpreted
to have formed by agglutination, rather than peagiesitional welding, while the
presence of dense blocks indicates generation ¢allapse at the cone. Andesite
lava flows are also recognised on the cone, ommgespreted to be a rootless flow
and formed from partial collapse of the cone. Thieeo two identified flows
display surface features and internal structureswsuggest they were originally
formed from rheomorphism of pyroclastic materiag. iclastogenic lava flows
(Yasui and Koyaguchi 2004).

5.4 Nature of North Crater Eruptions

In this section the dynamics and processes involaethe ~14 ka eruption at
North Crater will be discussed in detail. Magmambar processes will first be
discussed and interpreted from the geochemicaltextdral data analysed in the
preceding chapters, as well as discussion on thsilde eruption triggers. This
will be followed by discussion and interpretation the magma ascent and vent
dynamics from the textural analysis and physicalpprties of the magma. The
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final processes involved in the eruption will besalissed by interpreting

depositional processes and the cone formation ghNerater, Tongariro.

5.4.1 Magma Chamber Processes

Textural characteristics of North Crater clastsemitrysts and glass and whole
rock geochemical analysis allows for the intergreta of magma chamber
processes occurring beneath North Crater. It hagiqusly been established that
andesitic magma is produced beneath TgVC by compilagmatic processes
involving fractional crystallisation and assimitatiin an open, complex plumbing
system associated with the nearby subduction zGnehém and Hackett 1987,
Hobden 1997; Priceet al. 2005). The porphyritic texture of the plagioclase-
dominated pyroxene andesites of North Crater iscaitve of derivation from
magmas which ascended slowly and stagnated abshd#pths in the crust prior
to eruption. The inclusion of crustal xenoliths calshdicates some crustal

assimilation occurred during magma rise from depth.

Physical evidence for magma mingling and mixingsieong in North Crater
magmas with the presence of glass colour bandimgnqcryst sieve textures and
reverse and oscillatory zoning (see chapter 4).siéhly mingling is visible in
many clasts associated with North Crater depositbamding of dark and light
glass. Geochemical analysis has identified the ositipns of these glasses to be
similar in composition, but slight variations indte the mingling of magma prior
to eruption. Composition of the magma alone dodsaccount for the distinct
physical differences between the two glass typeficating other properties play
a major role in controlling the differences. Thegence of microlites in only the
dark glass may influence the cooling rate of thegmma and account for these
observed differences.

The heterogeneous nature of North Crater, &@tent also indicates mixing and
mingling of subtly contrasting magmas prior to e¢rop (see chapter 4). Variation
exists within the majority of units found on Noi@rater, even those deposits and
clasts which appear physically homogeneous. Gla§® $ompositions for
proximal deposits range from 57.66 to 73.72 wt%l waithin one clast there is as

much as 14 wt% SiPvariation. These wide ranging compositional vavizd
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indicate complex shallow level magma chamber pEesand mingling of

magmas.

SiO, trends through the North Crater stratigraphic seqe indicate complex
processes are also occurring during the eruptieter(i~ig. 4.15). At the start of
phase 1 it appears there has been some triggererg ® completely overturn a
stratified magma chamber, which has lead to thetem. A large semi-isolated
magma chamber residing in the shallow crust benblaitth Crater may have
differentiated by fractional crystallisation andsiasilation (AFC), which has had
a magma injected into it, of a similar composititom a neighbouring chamber.
A marked change in SiQviscosity, temperature, and density part way ugho
phase 1 indicates the reinjection, replenishmemaorporation of a more silicic,
cooler magma, possibly fed from a neighbouring dbemeither into the erupting
chamber, or connected and fed straight to the dgndingling with the erupting
magma there. The presence of mingled and disequitibtextures in phenocrysts
throughout phase one would indicate mingling of mag is occurring either in
the magma chamber or in the conduit immediate poi@ruption. Due to the lack
of data for the final stages of phase 1 it is diffi to interpret magma chamber
processes occurring in the later stages. Mingliigmagmas appears to be
persistent throughout most of the eruption, du¢h® presence of mingling and
disequilibrium textures in many of the deposits.

It is possible some of the phenocryst sieve testuepresent resorption due to
decompression, although some phenocrysts disptasesiin distinct breaks and
ringed sieved zones which indicate magma mixing ambling (Sigurdssoret
al. 1990, Browneet al. 2006; Humphrey®t al 2006). Often in the same rock
there may be a combination of zoned or unzoned qurgsts, with or without
sieve and resorption textures, suggesting the mipgif two partially crystallised
magmas (Nakagawet al. 2002).

Trends on Harker variation plots of both whole raolajor oxides and trace
elements show fractional crystallisation or magmeghng to be the main

magmatic processes occurring at North Crater. Hewthe presence of abundant
xenoliths in the majority of deposits indicates stall assimilation was also an
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important process. No systematic changes with &ngeapparent in any of the
variation plots indicating the emptying of a simptened magma chamber was not
involved in the North Crater eruptions. Instead issmlated magma batches may
have been mingled and overturned prior to eruptdagma bodies which have
interacted have not been able to sufficiently nm& aompletely homogenise prior
to eruption and instead produced mingled magmas.Iddk of trends with height
through key stratigraphic sections around NorthfBluefer Fig 4.15) also
indicates there is no progression through time arayma mingling must be

occurring.

Strong evidence for magma mingling is the variatimiween Fe-Ti oxides in
North Crater deposits. Only one Fe-Ti pair was tbtmbe in equilibrium (using
the Mg/Mn method of Bacon and Hirschmann 1988) levail the other pairs all
fell outside the equilibrium envelope indicatingsefjuilibrium. Disequilibrium
between Fe-Ti oxide pairs suggests crystallisatiordifferent magma bodies
which have then mingled and erupted relatively kjyic inhibiting re-
equilibration. Disequilibrium between a few analyserthopyroxene and
clinopyroxene phenocrysts from the same clastsig apparent, and also suggests

magma mingling from separate magma chambers (Sigandt al. 1990).

The evidence for magma mixing and mingling at NdCwrater is strong, with
variations in phenocryst textures, crystal diseguim and varying whole-rock
geochemistry, indicating multiple, small, semi-eteld magma batches feeding
North Crater eruptions. It may be there is feedmg and mixing of magmas
inside a single magma chamber prior to eruptionydwer mixing and mingling
inside the conduit may also be occurring for soarall) of the magmas.

5.4.2 Eruption Trigger

It has been suggested by many authors (e.g. Sgarké 1977; Eichelberger
1980; Hupperet al. 1982; Takeuchi & Nakamura 2001; Nakagastaal. 2002;
Carrasco-Nuneet al. 2005; Beieret al. 2006) that the intrusion of a physically
and chemically contrasting magma into the base ahagma body would

drastically alter the equilibrium causing the magahahe base of the chamber to
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become superheated. The superheated magma woulde¢hiess dense than the
overlying magma and vigorous convection will be tiated along with
vesiculation. The heating and vesiculation causssures to increase inside the
magma chamber, resulting in fractures to form g blcano and an eruption to
be triggered (Sparket al. 1977).

It has also been suggested that ‘second boilingt ddminant volatile phase may
be an effective eruption trigger (Turner and Vemo 1960; Taiet al. 1989;
Woods and Cardodo 1997). This occurs when themddiate to silicic magma
cools and crystallises, causing volatiles (watep) lhecome increasingly
concentrated in the residual melt, eventually bengnsaturated and exsolved
causing a rise in the magma pressure and resuitieguption. In basaltic melts
the dominant volatile phase is carbon dioxide widahng second boiling causes
decreases in the magma chamber pressure. As thaglevddubbles separate and
rise the decompression of the rising bubbles carease the chamber pressure
and trigger the eruption (Turner and Verhoogen 196 et al. 1989; Woods and
Cardodo 1997). If pressures in the shallow chanmgbaw to around 10 MPa it is
sufficient to trigger an eruption. As the magmarobar convects bubbles will
rise and be concentrated near the roof, allowirgy lhse of the chamber to
become progressively undersaturated, while theerdration of bubbles near the
roof causes the volatile content of the lower magmdecrease. Magma tapped
from this volatile rich upper portion of the magetaamber may lead to explosive

lava-fountaining (Woods and Cardodo 1997).

Another model has been suggested for eruptiondrigg/olving bubble rise and
overpressure of a closed magma system (Pyle arel 1@5). However as the
magma system at North Crater, and TgVC, is consttles be an open magmatic

system, this model is thought to be unlikely.

The presence of olivine crystals partially or coetely reacted to clino- or
orthopyroxene may indicate the injection of a metb a slightly contrasting
magma chamber beneath North Crater resulting minalidisequilibrium. The
injection of a contrasting melt may have causedesx@ressure in the magma

chamber and ultimately lead to eruption. As suggesarlier (see chapter 4) there
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may be an event immediately prior to the start lvdge one of the North Crater
eruptions which has initiated the convection andrtmrning of the semi-isolated
magma chamber, and lead to the subsequent erubjioncreasing pressure,
vesiculation and caused the fracturing of countygkr This triggering event
would have caused the neighbouring magma bodiesetmme unstable and
possibly help feed the eruption via the connecpilugnbing system.

Although the evidence is strong for the eruptiorh&ve been triggered by the
injection of a contrasting magma, it is not possitd discount the likelihood of
the eruption, or a later phase, being triggereddgond boiling. It may also be
possible the later phase of the eruption was aiggered and fed by a magma

chamber which had undergone second boiling.

5.4.3 Magma Ascent and Vent Dynamics

As ascending magma nears the Earth’s surface danbes a mixture of gas and
liquid. In magmas of low viscosity, eruptions mayaolve decoupled degassing,
where gas bubbles are able to move relatively dpiak through the slowly
ascending magma and erupt effusively. Howeverpthsence of dissolved gas in
mafic magmas will result in explosive volcanic eraps, unless significant gas is
lost prior to eruption (Parfitt 2004; Sabd¢ al. 2006). When magmas are more
silicic, coupled degassing occurs where gas buldrlesmmobile to the magma
and rise at the same speed (Salblal. 2006). Eruptive behaviour is related to the
ability of magma to degas through bubble permeghaind the degree of bubble
coalescence. Bubble permeability is related tadbe of magma ascent as bubbles
grow and coalesce as a result of lower pressungéianl1996; Szramekt al.
2006). Typical Hawaiian style lava-fountaining ssaciated with low degrees of
bubble coalescence and high magma ascent ratesh Veaid to partially coupled

behaviour in the shallow conduit.

Two models have been suggested for the formatidawa-fountaining in mafic
magmas, which could be applied to the formatiotawh-fountaining in andesitic
magmas. The first, termed the rise speed depemded¢! (RSD), depends on the
rise rate of magma and bubbles in the conduit (Heat Wilson 1987; Parfigt
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al. 1995; Parfitt and Wilson 1999). The magma and rgges as a homogenous,
partially coupled, 2-phase flow and gas bubbleswgifoom diffusion and
decompression. When the bubble fraction becomeg lanough the magma will
fragment. The rising magma will accelerate assésidue to the decompression
and expansion of gas, and after fragmentation ¢heleration will become more
pronounced due to the reduction in conduit walitioin. This will result in the
continuous eruption of jetted magma clots and @ass eruption model is very
similar to that for plinian eruptions, although theger grain size produced during
lava-fountaining compared with plinian eruptionsthe main difference (Parfitt
2004).

The second model, termed the collapsing foam m(cl€e), suggests magma and
gas rise as a separate 2-phase flow, with the rases of the two phases
significantly different. This may occur when bubbleollecting at the top of a
magma chamber form a foam which then collapses, vibbles coalescing into a
large gas pocket. Lava-fountaining eruptions theouo from the complete and
instantaneous collapse of the foam which then re®s single body up the
conduit. This is termed annular flow where thengsgas core is surrounded by
magma which is dragged up the conduit margins angdted with the gas core
(Jupart and Vergniolle 1988; Jupart 2000; Parfi04®). The collapsing foam
model has been investigated by many authors, b@view by Parfitt (2004)
concludes this separated 2-phase flow for Hawaraptions does not stand up to
detailed scrutiny and existing observational eva#esuggests lava-fountaining is
produced by homogenous two-phase flow (the RSD th¢@darfitt 2004).

At North Crater, eruptions were not typical Hawaiistyle fire-fountains
involving basaltic magma, however, we can assume dhdesitic magma
displayed similar high magma ascent rates and henmg 2-phase flow to allow
the formation of lava-fountains. To form lava-foaiming of andesitic magmas
there must have been sustained high magma asatetra@ption rate, with low to
moderate, partially coupled gas content. The visgasf andesite magma is
usually not as low as that of basalt (typical ofndaan style fire-fountaining) so
features such as spatter piles are typically pvesearound the vent, rather than
formation of clastogenic lava flows (Wolff and Suenr2000).
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Changes in exsolved volatile content and vesiauiatates can lead to changes
between explosive andesitic lava-fountaining anignh style eruptions (Sabkt

al. 2006). Assuming magma chamber pressure and coradliits do not change,
variation between explosive plinian and vigorouwalfountaining can be
controlled by the gas content at the vent, spetdlficthe mass fraction of exsolved
gas (Jaupart 1996). Sub-plinian and plinian erugtimvolve coupled degassing
which allows high magma ascent velocities to predaa explosive eruption.
Plinian eruptions are favoured over Hawaiian stgleiptions when bubble
nucleation is initially delayed, volatile supersation develops in the magma and
final bubbles nucleate without coalescence accoreddry major acceleration. If
the amount of exsolved gas increases, then magagméntation will also
increase resulting in a decrease in the mean silzst(Sablest al. 2006). As the
mass flux becomes larger and the clasts become enongled and stay hotter for
longer the coupling between clasts and gas perthéschange to buoyant or
collapsing plumes and generation of pyroclastils fahd flows (Head and Wilson
1989). This coupled degassing occurs when the meitiscous and bubble
coalescence is inhibited, and is common in higiessinagmas (Sabkt al. 2006;
Szramelet al 2006).

Figure5.2: Zones of pumice, scoria and mingled clast fornmaticoria forms in the slower moving
more degassed and cooler conduit margins. Pumitesian the faster moving, hotter central conduit.
Mingling between the two zones can occur to foremntingled clasts. Scoria and mingled clasts erupt

as lava-fountain and ballistic fallout, pumice etsifin an eruption plume.
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During the explosive eruption plume phase magma beygarried initially by
laminar flow at high ascent rates with similar bigblise speeds. When the
magma begins to rapidly vesiculate and reaches aagatent of greater than 75%
the magma will fragment and rise as a dispersed, flkhere magma fragments
are carried by the rapidly expanding gas (Jaup@@0p The intensity of the
andesitic explosive behaviour is determined by dheount of gas decoupling
from the melt, which is a function of the relativebble and melt ascent rates and
extent of bubble coalescence. The rapid magma tascetme eruption plume
phases could also have been induced by the rapahgeession of the magma as

it rose rapidly from depth.

a) early phase b) later phase

Figure5.3: Cartoon diagram depicting the conduit at differstages of the North Crater eruptions. Curved
lines along top represent laminar velocity profitesar fragmentation surface. a) early phase eupi
dominated by gas-rich, highly vesicular magma, wiihor gas-poor magma present, b) later phase
eruptions dominated by gas-poor, poorly vesiculagma, with smaller proportions of gas-rich magma
(modified from Sable et al. 20(.

The texturally mixed facies suggests lava-fountajnimay have occurred
concurrently with an eruption plume at North Crafinis may have occurred by
the formation of a velocity profile over the condwidth. Near the margins of the
conduit the flow will be slower due to viscous dragllowing minor

crystallisation, bubble coalescence and partialadgigg, forming cooler, more
crystalline and more vesicular clasts. Magma askes will be higher towards
the centre of the conduit and allow the formatibhatter, poor to finely vesicular
clasts (Sableet al. 2006). Black scoria clasts tend to show higheicugarities

and larger coalesced bubbles, indicating format@dong the cooler, slower
moving, conduit walls. Pumice tend to show finegrenregular bubble shapes
indicating formation in the central, high velocpgrtion of the conduit. Coupled
flow would be able to develop in the central zoned aallow explosive

fragmentation of the gas region (Sableal. 2006). Formation of mingled clast
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textures could occur in the magma conduit prioretaption where a velocity
gradient produces slightly physically contrastinggmas. The magma from the
centre of the conduit may mingle with the magmanfrime conduit walls at the
fragmentation surface, resulting in mingled texsui@med by contrasting magma
cooling rates, bubble coalescence and crystathisgfigs. 5.2 & 5.3).

Vent and conduit geometry are also important intmding the eruption
dynamics, as they may not remain the same shapegdaiisingle eruption. If the
magma flow is energetic and powerful it may be egdd by erosion or partial
collapse, and often the presence of wall rockdghn volcanic deposits will attest
to this (Jaupart 2000). In a low intensity eruptiba vent may become choked by
the cooling of magma along its margins and close @gnduits vary in width
often from 10-100 m depending on the style of eamptand will flare out at the
surface, the vent being much larger in width tha donduit (Jaupart 2000). The
stability of an eruption column also depends onviirt radius, along with magma
discharge rate, exit velocity and exsolved watert@at (Cioniet al. 2000). If
there is a large vent radius then typically a gaiag column will be produced, if
the magma discharge rate increases or the exitityeltecreases then a collapsing
column will also be produced (Cioat al. 2000). The presence of minor shallow-
derived wall rock lithics in the majority of Nort@rater deposits would indicate
the vent underwent some modification by erosiomaté&rcollapse could have also
occurred during the explosive sub-plinian eruptiomsorder to form the large

summit crater/vent and lead to a collapsing colypmuducing pyroclastic flows.

5.4.4 Depositional Processes & Cone Formation

Lava-Fountaining

Lava-fountain heights are a function of severafedént factors; the amount of
exsolved gas in the magma, the eruptive volume #imxount of re-entrainment of
degassed lava, the magma rise speed and subsegges of bubble coalescence
and hence magma degassing (Paéital. 1995). Theoretical and observational
analysis predict that exsolved magma gas contdnaébaut 0.4 wt% (Head and
Wilson 1989) should result in fountain heights dfoat 200 m for basaltic
eruptions. However as andesitic magma typically tmos a larger wt%

(sometimes up to 6 wt%, Wolff and Sumner 2000)xsioéved gas, resulting lava-

128



Chapter 5 Eruptive Processes and History

fountains are expected to be higher, and more eiggrthan those involving
basaltic magma (e.g. Izu-Oshima, Japan, ~1600 arflmwntain, Sumner 1998).
Factors such as lava-re-entrainment, shallow ventlp and bubble coalescence
can significantly reduce the height of the fountameven suppress fountains
completely (Parfittet al. 1995). Magma gas content and eruption rate also
determine the structure of the lava-fountain byuercing: a) size distribution of
pyroclasts; b) velocity and spread angle of pyrstsldeaving the vent; and c) the
continuous nature of the eruption (sustained faomg) (Head and Wilson
1989). The structure of the fountain is closelykéid to the structure and

morphology of near vent deposits and the build fupaterial around the vent.

The spread angle of the fountain and the magmaierupelocity determines the

path of pyroclasts in a fountain, cooling times awtumulation rates on the
ground. Two main factors are important in contrglithe structure and

morphology of lava-fountain deposits: a) tempeminfrclasts as they land on the
ground, and b) the accumulation rate of clastshenground. The relationship
between pyroclastic temperature and accumulatita dafines a broad area in
which most types of pyroclast deposits occur (big) (Head and Wilson 1989).
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Figure 5.4: Pyroclastic/deposit diagram illustrating the rdtaship between mean
pyroclastic temperature and pyroclastic accumulatiate. From Head and Wilson (1989).

For cold clasts falling from the outer portion betfountain accumulation rate is
irrelevant and scoria/cinder cones are formed. W&asis with low accumulation
rates typically produce plastic scoria and framéwagglutinated spatter
ramparts, high accumulation rate yield completedyded spatter, while moderate
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accumulation rates produce partly welded spattdrlanld up spatter cones. Hot
clasts with low accumulation rates form individélaid bombs or cowpat bombs
(Sumneret al. 2005), while high accumulation rates often prodiasa flows and
ponds through clast coalescence (Fig. 5.4); theseassociated with the inner
hottest part of a lava-fountain. Due to the ranfjéemperatures produced in a
spreading fountain at any one time a range of depean be formed from a
single fountain (Head and Wilson 1989). Rapid aadation of clasts as a scoria
or spatter cone allows a cone to be built arouedvént with often thick deposits
formed from a vigorous, sustained lava-fountainwieeer, the degree of welding
progressively decreases away from the vent assdb@stome finer and cool during
longer flight times (Head and Wilson 1989; Stevenand Wilson 1997; Sumner
et al. 2005).

Cone formation at North Crater occurred in partrfreigorous lava-fountaining

producing strongly welded deposits and agglutinagese of which contain sub-
parallel stretched ribbon clast outlines which oade rapid accumulation of hot
pyroclasts which have deformed on impact. Somerdhteansport may have

occurred to produce the strongly attenuated andrihbon like clast outlines in

these intensely to strongly welded deposits. Thigkded deposits are present
near the crater rim predominantly on the northerestern and southern sides.
The overall fall origin (with some lateral transpaand unit thinning is consistent
with initial deposition from a lava-fountain (Alle2004; Sablet al.2006).

Flow textures in welded deposits provide some mfaion on the emplacement
processes during eruption. Agglutinated and weltlgabsits can have wavy clast
ribbons which interfinger laterally and are evidenaf spatter fed lava where
semi-fluidal clasts have undergone shear moveméet deposition from a

sustained lava-fountain. Complete homogenisatiothede spatter-fed units may
be prevented by cooler clast rims on depositian {lorth Crater strongly welded
facies), however where no clast outlines are \sibhd the units appear
homogenous clast coalescence may have occurredN@meh Crater intensely

welded facies) (Stevenson and Wilson 1997). Wheedter accumulation rates
exceed agglutination rates (very high eruptionnstiy) then the porosity of the
deposit will be reduced and particle outlines Wwél eliminated. Clast outlines, and
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sometimes poorly welded basal zones will only renaithe basal contact where
rapid cooling on contact with the ground presermiast shapes (Stevenson and
Wilson 1997). At Pantelleria, Italy (a peralkalirgy/olite volcano) the association
of welded, spatter fed lavas interbedded with pwastec fall units supports a
fountain-fed eruptive origin. The lava-like unitede been interpreted to have
formed by clast coalescence after fallout from staned lava-fountain due to the
presence of smeared spatter and ribbon-like featdreese features indicate a
clastogenic, fallout origin with clasts undergoiragglutination, and post-
depositional shear movement to attenuate and srieesds (Stevenson and Wilson
1997). These features in the strongly welded wtifBantelleria are similar to the
features seen in the intensely and strongly welid@ies from North Crater,

indicating fallout from a vigorous lava fountainascurring.

At Summer Coon volcano, Colorado, spatter rich dépdiave been interpreted
as deposited by pyroclastic flow, as large flatteotasts are deposited against
each other at a low angle imbricated pattern (Malert al. 2000). Other features
such as clasts stretched into tatters on theirside, from shearing of the
overriding current, coarse tail grading and aburdaof lithic clasts at the base of
the units also indicates deposition from pyroctafibw (Valentineet al. 2000).
The changes in welding with distance from vent afslicates the initially welded
units have been deposited by pyroclastic flow memas. Pyroclastic flow
deposition of spatter-rich deposits has also beggested at Santorini, Greece,
by the presence of contorted and folded spattests;laas well as slight clast
imbrication and changes in welding with distanaarfrvent (Mellors and Sparks
1991).

The lack of imbrication and concentration of defiggcs at the base of some
moderately welded facies at North Crater, like ¢h@ Summer Coon and
Santorini, suggests that deposition occurred viluafrom a vigorous lava-
fountain, rather than as a spatter-fed pyroclafibev. Some units in the
moderately welded facies, where clast outlinesrar@ned and there is no clast
imbrication or fine matrix, suggests the accumaolatiate from the lava-fountain
must have been low enough to restrict compactiot @tain clast shapes,
although still hot enough to cause post-depositiaredding. A few units within
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the moderately welded facies however do show saim imbrication and fine
matrix, these units also change down slope to poaelded and indicate a

pyroclastic flow origin.

Comparison of North Crater welded deposits withttepagglomerate in the Siwi
pyroclastic sequence, Tanna, Vanuatu, would aldwate the majority of North
Crater welded deposits have formed from falloutfra sustained lava-fountain
which have then undergone lateral transport. Thexipral Siwi spatter
agglomerate lacks evidence for lateral depositioa tb the variable nature of
welding, lack of matrix and layering of clasts pkelato the basal slope profile.
The distribution of the Siwi spatter agglomerate,to 1 km from the vent is also
within the range predicted to be plausible for lisat” fallout (Fig 5.5) (Allen
2004). The Siwi spatter agglomerate also shows ahediriations that indicate
pyroclastic fallout has undergone lateral transpmyrtpyroclastic flow as clast
imbrication and ash matrix become apparent. Thaserdl changes, such as
reduced welding with distance from vent and incoafion of fine matrix, are
apparent in some units of the welded facies atiNGrater indicating a change to
pyroclastic flow deposition may have occurred fartfirom the vent after the

main deposition by lava-fountain fallout (Allen 200

These welded North Crater deposits are confinadaoily to the main cone area
due to magma physical properties and fountain dspe but build up and

strengthen the cone. Because of the dispersalmust of the upper cone, initial
fountain heights must have been high and spreaditiy high magma ascent
rates. Wind direction may have also played an ingmbirole in the dominance of
these deposits to the north, west and south. Tige larater structure formed
during the explosive sub-plinian eruption would éakapped some of the hotter
lava which fell from the centre of the lava-fountaihe accumulation of lava in
this crater would have lead to increased degassinghe magma and re-
entrainment of the lava into the fountain, resgitin lower spreading fountain
heights and accumulation closer to the vent inldker stages of the fountaining

episode.
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Figure5.5: Production of spatter fountain in association wétipartially collapsing plume during the
Siwi pyroclastic sequence. Produced spatter aggiéi and pumiceous flow deposits. From Allen
(2004).

Sub-Plinian Fallout

A sub-plinian eruption is a scaled down versioma @linian eruption and are often
a very common eruption style (Mannen 2006). Thera continuous gradation in
the magma discharge rate between plinian and soiaspleruptions and often a
clear distinction cannot be made between the twposies based on their
fragmentation and dispersal (Mannen 2006; Cairal. 2000). However Walker
(1973) suggest sub-plinian eruptions have a digpenea of 5-500 km, while
plinian eruptions have a dispersal area of mora @20 km. Lower degrees of
fragmentation correspond to sub-plinian eruptioms$ generation of fine particles
in a mafic sub-plinian eruption is less than thatai Plinian, but considerably
higher than fragmentation in a Hawaiian eruptiora(iden 2006).

Based on the mapping of the Rotoaira Lapilli by 20o§2006) it is possible to
determine the thickness decay of the fallout assediwith the eruption plume at
North Crater. The thickness decay) (bas been calculated from Doyle’s (2006)

isopach map to be about 1 km, while the clast ki&@tance (P has been
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calculated at about 3.5 km. This would indicate Narth Crater eruption to
involve a sub-plinian to plinian eruption plumedFb.6). However, Doyle (2006)
notes that erosion during and post-eruption ofRb&aira Subgroup means a loss
of the complete tephra record has occurred antésbpach map can only be taken
as minimum values. One facies on North Crater heenldescribed as having
originated from a buoyant sub-plinian plume witHldat deposition in the
proximal environment at North Crater; this facies lbeen correlated to the distal
Rotoaira Lapilli found on the ring plain. These tsnare interpreted to be
deposited as fallout from a buoyant sub-plinianptimian plume due to their

massive bedding, relatively well sorted charactet thickness decay rates.

In the distal environment the orangey yellow pumimds are separated by
distinctive dark grey ash beds. Previous authags {@pping 1974; Doyle 2006)
have suggested these ash beds have been rewonkediadheir massive to
discontinuously cross bedded nature) and are mootiginal deposits. New work
(this study) involving SEM analysis of the ash frdlnese units reveals intense
clast rounding (Fig. 3.12, group two) has occurasdno delicate glass textures
remain (indicating lateral transport). This confirtihe early suggestions of these
deposits having undergone reworking and lateraispart. Due to the reworked
nature, it is difficult to suggest an original anfmode of transport for these ash
units. They may have originated as ash cloud oigownbrite surge deposits
rising off a pyroclastic flow. These pyroclastiol and associated ash cloud
deposits have been observed at various volcanagdezen, Japan, and Merapi,
Java, Freundet al. 2000; Bezymianny, Belousost al. 2002). However, these
ashes may also represent products from a phreatoatageruption, due to their
poorly vesicular nature, which have undergone #htieansport and abrasion after

initial deposition.
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Figure 5.6: Classification for explosive eruptions based onrabteristics of fall deposits,star
indicates North Crater eruption dispersal, froml¢&y1989).

Pyroclastic Flows
Collapsing eruption plumes are common when magreehdrge rates increase,

amount of exsolved water decreases, eruption \gldecreases or the vent radius
increases due to erosion and collapse (Georal. 2000). If there was an initially
buoyant plume then collapse may be achieved byeaease in magma discharge
rate or extraction of a magma progressively degletevolatiles (Cioniet al.
2000). The formation of pyroclastic flows from amitially buoyant eruption
plume is a function of the plume’s density, if thleme is less dense than the
surrounding atmosphere then it can rise buoyarmtlyerwise collapse occurs.
Pumice and scoria flows are formed from dense emimolumns which collapse
under gravity. They form pumice and scoria flowsiackhcontain abundant fine
matrix material, are poorly sorted, contain modsyawesicular round to sub-
round clasts, and are massive to reversely gradddofien show a fine basal
shear zone (Freundt al. 2000; Wilson and Houghton 2000).

At Fuji volcano, Japan a pyroclastic flow facies @en described which consists
of basaltic bombs, scoria lapilli and lithics sugpd in an ash matrix. The
pyroclastic material which fell onto the steep slof{>33 degrees) was unstable
and tumbled down slope and were remobilised asutgaaflows. However in the
main facies the poor sorting and massive appearamnee characteristic of
deposition from a highly concentrated hot flow gmdduces poorly to moderately
welded deposits (Yamamotet al. 2005). Pyroclastic flow deposits at Latera
Volcanic Complex, Italy, also display massive, ppaorted and fine basal shear

zone characteristics. These deposits are interpréte have formed by
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concentrated, high-energy pyroclastic flows (Taddeuand Palladino 2002).
These massive flow deposits at Mt Fuji and Lateeasanilar in appearance to the
massive flow deposits observed on North Crater, atigplay similar

componentry, sorting and welding characteristics,itsis possible to interpret
these North Crater deposits as having formed blylyigpncentrated, high-energy

pyroclastic flows.

Experimental work by Taddeucci and Palladino (2002agnoli and Manga
(2005) and Chowset al. (2004) have found that during lower energy granula
flows density and size segregation will occur. Gdgand Manga (2005) found
that in a mixed density flow lighter particles (iegar pumice and scoria) moved
toward the top, while denser particles (lithics)vad toward the bottom. In
polymodal size flows larger clasts always movedht top, while smaller clasts
always moved toward the bottom. These featuresusmdeverse graded deposits
and can be interpreted as being produced by loomcentration, lower-energy
granular flow of cooler or cooled clasts to produoa-welded deposits (Cagnoli
and Manga 2005). On North Crater reverse gradeddare present and due to
the nature of the grading and non welded appearénsepossible to interpret
them as having formed by lower-energy granular flohhese North Crater
deposits are similar to those deposits seen atrd afelcanic Complex which
display reverse grading, non-welding and are iméteal to have formed by lower-
energy, lower-concentration pyroclastic (granufloy (Taddeucci and Palladino
2002).

Lava-fountaining concurrent with eruption plumesvédiabeen observed at a
number of volcanoes in recent history (e.g. lzuidsh Japan, Sumner 1998;
Asama volcano, Japan, Yasui and Koyaguchi 2004)allSapatter fountains
simultaneous with eruption plumes have been destrib the Siwi pyroclastic
sequence, Tanna, Vanuatu, where scoria spattets cd@s present in varying
amounts in the pumiceous flow units. This indicdtessmall-scale lava-fountain
persisted during formation of a partially collaggi@ruption plume (Allen 2004).
Allen (2004) also suggests the combination of scepatter and pumice clasts in
a deposit are a feature of explosive eruptionsluiwg relatively low-viscosity
magma and a wide vent. Few descriptions have bestean the conditions in
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the magma chamber and vent which lead to simulteemuption of lava-
fountains and eruption plumes, although a scerfaridhis concurrent activity
was suggested in section 5.4.3, and may produoarddin and plume similar to
that described by Allen (2004) (Fig 5.6).

The presence of the texturally mixed massive bonibgled facies at North
Crater may indicate lava-fountaining with a coneautr partially collapsing
eruption plume. The presence of end-member pumizk szoria along with
mingled and streaky clasts may indicate the miggbh lower velocity, cooling
conduit margin magma with central high velocity doit magma just prior to
fragmentation as discussed earlier. Conduit maagth mingled magma would be
erupted as a small lava-fountain, while centraldecoinmagma would be erupted
as pumiceous partially collapsing plume materiatofapsing plume would then
produce pyroclastic flows which would incorporatdlistic material falling from

the fountains producing the poorly to non weldedgted facies.

Pyroclastic fall and flow deposits would have rdépidccumulated and built up
the cone, becoming stable by welding and compadtioning a cone with slopes
of ~30°. The dispersal of these deposits would hlagen controlled by the
topography of the neighbouring vents and the pMaah Crater vent. The
presence of Tongariro Trig and Blue Lake vents wobave controlled the
deposition of the pyroclastic flows toward the hodnd west, and eruption
through the proto-North Crater vent allowed thestmg cone to be built over.
The lack of Rotoaira Lapilli deposits to the west aouth of North Crater would
also indicate wind direction played an importanteraluring the sub-plinian
eruption, controlling the deposition of plume faitdo the north and east.

5.5 North Crater Explosive Eruption History

Phase 1
Explosive eruptions at North Crater may have beagygdred by mixing of
compositionally similar andesitic magmas from adjdc shallow magma

reservoirs, or from the ‘second boiling’ of volaslin a magma chamber. It has
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been suggested eruptions at Blue Lake (or othenawsk northern Tongariro
vents, T Kobayashi, pers. comm. 2006) may haveestarior to North Crater
(Hobdenet al. 2001) and may have caused other nearby magma ehnsrtin
become unstable. The injection of magma or secailth® caused overturning
and mingling of a shallow, fractionated magma chambhich lead to pressure
increases and likely triggered the onset of ermp#b North Crater about 14 ka
ago. Magma chambers and vents may have been sk&bliduring eruptions of
the proto-North Crater, with the new eruptions edaog from the same summit
vent system. Magma ascent rates were high duestmtheased magma chamber
pressure forcing magma towards the surface andtirgsin delayed vesiculation
and explosive fragmentation to form a sub-plinianpéon of gaseous magma.
The sub-plinian eruption formed a buoyant plume pratuced pyroclastic fall
deposits (distal Rotoaira Lapilli) as well as smialtalised pyroclastic flows from
the collapsing low margins of the plume (Fig. 5.7he pyroclastic fall material
consisted mainly of finely vesicular, pumiceousillgpvhile the pyroclastic flow
material consists mainly of moderately to highlgicelar scoriaceous bombs and
blocks with limited pumiceous material. These d#feces could be due to the
velocity profile developed over the width of thendait allowing slower moving,
cooler and more vesicular magma to form along tlaegms, and fast moving,
hotter and poorly vesicular magma to form in thetiee of the conduit and erupt
as a sub-plinian plume. The slower moving, coolatamal near the margins may
have been erupted as ballistic material and as qfad partially collapsing
column. Just prior to fragmentation these contngstmagmas may have
undergone mingling in the conduit, to produce theysically contrasting but
chemically similar mingled clasts. At some stagerdythis phase it is thought
the vent has undergone erosion and collapse taupeod wide vent radius and
allow a change from predominantly buoyant plumevagtto predominantly

collapsing plume activity (Fig. 5.7).

Midway through phase one there is a sudden geoclagmviscosity and

temperature change, indicating the incorporationingection of a contrasting
magma into the conduit. Once the eruption at N@thter had been triggered
other chambers in the complex system beneath Nemdter would have become

unstable and caused other magma chambers to féedh@ eruption via the
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network of feeder pipes. The new magma incorporatedthe system appears to
still be gaseous and explosive, with high ascelesrahich has continued to result
in an explosive eruption forming predominantly mlestic flow deposits and
minor fall deposits. The conduit mingling of magmastill persisting throughout
this phase due to the presence of mingled units iadttates small scale
fountaining was occurring with the collapsing eraptplumes. The presence of
dense wall rock lithics throughout this explosiveape indicates vent erosion is

still occurring.

Phase 2
The onset of vigorous lava-fountaining marks treatsdf phase 2 and marks a
change from explosive fragmentation and eruptioN@th Crater (Fig. 5.7). The
deposited hot, semi-fluidal pyroclasts are iniyialeposited as fall deposits close
to the vent and welded and agglutinate togethemifay thick intensely to
strongly welded deposits which have undergone skateeal transport. Further
from vent these deposits have undergone a changgreelastic flow transport
and deposition which have tapered out with distaacel produce some
moderately welded deposits. Other moderately weldegosits show no flow
features and are thought to be produced solely fedlout from a lava-fountain.
The sharp contact between these welded units wodidate breaks between unit
depositions were long enough to allow sufficientface cooling. Fluctuating
fountain heights may have been an important cdimtgpfactor in this phase.
There may have been a weak buoyant plume stokedhefftop of the lava-
fountain allowing deposition of minor ash fall defis which may only be visible

in the medial to distal environment.

Phase 3
At the start of phase 3 a new physically differbot compositionally similar
magma batch may have been tapped, which was dgasand as this began to rise
rapidly, delayed vesiculation would have causedi®hdevel fragmentation and
resulted in an explosive, collapsing eruption plu(Rey. 5.7). The presence of
mingled and disequilibrium textures through outstbhase would indicate the
explosive eruption may have been triggered by thection and mingling of
contrasting magmas into the plumbing system beldvis has resulted in a short
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lived collapsing plume with concurrent small-scddera-fountaining and the
deposition of localised pyroclastic flow depositarm of which display mingled
textures. Concurrent lava-fountaining has been ymed in the same way as
described from phase one. Minor erosion of thergath vent has occurred with

the presence of dense wall rock lithics througitbist phase.

Phase 4
The initiation to vigorous lava-fountaining may rkdahe climactic phase of the
North Crater eruptions at the start of this phd3ee magma contrasts between
marginal and central conduit zones becomes moneopreced in the early stages
of this phase and the fragmentation surface becatoesnated by the gas-poor
magma at the conduit margins (Fig. 5.2); altermdyithe proportion of degassed
magma may have increased during the later stagé afruption by tapping of a
gas poor magma chamber, from the same or a sepamateDuring this phase
vigorous lava-fountaining dominated involving a tigpreading fountain, with
deposition occurring initially from fallout from ¢hfountain with subsequent
lateral transport and change to pyroclastic flovinfer from the vent (Fig. 5.7).
The dominance of intensely welded facies and aasatigas-poor magma in the
final stages of the eruption could be due to thkdak and accumulation of hot

lava in the central crater and the formation oégasksing lava body.

Phase 5
Late stage eruption through the accumulated lavdy b@ould cause waning
towards the end of the eruption due to the comigleiegassed nature of the body
as eruption rate slowed significantly (Fig. 5.7).the Amphitheatre dipping beds
of welded pyroclasts are seen to butt up againststhlidified ponded lava,
indicating these deposits had cooled significatdlyetain the lava in the central
crater. It could be possible the magma rise ratere wtill high enough to inject
magma into the crater, but the presence of thargpaind degassed ponded lava
was enough to inhibit lava-fountaining and eruptidinis would have instead
caused the lava lake to continue to rise as magasanjected into the bottom and
low fountain heights. The eruption would have cdastaten magma rise slowed

and stopped completely.
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Fig 5.7
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- Ponded lava

After the main explosive eruptions ceased the pondea would continue to
degas and cool significantly over the following rtten Heat would be lost
rapidly from the surface by radiation and convettiand more slowly from the
walls and floor by conduction of heat into the sumding rock. A study at
Kilauea volcano, Hawaii, on the Alae lava lake fduhe 15 x 250 m lava lake
cooled and solidified after about 400 days (Schken2004), so it could be
possible to assume the North Crater ponded lawada®milar or longer time as it
is much wider (~1000 m diameter), but has an umdeted depth (but at least 70
m deep from depth of explosion pit). The presericplaty jointing, and folded

structures seen in the middle section of the dmdlilava (see Fig. 2.17) would
suggest that while the upper and lower portionssudficiently cooled, lava in the
centre was still hot and fluid enough to move awerturn causing the folded and

platy structure.

- Explosion Pit
The formation of the explosion pit is interpretedhave occurred prior to the
Taupo ~181 AD eruption due to the presence of Tgupoice on the summit
plateau and inside the explosion pit. The explogibnmeveals the platy, massive
and jointed internal structure of the solidifiedrdalake, and must have been
formed sometime after the complete cooling anddgaation of the ponded lava.
Deposits from the explosion pit consist mainlyarfge (>1 m) blocks, found up to
700 m from the pit, and assorted smaller blocksdetatis. The pit forms a slight
rise above the crater plateau and consists of gptisnpinted lava which may
have formed from the growth of a partially degadse&d dome prior to the initial
(possibly steam driven) explosion. The presenceesirby Ketetahi geothermal
area may have caused pressure build up beneattrdter and resulted in the

explosion at North Crater.
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5.6 Hazard Impacts of a North Crater Style Eruption
at Tongariro Volcanic Centre

Previous work on Tongariro has identified limitedidence for small-scale
pyroclastic flows, however this study has identiflaultiple, extensive layers of
welded and non-welded andesitic pyroclastic mdteviach are the products of
extremely hot pyroclastic flows associated with legjve lava-fountaining and

eruption plume activity. These flow deposits représa potentially devastating

i
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Figure 5.8: Isopach map showing generalised ash fall thickfiesa a sub-plinian — Plinian plume
associated with an eruption at Tongariro with priéivg SW winds. Main lifeline networks are shown
to indicate the extent of the damage in the cemMi@th Island. Map based on field observations of
fall deposits from past North Crater eruptions.
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hazard which may impact on a wide area of the akrtiorth Island. The
pyroclastic rocks have been interpreted to be thmdycts of hot, initially
turbulent mass flows of frothy andesite spatteredsifrom the margins of a

vigorous, pulsating incandescent fountain or suigot plume.

Pyroclastic flows occurred simultaneously with vipeead fall deposits at North
Crater as the eruption intensity varied and proddlmevs of varying energy, most
travelling at least 3-4 km from the vent. Flowsth® north and west were the
hottest, and as flows moved down slope depositiatenal and losing heat and
mass they became more granular. Associated witbethet pyroclastic flows

were hot and turbulent ash clouds. These groungthgdglows were extremely

mobile and ash layers found in road- and tracksetgions to the north of North
Crater are interpreted as ash cloud deposits adedciwith North Crater

pyroclastic flows. The widespread fall depositsgisting of ash and lapilli layers
were deposited up to 20-40 cm thick on the Tongaiirg plain and record the
fallout from a high sub-plinian plume (Fig. 5.8)ispersal from this convecting
plume was probably episodic, and concurrent witborous explosive lava

fountaining of varying intensity.

Ballistic fallout from a high, vigorous fire-fountawould pose less of a hazard
than the pyroclastic flows and associated ash sloasimuch of the risk would be
contained to within 2-3km of the vent (Fig. 5.9pl€blocks and hot bombs from
a fire-fountain can leave the vent at ballistigactories impacting the local area
close to the vent. The hot temperatures of theeandibombs potentially can cause
fires in the surrounding vegetation and DOC infuasture, and fallout of these
are hazardous to any public in close proximity e tvent, i.e. walking the

Tongariro Crossing track.

5.6.1 Hazard Scenarios

Andesite pyroclastic flows may extend for several keyond their source at
speeds of up to 10-100 m/s (Nakada 2000). Nortthe€Cfws probably travelled
no further than 4 km from the vent (Fig. 5.9 ang.B.10), but the associated hot,

mobile ash clouds would be capable of significahygcal impacts as they
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decouple from the parent flow and could travel 4 km (Fig. 5.9). Impacts from
this ash cloud surge may include ignition of fireshe surrounding National Park
and exotic forestry, and widespread ash fallouesehground-hugging ash clouds

may be the most dangerous aspect of even low epgrgglastic flows, and their
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Fig 5.9: Hazard map of north and western sectors of TongaXational Park depicting potential hazard
zones for pyroclastic flows, lava flows and lavasftain fallout. Determined from field observaticarsd
likely fall zone of pyroclastic fall or flow pathtopographically controlled flows. Zones based on
scenario involving winds from south and southwest.
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movement is not constricted to valleys like theeparflow. The ash cloud may
spread rapidly over any terrain, jumping catchmemd out-running the parent
flow (Nakada 2000). Features at risk include DO@cks and associated
infrastructure, roads, power lines and networkscliding the hydropower
Tongariro Power Scheme), forestry plantations aatémways.

Figure 5.10: Digital Elevation Mode[DEM) looking south over Tongariro National Parkntesd on
North Crater. Red lines depict potential flow pattigyroclastic flows down gullies and streams dgri
a large eruption with prevailing winds from the #oand west. Orange lines indicate a distal hazard
from mixing of pyroclastic flows with water to prext destructive lahars.
Snowmelt or rainfall accompanying this eruption reré could sweep away
fresh, loose tephra from the steep slopes of tih&awo to form destructive lahars
flowing down confined valleys (Fig. 5.10). Thesdédes potentially extend the
area of impacts well beyond the National Park bamndputting at risk major
transport networks (roading and rail), power linésydropower scheme),
pipelines, water resources, forestry, farmland dochl settlements in the

surrounding area (Rodolfo 2000).

Ash and lapilli fall from a sub-plinian plume albas the potential to impact a
large portion of the central North Island, depogjtii. mm of ash as far as North
Waikato, Tauranga, Whakatane and Hastings (Fig. Bsh will disrupt airports,
affect livestock, create respiratory problems, aomhate water and cause minor
building damage. Machinery and equipment with mgviparts can also be
damaged through clogging or abrasion. If the eomptplume is sufficiently
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buoyant to reach the stratosphere it can causeesesgk to aircraft as their radar
is not capable of detecting ash clouds allowing &slbe passed through the
engines and cause severe abrasion to leading €dgks and Casadevall 2000).
GeoNet monitoring should provide sufficient warrsngf eruption activity
capable of producing widespread ash fall in Newlateh
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b)

Figure 5.7: Eruption history at North Crater. a) Phase 1 - initial eruption at North Crater forms
buoyant sub-plinian plume with local small-scale pyroclastic flows from partial column collapse. b)
incorporation or injection of a varying magma lead to vent erosion and resulted in change to dominant
collapsing plume activity, associated with small-scale lava-fountaining producing mingled facies and

other pyroclastic flows. ¢) Phase 2 - lava-fountaining with eruption column to produce welded fall
deposits near vent which have undergone lateral transport with distance from vent. d) Phase 3 -
change back to predominantly collapsing plume activity with small-scale lava-fountaining to produce
pyroclastic flow deposits. e) Phase 4 - Climax of eruption at start of phase, vigorous lava-fountaining
producing high, spreading fountain and welded fall deposits which have undergone lateral transport
further from vent. f) Phase 5 - waning stages, lava fall back and accumulation in the summit crater
allows magma degassing. Result in lower fountain heights and formation of ponded, degassed lava,
eventually causes eruption to cease.
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Chapter 6

Summary and
Conclusions

North Crater is a young vent on Tongariro volcartoolr was active around 14
12 ka ago with late stage activity to form the espdn pit. Little previous work
has been carried out on North Crater; althoughntegeochemical work by
Doyle (2006) established a geochemical link betwpssximal North Crater
deposits and the distal Rotoaira Lapill. The widat top summit crater
geomorphology of North Crater is distinct compawith other andesite cone
volcanoes. The formation of the cone may have aksen controlled by the
neighbouring Blue Lake and Tongariro Trig vents amdlerlying proto-North
Crater topography.

North Crater stratigraphy, correlations and faaharacteristics were compiled
from extensive field work on North Crater and inxed the logging and mapping
of 80 field sites in the proximal, medial and distavironments. In many of the
outcrops in the proximal environment sequences elded and non to poorly
welded deposits can be seen. The intensely, syromgl moderately welded
facies show varying degrees of clast outlines amdrelatively dense, cohesive
units. Some poorly to non-welded facies show charestics of pyroclastic fall

deposition, while the majority show characterisb€pyroclastic flow deposition.
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Although there are rapid stratigraphic changes bmthzontally and vertically,

correlation of units in the proximal environmentpigssible, allowing a complete
stratigraphy of North Crater to be compiled. Catieins between proximal units
and those units in the medial and distal envirortraes also possible. This allows
correlations between the proximal cone-building atggs to be made with the
Rotoaira Lapilli and confirms the North Crater smufor this distal tephra, rather
than from Te Maari. However, further correlatiorivibeen more medial sites may

be needed to establish the stratigraphic correlatfondividual beds.

Laboratory analyses of representative samples atetlefrom proximal, medial
and distal stratigraphic sections were carried iaubrder to characterise the
various facies at North Crater. This included grasize, componentry,
petrography, SEM studies and clast density anccuksity to determine spatial
and temporal differences in the deposits. The nitgjof samples collected in the
proximal environment show coarse mean grain sizkratatively poor sorting,
suggesting deposition by pyroclastic flow. Limitedl deposits are indicated by
their well sorted character. Deposits in the disa&ivironment display
characteristics typical of fall deposits (mantleltded, well-sorted) and are of finer

mean grain size.

The welded deposits in the proximal environmentwshelatively high bulk
density but grain sizes generally cannot be estaddi because particle boundaries
are not discernible. Non-welded deposits are tyyyicenoderately to highly
vesicular, with units made up of both coarsely esdsir scoria and finely
vesicular pumice. All deposits are crystal rich anaontain
plagioclase>clinopyroxene>orthopyroxene>opaquesiai Plagioclase
phenocrysts show complex disequilibrium texturaszchsas sieve, oscillatory
zoning and dissolution, which indicates complex maghamber processes in an
open magmatic system. Olivine phenocrysts showtiogato fine grained augite
and indicates disequilibrium with the enclosing mag The inclusion of
quartzofeldspathic xenoliths in the majority of $d@s would suggest crustal
assimilation is also an important process. Somstgidisplay varying degrees of

mingled groundmass textures between dark and ¢igloured glass. SEM studies
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confirm the presence of microlites in only the dgl&ss, whereas the light glass

contains no microlites.

SEM analysis of ash clast morphology revealed riistgroups contained in
matrix and fall deposits. Ash clasts which displdglicate structures are
moderately to highly vesicular and have sufferdtleliedge modification and
abrasion and are interpreted to have been depasstéall units or as low energy
pyroclastic flows. Ash which is poorly vesiculahosvs no delicate structures and
has suffered extensive edge modification, andterpneted to have formed from
high energy, high concentration pyroclastic floiEMS analysis of polished thin
sections revealed vesicle morphology in pyroclastasts. Clasts with higher
vesicularities displayed larger and more complekbbel shapes and suggests
bubble coalescence. Clasts with lower vesicularitisplayed medium to smaller
bubbles with smoother shapes and a denser packinggament and indicate

time for bubble growth was restricted.

Geochemical whole rock analysis showed the majaftyleposits to be calc-
alkaline andesite with limited basaltic andesitarkeér variation plots display
mainly straight line trends between ifoor and Si@rich magma, which may
indicate magma mixing and processes involving aenomagmatic system with
multiple magma batches feeding North Crater eramgtid’henocryst mineralogy
of plagioclase indicates magma disequilibrium wifarying core to rim

compositions. Some clino- and orthopyroxenes in game sample also show

disequilibrium, and indicate magma mingling and imgxis occurring.

Groundmass glass geochemistry shows melt compositrange widely from
andesite to rhyolite, with as much as 14 wt% Si@riation within a single clast.
Dark glass ranged between 57-71 Sifi% with a variation of 12 wt% SKO
within a single clast. Light glass ranged betwe®+¥3 wt% SiQ with a variation
of 6 wt% SIQ in a single clast. This suggests at least twolgutzintrasting
magmas are mixing, and the physical appearanceuéstd the presence of
microlites, rather than chemical differences. Geotiometry calculations of
titanomagnetite-ilmenite pairs indicates they are disequilibrium, again
suggesting that magma mixing and mingling is ocogrr Calculated magma
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viscosity, density and temperature measurementsg) tse MAGMA software all

fall within the typical range of andesite whole ko@lues.

The evidence for magma mixing and mingling at NdCwrater is strong, with
variations in phenocryst textures, crystal diseguim and geochemical trends.
Magma may be feeding into and mixing inside magheartoers prior to eruption,
although mixing and mingling inside the conduit malgo be an important
process. The injection and mingling of magma inagma chamber may also be
important for triggering eruptions at North Crateowever ‘second boiling’ may
also have initiated eruptions. At North Crater aitile magma is thought to have
displayed high magma ascent rates, low degreesubblé coalescence and
homogenous 2-phase flow to allow the formationasflfountains. The viscosity
of andesite magma is usually not as low as th&gm€al basaltic Hawaiian style
fire-fountaining and results in features such asttep piles and welded
agglutinates preserved around the vent. Magma chawmlfferences may have
lead to changes between explosive andesitic lawatéining and large eruption
plumes at North Crater. Possible changes in velmisanay also have allowed the
formation of a collapsing plume after the initiabsplinian eruption.

Cone formation at North Crater occurred in partrfreigorous lava-fountaining
producing strongly welded deposits and agglutinetese proximal environment.
Shear movement may have occurred to produce tbeghyr attenuated and thin
ribbon-like clast outlines in some welded deposifter initial deposition as
fallout from a lava-fountain further down slopepfain fallout has changed to
lateral transport and deposition as pyroclastiev$loMany of the non to poorly
welded deposits on the slopes of North Crater Hasen interpreted to have
formed from pyroclastic flow, both as high energigh concentration pyroclastic
flows and as lower concentration, lower energy glanpyroclastic flows. Some
of these poorly welded units are seen to grade ttewelded facies close to the
vent. Concurrent buoyant eruption plumes with léuataining can be
interpreted from the presence of texturally mixadids. End member scoria and
pumice are present with varying intensity minglémsts. These mingled textures
may have formed in the conduit as physical vamstibetween magma in the

conduit margin and centre became apparent, and naiagled just prior to
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fragmentation. This would have allowed margin magmarupt as a small scale
lava-fountain and the central magma to erupt asraption plume. Sub-plinian
eruption plumes have also occurred during the N@thter eruptions. These
plumes have deposited pumiceous tephra in the imadd distal environment,
and produced the regionally dispersed Rotoaira llLaphese deposits display
typical fall features, although dark grey ash layfaund in the upper Rotoaira
Lapilli has been reworked but initial depositionshaccurred from either fallout
from a plume or as a co-ignimbrite ash cloud swaggociated with pyroclastic

flows higher on the cone.

Previous work elsewhere on Tongariro has identifieited evidence for small-
scale pyroclastic flows, but at North Crater thexesvidence of extremely hot
pyroclastic flows associated with explosive lavarftaining and eruption plume
activity which represents a potentially devastatiagard. North Crater flows did
not travel far from the vent, but the associatet hwbile ash clouds would be
capable of significant physical impacts as theyehéne potential to travel much
further. Impacts from this ash cloud surge mayudel ignition of fires in the
surrounding National Park and exotic forests, al aswidespread ash fallout.
Snowmelt or rainfall mixing with loose tephra ore tfianks of the volcano could
form destructive lahars down confined valleys atr@asns, especially on the
northern slopes of Tongariro. Features at riskuitel DOC tracks and associated
infrastructure, roads, power lines and networksclg@iding the hydropower
Tongariro Power Scheme), forestry plantations aatemways. Ash and lapilli fall
from an eruption plume also have the potentialnipact a large portion of the
central North Island, depositing ash perhaps asdaNorth Waikato, Tauranga,

Whakatane and Hastings.
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Sampl e Catalogue

Analyses Undertaken Hand Specimen Description
Salrgple Waikato # g?g Easting  Northing | Seve TS  Density MP XRF Colour Gar_gjen Vesicularity Texture Other Comments
AGO01 20060116 45 2739054 6228947 Y N Cream \f/iﬁ';}y Metamorphosed crustal xenolith
Grevish Vitrophvric Dense welded unit. Bands of redder less
AG02 20060045 47 2739215 6228562 Y Y re)(/j fine 10-15% Joor ?\ )r/itic vesicular, 3.8mm wide, with wider greyish
porphy red mod-vesic, 1-1.3cm wide bands
Pinkish Dense welded unit. Large cryst in v fine
AGO03 20060046 9 2738965 6228810 Y Y med are fine 10-15% Porphyritic  groundmass. Possible recrystalised xenoliths
arey seen as sugar like inclusion 3mm by 12mm
Dense welded unit. Minor concentration of
AGO4 20060047 10 2739022 6228818 v v Brownish  fine to 15-20% V|trophyr|§: dark minerals in |nfor_ma| bgnds or clusters,
red coarse /Porphyritic  ~20%dense sub-ang inclusions 5-15mm of v
dark grey, scoria clast
AGOS 20060048 57 2738605 6228646 v v Very dark fine- 10-15% Porphyritic Dense welded unit. Red sub-rnd clast 3-6mm
grey med seen, some crystals seem sub-parallel
Pinkish fine- Dense welded unit. Inside vesicles reddish
AG06 20060049 57 2738605 6228646 Y Y Dark are med 20-25% Porphyritic  colour, rounded inclusion can be seen, some
grey large crysts or clusters of crysts seen
AGO7 20060050 58 2738552 6228587 Y Y Ligreygr ~ fine 5-10% Porphyritic ~ Vesicles small, in desgahgly welded unit
AGO8 20060051 59 2738630 6228380 Y Y Med grey fine <5% Porphyritic/  Appears to be strongly/densely welded unit
vitrophyric as minor vesicles
fine to Porphvritic/ Dense welded unit. Phenocrysts mostly large
AG09 20060052 60 2738537 6228329 Y Y Med grey med 5% vitrg %’ ric 3-4mm, possibly some squashed lithics, and
phy! stretched clasts.
Grevish Vitrophyric Dense welded unit. Conc of dark
AG10 20060053 2 2739327 6228093 Y Y Y fine 30-40% phyr minerals/colours along bands, with low
red ftrachytic : h
vesic, crystals aligned sub-parallel
Slig‘ht ) Porphyritic/ Dense welded unit. Inclusions of dense
AG11 20060054 2 2739327 6228093 N Y pinkish fine 5-10% . N e
grey vitrophyric angular lithics
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Sampl e Catalogue

Analyses Undertaken Hand Specimen Description
Salr?jple Waikato # FSI:?S Easting  Northing | Seve TS  Density MP XRF Colour GSrigjen Sieve Texture Other Comments
Grevish Vitrophyric Dense welded unit. Conc of dark minerals in
AG12 20060055 2 2739327 6228093 Y Y N N ir)llk fine 15-20% /tra(?h yic informal bands or clusters, dense round
P W inclusions 15mm seen
Dark Dense black scoria clast, vesicles small and
AG14 20060056 61 2739173 6227849 Y Y N reviblack med 5-10% Porphyritic  compacted.dense angluar inclusions seen
grey inside 10x8mm
Pinkish Vitrophyric Dense welded unit. Bands of darker grey
AG15 20060057 62 2739157 6227849 Y Y N N fine 5-10% phyri minerals & glass with lighter pinker bands
grey Iporphyritic b
etween.
AG16 20060058 63 2738228 6228439 Y Y N ¥ Darkygre M 25350  Porphyriic DeNSly welded black scoria. Small vesicles,
med large crystals
AGL7 20060059 66 2738652 6228818 N N N Gr(_ay|sh fine to 10-15% V|trophy_r|_c Den;e we_zlded unit. Conc of dark minerals
pink med Iporphyritic into informal bands or clusters.
Very dark Vesicles tiny, from dense/intensly welded
AG18 20060060 66 2738652 6228818 Y Y N g):ey fine 10-15% Porphyritic ~ flow in stream below hut. Lower older lava
unit?
AG19 20060061 69 2739447 6231043 N N N N Black dme V|trophy_r|_c Loose black scoria Iap||||_un|t, uniform size
Iporphyritic and colour, unsure if NC source
4 ) Vitrophyric ~ Black scoria bomb taken from Block & Ash
- 0,
AG20 20060062 69 2739447 6231023 Y Y N Y Black nefi 30-40% Jporphyritic  flow, see dense angular inclusions 30x8mm
AG21 20060063 69 2739447 6231043 N v N Orangey med Vitrophy_ri_c Loose pumice & scori_a lapilli deposit,
brown Iporphyritic predom poor vesicular clasts
Dense welded unit. Sub-rnd slightly
4 . fine- 0 -, elongated inclusion of lighter grey/white
AG22 20060064 19 2739290 6228426 Y Y N Y Ligheygr med <5% Porphyritic colour, ~50% cryst, sub-ang dense inclusion
also seen 15mm.




Appendix A Sampl e Catalogue
Vitrophyric Dense welded unit. Conc of dark
AG23 20060065 20 2739290 6228424 Y Y N Y Rusty re fine 30-40% Joor ?\ )r/itic minerals/glass in bands in some areas, dense
porphy sub-rnd inclusions 8mm
Analyses Undertaken Hand Specimen Description
Salr:ljple Waikato # Fslﬁlg Easting  Northing | Sieve TS  Density MP  XRF Colour Gsriiuen Vesicularity Texture Other Comments
Dense welded unit. Mainly med grey but
AG24 20060066 52 2739324 6229134 v v N N Pinkish med 20-25% Pprphyrlt!c/ faint areas of plnklsh grey clast shapes in
grey vitrophyric sub-parallel alignment, slightly elongated
shapes.
Mixed Loose scoria lapilli deposit, some clasts are
black, ) 1E0 Porphyritic/  intensely mingled, other just black or yellow
AG25 20060067 23 2739595 6228443 Y Y Y Y brown and fine 10-15% vitrophyric end member clasts, some pinkish red lapilli
yellow. and dense lithics
Black, ) Porphyritic/  Loose scoria lapilli unit, dense lithics crystal
AG26 20060068 25 2739548 6228399 Y Y N Y| irridescent  fine 5-10% . . . !
blue vitrophyric rich clasts
AG27 20060069 25 2739548 6228399 N Y N yy Brownish go 5100  Porphyritic/  Loose scoriafpumice lapilli unit, coarse
orange vitrophyric matrix, dense lithics, cryst rich
AG28 20060070 24 2739578 6228431 N N N N Bluish — fine- - - Slightly consolidated ash
grey med
Black and Vitrophyric Intensely mingled/banded pumice & scoria
AG29 20060071 45 2739054 6228947 Y N Y Y creamy fine 40-45% phyrie y ming }aed p ,
b Iporphyritic cryst rich
rown
AG30 20060072 70 2753313 6238242 N N N Orangey fine- 20-30% Loose fall deposit, minor lapilli mostly'
brown med coarse ash, clasts sub-round, ring plain
AG31 20060073 70 2753313 6238262 N N N orangey o 20-30% Loose fall deposit all ash apart from very
brown minor small lap, ring plain
AG32 20060074 72 2751703 6231947 N N N Orangey g0 20-300  "orphyritic/ Loose lapill fall deposit, ring plain
grey vitrophyric
Orangey ) 200 Porphyritic/ - I .
AG33 20060075 72 2751703 6231907 N N N grey fine 20-30% vitrophyric Loose lapilli fall deposit, ring plain
AG34 20060076 72 2751703 6231907 N N N Darlygre fine Loose ash fall deposit, ring plain
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AG35 20060077 72 2751703  62319Q7 Y Y N Y| Orangey fine 20-30% Pprphyntlp/ Loose lapilli fall deposit, ring plain
brown vitrophyric
AG36 20060078 74 2749739 6232073 Y Y Y y Orangey g0 20-300%  orphyritic/ Loose lapill fall deposit, ring plain
yellow vitrophyric
Analyses Undertaken Hand Specimen Description
Salrgple Waikato # g?g Easting  Northing | Seve TS  Density MP XRF Colour Gar_gjen Vesicularity Texture Other Comments
AG37 20060079 74 2749739 6232073 N N N N Darlygre fine Loose ash fall deposit, ring plain
AG38 20060080 74 2749739 6232073 N N N Orangey g0 20-300%  "orphyritic/ Loose lapill fall deposit, ring plain
yellow vitophyric
AG39 20060081 75 2748196 6232419 N N N y Yellow g 20-305  "orphyritic/ Loose lapill fall deposit, ring plain
brown vitrophyric
AG40 20060082 75 2748196 6232419 N N N Darlygre fine Loose ash fall deposit, ring plain
AGA1 20060083 75 2748196 6232419 N Y Ny pelow e 20-300%  Forphyritic/ Loose lapill fall deposit, ring plain
rown vitrophyric
Dark Porphyritic/ Loose fall deposit, dense sub-rnd to rnd
AG42 20060084 76 2739875 6232923 Y N YY Y| redish med 10-20% . . . . N .
brown vitrophyric juveniles and dense lithics with coarse ash
4 Orange -
AG43 20060085 76 2739875 6232923 N N N brown coarse Loose ash fall deposit, distal
AGA4 20060086 76 2739875 6232923 N N N Blackish 04 10-20%  Porphyritic/ Loose lapilli fall deposit, distal
grey vitrophyric
Loose pumice & scoria deposit, denser red
AG45 20060087 16 2739569 6228548 v v N v Orange med- 10-20% V|trophy_r|_c scoria and creamy pumice with coarse ash.
brown coarse Iporphyritic  Chips off large clasts unable to bring back to
lab to do vesic work
AGA6 20060088 16 2739560 6228598 Y Y N N Black Med- 10-20%  Yirophyric  Loose scoria lap deposit, chips off larger
coarse Iporphyritic clasts unable to bring back
AGAT 20060089 38 2739686 6228639 N v N w Yellow med- 10-20% V|trophy_r|_c Loose pumice Ifap|I|| deposit, some clasts
brown coarse Iporphyritic with mingled textures




Appendix A

Sampl e Catalogue

Loose pumice & scoria deposit, lapilli and

AG48 20060090 1 2739446 6228547 Y v N \ Orange med- 10-20% Vitrophyric  coarse ash, some dense red scoria, round and
brown coarse Iporphyritic  dense lithics (cream). Chips off larger clasts
not able to bring back
Loose scoria & pumice lapilli with coarse
Brown med- Vitrophvric ash, poor vesic, hard to tell if any mingled
AG49 20060091 1 2739446 6228547 N Y N Y 5-15% phyri clasts at this stage, need to clean up clasts.
black coarse Iporphyritic ; h
Chips off larger clasts unable to bring back
to do vesic work
Analyses Undertaken Hand Specimen Description
Salrgple Waikato # g?g Easting  Northing | Seve TS  Density MP XRF Colour Gar_gjen Vesicularity Texture Other Comments
AG50 20060092 1 2739446 6228547 N Y N y Orange  med- 5% Vitrophyric | <6 pumice & scoria lapilli and coarse ash
brown coarse Iporphyritic
AG51 20060093 1 2739446 6228547 Y Y N N Rusty red fine 30-35% ){)‘gf"’)‘;@r’{;i‘é Scoria from welded unit, very fine vesicular
Creamy Loose pumice & mingled scoria unit, large
AG52 20060004 36 2739624 6228444 N Y N Y brownand M- 15200  Yitophyric lapilli & some dense ang lithics. Chips off
dark brown  ©°2arse Iporphyritic larger clasts unable to bring back to do
vesicularity on.
AG53 20060095 27 2739499 6228341 Y Y N N Brownish med- 5-10% V|trophy_r|_c Loose scoria lapilli and coarse ash
black coarse Iporphyritic
Mix of yellowish brown pumice lap &
AG54 20060096 27 2739499 6228341 N v N Yellowish med- 5-15% Vitrophyric ~ denser black/dark grey scoria (minor) lapilli
brown coarse Iporphyritic with coarse ash. Chips of larger clasts not
able to bring back for vesic work
AG55 20060097 78 2739177 6227901 N Y N YY Reddish med- 5% V|trophy_r|_c Loose scoria lapilli deposit with coarse ash
black coarse Iporphyritic
Scoria clast from mod welded unit below
AG56 20060098 78 2739177 6227901 N N N N Rugty re fine 40-45% Porphyritic cave. Can see some clast shapes(small)
where app scoria have stuck together
AG57 20060099 62 2739157 6227849 Y Y N y Brownish g0 25-30% Porphyritic Welded black scoria unit, partially
black weathered




Appendix A Sampl e Catalogue
Dense/strongly welded unit, from lava lake
med-dark o " which has spilled over the west lip, lithics
AG58 20060100 79 2738983 6227803 Y Y N Y grey med <5% Porphyritic inclusions seen, some pinkish grey tinges in
patches
Dark
AG60 20060101 80 2738833 622773 Y Y N Y pinkish fine 10-15% Porphyritic Part of welded scoria unit
grey
AG61 20060102 80 2738833 622773 Y Y N y o Crevish e 15-20% Porphyritic _ DeNSe scoria unit. Minor flow bands with
red concentration of dark minerals in some areas
Analyses Undertaken Hand Specimen Description
Salr?jple Waikato # FSI:?S Easting  Northing | Seve TS  Density MP XRF Colour GSrigjen Vesicularity Texture Other Comments
AG62 20060103 55 2738329 622844 Y Y Y Medium 5o <5% Porphyritic ~ DENS€ strongly welded unit, some flow
grey banding/stretched clasts
AGE3 20060104 55 2738329 622844 v v N Light-med fine- 5% Porphyritic Dense strongly We'lded unit, some stretched
grey coarse banding/clasts
Greyish ) - .
AG64 20060105 9 2738965 6228810 Y Y N N black fine 5% Porphyritic Dense strongly welded unit
AG65 20060106 9 2738965 6228810 Y Y N y Brownish  med- 5150 VIWOPYIC ) oo scoria lapilli deposit with coarse ash
black coarse Iporphyritic
AGE6 20060107 9 2738965 622881l v v N Rusty fine 35-40% V|trophy_r|_c Part of scoria (_:Iast, appears r_ed exterior and
brown red Iporphyritic blackish brown interior.
med- Vitroohvric Loose black scoria lapilli deposit with coarse
AG67 20060108 44 2739045 6228906 N Y N Y Black 10-20% phyri ash. Chips off larger clasts couldn’t bring
coarse Iporphyritic :
home to do vesic work
Loose pumice lapilli deposit, some clasts
) ’ . show faint mingling, crystal rich, minor
AG68 20060109 45 2739054 6228947 Y Y Y Y Yellow med 10-15% Vltrophy_n_c denser scoria/pumice of darker brown
brown coarse Iporphyritic . s
colour. Chips off larger clasts couldn't bring
home to do vesic work




Appendix A Sampl e Catalogue
Blackish med- Vitrophvric Loose scoria lapilli deposit with coarse ash
AG69 20060110 45 2739054 6228947 N Y 10-20% phyrie and lithics. Chips off larger clasts unable to
brown coarse /porphyritic : :
bring home to do vesic work
. ) . Loose scoria deposit with coarse ash. Chips
Blackish med- Vitrophyric e o
g - 0,
AG70 20060111 15 2739121 6228992 Y Y Y| brown coarse 10-20% Jporphyritic of larger clasts cquldn t bring home to do
vesic work
Dark med- Vitrophyric Loose scoria lapilli and ash deposit, some
AG71 20060112 15 2739121 6228992 N Y N orange 10-15% phyri mingled pumice & scoria. Chips of larger
coarse Iporphyritic ) ;
brown clasts unable to bring home to do vesic work.
AGT72 20060113 15 2739121 6228992 Y Y N Brownish fine 10-15% Vltrophy_rl_c Weathered red scoria from welded unit
red Iporphyritic
Analyses Undertaken Hand Specimen Description
Salr:ljple Waikato # Fslﬁlg Easting  Northing | Seve TS  Density MP  XRF Colour Gsri?en Vesicularity Texture Other Comments
Brownish Weathered scoria clasts from moderate
orange Vitroohvric welded scoria unit. Partial welding at some
AGT73 20060114 50 2739134 6228835 N N N outside fine 10-15% Joor ‘?‘ )r/itic point contacts but not all, mainly clast
with black porphy supported unit. Clast has large vesicles in the
inside centre and smaller ones on the outside.
Dark grey Dense strongly welded unit, some minor
AG74 20060115 53 2738480 6228017 Y Y Y with minor  med 2% Porphyritic n %V bone of ol
pink stretched out ribbons of clasts.
Vitrophyric From welded units on the side of Blue Lake,
BLO1 N Y Y Y Y Black fine 10% /porp?)y>r/itic partway downslope, possible North Crater

source.
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Stratigraphic Column

Field Trip: Eastern Gully 1 - North Crater

Field Site: 1

Date: 16 1 2006
day month vyear

Region: North Crater Tongariro National Park - Tongariro

Location: 2739446 6228547

Thick. Graphic Log Sample
(m) No

Description

15m.

AG49
10m

AG48

AG51

AG50

Black scoria unit, non-poorly welded lapilli and bomb, massive unit. Juvenile
clasts 8-10cm max 35cm, moderately vesicular. Dense angular blocks 10-
15% size 8-10cm, rare >1m and appear to be wall rock lithics, angular to
sub-angular. Juvenile clasts sub-angular to sub-round. Predominantly clast
supported, very minor matrix. Appears to be a concentration of dense clasts
near base of unit, which has a sharp contact with lower unit.

Red-black scoria non-welded unit, clasts appeared weathered on outside to
red/brown colour. Clasts coarse lapilli and bomb size 4-6¢cm up to 12-15cm,
moderately vesicular. Some black and cream mingled scoria and pumice,
moderate-high vesicular. Predominantly clast supported, but minor matrix
bearing of coarse ash. Some dense angular lithics 10-15%. Has a sharp
contact with the lower unit.

Black scoria non-welded unit. Clasts bomb and blocks of size 8-10cm and
poor-moderately vesicular. Clasts have ragged appearance and are sub-
angular to sub-round. Some dense angular lithics <10%, max size 12cm.
Unit has a sharp contact with lower unit.

Creamy yellow pumice unit. Massive, poorly sorted, non-welded lapilli to
small bombs 5-8cm. Dense juveniles of black and red scoria, mingled
pumice/scoria. Dense angular lithics 10-15% size 4-6¢cm, max 12cm. Unit
clast supported with weak matrix support. Unit appears to lens in and out
further up and down slope.

Black scoria non-welded unit. Clasts bomb and blocks of size 7-10cm poor-
moderately vesicular. Clasts have ragged appearance and are sub-angular to
sub-round. Some dense angular lithics <10%, max size 12cm. Unit has a
sharp contact with lower unit.

Black coarse ash bed not seen here, possible lenses out at this site, or been
removed during deposition of upper unit.

Red-orange breccia unit. Very coarse ash and lapilli with dense clasts
grades quickly down into very large clasts 50cm-1m, poorly sorted
weathered red-orange colour, with agglomerate zones (possible margins of
large clasts). Rugged spatter like clasts >1m with irregular boundaries,
interspersed with non-welded fine scoria zones. Presence of dense angular
lithics indicate pyroclastic origin. Juveniles dense to poor vesicular. Very
dense blocks at base of breccia.

Greenish-cream tuff. Exposed in lower stream cutting below breccia. Highly
consolidated. Very fine ash with some pumice lapilli, mud like deposit,
contains dense lithics and rounded mud like balls 1-2cm diameter - possible
accretionary lapilli. Disintegrate when try to extract from face. Unit possibly
highly weathered as so mudlike.




Stratigraphic Column

Field Trip: Eastern Bluff - North Crater

Field Site _2

day month year

Region: North Crater Tongariro National Park - Tongariro

Location:

2739327 6228093

Thick.
(m)

Graphic Log

Sample
No

Description

20m

10m =

IEEEETE IRRRNERE PR

AG10

AG12

Pinky red scoria unit strongly welded, some weathering to brown-red.
Top surface is very knobbly spatter, clasts ap?lear sub-rnd to slight
cowpat-like, 3-6 cm, mod/poor vesic, cryst rich. Quickly grades down
into clasts being less visible, entire unit strongly welded. Grades
down to clast outlines not visible, intensly welded. Minor dense
angular WRL, dark grey, 8-12cm max 45cm. Slight gradational
contact with lower unit.

Pink/grey scoria unit. Some pink stretched clast ribbons in pinky grey
groundmass. Strongly welded. Minor dense angular WRL 8-10 cm.

Grey scoria unit, strong/intense welded, poor-mod vesic, cryst rich.
Columnar joints seen giving some areas smooth face, other areas
have knobble face like below. Some clast shapes seen, cowpat-like, -
G-Er!]cm. Some dense angular WRL 10-15cm, dark grey/black, cryst
rich.

Red scoria unit, strongly welded, cryst rich, minor dense lithics (dark
ﬁre ). Can see some clast shapes which appear elongate and slightly
attened., QolumnarJomtln% at regular intervals (~2m), smooth face
where jointing has occurred, knobbly in some areas where no jointing.
Unit appears to lens in at base on the bluff at this site and tapers out

quickly.

Lapilli

Blocks|




Stratigraphic Column

Field Trip: North Bluff - North Crater Date: 23 1 2006
Field Site: / day month year

Region: North Crater Tongariro National Park - Tongariro

Location: 2739101 6229057

Thick. Graphic Log Sa,{jnop'e

(m) Description

40m

30m

Black scoria unit, poorly welded/compacted at base 30cm, moderatly
welded above. Clasts appear sub-rnd to rnd and moderatly vesicular and
6-7cm in upper mod welded section. Dense angular WRL 5-7cm dark
grey/black. Matrix and some clast support.

1om ] Black scoria unit poorly welded/compacted at base 40cm, moderatly

E welded above. Clasts appear sub-rnd to rnd and moderatly vesicular and
6-7cm in upper mod welded section. Dense angular lithics 5-7cm dark

grey/black with large white crystals and sub-angular. Matrix support and
some clast support.

Greyish brown pumice lapilli unit. Similar to seen earlier. Pumice poor
vesicular outside but high vesicular inside, and crystal rich with large black
crystals <4mm. Clasts 6-8cm max 15cm, min 1cm. Clasts weathered to
greyish brown outside but have brown interior. Clast supported, massive,
non-welded. Dense ang WRL dark grey to black, 4-7cm, max 12cm.

Scree ledge

Pinkish red scoria unit. Highly weathered outside to dark grey, some thin
bedding (cm scale) can be seen which tapper out with distance. Strongly
welded unit. Dense sub-ang WRL seen.




Stratigraphic Column

Field Trip; North Bluff - North Crater

Field Site: 8

Date: 23 1 2006
day month vyear

Region: North Crater Tongariro National Park - Tongariro

Location: 2739001 6228885

Thick. Graphic Lo Sample

(m) 4 P 9 No Description
40m |

30m

20m ]

10m

Greyish black scoria unit, intensely welded, medium grey to black colour,
crystal rich. Some dense angular WRL, but cannot see scoria clasts. Unit
tappers out quickly over 40m to the north. Irregular fractures or columnar
joints extend partway into the unit below.

Greyish black scoria unit, strongly welded with smooth rock face where
jointing has caused blocks to fall off. Dense angular IWRL seen, dark
grey, 4-6cm. Some stretched out/elongated dark grey clasts. Basal 10cm
moderalty welded can see knobble clast appearance to face where
some erosion has occured and forms narrow ledge into unit below.

Greyish black scoria unit, strongly welded, some dense angular WRL(~20%)
3-6cm dark grey. Cannot see indivitual clast shapes and sizes but face has
a knobbly appearance. Base 10cm mod welded as narrow ledge formed
into unit below.

Greyish black scoria unit, strongly welded. Dense angular WRL 3-6¢cm dark
grey. Hard to make out indivitual clast shapes and sizes but face has a
knobbly appearance. Base 10cm moderately welded as narrow ledge
formed to unit below.

Greyish black scoria unit, strongly welded, some dense dark grey WRL 3-
5cm . Clast appear 6-8cm, with knobbly appearance to face, dip of unit ~29-
30'.




Stratigraphic Column

Field Trip; North Bluff - North Crater

Field Site 9

Date: 28 1 2006
day month vyear

Region: North Crater Tongariro National Park - Tongariro

Location: 2738965 6228810

Thick.
(m)

Graphic Log

Sample
No

Description

40m

| I FREETE FETEREEEE N

| T R

30m

20m

10m

AGO03

AG64

AG65

AG66

Pinky red scoria. Srongly welded cowpat like clasts.

Medium grey intensly welded scoria unit. Irregular jointing seen with informal columnar jointing.
Clasts can no longer be seen. Appears non-graded, massive and jointing has caused smooth
face surfaces in some areas. Blocks are 1.5-2m wide and 2.5-3m high. Some lithic seen 2-4cm

Non to poorly welded black scoria unit, still porous and vesicular in some areas (not
compacted). Clast supported with minor matrix support. Scoria poor-mod vesicular and sub-
rnd, sixe 8-15cm max 20cm, but also smaller 2-4cm mixed in. Poorly sorted seems, massive.
Some dense angular WRL 3-4cm light grey fine-med grained.

Red scoria unit non-welded. Clast supported with minor matrix support. Clasts sub-angular
to sub-rounded, some slightly elongated. Some clasts have others stuck to them. Scoria
mod-poor vesicular, size 12-18cm max 22cm. Crystal rich 1-2mm, some clasts show
weathered. Forms narrow scree ledge.

Strongly welded pinkish red scoria unit. Where jointing has occured and blocks fallen off
areas of bedding can be seen on dm scale. Some irregular fractures have caused blocky
appearance to upper face. Unit crystal rich 1-2mm, dense sub-angular WRL present (~20%)
8-18cm max 85cm.

Black scoria unit, clast and minor matrix supported. Some IWRL (~5%) of 4-8cm. Unit is non
welded but some consolidation,massive and poorly sorted. Scoria clasts sub-rnd and poor-
mod vesicular, crystal rich. Forms a narrow scree ledge.

Pinkish red scoria unit, strongly welded can see occasional stretched clast outline off lighter
grey colour. Red scoria appears moderatly vesicular when breaking sections off. Some
minor bedding features can be seen in the upper half on dm scale. Has a wavy bottom
contact with the unit below.

Lapilli




Stratigraphic Column

Field Trip: North Bluff - North Crater

Field Site 10

Date: 28 1 2006

day month year

Region: North Crater Tongariro National Park - Tongariro

Location:

2739022 6228818

Thick.
(m)

Graphic Log

Sample
No

Description

40m

30m

20m

10m

o b b b b e b
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AGO04

Pinky red scoria agglutinate. Strongly welded cowpat like clasts.

Medium grey dense/intensly welded scoria agglutinate unit. Irregular jointing seen with informal

columnar jointing. Welding is so intense clasts can no longer be seen. Appears non-graded,

massive and jointing has caused smooth face surfaces in some areas. Blocks are 1.5-2m wide

and 2.5-3m high. Some lithic seen 2-4cm.

Non to poorly welded black scoria unit, still porous and vesicular in some areas (not
compacted). Clast supported with minor matrix support, scoria poor-mod vesicular and
rounded, size 8-15cm max 20cm, but also smaller 2-4cm mixed in. Poorly sorted seems to
be no grading. Some dense angular lithics 3-4cm light grey fine-med grained. Scoria
weathered on the outside to grey colour. scoria is very crystal rich (plagioclase)

Red scoria unit non-welded, clast supported with minor matrix support. Clasts sub-angular
to sub-rounded with irregular shapes and some slightly elongated. Some clasts have others
stuck to them. Scoria mod-poor vesicular, size 12-18cm max 22cm, minor 4-6cm(broken
fragments). Some mingled clasts present. Crystal rich 1-2mm. Forms narrow scree ledge to
unit above.

Strong/densly welded pinkish red agglutinate unit. Where jointing has occured and blocks
fallen off areas of bedding can be seen indicating flow movement on the scale of 20-50cm.
Some irregular fractures have caused blocky appearance to upper face. Possibly some
areas of squashed and smeared black scoria clasts, but hard to distinguish as up too high.
Unit crystal rich 1-2mm, dense sub-angular lithics present (~20%) (poss juvenile) 8-18cm
max 85cm.

Weathered scoria to light pinky brown colour, not seen at site 9. Non-poorly welded, clast
supported with minor matrix. Clasts sub-round to round and mod vesicular, forms an
undercut notch to unit above.

Black scoria unit, clast and minor matrix supported. Some lithics seen (~5%) of 4-8cm. Non
welded but some consolidation, non graded and poorly sorted. Scoria clasts sub-round and
poor-mod vesicular. Cannot distinguish actual base of unit but forms a narrow scree ledge.
Scoria is crystal rich 1-2mm.




Stratigraphic Column

Field Trip: Eastern Gully 1 - North Crater

Field Site 12

Date: 27 1 2006
day month year

Region: North Crater Tongariro National Park - Tongariro

Location: 2739448 6228565

Thick.

m) Graphic Log

Sample
No

Description

20 m

EREEEE PENRRENEE S

Black scoria unit, moderately welded some dense angular WRL about
12-20cm.

Scree ledge

Black scoria unit. partial welded, but pockets of poor welding. Clasts

mod vesic, 10-15cm max 20cm. Some red scoria <56¢cm, poor vesic

gresent. Dense angular WRL, light grey 3-8cm max 30cm, one large
lock 1.8x0.7m ‘floating’ in unit.

Light orange/red scoria unit. Scoria 1-4cm, with some small WRL 3-
50[{1, non-welded, forms small scree ledge. Grades down into lower
unit.

Orange/red breccia. Lenses out suddenly 1m downslope from here.
Large blocks 20-40cm max 1m. At top of unit grades quickly from red
scoria 8-10cm into the breccia, near base grades back intored scoria
1-4cm (about 10cm), sharp base contact.

Greenish cream ash and pumice tuff. Highly consolidated. V. fine ash
w. dense lithics and rounded weathered? mud like balls <2cm, and
some pumice lapilli. Poss higly weathered? very mud like.

Black scoria unit, non-welded, clasts 2-3cm &6-8cm, max 18cm, mod-
vesic, sub-rnd. Dense angular WRL 4-6cm. Some matrix support but
mainly clast supported.

Rubbley creamy grey pumice unit. Some mingled clasts present. Some
matrix and clas sw&ort. Clasts crystal rich, rounded, 2-5cm. Dense
angdular light grey L 5-7cm, minor dark weathered scoria 6-7cm,

mod vesic.

1ok
locks




Stratigraphic Column

Field Trip: Eastern Gully 1 - North Crater

Field Site 13

Date: 27 1 2006
day month year

Region: North Crater Tongariro National Park - Tongariro
Location: _ 2739395 6228513

Thick.

(m) Graphic Log

Sample
No

Description

10m -

Brownish black scoria unit, poorI%weIded. Clasts mod-vesic, 8-15cm
max 20cm. Dense angular WRL blocks ‘floating’ in, 20-30cm max
80cm, dark grey. Black scoria, looks like smaller clast size w. more
matrix. Above is the brownish black unit again.

Blackish brown (weathered) scoria unit. Poorly welded or compacted
with clasts 8-12cm. Dense angular WRL blocks (~25%), 18-25cm,
dgrk grey. Some red dense scoria <5cm. Top forms a ledge to the unit
above

Yellow/brown pumice unit, non-welded, clast supported. Clasts 8-
10cm max 13cm, mod-poor vesic, sub-rnd. Minor dense red scoria,
sub-rnd to sub-ang, 5-8cm max 15cm. Dense angular WRL, 3-
5cm.dark grey. Mingled clasts (~15%), 8-10cm. Gradational contact
with upper unit, scree below.

lock:




Stratigraphic Column

Field Trip: North Bluff - North Crater Date: 18 1 2006
day month year

Field Site: 19

Region: North Crater Tongariro National Park - Tongariro
Location: 2739121 6228992

Sample

T(hrlr?)k 1 Graphic Log No Description
< S ——
20m

1 ——

? Pinkish red scoria unit - highly weathered outside to dark grey and covered in moss
. N some thin beds can be distinguished, appear to tapper out with distance?

o highly welded unit, containing welded pinkish red spatter and dense lithics

() (wall rock or juveniles??). bedding structures are visible about 20-30cm
= J/-\_

(EUTE] (PUTTTPIT] UTTE
.
b
3 ‘,
X
"
-
.

1Bmd Q. QC-o'C whitish grey pumice unit, non welded
T-Calag:
’/// '/' 7, Z, /’, Scree slope, forms a narrow but steep ledge
v 72z /4
12 E2)
E &\ % >
o —
3 Pinkinsh red scoria spatter deposit, strongly welded. Similar characteristics to the upper
P~ pinkish red unit. Contains large dense angular lithic blocks max 25cm.
= /\-
] ~
10m= m Whitish grey pumice unit, non welded, possibly similar to upper pumice unit.
o
/\_’
E Pinkish red scoria spatter unit., similar to units above
3 i
] ‘ Pinkish red scoria spatter unit. Has sharp contacts with upper and lower units of the same
= characteristics. Knobbly base can be seen on overhangs. Strongly welded, unit can be traced
] = around the outcrop and above cave.

)
S

Pinkish red scoria agglutanate unit, moderatly welded, can see scoria clasts sub-rounded and
slightly elongated, semi cool when landed but not as hot a previous units as not as strongly
welded. Clast supported with some matrix

|
?

|
|

Black scoria unit, contains large dense blocks (35%) (wall rock and juvenile) some w. surface
cracking, are dark grey and cryst rich, size 15-30cm, max 40cm. Scoria is rounded and has
some matrix support, size 8-15cm to lapilli size. Some scoria contains sugur like lumps of
quartz crystals. Small rounded pinkish red scoria clasts also seen, size 4-6cm (~5%). Some
scoria near base in weathered to lighter brown/grey w. dark grey/brown middle. Sugar lump
AGT2 of quartz cryst.

TP T

¥

5m =

Black scoria unit. rare to no lithics and non welded. scoria clasts range 6-8cm, max 10cm. minor
matrix to clast supported. scoria clasts in bottom of unit show alteration/weathering to light
brown colour, inside of clast still black. clasts mod to well vesicular and sub-angular to sub-
rounded. in this photo cannot see upper contact with black scoria+lithic unit seen in above
photo. estimated unit thickness of max 25cm. sharp contact with unit below

Creamy grey pumicious unit. moderate to highly vesicular. inside clast larger vesicles seen
in centre with high concentration of small vesicles within 1-2cm of clast surface.. clast supported
with minor amounts of matrix - possibly from pumice rubbing together though? non-welded
and forms small scree surface. sharp contact with unit below.

Black scoria and lithic unit. dense lithics range 8-15cm, min 2cm, max 40cm. clasts show
red/brown iron weatheing near top of unit. concentration of lithics near base of unit. clast
supported and non-welded, rather compaction instead. desnse lithics predominantly dark to
medium grey, with some pinkish red. lithics angular and blocky. scoria clasts sub-rounded and
moderatly vesicular. near base of unit minor pumice (~5%) weathered/alteration of scoria and
pumice near base contact to brownish orange colour with ‘fresh’ interiors. Sharp basal contact
with unit below.

Basal fine grey ash unit with dense angular WRL (5-10cm)




Stratigraphic Column

Field Trip: Eastern Gully 1 - North Crater
Field Site 17

Region:
Location:

Date: 1 2 2006
day month year

North Crater Tongariro National Park - Tongariro

2739396 6228616

Thick.
(m)

Graphic Log ﬁﬁmple

Description

10m

IEREEETY FENRRRENE] P

Redish/brown agglutinate unit. Moderately welded but not compacted
as can see clast shapes and Igaps between clasts. Clasts sub-rnd
(some elightly elongateggaral el, 5-6cm and smaller 2-3cm. Dense
angular WRL 5-6¢cm (~25%). Unit appears massive i.e. no bedding
visible, possible failed joints have given face smooth appearance.

Redish/brown scoria agglutinate unit. Clasts 2-6cm, mod-high vesic,
few poor-vesic %dense juvenile ~10%) 2-3cm. Rare dense WRL (~5%)
2-3cm. Grades from lower unit.

Redish/brown scoria unit. Non welded, minor matrix support, mostlg/
clast support. Clasts appear slightly broken/ground up/irregular, 0.5-
1cm, others 5-8cm. Few dense angular WRL (~5%), 4-6cm. Grades
into upper unit.

Blocks|




Stratigraphic Column

Field Trip: Amphitheatre - North Crater Date: 1 2 2006

FieldSite 19 day month year

Region: North CraterTongariro National Park - Tongariro
Location: 2739290 6228426

Thick. ;
(m) Graphic Log ﬁf)mple Description
20m
T Minor pinkish agglutinate lower part and large blocky boulders covering
the top. Boulders possibly from the explosion pit as similar light grey
3 colour and crystal rich.
T ——t

3 Massive light/med grey andesite lava, crystal rich. Some irregular to
E columna.rjomtlng.glar e blocks), some blocks have curving fractures.
Very similar to unit below and to those in explosion pit.

3 AG22
10m =

Light grey andesite lava unit - possible part of lava lake in crater as at
] the crater lip and has eroded out to form an ampitheatre. Unit appears
massive but is higly broken up b¥1 parallel and irregular platy fractures.
Some vertical/horizontal while others start of vertical but then curve
over, some just irregular patterns. Is crystal rich. .

Lava is very dense/intensely welded, can distinguish some xenoliths 2-
5cm, creamy white colour, quartz like lumps also seen.
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Stratigraphic Column

Field Trip: Amphitheatre - North Crater Date: 1 2 2006

Field Site 20 day month year

Region: North Crater Tongariro National Park - Tongariro
Location: 2739289 6228424

Thick. Graphic Log ﬁample
[e]

(m) Description

20m o

Pinkish red agglutinate, strongly welded, some bedding seen, knobbly
clast a{;pearance_ to face. Clasts seen 8-12cm, sub-rnd slightly
cowpat, poor vesic.

Possibly less welded at base as small notch/ledge formed.

AG23

10m 4

Pinkish red scoria ag%lutinte unit. Strongly/densely welded, but messy
looking face but hard to distinguish individual clasts. .
Moderalty welded at very base as forms a small notch/ledge in face.

Strongly welded pinkish red agglomerate unit. Ghost clasts clearly
seen as stretched 1-2cm thick, grey ribbons parallel to slope dip.
Some faint red/grey bedding seen on 20cm scale. Informal columnar
jointing present. )

Welding decreases to moderatly/poorly welded quickly downslope.
unit tappers out quickly down slope.




Stratigraphic Column

Field Trip: Eastern Gully 2 - North Crater

Field Site 24

Date: 2 2 2006

day month vyear

Region: North Crater Tongariro National Park - Tongariro

Location: 2739578 6228431

Thick.

m) Graphic Log ﬁgmp'e

Description
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AG28

Pinkish red scoria unit, grades into lower unit. From base grades up from non welded to
partially welded pockets. Non welded areas clast supported with minor matrix support.
From base clast size reversly graded, bottom clasts 3-4cm, middle 8-10cm to 20-30cm,
some larger seen dispersed in unit with very irregular shapes. This unit thickens
considerable upslope, has nearly tappered out at this site.

Black (and minor brown) scoria unit. Large brownish black(weathered) scoria clasts, 12-
18cm, mixed with smaller irridescent blue scoria, 3-6cm (max 8cm), all clasts sub round.
Poor/mod sorted, mod/high vesic. Few WR lithics (1-4cm) dense, angluar very dark grey.
Non welded, predominantly larger scoria near top (minor reverse grading). Grades into
upper and lower units.

Orangy brown scoria/pumice lapilli unit, lighter (more weathered) brown in upper portion and
more orangy in bottom portion. Clasts (sub)round, with some clast and matrix support,
matrix is coarse ash and small lap. Clast poor/mod vesic, clasts slightly larger at top, 3-4cm
and grade down to 1-<1cm. Clasts crystal rich, small amounts of mingled pumice seen.
Seen to lens in and out down slope. Some dense angular lithics dark grey/black and cryst
rich. Grades into upper unit.

Sharp, but wavy contact with lower unit. Bluish grey fine/very fine ash unit. Very narrow grey
ash bed halfway through unit of slightly coarser ash. Rest of unit is massive.

Grades (slightly) from below into purplish grey med/fine ash, can see interbedding of slightly
browner ash of finer grain size. Few minor lapilli size pumice clast cen be seen.

Black scoria unit, some irridescent blue scoria seen. Near top smaller 1-3cm size with
matrix.Cannot see past 5cm depth because of too much scree. Has a gradational contact
with the upper unit. Contains some dense sub-ang lithics very dark grey/black (3-4cm,
~10%). Non welded matrix to minor clast supported. Clast mod to high vesic and poor to
mod sorted.

Scree

lock:




Stratigraphic Column

Field Trip: Eastern Gully 2 - North Crater

Field Site 25

Date: 2 2 2006
day month year

Region: North Crater Tongariro National Park - Tongariro

Location: 2739548 6228439

Thick. G ; S
raphic Lo ample it
(m) p g No Description
7m =
6m =
4m -
3 ~——
- ~— Pinkish red scoria unit. Moderately welded pockets rest poorly welding agglutinate unit.
Knobbly appearance to face, scoria clasts appear 3-4cm and mainly clast support. Clasts
] — sub-rnd to minor elongate. Hard to well define unit as no easy access, but appears to fit
with the red scoria unit at site 27.
3 e
] e —
2m < ——
P
E = o ry Black (and minor brown) scoria unit clast supported. Large brownish black(weathered)
_3 ’ ‘ ’ scoria clasts, 12-15cm (max 20cm) irregular clasts in top portion,middle of unit clasts 4-
1. " ’ ‘ AG26 8cm (max 10cm) mixed with smaller irridescent blue scoria, all clasts sub round. Poor/mod
E ¢ sorted, mod-high vesic. Few WR lithics (4-7cm) dense, angluar very dark grey and cryst
rich. Some red scoria lap poor vesic. Non welded but consolidated, predominantly larger
= scoria near top (minor reverse grading). Some clasts show mingling.
Orangy brown pumice lapilli unit, clasts poor-mod vesice, crystal rich, 4-7cm (max 9cm)and
m = round to sub-rnd. At top clasts large 6-8cm and browner. Clast with some matrix support,
matrix is very coarse ash and small lap. Some dense angular lithics dark grey/black and cryst
& rich. Minor mingled pumice (faint brown colour) and minor black mod-vesic scoria lapilli.
Sharp upper and lower contacts but near base of unit grades down into smaller 2-4cm lapilli
- and orangy red colour with very coarse ash matrix at base.
i AG27
]
] Mixed scoria lapilli unit, some irridescent blue scoria seen with mingled scoria clasts and
=] minor creamy brown pumice and some pinkish red scoria, clasts 2-4cm, but most 1-2cm.
Contains some dense sub-ang WR lithics very dark grey/black (1-3cm, ~5%) and cryst rich.
E Non welded matrix supported with very coarse ash. Clast poor vesic and poor to mod
AG25 - N o
sorted. Upper 5¢cm contains predominantly very coarse ash and small lapilli.
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Field Trip: Eastern Gully 2 - North Crater

Field Site 27

Region: North Crater

Tongariro National Park - Tongariro

Date: 2 2 2006

day month vyear

Location: 2739499 6228381

Thick. Graphic Log Sample
(m) No Description
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Pinkish red scoria unit. Strongly welded agglutinate unit. Knobbly appearance to face with
": irregular jointing. Hard to well define unit as no easy access, but appears to fit with the red
] scoria (non welded) unit at site 25.
e R e —
i ———
4m e
] —
E —
1 e ayus.
]
1 MQ
2m E Black (and minor brown) scoria unit. Large brownish black(weathered) scoria clasts, 18-
E 25cm (max 85cm) irregular clasts in top portion,middle of unit clasts 4-8cm (max 10cm)
mixed with smaller irridescent blue scoria, all clasts sub round. Bottom 10cm very coarse
dark grey/black ash with some scoria clasts (3-5cm). Poor/mod sorted, mod/high vesic.
1 Few lithics (4-7cm) dense, angluar very dark grey and cryst rich. Some red scoria lapilli
E poor vesic. Non welded but consolidated, predominantly larger scoria near top (minor
] reverse grading). Some clasts show red mingling. In the middle of this unit there is a
- ~20cm section where ther black scoria grades into orangy brown and red scoria lapilli, the
3 clasts are non welded, poorly sorted and mod-vesic.
]

im - Orangy brown pumice lapilli unit, clasts poor vesice, crystal rich, 4-7cm (max 9cm)and round
to sub-rnd. Unit waves in and out up/down slope. Clast with some matrix support. Matrix is
very coarse ash and small lap. Some dense angular lithics dark grey/black and cryst rich.
Minor mingled pumice (faint brown colour) and minor black mod-vesic scoria lap. Sharp upper
and lower contacts.

AG54 Narrow wedge of consolidated blue/grey fine ash. Minor orangy pumice lapilli. Is only a
narrow wedge here but thickens both up and down slope by some cm’s.
= Black scoria unit, some irridescent blue scoria seen, clasts 3-5cm. Contains some dense
] sub-ang lithics very dark grey/black (1-3cm, ~5%) and cryst rich. Non welded, matrix
] AG53 supported. Clast mod to high vesic and poor to mod sorted. Upper 5cm contains
] predominantly very coarse ash and small lapilli. Minor pinkish red scoria lap <1-1.5cm

lock:




Stratigraphic Column

Field Trip: Eastern Gully 2 - North Crater Date: 2 2 2006

Field Site 28 day month year

Region: North Crater Tongariro National Park - Tongariro
Location: 2739481 6228384

Thick. Graphic Log ﬁgmple

(m) Description

7m
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Poorly welded agglutinate unit. Large scoria bombs can be distinguished with other scoria
clasts stuck to outside in flight or rolling. Clasts 40-50cm with some smaller 6-10cm and poor-
mod vesicular. Most rounded to slightly elongated. Dense angular lithics 6-12cm are dark grey
to black with large white crystals (rich). Clast supported, minor matrix. Near base grades into
partially welded and the changes to strongly welded scoria agglutinate

Pinkish red scoria unit. Strongly welded agglutinate unit. Smooth appearance to face
where jointed blocks have fallen off with iregular jointing. Upper contact is gradational
from the non welded unit, but has a sharp contact with unit below. Unit is massive and
crystal rich with minor WR lithics seen.

4m
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Black (and minor brown) scoria unit. Large brownish black(weathered) scoria clasts, 6-8cm

(max 15cm) irregular clasts in top portion. Poor/mod sorted, mod/high vesic. Few WR

lithics (8-12cm) dense, angluar very dark grey and cryst rich. Some red scoria lapilli poor
vesicular. Non welded but consolidated, predominantly larger scoria near top (minor

' -9 reverse grading).

v

Orangey brown pumice lapilli unit, clasts poor vesice, crystal rich, 6-12cm (max 20cm)and
round to sub-rnd. Clast with some matrix support. Matrix is very coarse ash and small lapilli.
Some dense angular WR lithics dark grey/black and cryst rich. Mingled pumice and minor
black mod-vesic scoria lap. Grades into units above and below

Black scoria unit, some irridescent blue scoria seen, clasts 3-5cm. Contains some dense
sub-ang lithics very dark grey/black (1-3cm, ~5%) and cryst rich. Non welded matrix
supported. Clast mod to high vesicular and poor to mod sorted.Grades into units above and
below

Orangey brown pumice lapilli unit, clasts poor vesicular, crystal rich, 2-4cm (max 5¢cm)and
round to sub-rnd. Clast with some matrix support. Matrix is very coarse ash and small lapilli.
Some dense angular lithics dark grey/black and cryst rich. Minor mingled pumice and minor
black mod-vesic scoria lapilli. Grades into unit above.




Stratigraphic Column

Field Trip: Eastern Gully 2 - North Crater Date: 2 2 2006

Field Site 29 day month vyear

Region: North Crater Tongariro National Park - Tongariro
Location: 2739441 6228381

Thick.

(m) Graphic Log ﬁgmple

Description

10m <

5m-f

Pinkish red scoria unit, poorly welded (strongly weathered). Clasts 6-
15cm min 3cm, poor vesic, sub-rnd. Minor matrix very coarse ash but
clast supported. Some clasts with red weathered outSide w. grey/black
goor vesic inside. Minor dense angular WRL ~10%, dark grey, 3-5cm.

ome clasts have others stuck to them to give irregular shape, some
have breadcrust outside.

Black scoria unit, blue irredescent colour, mod sorted, poorly welded,
compact clast supported w. minor matrix. Clasts 8-12cm, min 2cm,
max 18cm, sub-ang to sub-rnd. ~10% red scoria, poor vesic/dense,
rnd, cryst rich, 5-6cm. Dense angular WRL 8-15cm, min 3cm max
22cm. Quartz xenoliths (sugar lumps) <2cm found

Creamy brown pumice unit, poor welded. Clasts 5-9cm max 12cm, min
2cm, poor-mod vesic, sub-rnd some slightly elongate. Most clast
support with minor matrix of small lapilli' & coarse ash. Some small
black scoria 1-3cm ~10%, dense angular WRL, dark grey, cryst rich, 8-
1_2(:&1, dense juvenile clasts sub-rnd 5-7cm. Minor mingléd pumice
visible.

Reddish/brown scoria unit (joins top unit from site 28), pooly welded
with pockets of moderate welded. Clast supported with minor matrix,
clasts 4-7cm min 1cm, max 10cm, poor vesic, cryst rich. Dense
angular WRL, dark grey, 1-4cm, cryst rich. Larger clasts have
weathered red outside with mod-vesic black inside




Stratigraphic Column

Field Trip: East Slope - North Crater

Date: 7 2 2006

Field Site 36

day month year

Region: North Crater Tongariro National Park - Tongariro

Location: 2739624 6228444

Thick.
(m)

Graphic Log

Sample
No

Description
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Small debris type avalance or block'n’ash flow

Black scoria, mod welded, clasts appear 5-10cm, mod vesic. Some weathered to brown on top.

Yellow/brown pumice lapilli unit, minor mingled clasts. Clast supported, 1-3cm, cryst rich, poor vesic, minor
coarse ash matrix. Dense WRL 2-3cm.

Black scoria, grades from non-welded scoria lapilli 1-3cm to welded bombs 5-10cm, some with breadcrust
features, minor mingled clasts. Grades into upper unit.

Yellow/brown pumice lapilli, poor-mod vesic cryst rich. Mix of yellow pum with small red & black scoria,
minor mingled clasts, .8-3cm max 7cm. Minor matrix but clast supported. Dense WRL.

Grades from lower unit. Black scoria, irridescent blue in some, clasts 5-10cm max 18cm, sub-rnd, some
weathered, moderatly welded, minor WRL.

Yellow/brown pumice lapilli, 0.5-1.5cm max 3cm,cryst rich, poor vesic. ~10% WRL. Minor black & red
scoria <1cm. Grades up into black scoria 4-6cm. Minor coarse ash matrix.
Purplish grey med ash, w. poor vesic scoria <1.5cm and WRL, no bedding visible.

Orangy/brown pumice lapilli, crystal rich, mod/poor vesic. Minor mingled clasts. Matrix of coarse ash

Grades from below into weathered black scoria, moderatly welded, mod vesic, cryst rich,
minor WRL.

Red scoria unit, stongly welded at top grades down to moderatly welded. knobbly appearance, mod vesic,
4-8cm and poorly welded at very base (grades into lower unit). Minor WRL 2-4cm.

Black scoria unit, poorly welded bottom ~1m, clast supported. Irridescent blue black, mod-well vesic, minor
small lapilli to 3-5cm max 8cm, cryst rich. Mingled clasts (~15-20%) & some light grey clasts 1-2cm
present. Some poor vesic/dense juvenile clasts. Grades up into moderately welded black scoria for
~80cm, some irregular jointing & clasts indistingushable. Grades into poorly welded black scoria lapilli 2-
4cm, sub-rnd, some large poor vesic scoria ~15-20cm max 30cm slightly elongate.

Yellow/brown pumice lapilli unit. Similar to earlier units, round clasts, 3-4cm and 1-4cm. Dense angular
WRL 3-6cm dark grey, cryst rich. Minor black & red scoria <1cm, poor vesic. Minor matrix v. coarse ash.
Mainly clast supported.

Black scoria unit. Non welded, clasts sub-rnd to sub-ang, 20-30cm, some smaller 8-10cm
and 4-6cm. Dense angular WRL 6-8cm. Clast supported.

Orangy/brown pumice lapilli, clasts sub-rnd, 3-4cm, cr\/ﬁlt rich, poor vesic. Minor coarse ash matrix, clast
supported, similar to orangy/brown units below. Minor WRL

Black scoria lapilli, grades quickly from lower unit. Clasts 4-6cm, poor vesic, cryst rich, some weathering.
Grades up into moderate welding in middle and back to poor welded at top. Few mingled clasts seen near
top/bottom. Dense angular WRL <1cm, & dense juvenile w. breadcrust texture.

Blackish/brown (weathered) scoria lapilli, 0.5-1.5cm sub-rnd. Matrix of very coarse ash. Some black & red
scoria poor vesic, <1cm. Minor mingled clasts (~10%). Minor dense angular WRL <1cm.

Grades from lower unit into non-welded purplish/black scoria lapilli 1-2cm. Weathered.

Lower 1.2m black scoria lapilli, sub-rnd, poor vesic, 0.8-1.5cm, larger 5-7cm mod-vesic scoria and 12-20cm

scoria. Clast supported, dense angular WRL 8-15cm. Grades up into ~1m poorly welded black scoria,

rélasts 1-4cm, poor vesic, WRL. Grades up into top section of moderately welded black scoria, sub-rnd, 4-
cm.

Grades from lower unit into orange/brown pumice lapilli , clasts 2-4cm max 8cm, mod vesic, cryst rich,
sub-rnd. ~5% mingled clasts. Red & black scoria <1cm, round, poor vesic. Dense angular WRL 1-4cm
dark grey (~20%). Minor coarse ash matrix. 1.8m up from base small lens of black poor vesic scoria/lapilli
5-8c¢m, sub-rnd w. minor dark grey/black ash matrix.

Grades from below into band of weathered scoria (brown/black), sub-rnd, 6-10cm max 15cm. Mixed with
grey/brown lapilli.

Orange/brown pumice lapilli. Pumice 3-5cm &<1cm, sub-rnd. ~25% mingled clasts. Mod vesic & cryst
rich. Some clasts pinky-orange. Matrix of coarse-med ash. Some black & red scoria ~0.5cm. Dense
angular WRL dark grey, cryst rich, angular 2-4cm max 6cm.

Fine light grey ash. No bedding seen, consolidated, sharp upper & lower contacts.

Orange/brown pumice lapilli. Non-welded, poor sorted, clasts mod/poor vesic, sub-rnd, 0.5-2cm max
4cm. Matrix v. coarse-med ash, with black & red poor vesic scoria, sub-rnd. Pumice cryst rich. Some
mingled clasts, sub-rnd. Dense angular WRL 6-8cm dark grey. Cannot see base of unit.

lock:




Stratigraphic Column

Field Trip: Eastern Slope - North Crater Date: 7 2 2006

Field Site 38
Region: North Jratgariro National Park - Tongariro

day month year

Location: 2739686 6228639
; ; Sample
z-nT)Ck' Graphic Log No Description
6m Large grey, massive andesitic bounders sitting on top (from lava flow or
deposited heret). Very similar to the massive lava unit seen at site 37, possible
tumbled down from the bluffs up slope.
Block & ash flow draping topography. Large block 0.5-1.5m, some also 10-
20cm and 2-5cm. Floating in ash matrix, no apparent grading. Very similar in
appearance to that at site 36 but w. larger blocks.
Red scoria agglutinate unit. Poor to mod welded, clasts appear 2-4cm &
football/elongate. Dense angular WRL 5-8cm, max 30cm
4m Black scoria lapilli unit, clast su;)ported, clasts 3-6¢cm, poor vesic, cryst rich,
rounded. Dense angular WRL 7-12cm, dark grey (~30%)
Yellow brown pumice I%pilli unit clast sw'gorted, clasts 2-3cm, round, cryst rich,
poor/mod vesic. Minor dense angular L 4-6cm.
Black scoria lapilli unit clast supported, clasts 2-4cm, mod vesic, cryst rich, sub-
rnd to sub-ang. Minor dense angular WRL, dark grey 5-7cm.
Yellow brown pumice lapilli unit clast S\l,,l\}) orted, clasts 2-3cm, round, cryst rich,
poor/mod vesic. Minor dense angular L 4-6cm
2m Purplish black fine ash, fine wavy bedding seen
Yellow brown pumice lapilli unit clast supported, clasts 1-5cm max 8cm, mod
AG47 vesic, minor black scoria 5-9cm, mod vesic. Dense angular WRL 2-4cm, dark
grey, can see cryst easily.
Purplish black med-coarse ash, wavey, grades into lower unit.
Brown/black (weathered) scoria lapilli unit poor vesic <1cm, & minor
yellow/brown pumicle lapilli 2-3cm. Dense angular WRL, dark grey. Some very
coarse dark grey ash. Interbedded with few thin black units, appear very coarse
ash or small Tapilli.
Yellow brown pumice lapilli, clasts <2cm max 3cm, round, cryst rich, poor-mod
vesic. Larger dense angular WRL 4-8cm




Stratigraphic Column

Field Trip: Eastern Gully 1 - North Crater Date: 8 2 2006
Field Site 39 day month year

Region: North Crater Tongariro National Park - Tongariro
Location: 2739710 6228700

Thick. i S, I
(m')c Graphic Log Ny e Description

20m -
] Block & ash flow, some coarse ash bedding seen in very top w. blocks

] 8-10cm, grades down from low concentration of block at top to high

i concn near bottom blocks 0.5-1m max 1.5m. Matrix supported

Red scoria unit, mod-poorly welded, clasts 2-4cm & 8-10cm. Some
dense angular WRL 5-8cm & dense juveniles 15-30cm, sub-rnd to sub-
ang (some stuck together).

Black scoria lapilli unit, clasts 1-3cm max 5cm, mod vesic, sub-rnd.
Some minor matrix coarse ash, minor dense angular WRL 1-2cm.

Yellow brown pumice lapilli unit, clasts 1-3cm max 6¢cm, poor vesic,
cryst rich, round. Some red & black scoria round <1cm, minor dense
angular WRL 1-3cm.

Block & ash flow, weathered blocks 15-40cm max 2m, mix of dense
red and dense grey blocks sub-rnd. Minor dense angular WRL 20-
30cm. Fine-med ash matrix blocks ‘floating’ in w. some lapilli 1-2cm.

Yellow brown pumice lapilli unit, clasts 1-3cm max 5cm. Some minor
red & black scoria <1cm. Minor dense angular WRL 1-3cm, dark grey.

Black scoria lapilli unit, clasts 1-3cm max 5¢cm, minor red scoria <1cm,
dense angular WRL 1-2cm max 4cm, dark grey.

Yellow brown pumice lapilli unit, clasts 1-3cm max 5cm. Some minor
red & black scoria <1cm. Minor dense angular WRL 1-3cm, dark grey.

Blackish brown scoria lapilli unit. Clasts 1-3cm max 4cm, some red
scoria (<1cm). Dense angular WRL 1-3cm dark grey. Clast supported.

Black scoria lapilli unit, clasts 1-3cm, mod vesic, sub-round. Minor
dense angular WRL 1-3cm max 8cm.

] Redish brown scoria lapilli unti, <2cm max 4cm, poor vesic, w. minor
10m = black scoria 1-2cm.

Blackish brown (weathered) scoria lapilli unit. Clasts 1-3cm max 4cm,
some Reddscorla (<1cm). Dense angular WRL 1-3cm dark grey. Clast
supported.

Yellow orange pumice lapilli unit, clasts round <2cm, poor/mod vesic,
cryst rich w. coarse ash. Minor black scoria (<1cm) poor vesic.

Black scoria unit. At top lapilli <2cm grades down into 5-8cm w. mixed

lap in middle and grades into lower section dense scoria 12-18cm. All

clasts poor vesic, sub-rnd. Some pockets of mod welding, very base is
non welded. Clast supported rest.

Yellow brown pumice lapilli, <2cm round, poor vesic. Dense angular
WRL 1-2cm, minor coarse ash.

Black scoria lapilli unit, clasts 2-4cm (some <1cm), poor vesic grades
into clasts 4-6¢cm and grades into clasts 20-35cm. All sub-rnd poor/mod
vesic. Clast supported.

Yellow brown pumice lapilli unit 0.5-1.5cm, minor black scoria (round)
<1cm. Minor dense angular WRL, dark grey 2-4cm.

Small lense in the pumice unit. Black scoria 1-3cm, poor vesic, minor
dense angular WRL 2-3cm

Yellow brown pumice lapilli unit 0.5-1.5cm, minor black scoria (round)
<1cm. Minor dense angular WRL, dark grey 2-4cm.

Reddish/brown scoria lapilli unit. Some large sub-rnd scoria w. black
centres, few mingled clasts 6-9cm. Most lapilli 2-4cm & some black
<1_<im. Minor matrix coarse ash, slight gradational contact into lower
unit.

Black scoria unit, clast supported, some 9-15cm sub-rnd others 6-8cm,
most 0.5-2cm. Mod vesic. Minor dense angular WRL 1-3cm.

Yellow brown pumice lapilli unit, clasts <2cm, poor vesic w. very coarse
ash. Minor black round scoria <2cm. Minor dense angular WRL 1-2cm.
Few lenses of black scoria <1.5cm in middle.

Ash
Lapilli
Blocks|




Stratigraphic Column

Field Trip: Eastern Slope - North Crater

Field Site

Region:
Location:

42

Date: 13 2 2006

day month year

North Crater Tongariro National Park - Tongariro

2739529 6228784

Thick.
(m)

Graphic Log ﬁgmp'e

Description
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Yellow/brown pumice lapilli unit. Clasts 2-4cm max 7cm, poor/mod
vesic, rnd, clast supported, cryst rich. Some red scoria mod vesic, rnd.
No lithics, unit weathered near top.

Dark grey fine ash, with minor pumice lapilli, grades into lower unit.

Yellow/brown pumice lapilli with minor red/black scoria, matrix
supported. Clasts 1-4cm, few <1cm, matrix med/coarse ash dark grey
+ yellow/red, no lithics, grades into lower unit.

Coarse ash, dark greg + yellow/red small lenses. Minor pumice+scoria
<1cm in ash. Bed of darker grey coarse/med ash at very bottom

Yellow/brown pumice and reddish brown scoria lapilli, clast supported,
clasts mod/high vesic, sub-rnd, 2-3cm min 0.8cm max 8cm. Some
dense angular WRL 2-4cm dark grey. Some pumice poor/mod vesic,
mlntor matrix of coarse ash and very small lapilli. Grades into lower
unit.

Dark grey fine/med ash, grades into lower unit.

Very coarse ash. Band of fine/med dark grey+red+yellow ash in
middle. Back into very coarse ash then band of fine/med ash at bottom
again. In the finer ash bands some lapilli can be seen.

Yellow brown pumice lapilli, 2-2.5cm, sub-rnd. Some black scoria &
some weathered with black interior, lots of very coarse ash. Clast
supported, clasts rnd, 0.5-1.5cm max 2.5cm, poor vesic, cryst rich,
minor coarse ash matrix. Minor dense WLR.

Grades into large yellow brown pumice lapilli, poor/mod vesi 2.5-5cm.

Coarse ash, some med/dark grey with minor very coarse red/orange
ash. Small lens of red/orange very coarse ash ~5cm down from top
mod/well sorted, no bedding seen.

Lapilli
Blocks




Stratigraphic Column

Field Trip: North Bluff - North Crater

Field Site 44

Date: 18 2 2006
day month vyear

Region: North Crater Tongariro National Park - Tongariro

Location: 2739045 6228906

jointing seen with informal columnar jointing. Welding is so intense clasts

Thick. G ; Sample
raphic Lo .
(m) P 9 No Description
40m '; Pinky red scoria agglutinate. Strongly welded cowpat like clasts
_f Medium grey dense/intensly welded scoria agglutinate unit. Irregular

20m

VTN P

I

10m

AG67

ITIPH [UUTTTIoT NPT

can no longer be seen. Appears non-graded, massive and jointing has
caused smooth face surfaces in some areas. Blocks are 1.5-2m wide
and 2.5-3m high. Some lithic seen 2-4cm

Non to poorly welded black scoria unit, still porous and vesicular in some areas (not
compacted). Clast supported with minor matrix support. Scoria poor-mod vesicular and
rounded, size 8-15cm max 20cm, but also smaller 2-4cm mixed in. Poorly sorted seems to
be no grading. Some dense angular lithics 3-4cm light grey fine-med grained. Scoria
weathered on the outside to grey colour. Scoria is very crystal rich

Red scoria unit non-welded. Clast supported with minor matrix support. Clasts sub-angular
to sub-rounded with irregular shapes and some slightly elongated. Some clasts have others
stuck to them. Scoria mod-poor vesicular, size 12-18cm max 22cm, minor 4-6cm. Some
mingled clasts. Crystal rich 1-2mm. Some clasts show yellow/red colour (poss weathered).
Forms narrow scree ledge.

Strong/densly welded pinkish red agglutinate unit. Where jointing has occured and blocks
fallen off areas of bedding can be seen indicating flow movement on the scale of 20-50cm.
Some irregular fractures have caused blocky appearance to upper face. Possibly some
areas of stretched and smeared black scoria clasts, but hard to distinguish as up too high.
Unit crystal rich 1-2mm, dense sub-angular lithics present (~20%) (poss juvenile) 8-18cm
max 85cm

Black scoria unit, clast and minor matrix supported. Some lithics seen (~5%) of 4-8cm. Non
welded but some consolidation. Non graded and poorly sorted. Scoria clasts sub-round and
poor-mod vesicular. Cannot distinguish actual base of unit but forms a narrow scree ledge.
Scoria is crystal rich 1-2mm.

Pinkish red agglutinate, strongly/densly welded, can see occasional stretched out ghost
clasts off lighter grey colour. Some small lithics but hard to distinguish because of the
weathered face. Red scoria appears moderatly vesicular when breaking sections off, but
hard to see any clast shape or size as welded. Some minor bedding features can be seen in
the upper half. Has a wavy bottom contact with the unit below.

Weathered black scoria to med brown/yellow colour. Has a irregular upper surface
(thickness of 80-15cm). Is clast supported with minor lithics (<5%). Clasts sub-round
to round and mod vesicular. They still have black colour on inside of clast.

Black scoria unit (fresh) consolidated but poorly welded. At base a very coarse ash and lapilli
size material with lithics size 2-3cm of dark grey colour (is ~8cm thick), then band of larger
black scoria poor vesicular and crystal rich clasts 8-12cm and dense angular lithics 8-10cm.
Grades up again into being clasts of 2-6cm max 12cm poor vesicular clast supported with
minor matrix, has large dense sub-angular lithics 10-18 cm (~15%)

Yellow/brown pumice unit. Larger more vesicular pumice at the top 4-8cm, grades into lapilli
1-2cm max 4cm, poor vesicular, crystal rich. Minor black scoria seen of .4-.8cm poor vesic,
dense angular lithics 3-4cm. Very coarse ash also seen, so poorly sorted. Sharp contact with
above.

Black/brown scoria unit, clast support with minor matrix support clasts sub-rnd to rnd and 5-
8cm at base and others 1-2cm. Crystal sugar lumps seen 1-2cm. Scoria mod vesic, minor
lithiscs angular (black w. white crystals) <2cm. One large bomb (juvenile) seen 45cm with
jigsaw cracks.

Yellow/brown pumice clasts 3-5cm in some coarse ash matrix, some lithics (~20%) dense
angular, dark grey similar to those in unit above.

Red/black weathered unit, strongly welded with knobbly appearance on face. Can see
squashed, cowpat-like black scoria. Clasts appear sub-rnd, mod vesicular, minor sub-
ang/rnd lithics 4-7cm, with smaller 1-3cm clasts near base contact.

Strongly welded black scoria unit, grades from clasts 1-2cm to 8-12cm over 70cm Dense
angular dark grey WRL 4-8cm, poor-mod vesicular scoria. Appears to be pinkish red
welded scoria underneath but hard to tell.




Stratigraphic Column

Field Trip; North Bluff - North Crater

Field Site: 45

Date: 13 2 2006

day month vyear

Region: North Crater Tongariro National Park - Tongariro

Location: 2739054 6228947

Thick.
(m) ]

Graphic Log Sa,(}"ople

Description

40m

30m 3

10m 4
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Red/grey scoria unit, strong/intensly welded. Bedding structures can be seen
in more welded areas on 30-40cm scale. In less compacted beds can still
see some clast shapes. Some irregular fractures. Dense angular lithics can
be seen in fresh face appear 5-10cm.

Black scoria unit, non welded, clast supported with minor coarse matrix.
Clasts appear 5-10cm but hard to tell. Dense angular lithics seen(10%), 5-
10cm.

Red scoria unit. Bottom ~2.5m is strong/densley welded with stretched
clast ribbons, can see some clast outlines in fresh section to face.
Minor dense angluar lithics. Grades into upper 0.5m of unit is mod
welded red scoria, clasts appear 5-15cm

Strongly welded red scoria unit, some minor bedding, dm scale

Scoria unit weathered to yellow/brown. Red interior to clasts, non
welded, clast supported, sharp upper and lower contact.

Black scoria unit, poorly welded/compacted. Clasts sub-rnd to rnd and
moderatly vesicular. Dense angular WRL 2-5cm dark grey. Some juvenile
30-40cm very dense but show breadcrust or jigsaw cracking on outside.
Clast supported with minor matrix. Bedding can be seen in more welded
areas cm-dm scale.

Yellow/brown pumice lapilli unit. Clasts 1-3cm some <1cm, max 6¢cm,
cryst rich. Minor mingled yellow and brown pumice, some very coarse
ash to fine lapilli matrix but predom clast supported. Minor weath brown
scoria 3-5cm. Dense angular WRL 1-2cm max 4cm. Found creamy green
crustal xenolith.

Black/brown scoria unit. Contains mingled pumice clasts 3-4cm moderate
vesicular, minor 1-2cm pumice. Minor dense red scoria (<5%), minor
dense angular WRL dark grey to black, 4-8cm concentrated in centre
of unit. In centre of unit lens/bed of red/yellow weathered scoria, clasts
5-12cm poor vesic to dense and crystal rich.

Yellow/brown pumice lapilli unit. Minor black scoria, moderate vesicular,
max 6cm, pumice moderate vesicular and crystal rich, 3-6cm max 8cm.
Mainly clast supported some matric coarse ash. Dense angular WRL dark
grey to black, 3-4cm, min1cm. Grades into above unit over 5cm

Red scoria unit. Some clasts have black interior with red weath outside. Clasts
2-4cm, max 10cm, min <1cm. Moderatly/poorly welded unit. Scoria poor
vesicular, but black interior is moderatly versicular, cryst rich. Minor dense
angular WRL(10%), dark grey to black, crystal rich (white cryst) and 2-3cm
max 6cm. Grades into unit above over 5cm.

Black/brown scoria lapilli unit. Dense angular WRL, 2-4cm. Clast supported
(minor ash matrix) and non-welded, compaction instead. Dense lithics(10%)
predominantly dark grey to black. Scoria clasts sub-rnd, moderatly vesicular,
2-4cm max 8cm, few <1cm, cryst rich. Grades into unit above over 5¢cm.




Stratigraphic Column

Field Trip: North Bluff - North Crater

Field Site: 48 - Horseshoe.

Date: 14 2 2006
day month vyear

Region: North Crater Tongariro National Park - Tongariro

Location: 2739191 6228768

Thic Graphic Log Sample Description
m
20m
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Top capping unit of red agglutinate, similar to what seen at other sites

Red/grey unit strongly/intensly welded with informal columnar joints and some irregular
fractures. At base appears moderately welded and can see knobbly clast face which grades
up into stongly/intensly welded. Where joints have failed can see smooth face. Few dense
angular WRL visible in base area, but cannot distinguish clasts in unit.

Red/brown weathered scoria unit. Poor-mod welded, clasts appear sub-rnd, ~4-6¢cm, but hard
to see.

Pink/grey unit, strongly/intensly welded, can see stretched clast ribbons, are irregular and
‘wavey’ not just horizontal. Thinkness of unit varies along outcrop.

Red/brown scoria unit. Moderatly welded, forms a bit of a ledge as less welding than lower unit.
Clast shaps visible as cowpat/compact. Looks similar to lower unit but just not so strongly
welded. Hard to distinguish many features as bit covered by grass.

Red/brown scoria unit. Strongly welded, but clasts not squashed or too compacted. Very knobbly
appearance to face, clasts appear 5-10cm & poor vesic, cryst rich. Dense angular WRL (~5%)
2-5cm, dark grey.

Medium grey agglutinate unit. Strongly welded with stretched clast ribbons. Cannot see clast
shapes in face. Dense angular WRL 3-5cm max 15cm visible.

Red/brown scoria agglutinate unit. Moderaly welded, but poorly welded at base, clasts 2-3cm,
poor-mod vesic. Dense angular WRL (~10%) 3-4cm max 6cm, clast supported, no matrix.

Black scoria unit, non welded, 2-4cm max 8cm, moderate vesicular, sub-ang to sub-rnd. ~30%
red scoria poor vesic, cryst rich, sub-rnd 2-4cm. Dense angular WRL and juvenile clasts dark
grey/black, cryst rich. Top 15cm mod welded. Possibly base contact with a red scoria agglutinate
unit.




Stratigraphic Column

Field Trip: South Bluff - North Crater

Field Site 93

15 2 2006

day month vyear

Date:

Region: North Crater Tongariro National Park - Tongariro
Location: 2738480 6228017
Thick. G ; Sample
raphic Lo I
(m) p 9 No Description
Weathered red scoria unit. Moderatly welded, mod-poor vesicular, cryst rich. Some dense
- black/grey scoria included in (most 6-10cm) some cowpat like.
E Orangy brown scoria unit. Weathered. Some black scoria 1-1.5cm poor vesicular, some
] dense WRL <1cm
25 m = Med-fine grey ash. Weathered, from younger Tongariro vents?
E Very weathered fine ash unit to grey/yellow. Found several red scoria <1cm.
Reddish scoria poorly welded grades into moderately welded at base. Clasts flat/cowpat like.
- P ———
i e
: ———————
':' Possible upper section to unit below. Strongly welded but has knobbly clast appearance to
] @ face. Clasts sub-rnd to elongate shape. Some minor ribbon features seen pinching out.
1 e | . . N
] Crystal rich, poor-mod vesicular scoria.
= -_—T
] —
20 m=
3 T —
- ——
Pink/grey unit, very similar to base unit. Some clasts visible near base (moderately
= welded), but quickly grades up to strongly/intensely welded. Can see pink ribbons of
clasts stretched out 1-3mm thick. Dense sub-ang WRL 3-5cm. Scoria clasts seen
3 stretched out to 25-30cm long/4-5cm thick. columnar jointing 3-4m apart with irregular
= fractures near top.
15m =
i
%-“
] ——
E
3 e
- L — Red scoria unit mod welded at base quick gradational change to strongly/intensely welded.
Some clasts still visible in areas - knobbly face. But some stretched clast ribbons. Clasts
appear 6-8cm max 15cm, sub-round/elongate to flat, cryst rich. Dense sub-ang WRL 6-
10 M e 10cm max 15cm, some columnar jointing.
o L TTe——
E e —
"] c—
—
(P = |
Red/black scoria unit. Moderate welded gradational at base where forms small notch. Grades
E up into strongly welded. See black clasts mod-poor vesicular, sub-rnd to elongate shape, 4-
3 6cm, others stretched clast ribbons. Red scoria 4-6¢cm poor vesicular, cryst rich. Dense sub-
ang WRL 3-5cm max 15cm. Minor columnar joints.
5m =
1 Red scoria unit with grey/black scoria, areas strongly welded some stretched clast ribbons
-:I and flatened clasts visible. Other areas less compacted but just as welded can easily see sub-
3 rounded clast shape welded at contacts, few clasts flattened or football shape, 1-3cm wide/3-
] 5cm flat. Dense sub-ang WRL 3-5cm max 8cm.
p Greyl/pink scoria unit, with very long thin (1-3mm)pink and grey stretched out clast ribbons.
- Strongly/intensly welded, cryst rich & coarse vesicular like texture. Some irregular fractures
E AGT74 and columnar joints seen through heigh of exposed blocks.




Stratigraphic Column

Field Trip: South Bluff - North Crater

Field Site 94

Date: 15 2 2006
day month vyear

Region: North Crater Tongariro National Park - Tongariro

Location: 2738726 6227840

Thick.

(m) Graphic Log ﬁ
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Description
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Greyl/pink scoria unit, stongly welded upper with stretched clast ribbons, can see clasts easier
at base (moderate welding) appear large 20-30cm. Some dense angular WRL 4-8cm, but hard
to tell because of weathered face.

Red scoria unit, strongly welded with stretched grey ribbons. Dense angular WRL 8-15cm
light grey (~5%). Grades to moderately welded at base where slight notch is formed.
Clasts appear 10-15cm, poor/moderate vesicular, sub-rnd to sub-ang.

Redish/grey unit strongly welded with lots ofstretched grey ribbons. Dense angular WRL 6-
8cm max 10cm (~5%). Strongly welded grades to moderatly welded at base where notch
formed. Clasts appear 10-13cm, poor/moderate vesicular and sub-rnd to sub-ang.

Red scoria unit, with knobbly face, clasts appear cowpat like and 4-8cm, some
joined/smeared together. Some black scoria seen, moderately vesicular (<10%). Dense
angular WRL (~30%) med grey, some have breadcrust outside so possible mixture of juvenile
lithics 6-8cm max 40cm. Grades down to intensely/strongly welded with some areas of
stretched clast rivbbons, other areas no clasts visible.

Red/grey unit. Strongly welded with stretched clast ribbons. Clasts stretched out to ribbons
<1cm thick. Dense angular WRL 6-10cm and dark grey.

Grades down into knobbly face mod welded and point contacts. Clasts seen are cowpat and
flat 4-6cm elongate, with some areas more compacted. Dense angular WRL 8-15cm, max
80cm.

Ash

Lapilli
Block




Stratigraphic Column

Field Trip: South Bluff - North Crater Date: 15 2 2006
Field Site 99 day month year

Region: North Crater Tongariro National Park - Tongariro
Location: 2738329 6228095

. ; Sample
Imh')CK- Graphic Log No Description
-f Pink/grey unit. Can see clasts stretch out, but not into thin ribbons as below.
] moderately/strongly welded with irregular/informal columnar jointing up through unit.
‘ Pink/grey unit. Strongly welded, shows stretched clast ribbons.
30m 1
Pink/grey strongly welded (stretched clast ribbons) but moderatly welded near base where
. clast shapes seen. Clasts appear black poor vesic scoria, sub-rnd 4-7cm grades up quickly
into stretched out grey ribbons. Some irregular jointing (informal columnar jointing) seen
E through unit.
=
Grey/black scoria unit. Moderate to strong welded with varying flow (stretched ribbons) and
non flow areas (cowpat clasts). Flow banding can be seen with stretched out ribbions of black
: scoria, other areas of cowpat-like clasts with no flow, but still strongly welded.
20 m =
Pink/grey agglutinate flow. Intensely welded with banding patterns of stretched pink and
grey ribbons. Hard to distinguish WRL in face as weathered.
E AG63
-
] Possible upper section to unit below. Moderatly welded, and forms slight notch. Clasts seen
= are flat/cowpat like. Mainly dark grey poor vesicular scoria 5-8cm. Some dense angular
] WRL seen 5-8cm max 10cm.
10 M =
e —
E A Red/grey unit. Strongly welded with massive with informal columnar jointing. Clasts stretched
5 out to ribbons <1cm thick. Dense angular WRL 6-10cm and dark grey.
] — Shows coarse crystal rich interior.
4 ‘—/‘
-
] | r————
‘ AG62
= | —
Y —————
7% 8
4




Stratigraphic Column

Field Trip: Explosion Pit, stand alone pinnacle - North Crater Date: 17 2 2006

Field Site: 99 day month year

Region: North Crater Tongariro National Park - Tongariro
Location: 2738630 6228380

Thick. ; Sample
(m) A Graphic Log No Description
40m -
30m
— i
Massive single unit. Hard to distinguish too many features as most of
E visible exposure has some weathering or moss growth.
20m] Upper half to the unit is intensly welded massive lava. Informal columnar to
] irregular jointing but many of the joints dont join up some only partial
3 blocks formed and result in concentric ‘blocks’ still sitting locked together.
1 Bottom half of unit contains highly fractured or platy fractures- ‘stacked
E pancake’ look. The main vertical joints swing from vertical to near
s horizontal and broken between by much smaller platy joints, the joints are
5-10cm apart and 3-5cm high. The very base of the unit is more of a
= messy and irregular fracture zone with no defined pattern.
Unit is a uniform med grey and very crystal rich large white crystals 1-3mm
1 and some black crystals, and non to very poor vesicular.
L~
No clast shapes are seen.
4 P
3
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Stratigraphic Column

Field Trip: Explosion Pit, stand alone pinnacle - North Crater Date: 17 2 2006
Field Site: 60 day month vyear
Region: North Crater Tongariro National Park - Tongariro
Location: 2738537 6228329

Thick| ) Sample o

(m) 1 Graphic Log No Description
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Massive single unit. Hard to distinguish too many features as most of
visible exposure has some weathering or moss growth.

Upper 5-6m to the unit is intensly welded massive lava. Informal columnar
to irregular jointing but many of the joints dont join up some only partial
blocks formed and result in concentric ‘blocks’ still sitting locked together.
Middle 3-3.5meters of unit contains highly fractured or platy fractures-
‘stacked pancake’ look in intensly welded lava. The main vertical joints
swing from vertical to near horizontal and broken between by much
smaller platy joints, the joints are 5-10cm apart and 3-5cm high.

Lower 2-2.5m of unit gardes back into intensly welded lava which is broken
by some informal columns - some concentric shapes seen.

Unit is a uniform med grey and very crystal rich, large white crystals 1-
3mm and some black crystals, and non to very poor vesicular.

Cannot see any clast outlines.
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Stratigraphic Column

Field Trip: Pimple Rock - North Crater

Field Site 62

Region: North Crater Tongariro National Park - Tongariro

Location: 2739157 6227849

Date: 21 2 2006

day month year

Thick. Graphic Log ﬁﬁmp'e
(m)

Description

20m =

AG57

1 inkish i
10m

AG15

10cm.

3-5 cm, poor

very top Iar%;e lock broken by jigsaw cracks but s%ill sitting. ]
blocks 0.5-T.5m. Grades into'messy poorly black scoria, with minor
pink scoria, clasts sub-rnd to cowpat-like, 8-12cm.

Pinish grey aggultinate strongly welded some irre: uIar{'ointing, on

ing together,

Pinish gre% unit. Intensely/strongly welded, stretched clasts (thin
bbons) seen, poor vesicular, cryst rich. Dense angular WRL
-4cm. Some irregular jointing into large blocks

Pinish grey unit. Strongly welded, some minor flow or stretched clasts
] A gpinkish thick ribbions) seen, mod-poor vesicular. Dense angular WRL

Red scoria unit, mod-strongly welded, poor/mod vesicular. Hard to
see clast shapes but appear 3-6cm. Dense angular WRL 3-6cm.

Black scoria unit, clasts sub-rnd, mod/well vesicular, 4-7cm, poor
sorting & some <2cm and minor matrix. Some irridescent blue scoria
seen. Only found unit by digging into the scree slope.

Red scoria af;glutinate unit, clasts poor vesic, cryst rich, clasts appear
y welded but pockets of mod welded. Minor dense
angular WRL"3-5 cm. Scree slope below limits amount of unit seen.

Ash
Lapilli
Blocks




Stratigraphic Column

Field Trip: Northern Slope - North Crater Date: 23 2 2006

Field Site 69 day month vyear

Region: North Crater Tongariro National Park - Tongariro
Location: 2739447 6231023

Thick. Graphic Log ﬁgmple

(m) Description

10m =

Brown fine ash, highly weathered to clay (possibly Ngaruhoe ash?), no
distinctive features.

Creamy white pumice deposit (Taupo pumice?), well sorted, highly vesicular,
no crystals, 2-4cm.

Grey ash weathered to clay in some areas, can still see some parallel
bedding features. More weathereing at top of unit.

Weathered fine brown ash, highly weathered to clay, no distinguishable
features.

Orangy brown Iaﬁilli unit. Most .4-.8cm some 1-1.5cm, poor vesic pumice,
gome1 r121|nor black scoria mixed in. Minor dense WRL, 3-4cm, one large block
m x1.2m.

Medium ash, dark grey/black

Black scoria lapilli unit, poor vesic, 2-5cm, minor yellow/brown pumice mixed
in cryst rich, poor vesic <1.5cm. Dense WRL <1.5cm.

AG21

5m

Orangey/brown scoria lapilli unit. Black rnd scoria & reddish orange scoria
<1cm, poor vesic. Dense angular WRL <1cm and 3-4cm.

Medium ash, dark grey/black

Black scoria lapilli unit, poor vesic, 2-5cm, minor yellow/brown pumice mixed
AG19 in cryst rich, poor vesic <1.5cm. Dense WRL <1.5cm.

Very coarse ash, black/brown, similar to below.
Coarse ash, black/brown w. minor red & orange ash seen.
Med/coarse ash, dark grey, well sorted

AG20

Block & Ash flow, black scoria bombs sub-rnd to rnd, moderate vesicular, 30-
80 cm max 1.2m, most have breadcrust texture, minor clast supported in
areas with high conc blocks, rest is matrix supported in fine/med ash some
areas weath to clay. No WRL. In stream just below can see intensly welded
lava unit, assume b’n’a flow sits on this but cannot see the contact.




Stratigraphic Column

Field Area:; Ring Plain- North Crater Date: 23 3 2006

Field Site: /0 day month year

Region: North Crater Tongariro National Park - Tongariro
Location: 2753313 6238262

Thick. . Sample

(m) | Graphic Log No. Description
10mé

5m€

Medium to fine lapilli, orange/brown, massive unit. Clasts <2 cm, sub-round,
clast supported with very minor ash matrix. Slightly weathered. Possibly the
Potou Lapilli.

Dark greyish brown lapilli unit. Clasts <2 cm, clast supported but minor dark
ash. Slightly weathered.

Orangey brown lapilli unit. Lapilli <2 cm in the base cm grades up into
coarse ash.

Orangey brown medium to coarse ash, slightly weathered face.

Rotoaira Lapilli. Orange yellow lapilli bedded with fine black ash. Upper
most lapilli bed lapilli 2-3 cm, clast supported. Middle lapilli very similar.
Lower lapilli bed fine <1.5cm and lighter orange yellow colour.

Coarse brown ash unit

Pale pinkish brown, coarse ash and pumice unit, minor lithics with
occasional large pumice. Kawakawa Tephra/Oruanui Ignimbrite.




Stratigraphic Column

Field Area: Ring Plain- North Crater Date: 23 3
Field Site: /2 day month year

Region: North Crater Tongariro National Park - Tongariro
Location: 2751703 6231907

Thick. . Sample

(m) | Graphic Log No Description
10mé

5m€

Medium to fine lapilli, orange/brown, massive unit. Clasts <2 cm, sub-round,
clast supported with very minor ash matrix. Slightly weathered. Possibly the
Potou Lapilli.

Vegetation and scree

taaayl

Brownish yellow lapilli unit. Clasts <2 cm, clast supported but minor dark
ash. Slightly weathered. Grades from lower unit.

Orangey brown lapilli unit. Fine lapilli with coarse dark ash. Slightly
weathered. Grades from lower unit.

Brownish yellow fine to medium ash, well sorted, massive

Rotoaira Lapilli. Orange grey fine lapilli, massive, well sorted, <3cm clasts
Rotoaira Lapilli. Steel grey medium to coarse ash
Rotoaira Lapilli. Orange grey fine lapilli, massive, well sorted
AG33 ) - ) X . .
AG34 Rotoaira Lapilli. Dark grey medium ash, minor bedding, but not continuous
AG35 Rotoaira Lapilli. Medium orange yellow pumice lapilli, fine lapilli and coarse
ash lithics and pumice in upper 3cm, grades from above.

A

AG32




Stratigraphic Column

Field Area: Ring Plain- North Crater Date: 23 3
Field Site: /4 day month year

Region: North Crater Tongariro National Park - Tongariro

Location: 2750582 6232080

Tm?)k ’ Graphic Log Sa'Tople Description
10m
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covcc b e oo e

Taupo Pumice, medium to coarse, cream pumice lapilli unit.

Ngauruhoe Tephra, fine brownish grey ash unit. Very well sorted, some beds
defined by slight colour and grainsize changes.

Brownish green medium lapilli. Very well sorted, massive unit. Poutu Lapilli

Fine dark grey ash, well sorted, massive interbedded with fine pumice lapilli
<2cm

Medium to fine lapilli <2cm, orange/brown, between medium to coarse ash
beds.

Brownish yellow medium to fine ash unit.

Brown very coarse ash and fine lapilli

Brownish yellow medium to fine ash unit.

AG37 Rotoaira Lapilli. Orangey brown lapilli unit. Fine lapilli with coarse dark ash.
AG36 Slightly weathered. Grades from lower unit.

Rotoaira Lapilli. Brownish yellow fine to medium ash, well sorted, massive
Rotoaira Lapilli. Orange grey fine lapilli, massive, well sorted, <3cm clasts
AG38 Rotoaira Lapilli. Steel grey medium to coarse ash

Rotoaira Lapilli. Orange grey fine lapilli, massive, well sorted

Rotoaira Lapilli. Dark grey medium ash, minor bedding, but not continuous
Rotoaira Lapilli. Medium orange yellow pumice lapilli, fine lapilli and coarse

ash lithics and pumice in upper 3cm, grades from above.
Oruanui Fm, pinkish cream tephra




Stratigraphic Column

Field Area: Ring Plain- North Crater

Field Site: /2

Date: 23 3 2006
day month vyear

Region: North Crater Tongariro National Park - Tongariro

Location: 2748196 6232419

Thick. . Sample
(m) { Graphic Log No Description
10m
]
E Taupo Pumice, medium to coarse, cream pumice lapilli unit.
5m
1 Ngauruhoe Tephra, fine brownish grey ash unit. Very well sorted, some beds
defined by slight colour and grainsize changes.
E Brownish green medium lapilli. Very well sorted, massive unit. Poutu Lapilli
= Brownish green fine ash. Wharepu Tephra
E Yellowish cream, fine rhyolitic ash
Brown medium ash, Ohinepango Tephra.
3 Reddish brown coarse ash and fine lapilli, Waihohonu Fm.
Fine brown ash
] Very dark grey coarse ash and fine yellow lapilli
<1 Taurewa Fm, coarse ash grades down into fine ash
Brownish red fine lapilli and lithics, Bullot Fm.
E Brownish yellow fine ash coarsening down
= Brownish yellow medium to fine ash unit.
1 Brown very coarse ash and fine lapilli
& O Brownish yellow medium to fine ash unit.
2 ] Rotoaira Lapilli. Reworked dark grey ash with minor pumice lapilli, some bedding but is
discontinuous.
Rotoaira Lapilli. Orange grey fine lapilli, massive, well sorted, <3cm clasts, with lens of
AG37 dark grey coarse ash
AG36 Rotoaira Lapilli. Steel grey medium to coarse ash
Rotoaira Lapilli. Orange grey medium lapilli, massive, well sorted
Rotoaira Lapilli. Dark grey very coarse ash, minor bedding, but not continuous
AG38 Rotoaira Lapilli. Fine orange yellow pumice lapilli, fine lapilli unit.
Scree and pinkish cream fine ash, Oruanui Ignimbrite




Stratigraphic Column

Field Trip: Lower Ketetahi Track - Waterfall - North Crater Date: 23 3 2006

Field Site /6

Region: North Crater Tongariro National Park - Tongariro
Location: 2739875 6232923

day month vyear

Thick.
(m)

Graphic Log

Sample
No

Description

10m <

AG42
AG43

AG44

Brown med ash, weathered, (Ngaruhoe Ash?), no distinguishing
features and partly covered by plants etc.

Pumtice lapilli unit (Taupo Pumice), clasts 3-5cm, mod-high vesic, no
cryst.

Dark brown fine-med ash highly weathered to clay, cannot distinguish
any features in unit.

Yellow brown pumice very coarse ash and lapilli unit. Some weathering
of ash to clay. Some dense round juveniles 3-6cm.

Reddish brown scoria, very coarse ash to fine lapilli, mix of red and
black scoria, minor dense angular WRL <2cm.

Brownish orange very coarse ash
Black fine lapilli and very coarse ash, grades into lower unit.

Black/grey scoria lapilli unit. Clasts <2cm, poor vesic, minor dense
angular WRL 1-2cm.

Orangey/brown medium ash interbedded with 3 very coarse ash beds,
each about 2-3cm thick.

Block’'n’ash flow, hard to distinguish as mostly covered in stream
debris, moss and ferns. Can see a few large dense angular/sub-round
blocks 20-60cm juvenile. Matrix appears to be orangey ash but is
probably highly weathered from being in the stream.




Stratigraphic Column

Field Trip: Eastern Crater Rim - near Pimple Rock Date: 19 4 2006

Field Site /8 day month year

Region: North Crater Tongariro National Park - Tongariro
Location: 2739177 6227901

Thick. Graphic Log Sample
(m) No

Description

10m <
Sm ==
E A AGS56
T e

] Red scoria agglutinate unit. Strongly welded in upper 2m where can
ER Y see some stretch ribbions of clasts, grades into moderatelg/ welded at
1 base. Base clasts poor/moderately vesicular, 1-3cm max 5cm, some

E black mod vesic scoria in base. Minor dense angular WRL 2-3cm.

Consolidated yellow/black lapilli unit. Some mingled pumice, with
AG55 black scoria. Large clasts show more mingling texture. Clasts 1-3cm
rare 4-6cm, cryst rich, mod/poor vesicular. Minor dense angular WRL
1-5cm max 20cm.

Red scoria unit. Large scoria bombs, poor/mod vesic, sub-rnd
moderately welded with small areas poorI% welded. Messy broken up
structure so hard to distinguish features about clasts.

Consolidated yellow/black lapilli unit. Some mingled pumice, with
black scoria. Large clasts show more mingling texture. Clasts 1-3cm
rare 4-6¢m, cryst rich, mod/poor vesicular. Minor dense angular WRL
1-5cm max 15cm. Scree slope hides bottom contact so don’t know
true thickness.

Ash
Lapillif®
Blocks|
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Appendix C Density, Vesicularity and Componentry Data

Sample AG21
Componentry Dry Wet Ballast Wax Density Vesicularity Clast no.
dense lithic 9.25 5.68 0.00 0.00 259 0.3 1 -4phi
Pumice 1411 101.12 9291 1.00 240 7.7 2
Pumice 8.29 4.09 0.00 0.00 197 24.1 3
Pumice 8.27 4.27 0.00 0.00 207 205 4
Pumice 4.94 1.93 0.00 0.00 164 36.9 5
Pumice 6.43 3.87 0.00 0.00 251 34 6
Pumice 249 0.79 0.00 0.00 1.46 437 7  -3.5phi
Pumice 3.28 1.92 0.00 0.00 241 7.2 8
Pumice 217 0.95 0.00 0.00 178 316 9
Pumice 175 0.56 0.00 0.00 147 434 10
Pumice 1.84 0.63 0.00 0.00 152 415 11
Pumice 2.38 1.05 0.00 0.00 179 312 12
Pumice 3.08 174 0.00 0.00 2.30 11.6 13
Pumice 2.06 114 0.00 0.00 224 139 14
dense lithic 2.84 174 0.00 0.00 258 0.7 15
Pumice 170 0.62 0.00 0.00 157 395 16
Pumice 1.45 0.43 0.00 0.00 142 453 17
Dense lithic 341 2.09 0.00 0.00 258 0.6 18
349  mean mass 197 1612  mean
348  standard dev 0.44 16.95 standard deviation
1411  max mass 142 4532  minimum density value
145 minmass 259 0.34  maximum density value
231 1.85 average 3 minimum density
1.79 23.63  average 3 maximum density
Sample AG25
Componentry Dry Wet Ballast Wax  Density Vesicularity  Clast no.
Minor mingling 156.19 14832  160.79 6 0.93 64.4 27 -6phi
Pumice 103.76 127.73  160.79 55 0.76 70.8 23 -5.5phi
Scoria 108.63 28.92 92.91 4 0.63 75.8 24
Pumice 46.31 79.94 92.91 4 0.78 69.9 25
Minor mingling 60.83 7324 92.91 4 0.76 70.9 26
Scoria 34.83 8.90 0.00 3.00 135 482 1 -5phi
Scoria 16.44 92.60 92.91 3.00 0.99 62.1 2
Minor mingling 19.20 87.20 92.91 4.00 0.77 703 3
Pumice 3313 82.74 92.91 6.00 0.77 705 4
Minor mingling 17.07 90.43 92.91 3.00 0.88 66.3 5
Scoria 38.95 93.67 92.91 4.00 1.02 60.7 6
Minor mingling 3144 92.57 92.91 4.00 0.99 61.9 7
Pumice 42.74 81.76 92.91 5.00 0.79 69.4 8
Scoria 23.87 92.35 92.91 4.00 0.98 62.3 9
Minor mingling 21.52 294 0.00 3.00 1.16 55.3 10
Scoria 41.29 93.34 92.91 5.00 101 61.0 1
Intense mingling 33.65 86.91 92.91 5.00 0.85 67.3 12
Scoria 7.27 91.29 92.91 2.00 0.82 68.4 13 -4.5phi
Scoria 757 89.94 92.91 2.00 0.72 723 14
Scoria 12.73 89.54 92.91 3.00 0.79 69.5 15
Scoria 9.07 92.20 92.91 2.00 0.93 64.2 16
Scoria 6.73 92.94 92.91 1.00 101 61.3 17
Scoria 11.37 91.84 92.91 3.00 0.92 64.7 18
Scoria 5.71 93.08 92.91 1.00 1.03 60.2 19
Minor mingling 16.71 92.63 92.91 2.00 0.99 62.1 20
Minor mingling 5.60 91.78 92.91 2.00 0.84 67.8 21
Minor mingling 11.43 91.95 92.91 2.00 0.93 64.4 22
Minor mingling 6.66 90.58 92.91 2.00 0.74 1.4 23
Minor mingling 5.78 90.92 92.91 1.00 0.75 71.3 24
Minor mingling 6.12 91.72 92.91 2.00 0.84 67.6 25
Intense mingling 9.66 88.68 92.91 2.00 0.70 732 26
Intense mingling 12.29 90.79 92.91 2.00 0.86 67.1 27
Intense mingling 9.16 91.19 92.91 2.00 0.85 67.5 28
Intense mingling 13.03 88.98 92.91 3.00 0.77 703 29
Intense mingling 12.24 87.68 92.91 2.00 0.70 73.0 30
Intense mingling 21.59 345 0.00 2.00 1.19 54.1 31
Intense mingling 12.59 95.90 92.91 1.00 131 49.5 32
Intense mingling 4.98 90.20 92.91 2.00 0.65 75.0 33
Pumice 10.53 89.49 92.91 2.00 0.76 70.9 34
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Appendix C Density, Vesicularity and Componentry Data

AG25 continued

Scoria 447 92.39 92.91 2.00 0.90 65.3 35 -4phi
Scoria 3.65 92.99 9291 1.00 1.03 60.5 36
Scoria 2.39 92.01 9291 1.00 0.73 719 37
Scoria 170 91.87 9291 1.00 0.63 76.0 38
Scoria 2.96 92.87 9291 1.00 0.99 61.8 39
Scoria 315 91.98 9291 1.00 0.78 702 40
Scoria 6.27 93.78 9291 1.00 117 55.2 41
Scoria 275 92.09 9291 1.00 0.77 70.2 42
Minor mingling 321 92.06 9291 1.00 0.79 69.4 43
Minor mingling 5.16 93.10 9291 1.00 104 59.9 44
Minor mingling 359 91.46 92.91 1.00 0.72 725 45
Minor mingling 452 90.65 9291 1.00 0.67 74.3 46
Minor mingling 3.78 93.12 92.91 1.00 1.06 59.0 a7
Minor mingling 295 91.81 9291 1.00 0.73 718 48
Minor mingling 3.99 92.43 9291 1.00 0.90 655 49
Pumice 168 91.90 9291 1.00 0.63 75.8 50
Pumice 371 91.21 9291 1.00 0.69 735 51
Pumice 4.07 92.80 9291 1.00 0.98 62.4 52
Pumice 341 92.71 9291 1.00 0.95 635 53
Pumice 2.88 91.98 9291 1.00 0.76 70.8 54
Pumice 6.93 91.15 9291 1.00 0.80 69.3 55
Pumice 3.22 92.01 9291 1.00 0.79 69.8 56
Scoria 155 11.34 11.38 1.00 0.99 62.0 57  -3.5phi
Scoria 203 11.71 11.38 1.00 121 535 58
Scoria 245 11.44 11.38 1.00 1.03 60.2 59
Scoria 179 11.44 11.38 1.00 1.05 59.7 60
Scoria 117 11.25 11.38 1.00 0.91 64.8 61
Scoria 335 11.64 11.38 1.00 1.09 58.0 62
Scoria 118 11.26 11.38 1.00 0.92 64.5 63
Scoria 114 11.04 11.38 1.00 0.78 70.0 64
Minor mingling 120 11.45 11.38 1.00 1.08 584 65
Minor mingling 159 11.67 11.38 1.00 124 522 66
Minor mingling 267 11.15 11.38 1.00 0.93 64.3 67
Minor mingling 205 11.26 11.38 1.00 0.95 63.3 68
Minor mingling 144 11.09 11.38 1.00 0.84 67.6 69
Minor mingling 145 10.96 11.38 1.00 0.78 69.9 70
Minor mingling 1.38 11.46 11.38 1.00 1.08 585 71
Pumice 1.80 10.89 11.38 1.00 0.79 69.5 72
Pumice 1.80 10.78 11.38 1.00 0.76 709 73
Pumice 219 10.88 11.38 1.00 0.82 685 74
Pumice 133 11.14 11.38 1.00 0.86 67.0 75
Pumice 134 11.01 11.38 1.00 0.79 69.5 76
Pumice 0.98 10.89 11.38 1.00 0.68 74.0 7
Pumice 118 11.16 11.38 1.00 0.86 67.1 78
6.01 mean mass 0.87 6296 mean
2489  standard dev 0.16 6.24  standard deviation
156.19 max mass 0.63 75.96  minimum density value
098 minmass 135 4822  maximum density value
0.72 69.35  average 3 minimum density
0.77 67.19  average 3 maximum density
Sample AG26
Componentry Dry Wet Ballast  Wax  Density  Vesicularity  Clast no.
Scoria 24312 18522 9291  6.00 161 37.9 29 -6phi
Scoria 57.59 83.60 9291  6.00 0.86 66.8 1 -5phi
Scoria 49.73  100.70 9291  6.00 119 54.3 2
Scoria 29.21 95.90 9291  4.00 112 57.0 3
Dense lithic 41.40 22.28 000 200 2.17 16.5 4 -4.5phi
Scoria 21.85 95.60 9291 200 114 56.0 5
Scoria 8.99 91.87 9291  2.00 0.90 65.4 6
Scoria 12.05 9391 9291 200 1.09 57.9 7
Scoria 21.39 97.07 9291 200 124 52.1 8
Scoria 9.85 92.64 9291 200 0.98 62.4 9
Minor mingling 18.09 91.95 9291  2.00 0.95 63.4 10
Minor mingling 10.68 9341 9291 200 1.05 59.5 11
Minor mingling 10.66 94.48 9291  2.00 118 54.7 12
Minor mingling 9.57 92.37 9291  2.00 0.95 63.4 13
Minor mingling 11.45 95.19 9291  2.00 125 51.8 14
Minor mingling 11.55 93.66 9291  2.00 1.07 58.7 15
Minor mingling 10.09 92.70 9291  2.00 0.98 62.2 16
Minor mingling 9.73 92.53 9291 200 0.97 62.8 17
Minor mingling 21.29 93.95 9291  3.00 1.05 59.4 18
Minor mingling 12.19 95.12 9291 200 123 52.8 19
Minor mingling 14.28 93.93 9291  2.00 1.08 58.5 20
Minor mingling 10.55 92.84 9291  2.00 1.00 61.6 21
Minor mingling 9.08 93.48 9291 200 107 58.8 22
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AG26 continued

Minor mingling 12.10 94.18 9291 200 112 56.9 23
Minor mingling 9.67 95.12 9291  2.00 1.30 49.9 24
Minor mingling 8.80 91.31 9291  2.00 0.85 67.3 25
Minor mingling 8.97 94.80 9291  2.00 127 510 26
Minor mingling 22.18 92.57 9291  3.00 0.99 62.0 27
Minor mingling 7.45 93.23 9291  2.00 1.05 59.6 28
Dense lithic 9.99 73.10 6794 100 2.08 20.1 29  -dphi
Scoria 3.25 67.86 67.94  1.00 0.98 62.2 30
Scoria 2.56 68.13 6794 100 1.09 58.1 31
Scoria 472 68.84 67.94  1.00 124 52.2 32
Scoria 3.38 67.39 6794 100 0.86 66.8 33
Scoria 3.02 68.03 67.94  1.00 104 60.1 34
Scoria 5.52 67.51 6794 100 0.93 64.2 35
Scoria 411 68.81 67.94  1.00 128 50.9 36
Scoria 512 68.71 67.94 1.00 118 545 37
Scoria 341 67.38 67.94  1.00 0.86 66.8 38
Scoria 348 67.58 67.94  1.00 0.91 65.0 39
Scoria 3.83 67.82 6794 100 0.97 62.5 40
Scoria 4.35 67.85 67.94  1.00 0.98 62.1 41
Minor mingling 412 67.70 67.94  1.00 0.95 63.5 42
Minor mingling 6.42 68.96 67.94 100 119 54.1 43
Minor mingling 8.45 68.02 67.94 2.00 1.01 61.0 44
Minor mingling 5.47 68.77 67.94 1.00 118 54.5 45
Minor mingling 3.77 92.08 9291  1.00 0.82 68.3 46
Minor mingling 4.92 67.17 67.94  1.00 0.87 66.6 47
Minor mingling 3.30 67.59 67.94 1.00 0.91 65.0 48
Minor mingling 517 67.51 67.94 1.00 0.93 64.4 49
Minor mingling 6.89 67.48 67.94 100 0.94 63.8 50
Minor mingling 10.69 67.79 67.94  1.00 0.99 62.0 51
Dense lithic 6.56 3.85 0.00 100 244 6.2 52 -3.5phi
Minor mingling 2.04 67.80 67.94 1.00 094 63.7 53
Minor mingling 2.38 67.83 67.94  1.00 0.96 62.9 54
Minor mingling 2.86 68.69 67.94  1.00 137 47.4 55
Minor mingling 114 67.20 67.94  1.00 0.61 76.4 56
Minor mingling 116 67.33 67.94  1.00 0.66 745 57
Minor mingling 164 67.25 67.94 1.00 071 727 58
Minor mingling 2.26 68.46 67.94  1.00 131 495 59
Minor mingling 214 67.89 67.94  1.00 0.99 62.1 60
Minor mingling 2.20 68.13 67.94  1.00 11 575 61
Minor mingling 175 67.99 67.94  1.00 1.04 59.9 62
Minor mingling 243 67.89 67.94 1.00 0.99 62.0 63
Minor mingling 187 67.76 67.94 1.00 0.92 64.6 64
Scoria 2.23 67.83 6794 100 0.96 63.0 65
Scoria 164 68.09 67.94  1.00 112 57.1 66
Scoria 143 67.85 6794 100 0.95 63.3 67
Scoria 1.89 68.02 67.94  1.00 1.06 59.4 68
Scoria 107 67.65 6794 100 0.80 69.3 69
Scoria 1.90 68.03 67.94  1.00 1.06 59.2 70
Scoria 1.89 67.59 6794 100 0.85 67.3 71
Scoria 1.69 68.00 67.94  1.00 1.05 59.6 72
Scoria 179 67.99 6794 100 104 60.0 73
Scoria 2.77 68.13 6794 100 1.08 584 74
574  mean mass 1.05 5553 mean
28.96  standard dev 0.28 10.87  standard deviation
24312  max mass 0.61 76.43  minimum density value
107 minmass 244 6.21  maximum density value
1.05 55.47  average 3 minimum density
1.06 54.84  average 3 maximum density
Sample AG27
Componentry Dry Wet Ballast Wax Density Vesicularity Clast no.
Minor mingling 29.37 94.84 92.91 3.00 1.07 58.7 1 -5phi
Pumice 14.90 89.14 92.91 3.00 0.80 69.2 2
Minor mingling 831 91.75 92.91 2.00 0.88 66.1 3 -4.5phi
Minor mingling 12.34 92.96 92.91 2.00 101 61.3 4
Minor mingling 8.94 93.51 92.91 2.00 1.08 58.6 5
Minor mingling 12.58 92.94 92.91 2.00 101 61.3 6
Minor mingling 12.68 94.63 92.91 2.00 116 55.3 7
Minor mingling 841 92.12 92.91 2.00 0.92 64.7 8
Minor mingling 8.14 90.16 92.91 2.00 0.75 711 9
Minor mingling 8.08 93.28 92,91 2.00 1.05 59.5 10
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AG27 continued

Minor mingling 10.56 92.37 92.91 2.00 0.95 63.3 1
Minor mingling 7.87 93.17 92.91 1.00 1.04 60.1 12
Minor mingling 9.17 93.45 92.91 1.00 107 59.0 13
Minor mingling 6.61 92.70 92.91 1.00 0.97 62.6 14
Minor mingling 5.60 91.81 92.91 1.00 0.84 67.8 15
Pumice 7.18 89.22 92.91 2.00 0.66 745 16
Pumice 5.80 90.77 92.91 2.00 0.73 718 17
Pumice 10.57 88.65 92.91 2.00 0.71 725 18
Pumice 9.65 89.64 92.91 2.00 0.75 712 19
Pumice 16.99 92.67 92.91 1.00 0.99 62.0 20
Pumice 8.92 90.90 92.91 2.00 0.82 685 21
Pumice 9.12 91.12 92.91 2.00 0.84 67.7 22
Minor mingling 328 68.11 67.94 1.00 1.06 59.2 23 -4phi
Minor mingling 294 68.01 67.94 1.00 1.03 60.3 24
Minor mingling 3.58 67.95 67.94 1.00 1.01 61.2 25
Minor mingling 314 68.17 67.94 1.00 1.09 582 26
Minor mingling 340 68.34 67.94 1.00 114 56.1 27
Minor mingling 5.85 67.38 67.94 2.00 0.92 64.7 28
Minor mingling 6.95 68.43 67.94 2.00 1.08 58.4 29
Minor mingling 3.68 68.19 67.94 1.00 1.08 585 30
Intense mingling 217 67.32 67.94 1.00 0.78 69.9 31
Intense mingling 1.82 67.60 67.94 1.00 0.85 67.3 32
Intense mingling 5.44 68.63 67.94 1.00 115 55.8 33
Intense mingling 394 67.41 67.94 1.00 0.89 65.9 34
Intense mingling 1.96 67.24 67.94 1.00 0.74 714 35
Intense mingling 2.08 67.24 67.94 1.00 0.75 71.0 36
Intense mingling 170 67.73 67.94 1.00 0.90 65.4 37
Pumice 2.85 66.72 67.94 1.00 0.70 729 38
Pumice 3.58 66.31 67.94 2.00 0.69 734 39
Pumice 5.04 67.28 67.94 1.00 0.89 65.9 40
Pumice 250 66.95 67.94 1.00 0.72 723 41
Pumice 220 66.82 67.94 1.00 0.67 744 42
Pumice 3.20 67.47 67.94 1.00 0.88 66.3 43
Pumice 2.59 67.03 67.94 2.00 0.75 712 44
Dense lithic 5.45 313 0.00 1.00 237 89 45  -3.5phi
Dense lithic 7.27 432 0.00 1.00 248 46 46
Minor mingling 1.06 11.33 11.42 1.00 0.94 63.9 47
Minor mingling 120 11.33 11.42 1.00 0.94 637 48
Minor mingling 1.66 11.45 11.42 1.00 1.03 60.3 49
Minor mingling 1.80 11.59 11.42 1.00 112 57.0 50
Minor mingling 181 11.48 11.42 1.00 1.05 59.8 51
Minor mingling 231 1151 11.42 1.00 1.05 59.6 52
Minor mingling 1.68 11.70 11.42 1.00 122 532 53
Minor mingling 2.09 11.33 11.42 1.00 0.97 62.8 54
Minor mingling 1.00 10.79 11.42 1.00 0.62 76.1 55
Minor mingling 157 11.08 11.42 1.00 0.83 68.1 56
Minor mingling 242 11.39 11.42 1.00 1.00 61.7 57
Minor mingling 2.26 11.19 11.42 1.00 091 64.8 58
Minor mingling 175 11.06 11.42 1.00 0.84 67.8 59
Some mingling 185 11.37 11.42 1.00 0.98 62.2 60
Intense mingling 147 11.25 11.42 1.00 091 65.1 61
Intense mingling 0.89 11.23 11.42 1.00 0.84 67.7 62
Intense mingling 1.56 11.02 11.42 1.00 0.80 69.1 63
Intense mingling 294 11.40 11.42 1.00 1.00 61.5 64
Intense mingling 167 10.84 11.42 1.00 0.75 712 65
Intense mingling 137 11.03 11.42 1.00 0.79 69.7 66
Intense mingling 142 11.00 11.42 1.00 0.78 70.0 67
Pumice 167 11.19 11.42 1.00 0.89 65.8 68
Pumice 175 67.32 67.45 1.00 0.94 63.8 69
Pumice 170 67.36 67.45 1.00 0.96 63.1 70
Pumice 0.85 66.75 67.45 1.00 0.56 786 71
Pumice 1.62 67.24 67.45 1.00 0.90 65.6 72

354  mean mass 0.92 60.86 mean

4.77  standard dev 0.29 1114  standard deviation

29.37  max mass 0.56 78.63  minimum density value
0.85 minmass 248 457  maximum density value
091 61.22  average 3 minimum density
0.78 66.74  average 3 maximum density
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Sample AG35
Componentry Dry Wet Ballast Wax Density  Vesicularity Clast no.
Pumice 5.05  65.08 67.94 1.00 0.64 754 1 -45phi
Pumice 194 66.26 67.94 1.00 0.54 79.3 2 -4phi
Pumice 197 66.39 67.94 1.00 0.56 78.4 3
Pumice 170 66.73 67.94 1.00 0.59 774 4
Pumice 359  63.96 67.94 1.00 0.48 8L7 5
Pumice 192 67.08 67.94 1.00 0.70 732 6
Pumice 3.01 67.01 67.94 1.00 0.77 70.5 7
Pumice 153 66.58 67.94 1.00 0.53 795 8
Pumice 117 66.68 67.94 1.00 0.49 813 9
Pumice 190 67.02 67.94 1.00 0.68 739 10
Pumice 137 66.83 67.94 1.00 0.56 78.6 11 -3.5phi
Pumice 137 66.85 67.94 1.00 0.56 784 12
Pumice 143  66.99 67.94 1.00 0.61 76.7 13
Pumice 141  67.06 67.94 1.00 0.62 76.1 14
Pumice 145 67.10 67.94 1.00 0.64 754 15
Pumice 0.94 67.24 67.94 1.00 0.58 7.7 16
Pumice 114 66.62 67.94 1.00 0.47 82.0 17
Pumice 111 67.34 67.94 1.00 0.66 74.7 18
Pumice 083 67.13 67.94 1.00 0.51 80.3 19
Pumice 168 67.84 67.94 1.00 0.95 63.3 20
165 mean mass 0.60 7459  mean
1.00 standard dev 0.11 435  standard deviation
505 max mass 0.47 82.03  minimum density value
0.83  min mass 0.95 63.29  maximum density value
0.58 75.36  average 3 minimum density
0.68 70.86  average 3 maximum density
Sample AG36
Componentry Dry Wet Ballast Wax Density Vesicularity Clast no.
Pumice 185 66.89 67.94 1.00 0.64 75.3 1 -4phi
Pumice 183 66.24 67.94 1.00 0.52 79.9 2
Pumice 232 6641 67.94 1.00 0.61 76.7 3
Intense mingling 225 6722 67.94 1.00 0.76 70.7 4
Pumice 134 6578 67.94 1.00 0.39 85.2 5
Intense mingling 425  66.39 67.94 1.00 0.74 717 6
Pumice 201 6528 67.94 1.00 0.43 834 7
Pumice 271  67.03 67.94 1.00 0.75 71.0 8
Pumice 183 6573 67.94 1.00 0.46 825 9
Pumice 129 6647 67.94 1.00 0.47 81.9 10
Pumice 1.45 66.51 67.94 1.00 0.51 80.5 11
Pumice 225 67.16 67.94 1.00 0.75 712 12
Pumice 187 66.23 67.94 1.00 0.53 79.8 13
Pumice 104  66.66 67.94 1.00 0.45 82.6 14
Pumice 085 6653 67.94 1.00 0.38 85.4 15 -3.5phi
Pumice 175 66.56 67.94 1.00 0.56 784 16
Pumice 105 66.90 67.94 1.00 0.51 80.5 17
Pumice 110 67.05 67.94 1.00 0.56 785 18
Pumice 096 6691 67.94 1.00 0.49 81.3 19
Pumice 128 6719 67.94 1.00 0.64 755 20
Pumice 115 66.87 67.94 1.00 0.52 79.9 21
Pumice 079 6697 67.94 1.00 0.45 825 22
Pumice 108 66.75 67.94 1.00 0.48 815 23
153  mean mass 054 7719 mean
0.77  standard dev 0.12 4.47  standard deviation
425 max mass 0.38 85.41  minimum density value
0.79  min mass 0.76 70.66  maximum density value
0.59 75.00 average 3 minimum density
0.48 79.37  average 3 maximum density
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Sample AG41
Componentry Dry Wet Ballast Wax Density  Vesicularity Clast no.
Pumice 7.18 62.28 67.94 2.00 0.56 784 1  -A5phi
Pumice 2.56 67.02 67.94 1.00 0.74 715 2 -4phi
Intense mingling 2.76 66.44 67.94 1.00 0.65 75.0 3
Intense mingling 291 66.83 67.94 1.00 0.73 72.0 4
Pumice 364 66.65 67.94 1.00 0.74 715 5
Pumice 2.58 67.48 67.94 1.00 0.85 67.1 6
Pumice 172 66.63 67.94 1.00 0.57 78.0 7
Pumice 244 67.16 67.94 1.00 0.76 70.7 8
Pumice 1.86 67.32 67.94 1.00 0.76 70.9 9
Pumice 178 66.93 67.94 1.00 0.64 75.3 10  -3.5phi
Pumice 234 67.17 67.94 1.00 0.76 70.9 11
Pumice 155 67.33 67.94 1.00 0.72 721 12
Intense mingling 127 67.30 67.94 1.00 0.67 74.2 13
Pumice 178 67.34 67.94 1.00 0.75 710 14
Pumice 1.68 66.75 67.94 1.00 0.59 77.3 15
Pumice 150 66.62 67.94 1.00 0.54 79.4 16
Pumice 131 67.20 67.94 1.00 0.65 75.2 17
Pumice 163 67.28 67.94 1.00 0.72 724 18
Pumice 181 67.59 67.94 1.00 0.85 67.5 19
Pumice 177 67.49 67.94 1.00 0.80 69.1 20
Pumice 193 67.49 67.94 1.00 0.82 68.5 21
Pumice 0.91 67.35 67.94 1.00 0.61 76.4 22
Pumice 184 67.21 67.94 1.00 0.72 722 23
200 mean mass 0.70 7026 mean
125 standard dev 0.09 348  standard deviation
7.18 max mass 0.54 79.40  minimum density value
091 minmass 0.85 67.14  maximum density value
0.65 7249  average 3 minimum density
0.71 69.65 average 3 maximum density
Sample AG45
Componentry Dry Wet Ballast Wax Density  Vesicularity  Clast no.
Intense mingling 75.38 8151 9291 4.00 0.87 66.6 29  -5.5phi
Intense mingling 68.78 78.69 92.91 4.00 0.83 68.1 30
Intense mingling 38.60 61.55 67.94 3.00 0.86 67.0 1  -5phi
Pumice 12.10 64.40 67.94 2.00 0.78 70.2 2 -A5phi
Intense mingling 16.59 63.09 67.94 2.00 0.78 70.2 3
Scoria 14.10 6.01 0.00 1.00 175 328 4
Scoria 10.08 7131 67.94 1.00 151 420 5  -4phi
Pumice 5.03 66.78 67.94 1.00 0.82 68.6 6
Intense mingling 472 66.20 67.94 1.00 0.73 718 7
Minor mingling 10.70 67.71 67.94 1.50 0.98 62.2 8
Minor mingling 6.55 68.93 67.94 1.00 118 54.5 9
Minor mingling 3.29 67.42 67.94 1.00 0.87 66.6 10
Intense mingling 4.40 69.23 67.94 1.00 142 452 11
Scoria 10.66 6.25 0.00 1.00 243 6.6 12
Minor mingling 2.81 67.98 67.94 0.50 1.02 60.8 13
Scoria 4.08 69.14 67.94 0.50 142 45.3 14
Intense mingling 2.90 67.78 67.94 0.50 0.95 63.4 15
Minor mingling 2.78 68.04 67.94 0.50 104 60.0 16
Minor mingling 3.55 68.24 67.94 0.50 110 57.9 17
Scoria 4.56 69.03 67.94 0.50 132 49.3 18
Scoria 3.38 68.54 67.94 0.50 122 53.1 19  -3.5phi
Intense mingling 148 67.71 67.94 0.50 0.87 66.5 20
Minor mingling 4.13 69.28 67.94 0.50 149 429 21
Minor mingling 2.82 68.23 67.94 0.50 112 57.0 22
Minor mingling 3.20 68.79 67.94 0.50 137 47.4 23
Minor mingling 178 68.06 67.94 0.50 1.08 58.5 24
Scoria 2.07 68.02 67.94 0.50 1.05 59.8 25
Intense mingling 1.02 67.95 67.94 0.50 1.02 60.8 26
Minor mingling 117 67.80 67.94 0.25 0.90 65.5 27
Minor mingling 133 67.96 67.94 0.25 1.02 60.8 28
516  mean mass 1.10 5314 mean
1820  standard dev 0.36 13.82  standard deviation
7538 max mass 0.73 71.81  minimum density value
102 minmass 243 6.61  maximum density value
0.80 65.86  average 3 minimum density
0.96 59.32  average 3 maximum density
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Sample AG46
Componentry Dry Wet Ballast Wax Density  Vesicularity  Clast no.
Scoria 34.46 103.43 92.91 2.00 144 445 1 -5phi
Pumice 34.28 97.66 92.91 2.00 116 55.3 2
Minor mingling 19.82 86.12 9291 2.00 0.75 71.3 3
Scoria 31.78 91.85 92.91 2.00 0.97 62.7 4
Scoria 26.15 94.16 92.91 2.00 1.05 59.5 5
Scoria 13.63 94.03 92.91 1.00 1.09 58.0 6  -4.5phi
Scoria 10.25 93.09 92.91 1.00 1.02 60.8 7
Scoria 19.91 97.49 92.91 1.00 1.30 50.0 8
Scoria 11.66 95.05 92.91 1.00 123 52.8 9
Scoria 27.29 97.92 92.91 1.00 123 52.8 10
Scoria 17.45 94.59 92.91 2.00 111 57.3 11
Scoria 27.33 99.50 92.91 2.00 132 49.2 12
Scoria 12.00 94.40 92.91 1.00 114 56.0 13
Scoria 12.14 92.08 92.91 1.00 0.94 63.9 14
Scoria 12.76 95.28 92.91 1.00 123 527 15
Scoria 11.47 9257 92.91 2.00 0.97 625 16
Scoria 16.64 9.06 0.00 1.00 2.20 15.3 17
Scoria 7.12 93.30 92.91 1.00 1.06 59.2 18 -4phi
Scoria 6.48 94.28 92.91 1.00 127 51.0 19
Scoria 5.80 94.08 92.91 1.00 1.26 51.6 20
Scoria 7.89 92.68 92.91 1.00 0.97 625 21
Scoria 5.98 93.70 92.91 1.00 1.16 555 22
Scoria 482 93.29 92.91 1.00 1.09 58.1 23
Scoria 542 9331 92.91 1.00 1.08 58.3 24
Scoria 8.77 94.98 92.91 1.00 131 495 25
Scoria 7.99 93.60 92.91 1.00 1.10 57.8 26
Scoria 742 93.74 92.91 1.00 113 56.6 27
Scoria 4.96 92.65 92.91 1.00 0.95 63.3 28
Scoria 64.40 100.22 92.91 4.00 113 56.6 29  -5phi
Scoria 1.00 1.00 1.00 1.00 1.02 60.8 30
56.68 30.18 0.00 4.00 215 175 31 larger clast chips
104.53 59.88 0.00 4.00 235 9.8 32
68.03 3061 0.00 4.00 1.82 29.9 33
67.80 28.84 0.00 4.00 174 329 34
78.71 19.74 0.00 4.00 134 48.6 35
57.98 3231 0.00 4.00 227 12.9 36
1595  mean mass 1.25 46.62 mean
2533  standard dev 0.40 1531  standard deviation
104.53  max mass 0.75 7131  minimum density value
1.00 minmass 235 9.80  maximum density value
1.08 54.16  average 3 minimum density
1.74 2590 average 3 maximum density
Sample AG47
Componentry Dry Wet Ballast Wax  Density  Vesicularity Clast no.
Pumice 66.57 123.70 160.02 4.00 0.65 75.1 29  -5.5phi
Intense mingling 33.00 88.24 92.91 2.00 0.88 66.3 1  -5phi
Pumice 26.58 82.87 92.91 3.00 0.73 720 2
Pumice 34.40 53.59 67.93 3.00 0.71 72.8 3
Minor Mingling 45.07 69.98 67.93 3.00 1.05 59.6 4
Pumice 18.18 62.83 67.93 2.00 0.78 69.9 5  -4.5phi
Intense mingling 14.29 67.57 67.93 2.00 0.98 62.4 6
Pumice 595 65.65 67.93 1.00 0.72 721 7
Pumice 5.53 65.97 67.93 1.00 0.74 715 8
Intense mingling 12.50 65.23 67.93 2.00 0.82 68.3 9
Scoria 26.01 90.01 92.91 2.00 0.90 65.3 10
Minor Mingling 21.42 71.90 67.93 2.00 123 52.7 1
Scoria 33.04 96.92 9291 2.00 114 56.2 12
Pumice 2.67 67.09 67.93 0.50 0.76 70.7 13 -4phi
Pumice 177 67.21 67.93 0.50 0.71 725 14
Pumice 2.28 67.14 67.93 0.50 0.75 713 15
Pumice 1.89 67.49 67.93 0.50 0.81 68.7 16
Pumice 1.60 67.28 67.93 0.50 0.71 725 17
Intense mingling 311 67.65 67.93 0.50 0.92 64.6 18
Pumice 219 67.40 67.93 0.50 0.81 68.9 19
Pumice 5.03 68.42 67.93 0.50 111 57.3 20
Pumice 5.58 67.16 67.93 1.00 0.88 66.1 21
Pumice 2.35 67.40 67.93 0.50 0.82 68.5 22
Pumice 227 67.12 67.93 0.50 0.74 716 23
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AGA47 continued

Minor Mingling 6.23 92.13 92,91 0.50 0.89 65.8 24
Dense lithic 8.28 4.93 0.00 0.50 248 4.7 25
Pumice 2.84 67.39 67.93 0.50 0.84 67.6 26 -3.5phi
Minor Mingling 261 68.32 67.93 0.50 118 54.6 27
Pumice 148 67.37 67.93 0.50 0.73 72.0 28
701  mean mass 0.89 62.30 mean
16.13  standard dev 0.34 1310  standard deviation
66.57 max mass 0.71 72.82  minimum density value
148  min mass 248 465  maximum density value
0.77 67.38  average 3 minimum density
0.93 60.51  average 3 maximum density
Sample AG48
Componentry Dry Wet Ballast Wax Density  Vesicularity Clast no.
Pumice 103.51 101.30 160.79 4.00 0.64 75.6 29  -6phi
Intense mingling 111.32 113.32 160.79 4.50 0.70 73.0 30
Pumice 15.81 59.73 67.94 2.00 0.66 74.6 1 -5phi
Dense lithic 39.37 22.90 0.00 2.00 240 7.8 2 -4.5phi
Pumice 5.77 63.63 67.94 1.00 0.57 779 3
Pumice 10.00 62.61 67.94 1.00 0.65 749 4
Pumice 6.28 64.25 67.94 1.00 0.63 5.7 5
Intense mingling 8.09 65.67 67.94 1.00 0.78 69.9 6
Scoria 5.93 2.09 0.00 1.00 155 403 7 -4phi
Dense lithic 7.68 447 0.00 1.00 241 74 8
Pumice 2.10 66.57 67.94 1.00 0.61 76.6 9
Intense mingling 458 67.98 67.94 1.00 101 61.0 10
Intense mingling 6.25 68.81 67.94 1.00 117 55.2 11
Minor mingling 571 68.28 67.94 1.00 1.07 59.0 12
Intense mingling 5.59 68.94 67.94 0.50 122 53.1 13
Intense mingling 3.05 67.16 67.94 0.50 0.80 69.3 14
Pumice 3.64 66.12 67.94 0.50 0.67 743 15
Pumice 175 67.04 67.94 0.50 0.66 745 16
Pumice 397 68.78 67.94 0.50 127 511 17
Intense mingling 2.05 67.08 67.94 0.50 0.71 72.8 18
Pumice 214 66.76 67.94 0.50 0.65 75.1 19
Intense mingling 3.46 67.26 67.94 0.50 0.84 67.8 20
Scoria 3.34 68.26 67.94 0.50 111 57.3 21
Pumice 2.05 67.31 67.94 0.50 0.77 705 22
Dense lithic 11.62 6.96 0.00 0.50 2.50 39 23
Pumice 1.09 67.54 67.94 0.25 0.73 71.8 24 -3.5phi
Pumice 123 67.25 67.94 0.25 0.64 75.3 25
Intense mingling 267 68.15 67.94 0.50 1.09 58.1 26
Minor mingling 0.94 67.56 67.94 0.25 0.71 725 27
Pumice 1.05 67.49 67.94 0.25 0.70 73.0 28
4.93  mean mass 0.92 60.85 mean
26.73  standard dev 0.56 21.36  standard deviation
111.32  max mass 0.57 7794  minimum density value
094  min mass 250 3.89  maximum density value
0.97 58.82  average 3 minimum density
0.70 70.11  average 3 maximum density
Sample AG49
Componentry Dry Wet Ballast ~ Wax Density  Vesicularity Clast no.
Scoria 72.45 101.39 9291 4.00 113 56.4 29  -5.5phi
Scoria 19.46 87.06 9291 2.00 0.77 704 1  -5phi
Minor Mingling 3177 92.69 92.91 2.00 0.99 61.8 2
Intense mingling 17.83 90.64 92.91 2.00 0.89 65.8 3 -4.5phi
Minor Mingling 8.14 90.99 92.91 1.00 0.81 68.8 4
Minor Mingling 9.52 92.17 92.91 1.00 0.93 64.2 5
Minor Mingling 16.08 93.53 92.91 2.00 1.04 59.9 6
Pumice 7.12 92.48 92.91 1.00 0.95 63.6 7
Scoria 5.68 92.96 9291 1.00 101 611 8
Minor Mingling 8.28 93.21 92.91 1.00 1.04 60.0 9
Scoria 8.28 89.26 92.91 1.00 0.70 733 10
Dense lithic 40.50 24.00 0.00 2.00 2.46 54 11
Dense lithic 32.24 19.14 0.00 2.00 247 5.1 12
Pumice 5.69 91.54 92.91 1.00 0.81 68.9 13 -4phi
Intense mingling 4.53 90.97 92.91 1.00 0.70 73.0 14
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AGA49 continued

Minor Mingling 8.95 94.33 9291 1.00 119 54.2 15
Minor Mingling 6.35 93.01 92.91 1.00 1.02 60.8 16
Pumice 6.54 93.58 92.91 1.00 112 57.0 17
Minor Mingling 10.95 95.11 92.91 1.00 125 518 18
Pumice 2.82 92.28 9291 1.00 0.82 68.4 19
Scoria 215 92.16 92.91 1.00 0.75 713 20
Minor Mingling 5.38 93.81 92.91 1.00 121 53.6 21
Minor Mingling 5.93 91.59 9291 1.00 0.82 685 22
Scoria 4.81 92.90 92.91 1.00 1.00 615 23
Minor Mingling 148 92.65 92.91 1.00 0.86 66.9 24 -3.5phi
Minor Mingling 3.39 94.11 92.91 1.00 1.56 399 25
Intense mingling 0.98 92.74 92.91 1.00 0.87 66.6 26
Pumice 174 92.72 9291 1.00 0.91 65.0 27
Pumice 1.02 92.71 92.91 1.00 0.85 67.3 28
6.99 mean mass 1.01 57.18 mean
1524  standard dev 0.44 16.84  standard deviation
7245 max mass 0.70 7326 minimum density value
0.98  minmass 247 5.05 maximum density value
0.88 6257  average 3 minimum density
0.88 62.55  average 3 maximum density
sample AG50
Componentry Dry Wet Ballast Wax Density ~ Vesicularity  Clast no.
Pumice 108.48 115.02 9291 4.00 1.26 51.6 1 -5.5phi
Pumice 405 94.38 92.91 0.50 158 394 2 -4phi
Pumice 5.80 95.78 92.91 0.50 1.99 236 3
Pumice 497 95.37 92.91 0.50 1.99 235 4
Pumice 893 97.53 92.91 0.50 208 201 5
Pumice 5.89 96.11 92.91 0.50 2.20 15.5 6
Pumice 1.88 93.39 92.91 0.25 135 482 7  -3.5phi
Pumice 228 93.66 92.91 0.25 150 425 8
641  mean mass 171 2738  mean
36.71  standard dev 0.36 1394  standard deviation
10848  max mass 1.26 51.65  minimum density value
1.88  minmass 220 1547  maximum density value
1.58 32.82  average 3 minimum density
164 30.12  average 3 maximum density
Sample AG52
Componentry Dry Wet Ballast Wax Density  Vesicularity Clast no.
Intense mingling 29.45 90.11 9291 2.00 091 64.8 1 -5phi
Intense mingling 38.78 93.04 92.91 2.00 1.00 61.4 2
Intense mingling 2359 88.84 92.91 2.00 0.85 67.2 3
Intense mingling 35.66 81.73 92.91 2.00 0.76 70.7 4
Intense mingling 21.64 91.83 92,91 2.00 0.95 63.3 5
Pumice 13.14 93.10 92.91 2.00 1.02 60.9 6 -4.5phi
Dense lithic 26.14 14.62 0.00 2.00 2.28 12.4 7
Intense mingling 13.32 90.69 9291 2.00 0.86 66.9 8
Intense mingling 20.24 92.77 92.91 2.00 1.00 61.7 9
Pumice 15.96 88.18 92.91 2.00 0.77 703 10
Intense mingling 18.11 88.55 92.91 2.00 0.81 68.9 11
Intense mingling 14.98 88.94 9291 2.00 0.79 69.5 12
Intense mingling 8.99 90.64 92.91 2.00 0.80 69.2 13
Pumice 9.26 88.63 92.91 2.00 0.69 736 14
Intense mingling 9.20 90.84 92.91 2.00 0.82 68.5 15
Intense mingling 20.33 91.75 92.91 2.00 0.95 635 16
Minor mingling 14.36 92.92 92.91 2.00 1.00 61.4 17
Pumice 8.56 90.02 92.91 2.00 0.75 711 18
Pumice 7.10 91.67 92.91 1.00 0.85 67.2 19
Pumice 6.57 92.25 92.91 1.00 0.91 65.0 20 -4phi
Pumice 6.20 90.80 92.91 1.00 0.75 712 21
Dense lithic 15.96 9.13 0.00 1.00 2.34 9.9 22
Pumice 6.56 94.42 92.91 1.00 1.30 49.8 23
Pumice 5.83 92.94 92.91 1.00 101 61.2 24
Pumice 3.83 91.06 92.91 1.00 0.68 74.0 25
Pumice 5.14 93.20 92.91 1.00 1.06 59.1 26
Pumice 4.40 91.95 92.91 1.00 0.82 68.3 27
Pumice 341 92.29 92.91 1.00 0.85 67.3 28
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AG52 continued

11.71 mean mass 0.94 60.12 mean
9.60 standard dev 0.40 15.27 standard deviation
38.78 max mass 0.68 73.97 minimum density value
3.41 min mass 234 9.86 maximum density value
0.92 60.76 average 3 minimum density
091 61.41 average 3 maximum density
Sample AG53
Componentry Dry Wet Ballast Wax  Density  Vesicularity  Clast no.
Scoria 18.79 65.00 67.93 2.00 0.87 66.7 1 -5phi
Scoria 37.18 76.94 67.93 2.00 132 49.2 2
Scoria 42.69 72.46 67.93 2.00 112 56.9 3
Scoria 33.90 7251 67.93 2.00 116 55.5 4
Scoria 10.75 68.18 67.93 1.00 103 60.5 5  -4.5phi
Scoria 13.49 68.26 67.93 1.00 103 60.5 6
Scoria 10.88 67.81 67.93 1.00 0.99 61.9 7
Scoria 10.01 67.46 67.93 1.00 0.96 63.2 8
Scoria 7.99 65.73 67.93 150 0.79 69.8 9
Scoria 1155 68.93 67.93 150 1.10 57.8 10
Scoria 12.33 68.17 67.93 150 1.02 60.7 11
Scoria 10.17 65.40 67.93 1.00 0.80 69.2 12
Scoria 6.63 66.15 67.93 1.00 0.79 69.6 13
Scoria 10.06 67.95 67.93 1.00 1.00 614 14 -dphi
Scoria 821 68.19 67.93 1.00 104 60.2 15
Scoria 10.26 71.30 67.93 1.00 149 42.6 16
Scoria 352 68.19 67.93 0.50 1.08 58.3 17
Scoria 5.13 66.91 67.93 1.00 0.84 67.8 18
Scoria 5.60 68.37 67.93 1.00 1.09 58.1 19
Scoria 7.10 69.04 67.93 1.00 119 54.3 20
Scoria 5.12 67.31 67.93 1.00 0.90 65.6 21
Scoria 9.42 68.14 67.93 1.00 103 60.6 22
Scoria 311 67.33 67.93 0.50 0.84 67.7 23
Scoria 179 67.92 67.93 0.50 1.00 615 24 -3.5phi
Scoria 2.58 68.71 67.93 0.50 144 44.6 25
Scoria 240 68.27 67.93 0.50 117 55.0 26
Scoria 183 67.90 67.93 0.50 0.99 62.0 27
Scoria 2.03 67.81 67.93 0.50 0.95 63.5 28
760 mean mass 1.02 56.50 mean
1045  standard dev 0.18 6.83  standard deviation
42.69  max mass 0.79 69.75  minimum density value
1.79 minmass 1.49 4256  maximum density value
1.09 53.76  average 3 minimum density
1.03 56.09  average 3 maximum density
Sample AG54
Componentry Dry Wet Ballast Wax Density  Vesicularity  Clast no.
Minor mingling 73.76 89.85 92.91 3.00 0.96 63.0 29  -5.5phi
Pumice 38.47 78.10 92.91 4.00 0.72 722 1 -5phi
Minor mingling 38.62 93.35 92.91 4.00 101 61.0 2
Dense lithic 59.06 32.92 0.00 4.00 2.27 128 3
Intense mingling 22.22 89.10 92.91 4.00 0.86 67.1 4
Minor mingling 11.49 68.14 67.94 2.00 1.02 60.7 5  -4.5phi
Pumice 11.16 64.55 67.94 2.00 0.77 70.4 6
Intense mingling 16.47 67.27 67.94 2.00 0.96 63.0 7
Dense lithic 24.70 14.44 0.00 2.00 242 7.0 8
Intense mingling 1311 63.33 67.94 2.00 0.74 715 9
Intense mingling 10.37 65.89 67.94 2.00 0.84 67.8 10
Intense mingling 14.91 65.34 67.94 2.00 0.85 67.2 11
Pumice 9.29 67.28 67.94 2.00 0.94 63.9 12
Pumice 7.44 65.06 67.94 2.00 0.72 722 13
Pumice 531 65.56 67.94 1.00 0.69 734 14
Pumice 8.47 68.55 67.94 1.00 108 58.4 15
Intense mingling 8.02 67.33 67.94 1.00 0.93 64.2 16
Intense mingling 9.88 67.75 67.94 1.00 0.98 62.2 17
Pumice 7.46 65.88 67.94 1.00 0.79 69.8 18
Scoria 3.79 68.60 67.94 1.00 122 53.1 19  -4phi
Intense mingling 243 67.29 67.94 1.00 0.79 69.5 20
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AGRA eantinnied

Pumice 6.64 66.89 67.94 1.00 0.87 66.7 21
Intense mingling 5.02 67.08 67.94 1.00 0.86 67.1 22
Pumice 6.47 68.06 67.94 1.00 1.02 60.7 23
Dense lithic 10.36 74.07 67.94 1.00 2.46 54 24
Dense lithic 13.96 76.31 67.94 1.00 251 3.6 25
Intense mingling 5.93 66.96 67.94 1.00 0.86 66.9 26
Pumice 5.05 65.55 67.94 1.00 0.68 738 27
Intense mingling 4.87 66.66 67.94 1.00 0.79 69.4 28
10.89  mean mass 1.00 57.36 mean
16.78  standard dev 0.56 2165 standard deviation
7376  max mass 0.68 73.82  minimum density value
243  minmass 251 360 maximum density value
average 3 minimum
118 49.60  density
average 3 maximum
0.74 68.71  density
Sample AG55
Componetry Dry Wet Ballast Wax Density  Vesicularity  Clast no.
Scoria 69.36 92.29 92.91 4.00 0.99 61.8 29  -5.5phi
Minor mingling 36.37 97.23 92.91 2.00 114 56.3 1 -5phi
Scoria 22.64 96.46 92.91 2.00 119 54.3 2
Intense mingling 25.31 90.28 92.91 2.00 0.91 65.1 3
Pumice 18.28 93.91 92.91 2.00 1.06 59.2 4 -4.5phi
Minor mingling 11.42 94.95 92.91 1.00 122 53.1 5
Minor mingling 11.88 95.16 92.91 1.00 124 52.5 6
Pumice 1131 93.72 92.91 1.00 1.08 58.5 7
Scoria 1245 94.84 92.91 1.00 119 54.4 8
Scoria 12.46 93.14 92.91 2.00 1.02 60.7 9
Minor mingling 10.53 94.75 92.91 1.00 121 53.3 10
Intense mingling 9.97 94.87 92.91 1.00 125 52.0 11
Pumice 6.60 93.16 92.91 1.00 104 59.9 12
Minor mingling 8.45 94.86 92.91 1.00 1.30 49.8 13 -dphi
Minor mingling 6.78 94.49 92.91 0.50 131 49.8 14
Intense mingling 5.32 94.19 92.91 0.50 132 49.2 15
Pumice 511 93.15 92.91 0.50 105 59.6 16
Scoria 6.74 93.83 92.91 0.50 116 55.4 17
Scoria 5.36 92.47 92.91 0.50 0.93 64.4 18
Pumice 5.89 94.10 92.91 0.50 126 517 19
Minor mingling 4.03 93.67 92.91 0.50 124 52.5 20
Scoria 4.63 94.27 92.91 0.50 142 454 21
Minor mingling 4.16 93.23 92.91 0.50 1.09 58.2 22
Intense mingling 2.90 93.26 92.91 0.50 114 56.1 23
Pumice 2.08 93.06 92.91 0.50 108 58.3 24 -3.5phi
Minor mingling 2.60 93.30 92.91 0.25 118 54.6 25
Minor mingling 2.37 93.50 92.91 0.25 134 48.6 26
Scoria 2.90 93.63 92.91 0.25 133 48.7 27
Intense mingling 187 92.62 92.91 0.25 0.87 66.6 28
749  mean mass 1.15 50.88  mean
1364  standard dev 0.14 529  standard deviation
69.36 max mass 0.87 66.63  minimum density value
1.87 min mass 1.42 4538  maximum density value
1.07 54.47  average 3 minimum density
1.08 54.23  average 3 maximum density
Sample AG65
Componentry Dry Wet Ballast Wax Density  Vesicularity  Clast no.
Minor mingling 41.07 96.67 92.91 2.00 1.10 57.6 1 -5phi
Scoria 26.81 95.97 92.91 2.00 113 56.5 2
Scoria 44.18 94.79 92.91 3.00 105 59.8 3
Dense lithic 67.80 40.29 0.00 3.00 247 5.0 4
Scoria 11.08 94.03 92.91 1.00 111 57.1 5 -A5phi
Scoria 12.40 93.96 92.91 1.00 1.09 57.9 6
Scoria 9.95 93.65 92.91 1.00 1.08 58.4 7
Minor mingling 1112 96.13 92.91 1.00 141 457 8
Scoria 11.96 94.15 92.91 1.00 112 57.0 9
Scoria 6.89 93.56 92.91 1.00 111 57.4 10  -4phi



Appendix C

Density, Vesicularity and Componentry Data

AGRS eontintied

Scoria 5.72 93.30 92.91 1.00 1.08 58.6 11
Scoria 7.59 96.38 92.91 1.00 1.85 288 12
Scoria 3.89 93.01 92.91 0.50 1.03 60.4 13
Scoria 457 93.20 92.91 0.50 107 58.8 14
Scoria 4.90 93.37 92.91 0.50 111 57.5 15
Scoria 4.03 92.71 92.91 0.50 0.95 63.3 16
Scoria 4.52 92.96 92.91 0.50 101 61.0 17
Scoria 3.85 92.97 92.91 0.50 1.02 60.8 18
Dense lithic 12.17 7.22 0.00 1.50 247 4.9 19
Scoria 6.74 93.47 92.91 0.75 1.09 58.0 20
Scoria 2.76 0.48 0.00 0.00 121 534 21
Scoria 1.80 3343 33.26 0.00 110 57.5 22 -3.5phi
Scoria 214 0.45 0.00 0.00 127 51.3 23
Scoria 143 0.15 0.00 0.00 112 57.0 24
Scoria 2.12 3367 33.26 0.00 124 52.3 25
Scoria 1.82 0.32 0.00 0.00 121 533 26
Scoria 2.03 0.69 33.26 0.00 0.06 97.7 27
Scoria 2.09 0.28 33.26 0.00 0.06 97.7 28
6.28  mean mass 0.97 5855 mean
1549  standard dev 0.49 19.00 standard deviation
67.80 max mass 0.06 97.74  minimum density value
143  min mass 247 486  maximum density value
1.09 5352  average 3 minimum density
0.16 93.11  average 3 maximum density
Sample AG67
Componentry Dry Wet Ballast Wax  Density  Vesicularity  Clast no.
Scoria 35.24 59.44 67.94 2.00 0.81 69.0 1 -5phi
Scoria 19.82 61.85 67.94 3.00 0.77 705 2
Scoria 3120 71.94 67.94 2.00 115 55.8 3
Scoria 61.87 70.90 67.94 4.00 1.05 59.6 4
Scoria 25.88 63.26 67.94 225 0.85 67.4 5
Scoria 28.83 61.44 67.94 2.00 0.82 68.6 6
Scoria 19.02 65.94 67.94 2.00 091 65.1 7  -4.5phi
Scoria 7.31 65.14 67.94 1.00 0.72 721 8
Scoria 8.49 66.98 67.94 125 0.90 65.4 9
Dense lithic 16.08 8.50 0.00 0.00 212 184 10
Scoria 9.99 65.91 67.94 1.00 0.83 68.0 11
Dense lithic 3871 90.89 67.94 1.00 2.46 5.4 12
Minor mingling 4.50 67.27 67.94 1.00 0.87 66.4 13 -4phi
Minor mingling 2.90 68.20 67.94 0.50 110 57.6 14
Scoria 2.83 67.25 67.94 0.50 0.81 69.0 15
Scoria 247 66.89 67.94 0.50 0.70 72.9 16
Scoria 3.89 68.03 67.94 0.50 1.03 60.5 17
Scoria 249 67.20 67.94 0.50 0.77 70.3 18
Scoria 2.08 67.30 67.94 0.50 0.77 705 19
Scoria 2.33 66.86 67.94 0.50 0.69 736 20
Scoria 2.01 66.82 67.94 0.50 0.64 75.2 21
Scoria 344 68.44 67.94 0.50 117 54.8 22 -3.5phi
Scoria 231 68.13 67.94 0.50 1.09 57.9 23
Scoria 171 67.44 67.94 0.25 0.78 70.2 24
Scoria 218 67.41 67.94 0.25 0.81 69.0 25
Scoria 240 68.11 67.94 0.25 1.08 585 26
Scoria 242 68.28 67.94 0.50 117 55.0 27
Scoria 1.48 67.43 67.94 0.50 0.75 71.3 28
6.21  mean mass 0.93 60.25 mean
1512  standard dev 0.40 1550  standard deviation
61.87 max mass 0.64 7522  minimum density value
148  min mass 2.46 5.41  maximum density value
0.89 62.03  average 3 minimum density
0.98 58.28  average 3 maximum density
Sample AG68
Componentry Dry Wet Ballast ~ Wax Density  Vesicularity  Clast no.
Minor mingling 90.58 85.11 92.91 4.00 0.92 64.6 29  -5.5phi
Minor mingling 52.66 88.69 92.91 2.00 0.93 64.4 30
Dense lithic 87.98 50.51 0.00 5.00 235 95 1  -5phi
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AG68 continued

Intense mingling 25.53 89.77 92.91 4.00 0.89 65.7 2
Scoria 40.82 19.36 0.00 2.00 191 26.7 3
Intense mingling 54.72 83.97 92.91 4.00 0.86 66.9 4
Minor mingling 27.47 90.09 92.91 4.00 0.91 65.0 5
Intense mingling 16.65 85.85 92.91 3.00 0.70 72.9 6
Intense mingling 17.14 91.80 92.91 2.00 0.94 63.8 7  -Ab5phi
Intense mingling 18.88 90.42 92.91 2.00 0.89 66.0 8
Intense mingling 13.10 91.93 92.91 2.00 0.93 64.1 9
Pumice 10.49 89.57 92.91 2.00 0.76 70.7 10
Pumice 8.39 90.63 92.91 2.00 0.79 69.6 11
Intense mingling 14.17 91.19 92.91 2.00 0.89 65.6 12
Pumice 10.97 90.11 92.91 2.00 0.80 69.3 13
Intense mingling 6.56 91.87 92.91 1.00 0.87 66.7 14
Intense mingling 7.24 92.34 92.91 1.00 0.93 64.3 15
Intense mingling 17.97 89.44 92.91 2.00 0.84 67.7 16
Pumice 8.54 92.39 92.91 1.00 0.94 63.7 17
Intense mingling 7.74 92.49 92.91 1.00 0.95 634 18
Dense lithic 19.65 104.48 92.91 1.00 244 6.2 19  -4phi
Minor mingling 5.15 92.47 92.91 1.00 0.92 64.4 20
Intense mingling 451 91.50 92.91 1.00 0.76 70.6 21
Pumice 357 92.02 92.91 1.00 0.80 69.1 22
Intense mingling 5.02 92.90 92.91 1.00 1.00 615 23
Pumice 5.01 91.95 92.91 1.00 0.84 67.6 24
Intense mingling 373 91.68 92.91 1.00 0.76 71.0 25
Minor mingling 7.28 92.16 92.91 1.00 0.91 65.0 26
Intense mingling 31 91.97 92.91 1.00 0.77 70.3 27
Intense mingling 4.28 92.70 92.91 1.00 0.96 63.2 28
1233  mean mass 0.95 59.42 mean
2317  standard dev 0.44 17.07  standard deviation
90.58 max mass 0.70 72.92  minimum density value
311 minmass 244 6.23  maximum density value
1.59 3242  average 3 minimum density
0.96 59.26  average 3 maximum density
Sample AG69
Componentry Dry Wet Ballast Wax  Density  Vesicularity  Clast no.
Scoria 18.18 84.70 92.91 2.00 0.69 735 1 -5phi
Scoria 28.94 94.46 92.91 2.00 1.06 59.3 2
Scoria 25.99 88.53 92.91 2.00 0.86 67.0 3
Minor mingling 37.66 88.82 92.91 3.00 0.90 65.3 4
Minor mingling 12.03 94.24 92.91 1.00 113 56.7 5  -A.5phi
Scoria 12.95 91.13 92.91 2.00 0.88 66.1 6
Dense lithic 39.27 2333 0.00 1.00 247 51 7
Minor mingling 6.53 89.46 92.91 1.00 0.66 74.8 8
Scoria 13.10 90.33 92.91 1.00 0.84 67.8 9
Scoria 7.00 89.56 92.91 1.00 0.68 739 10
Scoria 20.41 93.72 92.91 2.00 104 59.9 11
Dense lithic 22.15 13.37 0.00 0.00 2.52 3.0 12
Minor mingling 6.60 91.37 92.91 1.00 0.81 68.7 13 -4phi
Pumice 5.53 91.60 92.91 1.00 0.81 68.8 14
Minor mingling 5.09 91.46 92.91 1.00 0.78 70.0 15
Pumice 3.00 91.99 92.91 1.00 0.77 70.4 16
Minor mingling 2.60 92.07 92.91 0.50 0.76 70.8 17
Minor mingling 2.36 92.30 92.91 0.75 0.80 69.3 18
Scoria 6.59 92.63 92.91 1.00 0.96 63.0 19
Intense mingling 3.88 92.46 92.91 1.00 0.90 65.4 20
Minor mingling 5.95 90.94 92.91 1.00 0.75 710 21
Minor mingling 5.40 92.68 92.91 1.00 0.96 63.0 22
Minor mingling 4.09 91.90 92.91 1.00 0.81 69.0 23
Intense mingling 174 92.88 92.91 0.00 0.98 62.2 24 -3.5phi
Scoria 107 92.95 92.91 0.00 104 60.0 25
Scoria 184 93.08 92.91 0.00 110 57.6 26
Pumice 172 92.99 92.91 0.00 105 59.7 27
Intense mingling 187 92.97 92.91 0.00 1.03 60.3 28
6.65  mean mass 0.94 59.82 mean
1101  standard dev 0.44 17.01  standard deviation
39.27 max mass 0.66 7478  minimum density value
1.07  min mass 252 297  maximum density value
0.86 63.61  average 3 minimum density
1.06 54.86  average 3 maximum density
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Sample AGT70

Componentry Dry Wet Ballast ~ Wax Density  Vesicularity  Clast no.
Scoria 95.05 22.05 0.00 4.00 1.30 49.9 1 -5.5phi
Scoria 82.85 94.10 92.91 4.00 1.02 60.9 2
Minor mingling 124.94 18.26 0.00 4.00 117 54.9 3
Minor mingling 78.94 95.22 92.91 4.00 1.03 60.3 4
Minor mingling 32.16 87.49 92.91 2.00 0.86 67.1 5  -5phi
Scoria 80.18 10.83 92.91 4.00 0.49 81.0 6
Intense mingling 18.42 83.74 92.91 2.00 0.67 74.3 7
Minor mingling 17.46 86.78 92.91 2.00 0.74 715 8
Intense mingling 55.56 100.08 92.91 2.00 115 55.8 9
Scoria 16.10 92.81 92.91 2.00 1.00 61.7 10  -4.5phi
Pumice 9.23 90.93 92.91 1.00 0.82 68.3 11
Minor mingling 17.76 93.32 92.91 2.00 1.03 60.5 12
Minor mingling 13.33 90.28 92.91 1.00 0.84 67.8 13
Minor mingling 14.68 92.58 92.91 1.00 0.98 62.3 14
Dense lithic 28.04 16.79 0.00 1.00 250 4.0 15
Intense mingling 6.32 92.27 92.91 1.00 0.91 65.0 16
Minor mingling 10.36 91.01 92.91 1.00 0.85 67.4 17
Minor mingling 8.02 91.18 92.91 1.00 0.82 68.3 18
Scoria 6.07 94.03 92.91 1.00 123 52.6 19  -4phi
Scoria 4.06 90.58 92.91 1.00 0.64 755 20
Scoria 7.14 93.96 92.91 1.00 118 54.8 21
Scoria 3.65 92.16 92.91 0.50 0.83 68.0 22
Intense mingling 2.60 91.69 92.91 0.50 0.68 738 23
Intense mingling 7.81 94.36 92.91 1.00 123 52.6 24
Pumice 3.98 92.84 92.91 1.00 0.99 62.0 25
Minor mingling 4.00 93.10 92.91 0.50 1.05 59.5 26
Minor mingling 4.39 93.83 92.91 0.50 127 51.2 27
Intense mingling 121 92.94 92.91 0.00 1.03 60.6 28  -3.5phi
Intense mingling 1.49 92.81 9291 0.00 094 64.0 29
Scoria 220 93.18 92.91 0.00 114 56.2 30
Intense mingling 171 92.92 92.91 0.00 1.01 61.3 31
Intense mingling 152 92.95 92.91 0.00 1.03 60.5 32

10.30  mean mass 0.97 58.63 mean
32.69 standard dev 0.33 12.84  standard deviation
12494  max mass 0.49 80.99  minimum density value
121  min mass 250 397  maximum density value
1.16 50.74  average 3 minimum density
1.06 55.06 average 3 maximum density

Sample AG71

Componentry Dry Wet Ballast ~ Wax Density  Vesicularity  Clast no.
Intense mingling 54.97 92.84 9291 4.00 1.00 61.5 1  -55phi
Minor mingling 101.50 106.18 92.91 4.00 1.15 55.7 2
Intense mingling 3159 96.18 92.91 2.00 112 57.0 3  -5phi
Intense mingling 38.23 102.76 92.91 2.00 135 48.1 4
Scoria 19.51 90.83 92.91 2.00 091 65.2 5
Minor mingling 25.59 92.18 92.91 2.00 0.97 62.5 6
Minor mingling 28.46 92.72 92.91 2.00 0.99 61.7 7
Pumice 20.19 92.89 92.91 1.00 1.00 61.5 8
Minor mingling 27.33 94.31 92.91 1.00 1.05 59.4 9
Scoria 9.31 9351 92.91 1.00 1.07 58.8 10  -4.5phi
Minor mingling 13.38 89.59 92.91 1.00 0.80 69.1 11
Minor mingling 12.74 92.81 92.91 1.00 0.99 61.8 12
Minor mingling 12.73 90.78 92.91 1.00 0.86 67.0 13
Intense mingling 10.46 90.18 92.91 1.00 0.79 69.5 14
Intense mingling 7.59 92.31 92.91 1.00 0.93 64.3 15
Intense mingling 6.49 92.35 92.91 1.00 0.92 64.5 16
Intense mingling 8.47 91.95 92.91 1.00 0.90 65.4 17
Intense mingling 3.83 91.99 92.91 0.50 0.81 68.9 18  -4phi
Pumice 4.09 92.45 92.91 0.50 0.90 65.4 19
Pumice 2.89 92.91 92.91 0.50 1.00 61.4 20
Scoria 344 91.91 92.91 0.50 0.78 70.1 21
Intense mingling 6.52 91.29 92.91 0.50 0.80 69.2 22
Intense mingling 4.36 91.39 92.91 0.50 0.74 714 23
Intense mingling 245 92.61 92.91 0.50 0.89 65.6 24
Minor mingling 213 92.90 92.91 0.50 1.00 61.5 25  -3.5phi
Intense mingling 1.98 92.68 92.91 0.50 0.90 65.4 26
Intense mingling 217 93.29 92.91 0.50 122 53.1 27
Pumice 0.99 92,51 92.91 0.50 0.72 724 28
Pumice 152 92.87 92.91 0.50 0.98 62.3 29
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AG71 continued

843  mean mass 0.94 5998 mean
20.99  standard dev 0.14 553  standard deviation
101.50 max mass 0.72 7241  minimum density value
0.99 minmass 1.35 4812  maximum density value
1.09 53.72  average 3 minimum density
0.95 59.57  average 3 maximum density

Sample Welded Rocks

Dry Wet Ballast Wax Density Vesicularity Clast no. Sample Degree of Welding
35.03 12.16 0.00 2.00 153 41.0 1BLO1 Moderate
49.63 1821 0.00 0.00 158 39.2 2 BLO1 Moderate

9.84 391 0.00 1.00 1.66 36.0 3 AG02 Strong
8.03 4.08 0.00 0.00 2.03 218 4 AG02 Strong
83.13 50.07 0.00 0.00 251 33 5 AGO3 Intense
53.55 32.01 0.00 0.00 249 4.4 6 AGO3 Intense
39.69 19.97 0.00 0.00 2,01 226 7 AG04 Moderate
26.17 12.48 0.00 1.00 191 26.4 8 AG04 Moderate
42.10 23.35 0.00 0.00 2.25 136 9 AGO5 Intense
3225 17.70 0.00 0.00 222 14.8 10 AGO5 Intense
50.04 30.48 0.00 0.00 2.56 16 11 AGO6 Intense
61.49 36.44 0.00 0.00 245 5.6 12 AGO6 Intense
56.85 35.02 0.00 0.00 2.60 -0.2 13 AGO8 Intense
17.73 10.25 0.00 1.00 2.38 8.6 14 AGO8 Intense
90.84 52.95 0.00 0.00 2.40 7.8 15 AGO7 Intense
56.59 34.11 0.00 2.00 252 3.0 16 AG09 Intense
34.02 20.85 0.00 0.00 2.58 0.6 17 AG09 Intense
94.84 56.30 0.00 0.00 2.46 5.4 18 AG10 Strong
30.96 17.44 0.00 0.00 2.29 119 19 AG12 Strong
28.98 16.16 0.00 0.00 2.26 131 20 AG12 Strong
42.17 25.94 0.00 0.00 2.60 0.1 21 AGl4 Intense
26.09 14.58 0.00 0.00 2.27 128 22 AG15 Strong
34.28 1891 0.00 0.00 2.23 14.2 23 AG15 Strong
3491 21.04 0.00 0.00 252 3.2 24 AG16 Intense
8.72 5.17 0.00 0.00 2.46 55 25 AG16 Strong
42.64 25.36 0.00 0.00 247 51 26 AG18 Intense
28.10 15.76 0.00 0.00 2.28 124 27 AG18 Intense
32,68 8.83 0.00 2.00 137 47.2 28 AG20 Non
35.07 1371 0.00 0.00 164 36.9 29 AG20 Non
34.63 20.72 0.00 1.00 249 41 30 AG22 Intense
58.80 29.09 0.00 2.00 198 238 31 AG23 Strong
49.23 28.90 0.00 0.00 242 6.9 32 AG24 Strong
7.85 0.73 0.00 1.00 11 57.5 33 AG51 Moderate
1277 4.07 0.00 0.00 147 435 34 AG51 Moderate
101.78 55.15 0.00 0.00 218 16.0 35 AG57 Strong
44.80 27.52 0.00 0.00 2.59 0.3 36 AG58 Intense
3354 20.61 0.00 0.00 2.59 0.2 37 AG58 Intense
41.85 21.01 0.00 0.00 2,01 22.8 38 AG60 Strong
61.64 32.29 0.00 0.00 2.10 19.2 39 AG61 Strong
45.02 26.83 0.00 0.00 247 4.8 40 AG62 Intense
7101 43.14 0.00 0.00 255 20 41 AG63 Intense
43.25 18.50 0.00 2.00 175 32.7 42 AG64 Strong
34.29 4.71 0.00 2.00 116 55.4 43 AG66 Moderate
1825 4.20 0.00 1.00 1.30 50.0 44 AGT2 Strong
116.52 68.33 0.00 0.00 242 7.0 45 AG74 Strong
36.68 mean mass 211 10.28 mean
24.60 standard dev 0.43 16.54 standard deviation
116.52 max mass 111 57.48 minimum density value
7.85 min mass 2.60 -0.16 maximum density value
1.59 32.25 average 3 minimum density
154 34.48 average 3 maximum density
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Grain Sze Data

Sample: AG19
mm phi
1 64.00 -6
2 4525 -5.5
3 3200 -5
4 2262 -4.5
5 16.00 -4
6 1131 -35
7 8.00 -3
8 5.65 -25
9 4.00 -2
10 2.82 -15
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.70 05
15 0.50 1
16 0.35 15
17 0.25 2
18 0.17 25
19 0.12 3
20 0.08 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.01 6
26 0.01 6.5
27 0.00 7
28 0.00 75
29 0.00 8
30 0.00 85
ums:

Sample: AG21
mm phi
1 64.00 -6
2 4525 -5.5
3 3200 -5
4 2262 -4.5
5 16.00 -4
6 1131 -35
7 8.00 -3
8 5.65 -25
9 4.00 -2
10 2.82 -15
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.70 05
15 0.50 1
16 0.35 15
17 0.25 2
18 0.17 25
19 0.12 3
20 0.08 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.01 6
26 0.01 6.5
27 0.00 7
28 0.00 75
29 0.00 8
30 0.00 85
ums:

wt (9)
0.00

0.00
0.00
0.00
161
8.89
9.05
30.56
52.80
82.27
104.83
117.45
98.86
67.28
27.85
5.66
1.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

608.18

wt (9)
0.00

0.00
0.00
0.00
50.74
37.94
144.70
160.85
14577
109.65
7117
22.08
4.03
118
0.93
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

749.04

wt%
0.000
0.000
0.000
0.000
0.003
0.015
0.015
0.050
0.087
0.135
0.172
0.193
0.163
0.111
0.046
0.009
0.002
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

wt%
0.000
0.000
0.000
0.000
0.068
0.051
0.193
0.215
0.195
0.146
0.095
0.029
0.005
0.002
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

cum %
finer
100.00
100.00
100.00
100.00
99.74
98.27
96.79
91.76
83.08
69.55
52.32
33.00
16.75
5.69
111
0.18
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

cum %
finer
100.00
100.00
100.00
100.00
9323
88.16
68.84
47.37
27.91
13.27
3.77
0.82
0.28
0.12
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Modes

mode at -0.8

Modes

mode at -4.3

mode at -2.8
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tiles
phi mm
95% -2.82 7.073
84% -2.05 4.150
75% -1.70 3.252
50% -0.94 1.919
25% -0.25 1.192
16% 0.03 0.977
5% 0.57 0.671
Folks' Graphic Stats
phi mm
Mean (Mz) -0.99 1.981
Sorting (S) 1.04
Skewness (Skl) -0.09
Kurtosis (KG) 0.96
Size Distribution
15 —_—t
10 ——cum % finer
o8
05
0o

-0 b 0 b 10

Grainsize (phi units)

Percentiles

95%
84%
75%
50%
25%
16%

5%

Folks' Graphic Stats

Mean (M2z)
Sorting (9)
Skewness (SkI)
Kurtosis (KG)

phi mm
-4.13 17.520
-3.39 10.500
-3.16 8.934
-2.56 5.902
-1.90 3.734
-1.59 3.017
-1.06 2.092

phi mm
-2.52 5.718

0.91
0.03
1.00

Size Distribution

rl.e
1.0
r 0.8

04
r0.e

t t t t 0.0
-0 -5 0 5 10

Grainsize (phi units)

r 0B 22

—_—
——curm * finer




Appendix D

Grain Sze Data

Sample: AG25
mm phi
1 9051 -6.5
2 6400 -6
3 4525 -5.5
4 3200 -5
5 2263 -4.5
6 16.00 -4
7 1131 -35
8 8.00 -3
9 5.66 -25
10 4.00 -2
11 2.83 -15
12 2.00 -1
13 141 -0.5
14 1.00 0
15 0.71 05
16 0.50 1
17 0.35 15
18 0.25 2
19 0.18 25
20 0.13 3
21 0.09 35
22 0.06 4
23 0.04 45
24 0.03 5
25 0.02 55
26 0.02 6
27 0.01 6.5
28 0.01 7
29 0.01 75
30 0.00 8
ums:

Sample: AG26
mm phi
1 9051 -6.5
2 64.00 -6
3 4525 -55
4 3200 -5
5 2263 -4.5
6 16.00 -4
7 1131 -35
8 8.00 -3
9 5.66 -25
10 4.00 -2
11 2.83 -15
12 2.00 -1
13 141 -0.5
14 1.00 0
15 0.71 05
16 0.50 1
17 0.35 15
18 0.25 2
19 0.18 25
20 0.13 3
21 0.09 35
22 0.06 4
23 0.04 45
24 0.03 5
25 0.02 55
26 0.02 6
27 0.01 6.5
28 0.01 7
29 0.01 75
30 0.00 8
ums:

Cum

wt (g)

100.56

259.84

583.21

940.14
1390.44
1726.44
1956.94
2165.74
231181
2466.44
2593.51
2706.91
2816.27
2910.45
3001.48
3096.65
3175.71
3238.82
3238.82
3238.82
3238.82
3238.82
3238.82
3238.82
3238.82
3238.82
3238.82
3238.82
3238.82
3238.82

3238.82

Cum

wt (9)
0.00

243.56

25421

391.33

801.33
1062.73
1256.93
1394.53
1527.63
1647.53
1738.23
1813.70
1881.66
1940.99
1998.33
2058.84
2110.06
2150.71
2150.71
2150.71
2150.71
2150.71
2150.71
2150.71
2150.71
2150.71
2150.71
2150.71
2150.71
2150.71

2150.71

wt (g)
100.56
159.28
323.37
356.93
450.30
336.00
230.50
208.80
146.07
154.63
127.07
113.40
109.36
94.18
91.03
95.17
79.06
63.11
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3138.26

wt (9)
0.00

243.56
10.65
137.12
410.00
261.40
194.20
137.60
133.10
119.90
90.70
75.47
67.96
59.33
57.34
60.51
51.22
40.65
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2150.71

wt%
0.000
0.113
0.005
0.064
0.191
0.122
0.090
0.064
0.062
0.056
0.042
0.035
0.032
0.028
0.027
0.028
0.024
0.019
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

cum %
finer

96.80
91.72
81.42
70.04
55.69
44.99
37.64
30.99
26.33
2141
17.36
13.74
10.26
7.26
4.36
133
-1.19
-3.20
-3.20
-3.20
-3.20
-3.20
-3.20
-3.20
-3.20
-3.20
-3.20
-3.20
-3.20
-3.20

Modes

mode at -4.8

mode at -2.3

mode at 0.75

Modes

mode at -6.3

mode at -4.8

mode at 0.75

65

Percentiles
phi mm
95% -6.32 80.065
84% -5.63 49.364
75% -5.22 37.218
50% -4.23 18.819
25% -2.36 5.150
16% -1.31 2483
5% 0.39 0.763
Folks' Graphic Stats
phi mm
Mean (M2) -3.72 13.213
Sorting (9) 210
Skewness (SkI) 0.37
Kurtosis (KG) 0.96

Size Distribution

T 1.2
+ 1.0
+ 0.8
1 —_—t3E
+ 06 8¢ )
] cum % finer
+ 0.4
+ 0.2
I t T t 0.0
-10 -5 0 5 10
Grainsize (phi units)
Percentiles
phi mm
95% -6.28 77.668
84% -5.17 36.056
75% -4.82 28.276
50% -3.97 15.644
25% -2.14 4419
16% -1.05 2.066
5% 0.87 0.547
Folks' Graphic Stats
phi mm
Mean (Mz) -3.40 10524
Sorting (S) 211
Skewness (Skl) 0.38
Kurtosis (KG) 1.09
Size Distribution
1.2
1.0
na . %
06 & )
— cum % finer
04
0.z
00
-0 & 0 5 10
Grainsize (phi units)




Appendix D

Grain Sze Data

Sample: AG27
mm phi
1 64.00 -6
2 4525 -55
3 3200 -5
4 2262 -4.5
5 16.00 -4
6 1131 -35
7 8.00 -3
8 5.65 -25
9 4.00 -2
10 2.82 -1.5
11 2.00 -1
12 141 -0.5
13 1.00 0
14 070 05
15 050 1
16 0.35 15
17 0.25 2
18 0.17 25
19 0.12 3
20 0.08 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.01 6
26 0.01 6.5
27 0.00 7
28 0.00 75
29 0.00 8
30 0.00 85
ums:
Sample: AG28
mm phi
1 64.00 -6
2 4525 5.5
3 32.00 -5
4 22,63 -45
5 16.00 -4
6 11.31 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -15
11 2.00 -1
12 141 -05
13 1.00 0
14 0.71 0.5
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
Jums:

Cum

wt (9)
0.00
0.00

45.83

270.53

478.43

664.43

798.33

883.33

940.73

992.53

1040.63
1082.53
1124.03
1173.33
1227.43
1284.43
1324.73
1324.73
1324.73
1324.73
1324.73
1324.73
1324.73
1324.73
1324.73
1324.73
1324.73
1324.73
1324.73
1324.73

1324.73

wt (9)
0.00

0.00
0.00
77.48
152.50
180.90
188.64
195.74
202.05
208.76
216.64
224.78
234.89
249.17
269.85
296.70
322.95
341.54
367.25
385.13
400.95
400.95
400.95
400.95
400.95
400.95
400.95
400.95
400.95
400.95

400.95

wt (9)
0.00
0.00

45.83

224.70

207.90

186.00

133.90

85.00

57.40

51.80

48.10

41.90

41.50

49.30

54.10

57.00

40.30
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1324.73

wt (9)
0.00

0.00
0.00
7748
75.02
28.40
7.74
7.10
6.31
6.71
7.88
8.14
10.11
14.28
20.68
26.85
26.25
18.59
25.71
17.88
15.82
0.00
0.00
0.00
0.00
0.00

400.95

Wt%
0.000
0.000
0.035
0.170
0.157
0.140
0.101
0.064

0.039
0.036
0.032
0.031
0.037
0.041

0.030
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

cum%
finer
100.00
100.00
96.54
79.58
63.88
49.84
39.74
33.32
28.99
25.08
21.45
18.28
15.15

cum%
finer
100.00
100.00
100.00
80.68
61.97
54.88
52.95
51.18
49.61
47.93
45.97

Modes

mode at

mode at
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Modes

mode at

mode at

mode at

-4.8

125

-4.8

125

275

Percentiles
phi mm
95% -4.95 31.008
84% -4.63 24.767
75% -4.35 20.451
50% -351 11.357
25% -1.49 2.808
16% -0.14 1.099
5% 127 0.414
Folks' Graphic Stats
phi mm
Mean (Mz) -2.76 6.761
Sorting (9) 2.07
Skewness (Skl) 0.52
Kurtosis (KG) 0.89

Size Distribution

T12
T10
T08

E — it
+ 06 .
| | —— cum % finer

T 04
T02

f t T t n.o
-0 & 0 b 10

Grainsize (phi units)

Percentiles
phi mm
95% -4.87 29.255
84% -4.59 24.017
75% -4.35 20.369
50% -2.12 4.361
25% 158 0.335
16% 2.37 0.193
5% 3.38 0.096
Folks' Graphic Stats
phi mm
Mean (Mz) -1.45 2.725
Sorting (S1) 299
Skewness (Skl) 031
Kurtosis (KG) 0.57

Size Distribution

T1.2
r 1.0
r 0.8
r 0B 8
0.4
r 0.2

r 0.0
-5 0 5 10

Grainsize (phi units)

—wt¥s
—— curm % finer




Appendix D Grain Sze Data

Sample: AG30 Percentiles
Cum phi mm
cum% 95% 242 5.352
mm phi wt (g) wt(g) wt% finer Modes 84% -1.65 3.143
1 6400 -6 0.00 000 0000  100.00 75% -1.24 2.367
2 4525 55 0.00 000 0000  100.00 50% -0.36 1.287
3 3200 5 0.00 000 0000  100.00 25% 0.50 0.707
4 263 -45 0.00 000 0000  100.00 16% 1.02 0.494
5  16.00 -4 0.00 000 0000  100.00 5% 234 0.198
6 1131 35 165 165 0.004 99.60
7 800 -3 473 308  0.007 98.87
8 566 25 1685 1212 0029 95.96
9 4,00 -2 4191 25.06 0.060 89.95 Folks' Graphic Stats
10 283 -15 7759 3568 0.086 81.40 phi mm
1 200 -1 12947 5188 0.124 68.96 Mean (Mz) -0.33 1.260
12 14 05 19134 6187 0.148 54.13 Sorting (S) 1.39
13 1.00 0 25468 6334 0152 3894 modeat -0.3 Skewness (Skl) 0.09
14 o7l 05 31280 5812 0.139 2501 Kurtosis (KG) 112
15 050 1 34967 3687 0088 16.17
16 035 15 36998 2031 0.049 11.30
17 0.25 2 38599 1601 0.038 7.46 Size Distribution
18 018 25 40131 1532 0037 3.79
19 013 3 41711 1580 0.038 0.00 modeat 275
20 0.09 35 41711 0.00  0.000 0.00 15
21 006 4 41711 0.00  0.000 0.00
2 004 45 41711 000  0.000 0.00 10 e
23 003 5 41711 0.00  0.000 0.00 o |
24 002 55 417.11 0.00  0.000 0.00 05 —— U % finer
25 002 6 41711 000  0.000 0.00 :
26 001 65 417.11 000  0.000 0.00
27 0.01 7 41711 0.000 0.00 0.0
28 0.01 75 41711 0.000 0.00 10 -5 0 5 10
29 000 8 41711 0.000 0.00
30 0.00 85 41711 0.000 0.00 Grainsize (phi units)
ums: 41741 41711 1.000
Sample: AG31 Percentiles
Cum phi mm
cum% 95% -0.86 1.810
mm phi wt (g) wt (g) wt%  finer Modes 84% -0.13 1.096
1 6400 -6 0.00 000 0000 100.00 75% 0.18 0.882
2 4525 55 0.00 000 0000 100.00 50% 0.73 0.602
3 3200 5 0.00 000 0000 100.00 25% 1.20 0.434
4 2262 -45 0.00 000 0000 100.00 16% 1.40 0.378
5  16.00 -4 0.00 000 0000 100.00 5% 1.97 0.255
6 1131 35 0.00 000 0000 100.00
7 8.00 -3 0.00 000 0000 100.00
8 565 25 0.00 000 0000 100.00
9 4.00 -2 0.48 0.48 0.001 99.90 Folks' Graphic Stats
10 2.82 -15 303 255 0005  99.35 phi mm
11 2.00 -1 16.55 1352 0029 9648 Mean (M2) 0.67 0.630
12 141 05 40.68 2413 0051 9134 Sorting (SI) 0.81
13 1.00 0 87.48 4680 0100 8137 Skewness (Skl) -0.12
14 0.70 05  170.21 8273 0176  63.76 Kurtosis (KG) 113
15 0.50 1 30042 13921 0296 3411 modea 0.75
16 0.35 15 41506 10564 0225 1162 . L .
17 025 2 44802 3296 0070 460 Size Distribution
18 0.17 25  459.06 11.04  0.024 2.25
19 0.12 3 46963 1057  0.023 0.00
20 0.08 35  469.63 000  0.000 0.00 15
21 0.06 4 46963 000  0.000 0.00 —t
2 0.04 45 46963 000  0.000 0.00 1.0
23 0.03 5  469.63 000  0.000 0.00 ¥
24 0.02 55  469.63 000  0.000 0.00 05 —curm %
25 0.01 6  469.63 000  0.000 0.00 finar
26 0.01 65  469.63 000  0.000 0.00 00
27 0.00 7 46963 0.000 0.00
28 0.00 75  469.63 0.000 0.00 -10 I 1
29 0.00 8  469.63 0.000 0.00 L. .
0 000 85 46963 0000 000 Grainsize (phi units)
ums: 46963 46963  1.000
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Appendix D

Grain Sze Data

Sample: AG32
Cum
mm phi wt (g) wt (g) wt% cum % Modes
finer
1 64.00 -6 0.00 0.00 0.000  100.00
2 4525 -5.5 0.00 0.00 0.000  100.00
3 3200 -5 0.00 0.00 0.000  100.00
4 2263 -45 0.00 0.00 0.000  100.00
5 16.00 -4 0.00 0.00 0.000  100.00
6 1131 -35 0.00 0.00 0.000  100.00
7 8.00 -3 101 101 0.001  99.87
8 5.66 -25 5.61 4.60 0.006  99.29
9 4.00 -2 18.43 12.82 0.016  97.66
10 283 -1.5 46.65 2822 0.036  94.09
11 200 -1 98.33 51.68 0.066  87.54
12 14 -0.5 189.68 91.35 0.116  75.96
13 1.00 0 316.72 127.04 0.161  59.86
14 o7 0.5 489.44 172.72 0219 3797
15 050 1 680.41 190.97 0242 1376  modeat
16 035 15 768.79 88.38 0.112 2.56
17 025 2 788.99 20.20 0.026 0.00
18 018 25 788.99 0.00 0.000 0.00
19 013 3 788.99 0.00 0.000 0.00
20 009 35 788.99 0.00 0.000 0.00
21 006 4 788.99 0.00 0.000 0.00
22 004 45 788.99 0.00 0.000 0.00
23 003 5 788.99 0.00 0.000 0.00
24 002 55 788.99 0.00 0.000 0.00
25 002 6 788.99 0.00 0.000 0.00
26 001 6.5 788.99 0.00 0.000 0.00
27 001 7 788.99 0.000 0.00
28 001 75 788.99 0.000 0.00
29 000 8 788.99 0.000 0.00
30 000 85 788.99 0.000 0.00
Sums: 788.99 788.99 1.000
Sample: AG33
Cum
cum%
mm phi wt (g) wt (g) wt%  finer Modes
1 64.00 -6 0.00 000 0.000 100.00
2 45.25 -5.5 0.00 0.00 0.000 100.00
3 32.00 -5 0.00 000 0.000 100.00
4 22.62 -45 0.00 000 0.000 100.00
5 16.00 -4 0.00 0.00 0.000 100.00
6 11.31 -35 0.00 0.00 0.000 100.00
7 8.00 -3 0.78 0.78  0.001 99.90
8 5.65 -25 9.00 822 0011 98.81
9 4.00 -2 32.58 2358  0.031 95.70
10 2.82 -15 70.26 37.68  0.050 90.72
11 2.00 -1 142.57 72.31 0.095 81.18
12 141 -0.5 238.71 9.14 0127 68.49
13 1.00 0 351.78 113.07 0.149 53.56
14 0.70 05 502.33 15055  0.199 33.68
15 0.50 1 673.56 17123 0.226 11.08 mode at
16 0.35 15 748.72 7516  0.099 116
17 0.25 2 757.48 876  0.012 0.00
18 0.17 25 757.48 0.00  0.000 0.00
19 0.12 3 757.48 0.00  0.000 0.00
20 0.08 35 757.48 0.00  0.000 0.00
21 0.06 4 757.48 0.00  0.000 0.00
22 0.04 45 757.48 0.00  0.000 0.00
23 0.03 5 757.48 0.00  0.000 0.00
24 0.02 55 757.48 0.00  0.000 0.00
25 0.01 6 757.48 0.00  0.000 0.00
26 0.01 6.5 757.48 0.00  0.000 0.00
27 0.00 7 757.48 0.000 0.00
28 0.00 75 757.48 0.000 0.00
29 0.00 8 757.48 0.000 0.00
30 0.00 85 757.48 0.000 0.00
ST 757.48 757.48 1.000
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0.8

0.75

Percentiles
phi mm
95% -1.63 3.090
84% -0.85 1.799
75% -0.47 1.385
50% 0.23 0.856
25% 0.77 0.587
16% 0.95 0.516
5% 139 0.381
Folks' Graphic Stats
phi mm
Mean (Mz) 0.11 0.926
Sorting (S) 0.91
Skewness (SkI) -0.21
Kurtosis (KG) 1.00
Size Distribution
T12
+10
+ 08
1 R —_—d e
1 e & ——curn % finer
-+ 0.4
-+ 0.2
k + + t 0.no
-10 5 1] 5 10
Grainsize (phi units)
Percentiles
phi mm
95% -1.93 3.810
84% -1.15 2.216
75% -0.76 1.690
50% 0.09 0.940
25% 0.69 0.619
16% 0.89 0.539
5% 131 0.404
Folks' Graphic Stats
phi mm
Mean (Mz) -0.06 1.039
Sorting (S) 1.00
Skewness (Skl) -0.23
Kurtosis (KG) 0.92
Size Distribution
12
1.0
0.4 i
0.6 o
——cum % finer
0.4 -
0.2
0.0

-0 50 B 10

Grainsize (phi units)




Appendix D

Grain Sze Data

Sample: AG34
mm phi
1 64.00 -6
2 4525 -55
3 3200 -5
4 2262 -4.5
5 16.00 -4
6 1131 -35
7 8.00 -3
8 5.65 -2.5
9 4.00 -2
10 2.82 -1.5
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.70 05
15 0.50 1
16 0.35 15
17 0.25 2
18 0.17 25
19 0.12 3
20 0.08 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.01 6
26 0.01 6.5
27 0.00 7
28 0.00 75
29 0.00 8
30 0.00 85
ums:
Sample: AG35
mm phi
1 64.00 -6
2 4525 -5.5
3 32.00 -5
4 22.63 -4.5
5 16.00 -4
6 11.31 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -15
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.71 0.5
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ums:

wt (9)
0.00
0.00
0.00
0.00
6.88

19.26

39.91

55.41

63.87

70.23

74.56

79.07

83.03

88.02

94.05

101.35

121.56

172.10

248.13

290.14

311.80

311.80

311.80

311.80

311.80

311.80

311.80

311.80

311.80

311.80

3118

wt (9)
0.00

0.00
0.00
5.07
28.78
66.66
130.63
205.19
296.14
391.39
491.49
572.15
673.05
762.31
817.32
834.71
842.95
842.95
842.95
842.95
842.95
842.95
842.95
842.95
842.95
842.95
842.95
842.95
842.95
842.95

842.95

wt (9)
0.00
0.00
0.00
0.00
6.88

12.38

20.65

15.50
8.46
6.36
433
451
3.96
4.99
6.03
7.30

20.21

50.54

76.03

42,01

21.66
0.00
0.00
0.00
0.00
0.00

3118

wt (9)
0.00

0.00
0.00
5.07
23.71
37.88
63.97
74.56
90.95
95.25
100.10
80.66
100.90
89.26
55.01
17.39
8.24
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

842.95

Wt%
0.000
0.000
0.000
0.000
0.022
0.040
0.066
0.050
0.027
0.020
0.014
0.014
0.013
0.016
0.019
0.023
0.065
0.162
0.244
0.135
0.069
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

Wt%
0.000
0.000
0.000
0.006
0.028
0.045
0.076
0.088
0.108
0.113
0.119
0.096
0.120
0.106
0.065
0.021
0.010
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

cum%

finer Modes

100.00
100.00
100.00
100.00
97.79
93.82

87.20 mode at

82.23
79.52
77.48
76.09

74.64 mode at

73.37
7177
69.84

20.42 mode at

cum%
finer
100.00
100.00
100.00
99.40
96.59
92.09
84.50
75.66
64.87
53.57
41.69
32.13
20.16
9.57

0.98
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

69

Modes

mode at

mode at

275

-1.3

-0.3

Percentiles
phi mm
95% -3.65 12.538
84% -2.68 6.400
5% -0.62 1541
50% 234 0.198
25% 291 0.133
16% 3.16 0.112
5% 364 0.080
Folks' Graphic Stats
phi mm
Mean (Mz) 0.94 0.521
Sorting (8) 256
Skewness (Skl) -0.68
Kurtosis (KG) 0.85
Size Distribution
T12
+10
T 08
06 & W
| | — curn % finer
T+ 04
T 02
: et e . 00
-0 5 i 5 10
Grainsize (phi units)
Percentiles
phi mm
95% -3.82 14.158
84% -2.97 7.844
75% -247 5.539
50% -1.35 2.549
25% -0.20 1.151
16% 0.20 0.873
5% 0.85 0.555
Folks' Graphic Stats
phi mm
Mean (Mz) -1.38 2.594
Sorting () 1.50
Skewness (Skl) -0.04
Kurtosis (KG) 0.84
Size Distribution
1.2
1.0
[
R -
——curm % finer
04
ne
f f 1 f + 0.0

-0 b 0 5

10

Grainsize (phi units)




Appendix D

Grain Sze Data

Sample: AG36
mm phi
1 64.00 -6
2 4525 -55
3 3200 -5
4 2263 -4.5
5 16.00 -4
6 1131 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -1.5
11 2.00 -1
12 141 -0.5
13 1.00 0
14 o071 05
15 050 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ums:
Sample: AG37
mm phi
1 64.00 -6
2 45.25 5.5
3 32.00 -5
4 22.63 -4.5
5 16.00 -4
6 11.31 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -1.5
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.71 05
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
Ums;

Cum

wt (9)
0.00
0.00
0.00
7.05

46.29

114.49

240.07

351.99

442.49

521.57

591.37

649.92

702.42

749.09

789.14

809.06

819.68

819.68

819.68

819.68

819.68

819.68

819.68

819.68

819.68

819.68

819.68

819.68

819.68

819.68

819.68

Cum

wt (9)
0.00

0.00
0.00
0.00
0.00
0.00
157
4.95
10.80
14.88
25.92
51.93
85.38
126.38
165.20
189.33
208.73
22291
245.02
263.85
279.59
279.59
279.59
279.59
279.59
279.59
279.59
279.59
279.59
279.59

279.59

wt (9)
0.00
0.00
0.00
7.05

39.24

68.20

12558

111.92

90.50

79.08

69.80

58.55

52.50

46.67

40.05

19.92

10.62
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

819.68

wt (9)
0.00

0.00
0.00
0.00
0.00
0.00
157
3.38
5.85
4.08
11.04
26.01
33.45
41.00
38.82
24.13
19.40
14.18
2211
18.83
15.74
0.00
0.00
0.00
0.00
0.00

279.59

Wt%
0.000
0.000
0.000
0.009

0.083
0.153
0.137
0.110
0.096
0.085
0.071
0.064
0.057
0.049
0.024
0.013
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

Wt%
0.000
0.000
0.000
0.000
0.000
0.000
0.006
0.012
0.021
0.015
0.039
0.093
0.120
0.147
0.139
0.086
0.069
0.051
0.079
0.067
0.056
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

cum%
finer
100.00
100.00
100.00
99.14
94.35
86.03
70.71
57.06
46.02
36.37
27.85
20.71
14.31
8.61
373
1.30

cum%
finer
100.00
100.00
100.00
100.00
100.00
100.00
99.44
98.23
96.14
94.68
90.73
81.43
69.46
54.80
4091
32.28
25.34
20.27
12.36
5.63
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

70

Modes

mode at

Modes

mode at

mode at

mode at

-3.3

-2.3

0.25

275

Percentiles
phi mm
95% -4.07 16.768
84% -343 10.805
75% -3.14 8.815
50% -2.18 4533
25% -0.80 1.741
16% -0.13 1.096
5% 0.87 0.547
Folks' Graphic Stats
phi mm
Mean (Mz) -1.92 3.772
Sorting (S) 157
Skewness (SkI) 0.24
Kurtosis (KG) 0.86
Size Distribution
T2
T 10
108
o | %
106 ¥
ie e —— curn % finer
T 04
T 02
I ; } + 0.0
-0 5 il 3 10
Grainsize (phi units)
Percentiles
phi mm
95% -1.61 3.053
84% -0.64 1.557
5% -0.23 1.174
50% 0.67 0.627
25% 203 0.244
16% 277 0.147
5% 3.56 0.085
Folks' Graphic Stats
phi mm
Mean (M2) 0.93 0523
Sorting (S) 1.63
Skewness (Skl) 0.17
Kurtosis (KG) 0.93
Size Distribution
12
1.0
1K wl®
06 & o
—— cum % finer
04
0z
f T f T + 0.0
-10 5 I 5 10

Grainsize (phi units)




Appendix D Grain Sze Data
Sample: AG38 Percentiles
Cum phi mm
mm phi wt (g) wt (g) wt% cum%  Modes 95% -3.31 9.941
finer 84% 227 4838
1 6400 -6 0.00 0.00 0.000  100.00 75% -1.27 2.406
2 425 55 0.00 0.00 0.000  100.00 50% -0.02 1.011
3 3200 5 0.00 0.00 0.000  100.00 25% 0.82 0.567
4 263 -45 0.00 0.00 0.000  100.00 16% 1.25 0419
5 16.00 -4 1.89 1.89 0.004  99.61 5% 2.35 0.196
6 1131 -35 16.60 1471 0031 9654
7 800 -3 36.40 1980 0041 9241
8 566 25 65.03 2863 0060 8644 modeat  -28
9 4.00 -2 91.04 26.01 0.054 81.02 Folks' Graphic Stats
10 283 -15 108.19 1715 0036 7745 phi mm
1 200 -1 133.33 2514 0052 7221 Mean (Mz) 035 1.270
12 141 05 175.80 4247 0089 6336 Sorting (S) 1.74
13 1.00 0 241.99 6619 0138 4956 Skewness (Skl) 022
14 o071 05 318.47 7648 0159 3362 modeat 0.3 Kurtosis (KG) 111
15 050 1 383.14 6467 0135 2014
16 035 15 42213 3899 0081 1201 ; sedribg
17 025 2 445.70 2357 0049 7.0 Size Distribution
18 018 25 460.13 1443 0030 409
19 013 3 479.74 1961 0041 000 modeat 28 19
20 009 35 479.74 0.00 0.000  0.00
21 006 4 479.74 0.00 0.000  0.00 10
22 004 45 479.74 0.00 0.000  0.00 08 [
23 003 5 479.74 0.00 0.000  0.00 05 8 o
24 0.02 55 479.74 0.00 0.000 0.0 4 |[——cum % finer
25 002 6 479.74 0.00 0.000  0.00 :
26 00l 65  479.74 000 0000 000 02
27 001 7 479.74 0.000  0.00 00
28 001 75 479.74 0.000  0.00 N5 0 5o
29 000 8 479.74 0.000  0.00
30 000 85 479.74 0.000  0.00 Grainsize (phi units)
Sums: 47974 47974 1.000
Sample: AG39 Percentiles
Cum phi mm
. cumso 95% 276 6.769
mm phi wt (g) wt (g) wt%  finer Modes 84% 195 3.855
1 6400 -6 0.00 0.00 0.000 100.00 750 145 2737
2 4525 55 0.00 000 0.000 100.00 50% 038 1299
Doge o E o om oo mm o w0
. : g : g g 0
5  16.00 -4 0.00 000 0000 100.00 120;‘0’ (1):13 g:ig;
6 1131 35 512 512 0004  99.64
7 8.00 -3 36.52 3140 0022 9745
8 5.66 25 10953 7301 0051  92.36
9 4.00 2 21588 10635 0074  84.95 . .
10 283 A5 34423 12835 0089 7600 Folks' Graphic Stats ohi v
11 2.00 -1 49550 151.27 0105 6546 Mean (M2) 053 1448
12 141 05 66824 17274 0120 5341 ’
13 1.00 0 86713 19889 0139  39.55 igxfg()skl) _éﬁ;
14 0.71 05 1106.23 23910 0167 2288 modeat 0.25 Kurtosis (KG) 086
15 0.50 1 133003 22380  0.156 7.28
16 0.35 15 141623 86.20  0.060 1.27
17 0.25 2 143443 1820  0.013 0.00 Size Distribution
18 0.18 25 143443 0.00  0.000 0.00
19 013 3 143443 0.00  0.000 0.00
20 0.09 35 143443 0.00  0.000 0.00 712
21 0.06 4 143443 0.00  0.000 0.00 410
2 0.04 45 143443 0.00  0.000 0.00 1os
23 0.03 5 143443 0.00  0.000 0.00 177 | —t%
24 0.02 55 143443 0.00  0.000 0.00 T 06 3 o &
1 ——curn % finer
25 0.02 6 143443 0.00  0.000 0.00 14
26 0.01 6.5 143443 0.00  0.000 0.00 1
27 00l 7 143443 0000 000 702
28 0.01 75 143443 0.000 0.00 ' " ' " i
29 0.00 8 143443 0.000 0.00 a0 50 510
30 0.00 85 143443 0.000 0.00
Grainsize (phi units)
wms: 143443 143443  1.000

71




Appendix D

Grain Sze Data

Sample: AG40
mm phi
1 64.00 -6
2 4525 -55
3 3200 -5
4 2263 -4.5
5 16.00 -4
6 1131 -35
7 8.00 -3
8 5.66 -2.5
9 4.00 -2
10 2.83 -1.5
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.71 05
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ums:
Sample: AG41
mm phi
1 64.00 -6
2 4525 -5.5
3 32.00 -5
4 22.63 -4.5
5 16.00 -4
6 11.31 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -1.5
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.71 0.5
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ums:

Cum

wt (g)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.30
0.80
4.10

22.60

125.80

244.68

333.80

351.71

357.81

357.81

357.81

357.81

357.81

357.81

357.81

357.81

357.81

357.81

357.81

Cum

wt (9)
0.00

0.00
0.00
6.65
26.73
105.80
195.53
271.05
319.81
373.58
436.81
507.98
580.55
634.45
662.46
671.50
676.91
676.91
676.91
676.91
676.91
676.91
676.91
676.91
676.91
676.91
676.91
676.91
676.91
676.91

676.91

wt (9)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.20
0.50
3.30

18.50

103.20

118.88

89.12

1791
6.10
0.00
0.00
0.00
0.00
0.00

357.81

wt (9)
0.00

0.00

0.00

6.65
20.08
79.07
89.73
75.52
48.76
53.77
63.23
7117
72.57
53.90
28.01

5.41
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

676.91

Wt%
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.009
0.052
0.288
0.332
0.249
0.050
0.017
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

Wt%
0.000
0.000
0.000
0.010
0.030
0.117
0.133
0.112
0.072
0.079
0.093
0.105
0.107
0.080
0.041
0.013
0.008
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

cum%
finer
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
99.97
99.92
99.78
98.85
93.68
64.84
31.62
6.71
1.70

cum%
finer
100.00
100.00
100.00
99.02
96.05
84.37
7111
59.96
52.75
44.81
35.47
24.96
14.24
6.27
213
0.80
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

72

Modes

mode at

Modes

mode at

mode at

225

-3.3

-0.3

Percentiles
phi mm
95% 137 0.386
84% 167 0.315
75% 182 0.282
50% 222 0.214
25% 2.63 0.161
16% 281 0.142
5% 317 0.111
Folks' Graphic Stats
phi mm
Mean (M2) 223 0.212
Sorting (9) 0.56
Skewness (Skl) 0.04
Kurtosis (KG) 0.91
Size Distribution
12
1.0
"
b8 ok
—cum % fingr
0.4 z
0z
I T T T T DD
-0 -k 0 h 10
Grainsize (phi units)

Percentiles
phi mm
95% -3.96 15.509
84% -3.49 11.205
75% -3.15 8.855
50% -1.83 3547
25% -0.50 1416
16% -0.08 1.059
5% 0.65 0.636
Folks' Graphic Stats
phi mm
Mean (M2) -1.80 3.478
Sorting (SI) 155
Skewness (Skl) 0.05
Kurtosis (KG) 0.71
Size Distribution
12
1.0
08 —_—t3g
NG & o b
—— cum % finer
04
0z
f f f t + 0.0
-0 -5 ] 5 10

Grainsize (phi units)




Appendix D

Grain Sze Data

Sample: AG42
mm phi
1 64.00 -6
2 4525 -55
3 3200 -5
4 2263 -4.5
5 16.00 -4
6 1131 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -1.5
11 2.00 -1
12 141 -0.5
13 1.00 0
14 o071 05
15 050 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ums:
Sample: AG43
mm phi
1 64.00 -6
2 45.25 5.5
3 32.00 -5
4 22.63 -4.5
5 16.00 -4
6 11.31 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -1.5
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.71 05
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ST

Cum

wt (9)
0.00
0.00
0.00
0.00
0.00

1164

87.06

22041

368.63

512.08

662.64

843.05

990.68

1071.88
1093.40
1105.03
1114.16
1114.16
1114.16
1114.16
1114.16
1114.16
1114.16
1114.16
1114.16
1114.16
1114.16
1114.16
1114.16
1114.16

1114.16

wt (9)
0.00

0.00
0.00
0.00
0.00
0.00
0.00
3.18
13.73
31.27
68.55
137.32
238.55
341.21
424.36
490.76
534.62
565.57
595.31
616.54
645.57
645.57
645.57
645.57
645.57
645.57
645.57
645.57
645.57
645.57

645.57

wt (9)
0.00
0.00
0.00
0.00
0.00

1164

75.42

133.35

148.22

143.45

150.56

180.41

147.63

81.20

21.52

1163
9.13
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1114.16

wt (9)
0.00

0.00
0.00
0.00
0.00
0.00
0.00
3.18
10.55
1754
37.28
68.77
101.23
102.66
83.15
66.40
43.86
30.95
29.74
21.23
29.03
0.00
0.00
0.00
0.00
0.00

645.57

Wt%
0.000
0.000
0.000
0.000
0.000
0.010
0.068
0.120
0.133
0.129
0.135
0.162
0.133
0.073
0.019
0.010
0.008
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

Wt%
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.005
0.016
0.027
0.058
0.107
0.157
0.159
0.129
0.103
0.068

0.046
0.033
0.045
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

cum%

finer Modes

100.00
100.00
100.00
100.00
100.00
98.96
92.19
80.22

6691 modeat -2.3

54.04
40.53

2433 modeat -0.8

11.08
3.79
1.86
0.82

cum%
finer
100.00
100.00
100.00
100.00
100.00
100.00
100.00
99.51
97.87
95.16
89.38
78.73
63.05
47.15
34.27
23.98
17.19
12.39
7.79
4.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

73

Modes

mode at

mode at

0.25

3.75

Percentiles
phi mm
95% -3.21 9.240
84% -2.66 6.312
75% -2.30 4.938
50% -1.35 2.550
25% -0.52 1.435
16% -0.19 1137
5% 0.42 0.749
Folks' Graphic Stats
phi mm
Mean (Mz) -1.40 2.635
Sorting (9) 117
Skewness (Skl) -0.04
Kurtosis (KG) 0.83
Size Distribution
1.2
1.0
0.g i
06 & )
| —— cum % finer
04
0z
F ; ; ; + 0.0
100 % I 5 10
Grainsize (phi units)
Percentiles
phi mm
95% -1.49 2.802
84% -0.75 1.679
75% -0.38 1.302
50% 041 0.752
25% 1.45 0.366
16% 212 0.229
5% 342 0.093
Folks' Graphic Stats
phi mm
Mean (M2) 0.60 0.662
Sorting () 1.46
Skewness (Skl) 021
Kurtosis (KG) 1.10
Size Distribution
1.2
1.0
EE —%
b o i
—— cum % fingr
n4 -
nz
nn

-0 50 5 10

Grainsize (phi units)




Appendix D

Grain Sze Data

Sample: AG44
mm phi
1 64.00 -6
2 4525 -55
3 3200 -5
4 2263 -4.5
5 16.00 -4
6 1131 -35
7 8.00 -3
8 5.66 -2.5
9 4.00 -2
10 2.83 -1.5
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.71 05
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ums:
Sample: AG45
mm phi
1 64.00 -6
2 4525 -5.5
3 32.00 -5
4 22.63 -4.5
5 16.00 -4
6 11.31 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -1.5
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.71 0.5
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ums:

Cum

wt (g)
0.00
0.00
0.00
0.00
4.58

18.17

78.90

183.38

303.70

456.17

654.83

884.03

111043
1252.44
1299.98
1306.96
1308.02
1308.02
1308.02
1308.02
1308.02
1308.02
1308.02
1308.02
1308.02
1308.02
1308.02
1308.02
1308.02
1308.02

1308.02

Cum

wt (9)
0.00

146.34
184.98
227.75
304.08
356.73
408.16
453.40
492.36
518.96
545.45
568.90
590.04
611.46
634.29
655.86
677.14
694.26
711.47
719.52
723.40
723.40
723.40
723.40
723.40
723.40
723.40
723.40
723.40
723.40

7234

wt (9)
0.00
0.00
0.00
0.00
458

13.59

60.73

104.48

120.32

152.47

198.66

229.20

226.40

142.01

4754
6.98
1.06
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1308.02

wt (9)
0.00

146.34
38.64
.77
76.33
52.65
51.43
45.24
38.96
26.60
26.49
23.45
21.14
21.42
22.83
21.57
21.28
17.12
17.21

8.05
3.88
0.00
0.00
0.00
0.00
0.00

7234

Wt%
0.000
0.000
0.000
0.000
0.004
0.010
0.046
0.080
0.092
0.117
0.152
0.175
0.173
0.109
0.036
0.005
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

Wt%
0.000
0.202
0.053
0.059
0.106
0.073
0.071
0.063
0.054
0.037
0.037
0.032
0.029
0.030
0.032
0.030
0.029
0.024
0.024
0.011
0.005
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

cum%
finer
100.00
100.00
100.00
100.00
99.65
98.61
93.97
85.98
76.78
65.13
49.94
3241
15.11
4.25
0.61

cum%

finer

100.00
79.77
74.43
68.52
57.97
50.69
4358
37.32
31.94
28.26
24.60
21.36
18.44
15.47
12.32

6.39
4.03
1.65

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Modes

mode at

Modes

mode at

mode at

mode at

mode at

74

-0.8

-5.8

-4.3

0.75

275

Percentiles
phi mm
95% -3.11 8.641
84% -2.39 5.250
75% -1.92 3.794
50% -1.00 2.003
25% -0.29 1219
16% -0.03 1.018
5% 0.47 0.724
Folks' Graphic Stats
phi mm
Mean (Mz) -1.14 2.204
Sorting (S1) 113
Skewness (SkI) -0.18
Kurtosis (KG) 0.90
Size Distribution
12
1.0
ns
o e |
R g
——cum % finer
0.4 -
0z
t T I T T DD
-0 & 0 5 10
Grainsize (phi units)

Percentiles
phi mm
95% -5.88 58.746
84% -5.60 48.656
75% -5.05 33.208
50% -3.45 10.941
25% -1.05 2.077
16% 041 0.752
5% 2.29 0.204
Folks' Graphic Stats
phi mm
Mean (Mz) -2.88 7.370
Sorting (3) 274
Skewness (Skl) 0.35
Kurtosis (KG) 0.84
Size Distribution
15
10 < —_—t
@ .
05 ——cum ¥ finer
0a
LU | 510

Grainsize {phi units)




Appendix D Grain Sze Data

Sample: AG46 Percentiles
Cum phi mm
cum% 95% -7.45 174.252
mm phi wt (9) wt (g) wt%  finer Modes 84% -7.32 160.241
1 18101  -75 0.00 000 0000 100.00 75% 723 149.619
2 128.00 -7 305100 305100 0455 5452 modeat  -7.3 50% -6.94 122.460
3 0050 -85 542640 237540 0354 1911 25% -6.58 95.879
4 6400 -6 5426.40 000 0000 1911 16% -5.28 38.733
5 4525 55 550559 7919 0012  17.93 5% -357 11.861
6 3200 -5 579413 28854 0043 1363 modeat  -5.3
7 2262  -45 605643 26230 0039 9.72
8  16.00 -4 626633 20990 0031 6.59
9 11.31 -35 6389.93 123.60 0.018 475 Folks' Graphic Stats
10 8.00 -3 646873 7880  0.012 357 phi mm
1 565 25 652503 5630  0.008 274 Mean (M2) -6.51 91.261
12 4.00 2 6557.73 3270 0.005 225 Sorting (S1) 1.10
13 282  -15 657892 2119  0.003 1.93 Skewness (Skl) 0.68
14 2.00 -1 6595.68 16.76  0.002 168 Kurtosis (KG) 247
15 141 05 6609.27 1359  0.002 1.48
16 1.00 0 662110 11.83  0.002 1.30 . T
17 070 05 663186 1076 0002 114 Size Distribution
18 050 1 6643.60 11.74  0.002 0.97 modeat 075
19 035 15 6654.66 11.06  0.002 0.80 12
20 0.25 2 666644 1178 0.002 0.63 modeat 175 -
21 0.17 25  6677.46 11.02  0.002 0.46 IS
22 0.12 3 669178 1432 0.002 0.25 08 "
23 008 35 670147 960 0001 010 TR
24 0.06 4 670851 704 0001 0.00 — curm % finer
25 004 45 670851 000 0000 000 r 0.4
26 0.03 5 670851 000 0000 0.00 L e
27 0.02 55 670851 0.000 0.00
28 0.01 6 670851 0.000 0.00 - 0.0
29 0.01 65 670851 0.000 0.00 -0 50 5 10
30 0.00 7 670851 0.000 0.00 . L.
Grainsize (phi units)
Sums 670851 670851  0.995
Sample: AG47 Percentiles
cum phi mm
cum% 95% 577 54,502
mm phi  wt(g) wt(g) wi% finer Modes 84% -5.38 41724
1 64.00 -6 0.00 000 0000  100.00 75% -5.18 36.152
2 4525 55  69.84 69.84 0109  89.10 50% -4.69 25.731
3 32.00 -5 20929 13945 0218  67.34 25% -357 11.869
4 2263 -45 38590 17661 0276 3978 modea -4.8 16% 202 4,058
5 16.00 -4 43966 5376 0084 3139 5% 114 0.454
6 11.31 35 48717 4751 0074 2397
7 8.00 -3 505.09 1792 0028 2118
8 5.66 25 52273 1764 0028 1843
9 400 -2 53894 1621 0025 1590 Folks' Graphic Stats
10 2.83 -15 54631 737 0012 1475 phi mm
11 2.00 -1 55554 923 0014 13.31 Mean (Mz) -4.03 16.332
12 141 -05 56571 1017 0016 1172 modeat -0.8 Sorting (1) 1.89
13 1.00 0 57585 1014 0016  10.14 Skewness (SkI) 0.64
14 071 05 587.50 11.65 0018 832 Kurtosis (KG) 176
15 050 1 60362 1612 0025 5.80
16 0.35 15 62218 1856  0.029 201 - SR
17 0.25 2 64080 1862 0029 000 modeat 175 Size Distribution
18 0.18 25  640.80 000  0.000 0.00
19 0.13 3 64080 000  0.000 0.00 12
20 0.09 35  640.80 000  0.000 0.00 10
21 0.06 4 640.80 000  0.000 0.00 :
22 0.04 45  640.80 000  0.000 0.00 ] Y
23 0.03 5 64080 000  0.000 0.00 06 ¥ .
24 0.02 55  640.80 000  0.000 0.00 04 —— cum % finer
25 0.02 6 640.80 000  0.000 0.00 :
26 0.01 65 640.80 000  0.000 0.00 A 0.2
27 0.01 7 640.80 0.000 0.00 | ; : , L oo
28 0.01 75  640.80 0.000 0.00
29 0.00 8 64080 0.000 0.00 0505
30 0.00 8.5 640.80 0.000 0.00 Grainsize (phi units)
ums: 640.8 6408  1.000
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Appendix D Grain Sze Data
Sample: AG48 Percentiles
Cum phi mm
mm phi wt (g) wt (g) wt%  cum% Modes 95% #N/A #N/A
finer 84% #N/A #N/A
1 6400 6 21850 21850 0342 65.82 75%  #N/A #N/A
2 4525 55 21850  0.00 0000  65.82 50% 441 21.329
3 3200 5 23434 1584 0025 6334 25% 317 9011
4 2263 -45 30407 6973 0109 5243 16% 227 4814
5  16.00 -4 39512 9105 0142 3819 modeat  -43 5% 0.90 0.537
6 1131 35 45023 5511 0086  29.56
7 8.00 3 49466 4443 0070 2261
8 5.66 25 52742 3276 0051 17.49
9 4.00 -2 547.85 2043 0.032 14.29 Folks' Graphic Stats
10 283 -15 56010 1225 0019 1237 phi mm
11 2.00 -1 570.99 10.89 0.017 10.67 Mean (M2) #N/A HN/A
12 141 -05 58048  9.49 0015 919 Sorting (S1) #N/A
13 100 0 58067  9.19 0014 775 Skewness (SKI) #N/A
14 o071 05 59921 954 0015 626 Kurtosis (KG) H#N/A
15 050 1 609.35 1014 0016 467 modeat 08
16 035 15 61834 899 0014 326 ] .
17 025 2 62656 822 0013 198 Size Distribution
18 018 25 63920 1264 0020 000 modeat 23
19 013 3 639.20  0.00 0000  0.00
20 009 35 63920 000 0000 0.0 7048
21 006 4 639.20  0.00 0000  0.00 1
2 004 45 63920 000 0000 000 T 06
23 003 5 639.20  0.00 0000  0.00 1 —t%
24 002 55  639.20 0.00 0.000  0.00 + 043 o s
25 002 6 63920  0.00 0000 000 1 — curm % finer
26 001 65 63920 000 0000  0.00 + 02
27 001 7 639.20 0000  0.00 1
28 001 75  639.20 0000  0.00 ! { T t 0.0
29 000 8 639.20 0000  0.00
30 000 85  639.20 0.000 0.0 0050 5 10
Grainsize (phi units)
ums: 6392 6392 1000
Sample: AG49 Percentiles
Cum phi mm
cum% 95% 573 53.034
mm phi  wt(g) wt(g)  wt% finer Modes 84% -5.00 31.944
1 64.00 -6 0.00 000 0000 100.00 75% 477 27042
2 4525 55 7267 7267 0092 9078 modeat -5.8 50% 406 16.699
3 32.00 5 12534 5267 0067 8410 25% 245 5467
4 22.63 45 27974 15440 0196 6451 modeat -4.8 16% 110 2146
5 16.00 -4 41021 13047 0166  47.96 5% 081 0572
6 11.31 35 47394 6373 0081 3987
7 8.00 -3 53640 6246 0079 3195
8 5.66 25 587.87 5147 0065 2542
9 4.00 2 62124 3337 0042 2118 Folks' Graphic Stats
10 2.83 -15 64220 2096 0027 1852 phi mm
11 2.00 -1 667.16 2496 0032 1536 modeat -1.3 Mean (M2) 339 10.461
12 141 05 690.46 2330 0030 1240 Sorting () 196
13 1.00 0 71311 2265 0029 953 Skewness (Ski) 050
14 0.71 05 73527 2216 0028 6.72 Kurtosis (KG) 116
15 0.50 1 757.37 2210 0028 391
16 0.35 15 77371 1634  0.021 1.84
17 0.25 2 78821 1450  0.018 0.00 Size Distribution
18 0.18 25 78821 000  0.000 0.00
19 0.13 3 78821 000  0.000 0.00
20 0.09 35 78821 000 0000 000 1.2
21 0.06 4 78821 000  0.000 0.00 1.0
2 0.04 45 78821 000  0.000 0.00 08
23 0.03 5 78821 000  0.000 0.00 ' —_—t%
24 0.02 55 78821 000 0000 000 DB &1 o finer
25 0.02 6 78821 000  0.000 0.00 N4 -
26 0.01 65 78821 000  0.000 0.00 07
27 0.01 7 78821 0.000 0.00 :
28 0.01 75 78821 0.000 0.00 f f i f r 0.0
29 0.00 8 78821 0.000 0.00 A0 50 510
30 0.00 85 78821 0.000 0.00 o L
Grainsize (phi units)
ums: 78821 78821  1.000
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Appendix D Grain Sze Data
Sample: AG50 Percentiles
Cum phi mm
cum% 95% 477 27.194
mm phi  wt(g) wt(g) W% finer Modes 84% -4.25 19.011
1 6400 -6 0.00 000 0000 100.00 75% -3.20 9.173
2 4525 55 0.00 000 0000 100.00 50% -2.37 5.176
3 32.00 5 0.00 000 0000 100.00 25% -114 2210
4 2263 -45 3011 3011 0106  89.35 16% -0.39 1.309
5 16.00 4 6022 3011 0106 7870 modeat -4.3 5% 1.08 0.475
6 1131 35 6439 417 0015 7723
7 8.00 3 7480 1041 0037 7355
8 5.66 25 12981 5501 0195 5409 modea -2.8
9 4.00 2 17495 4514 0160  38.13 Folks' Graphic Stats .
10 2.83 -15 19622 2127 0075 3061 phi mm
11 2.00 -1 21847 2225 0079 2274 modea -13 Mean (M2) -2.34 5.050
12 141 -05 23479 1632 0058  16.96 Sorting (SI) 185
13 1.00 0 24698 1219 0043 1265 Skewness (Skl) 010
14 0.71 05 257.26 1028  0.036 9.02 Kurtosis (KG) 117
15 0.50 1 26738 1012  0.036 544
16 0.35 15 27565 827 0029 251 ; ietribi it
17 0.25 2 28276 711 0025 0.00 Size Distribution
18 0.18 25 28276 000  0.000 0.00
19 013 3 28276 000  0.000 0.00 12
20 0.09 35 28276 000  0.000 0.00 L1
21 0.06 4 28276 000  0.000 0.00 :
2 0.04 45 28276 000  0.000 0.00 0.8 "
23 003 5 28276 000 0000 000 L5 3¢ —wt%
24 0.02 55 28276 000  0.000 0.00 ——cum % finer
25 0.02 6 28276 000  0.000 0.00 r 0.4
26 0.01 65 28276 000  0.000 0.00 Loz
27 0.01 7 28276 0.000 0.00 0.0
28 0.01 75 28276 0.000 0.00 s
29 0.00 8 28276 0.000 0.00 -0 B0 510
30 0.00 85 28276 0.000 0.00 Grainsi I
rainsize (phi units)
ums: 28276 28276 1.000
Sample: AG52 Percentiles
Cum phi mm
) cum%% 95% -7.40 168.815
mm phi wt (g) wt(g) wt% finer Modes 84% 718 144.784
1 181.02 75 0.00 000 0000 100.00 75% 648 89.056
2 128.00 -7 426.85 426.85 0.248 75.17 mode at -7.3 50% -4.82 28.277
3 90.51 65 42685 000 0000 7517 25% 341 10.621
4 64.00 -6 490.78 63.93 0.037 71.46 mode at -6.3 16% 247 5551
5 4525 55 52090 3012 0018 6970 50 098 0508
6 32.00 5 74864 22774 0132 5646
7 22.63 -45 105974 31110 0181 3836 modeat -4.8
8 16.00 -4 117824 11850 0069 3147
9 11.31 35 127024 9200 0054 2612 Folks' Graphic Stats
10 8.00 -3 137594 10570 0061 1997 modeat -33 phi mm
11 5.66 25 144179 6585 0038 1614 Mean (M2) 480 28.325
12 4.00 -2 1486.89 4510 0026 1352 Sorting (S1) 245
13 2.83 -15 1519.82 3293 0019 1160 Skewness (Skl) 019
14 2.00 -1 1547.14 2732 0016 1002 Kurtosis (KG) 112
15 141 05 1570.88 2374 0014 8.64
16 1.00 0 159101 2013 0012 7.46 ] o
17 071 05 161133 2032 0012 628 Size Distribution
18 0.50 1 1634.49 2316 0013 494 modeat 075
19 0.35 15 1656.62 2213 0013 365
20 0.25 2 1674.02 1740  0.010 2.64 1.2
21 0.18 25 1686.66 1264  0.007 1.90 10
2 013 3 170046 1380  0.008 1.10 08 .
23 0.09 35 1710.29 9.83  0.006 0.53 B —ts
24 0.06 4 171935 906 0005 000 06 3 %
25 0.04 45 171935 000 0000  0.00 04 [——Cum “hiner
26 0.03 5 1719.35 000  0.000 0.00 0o
27 0.02 55 1719.35 0000  0.00 , A_{L_ , 00
28 0.02 6 171935 0.000 0.00 f i ' ' T
29 0.01 65 1719.35 0.000 0.00 A0 50 510
30 0.01 7 171935 0.000 0.00 o o
Grainsize (phi units)
ums: 171935 171935 0.981
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Appendix D

Grain Sze Data

Sample: AG53
mm phi
1 64.00 -6
2 45.25 -565
3 32.00 -5
4 22.63 -4.5
5 16.00 -4
6 11.31 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -15
11 2.00 -1
12 141 -05
13 1.00 0
14 0.71 05
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ums:
Sample: AG54
mm phi
1 64.00 -6
2 45.25 -5.5
3 32.00 -5
4 22.63 -4.5
5 16.00 -4
6 11.31 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -15
11 2.00 -1
12 141 -05
13 1.00 0
14 0.71 0.5
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 45
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ums:

wt (9)
0.00
0.00

197.14

291.25

443.33

503.13

555.36

599.69

640.52

678.07

715.47

751.89

783.94

818.42

854.13

882.89

905.00

905.00

905.00

905.00

905.00

905.00

905.00

905.00

905.00

905.00

905.00

905.00

905.00

905.00

905

Cum

wt (9)
0.00

7391
299.16
466.57
662.78
743.93
804.97
852.88
894.09
925.98
965.78

1004.46
1042.75
1081.10
1120.37
1151.32
1174.83
1174.83
1174.83
1174.83
1174.83
1174.83
1174.83
1174.83
1174.83
1174.83
1174.83
1174.83
1174.83
1174.83

1174.83

wt (g)
0.00
0.00

197.14

94.11

152.08

59.80

52.23

44.33

40.83

37.55

37.40

36.42

32.05

35.71
28.76
2211
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

905

wt (9)

73.91
225.25
167.41
196.21

81.15

61.04

47.91

41.21

31.89

39.80

38.68

38.29

38.35

39.27

30.95

2351

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1174.83

Wt%
0.000
0.000
0.218
0.104
0.168
0.066
0.058
0.049
0.045
0.041
0.041
0.040
0.035
0.038
0.039
0.032
0.024
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

wt%

cum%
finer
100.00

cum%
finer
100.00
93.71
7454
60.29
43.59
36.68
31.48
27.40
23.90
21.18
17.79
14.50
11.24
7.98
464
2.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Modes

mode at

mode at

mode at

Modes

mode at

mode at

mode at

mode at

-53

-4.3

0.75

-6.3

-1.3

Percentiles
phi mm
95% -5.39 41.794
84% -5.13 35.084
5% -4.85 28.747
50% -3.92 15.172
25% -1.49 2811
16% -0.37 1.293
5% 110 0.467
Folks' Graphic Stats
phi mm
Mean (Mz) -3.14 8.828
Sorting (9) 217
Skewness (Skl) 0.52
Kurtosis (KG) 0.79
Size Distribution
12
10
i
b ¥ .
04 & | — cum % finer
0z
0o
-0 4 I ool
Grainsize (phi units)
Percentiles
phi mm
95% -5.60 48.591
84% -5.25 37.971
5% -5.01 32.270
50% -4.19 18.278
25% -2.16 4.461
16% -0.73 1.656
5% 0.95 0.519
Folks' Graphic Stats
phi mm
Mean (Mz2) -3.39 10.474
Sorting (S) 212
Skewness (Skl) 0.55
Kurtosis (KG) 0.94
Size Distribution
12
1.0
[IK:]
—t%
0B 88 .
04 —— cum % finer
A, 02
I f ; f + 0.0

0050 5 10

Grainsize (phi units)




Appendix D

Grain Sze Data

Sample: AG55
mm phi
1 64.00 -6
2 4525 -55
3 3200 -5
4 2263 -4.5
5 16.00 -4
6 1131 -35
7 8.00 -3
8 5.66 -2.5
9 4.00 -2
10 2.83 -15
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.71 0.5
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 4.5
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85
ums:

Sample: AG65
mm phi
1 64.00 -6
2 4525 -5.5
3 3200 -5
4 2263 -4.5
5 16.00 -4
6 1131 -35
7 8.00 -3
8 5.66 -25
9 4.00 -2
10 2.83 -15
11 2.00 -1
12 141 -0.5
13 1.00 0
14 0.71 05
15 0.50 1
16 0.35 15
17 0.25 2
18 0.18 25
19 0.13 3
20 0.09 35
21 0.06 4
22 0.04 4.5
23 0.03 5
24 0.02 55
25 0.02 6
26 0.01 6.5
27 0.01 7
28 0.01 75
29 0.00 8
30 0.00 85

[ums:

wt (9)
0.00
69.73
153.68
270.05
410.40
538.77
617.25
659.57
689.60
71144
734.03
757.56
778.42
798.35
818.68
835.33
849.46
849.46
849.46
849.46
849.46
849.46
849.46
849.46
849.46
849.46
849.46
849.46
849.46
849.46

849.46

wt (9)
0.00

0.00
180.24
237.11
401.79
468.60
528.91
569.95
605.75
623.75
645.86
664.86
680.34
694.06
706.19
716.14
724.44
724.44
724.44
724.44
724.44
724.44
724.44
724.44
724.44
724.44
724.44
724.44
724.44
724.44

724.44

849.46

724.44

wt%
0.000
0.082
0.099
0.137
0.165
0.151
0.092
0.050
0.035
0.026
0.027
0.028
0.025
0.023
0.024
0.020
0.017
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

wt%
0.000
0.000
0.249
0.079
0.227
0.092
0.083
0.057
0.049
0.025
0.031
0.026
0.021
0.019
0.017
0.014
0.011
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

cum%
finer
100.00
91.79
81.91
68.21
51.69

cum%
finer
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Modes

mode at

mode at

mode at

Modes

mode at

mode at

mode at

0.75

Percentiles
phi mm
95% -5.70 51.820
84% -5.11 34.435
75% -4.75 26.869
50% -3.94 15.393
25% -2.77 6.800
16% -1.45 2.738
5% 0.71 0.610
Folks' Graphic Stats
phi mm
Mean (Mz) -3.50 11.323
Sorting (9) 1.88
Skewness (SkI) 0.41
Kurtosis (KG) 132
Size Distribution
1.2
1.0
0a
—_—t%
05 & T
0.4 ——cum % finer
0.2
: : T T T DI:I
-l 6 0 510
Grainsize {phi units)
Percentiles
phi mm
95% -5.40 42.210
84% -5.18 36.213
75% -4.99 31.831
50% -4.12 17.389
25% -2.82 7.083
16% -1.92 3.792
5% 0.29 0.820
Folks' Graphic Stats
phi mm
Mean (M2) -3.74 13.366
Sorting (S1) 1.68
Skewness (Skl) 0.45
Kurtosis (KG) 1.07
Size Distribution
12
10
0s x| "
. ) .
14 |[——oum % finer
02
I : T T T UU

Grainsize (phi units)




Appendix D

Grain Sze Data

Sample: AG67
Cum
mm phi wt (9) wt (9)
1 12800 -7 0.00 0.00
2 9051 65 42907  429.07
3 64.00 6 64217 21310
4 4525 55 64217 0.00
5 3200 5 98660  344.43
6 2263 -45 109261  106.01
7  16.00 -4 113464 42,03
8 1131 -35  1186.26 51.62
9 8.00 -3 121313 26.87
10 5.66 25 123837 25.24
11 4.00 -2 126308 24.71
12 2.83 -15 128041 17.33
13 2.00 -1 1302.29 21.88
14 141 05 132647 24.18
15 1.00 0 135254 26.07
16 0.71 05 138218 29.64
17 0.50 1 141476 3258
18 0.35 15 1443.08 28.32
19 0.25 2 146714 24.06
20 0.18 25  1467.14 0.00
21 0.13 3 146714 0.00
22 0.09 35 1467.14 0.00
23 0.06 4 1467.14 0.00
24 0.04 45  1467.14 0.00
25 0.03 5 146714 0.00
26 0.02 55 1467.14 0.00
27 0.02 6 146714
28 0.01 65 1467.14
29 0.01 7 146714
30 0.01 75  1467.14
Sums: 146714  1467.14
Sample: AG68
Cum
mm phi wt(g)  wt(g)
1 256.00 -8 0.00 0.00
2 181.02 75 0.00 0.00
3 128.00 -7 0.00 0.00
4 90.51 -65 27639  276.39
5 64.00 -6 27639 0.00
6 45.25 -55 41969  143.30
7 32.00 -5 76325 34356
8 22.63 -45 90546 14221
9 16.00 -4 106655  161.09
10 11.31 -35 113214 6559
11 8.00 -3 117822 46.08
12 5.66 -25 122422 46.00
13 4.00 -2 125533 3111
14 2.83 -15 127794 2261
15 2.00 -1 130223 24.29
16 141 -05 132710  24.87
17 1.00 0 135114  24.04
18 071 05 137501 2387
19 0.50 1 140023 2522
20 0.35 15 142233 2210
21 0.25 2 144100 1867
22 0.18 25 1441.00 0.00
23 013 3 144100 0.00
24 0.09 35 144100 0.00
25 0.06 4 1441.00 0.00
26 0.04 45 1441.00 0.00
27 0.03 5 1441.00
28 0.02 55  1441.00
29 0.02 6 1441.00
30 0.01 6.5  1441.00
ums: 1441 1441

Wt%
0.000
0.000
0.000
0.192
0.000
0.099
0.238
0.099
0.112
0.046
0.032
0.032
0.022
0.016
0.017
0.017
0.017
0.017
0.018
0.015
0.013
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.000

cum%
finer

100.00
70.75
56.23
56.23
32.75
25.53
22.66
19.14
17.31
15.59
1391
12.73
11.24
9.59
7.81
5.79
357

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

cum %
finer
100.00
100.00
100.00
80.82
80.82
70.88
47.03
37.16
25.99
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Modes

modeat -6.8

modeat -5.3

modeat -3.8

modeat  0.75

Modes

modeat -6.8
modeat -53
modeat -4.3
modeat -0.8
modeat 0.75

Percentiles
phi mm
95% -6.91 120.636
84% -6.73 105.892
5% -6.57 95.180
50% -5.37 41.278
25% -4.41 21.227
16% -2.62 6.140
5% 0.68 0.625
Folks' Graphic Stats
phi mm
Mean (M2) -4.90 29.940
Sorting (S) 218
Skewness (Skl) 0.47
Kurtosis (KG) 144
Size Distribution
12
10
gg o
0oe P
—um %
04 curm % fingr
H\ A 02
: : T T T UU
-10 5 I 5 10
Grainsize (phi units)
Percentiles
phi mm
95% -6.87 116.943
84% -6.58 95.863
75% -5.71 52.251
50% -5.06 33.410
25% -3.89 14.843
16% -2.65 6.276
5% 0.37 0.772
Folks' Graphic Stats
phi mm
Mean (Mz) -4.76 27.189
Sorting (S) 2.08
Skewness (Skl) 0.36
Kurtosis (KG) 1.63
Size Distribution
12
1.0
0.8 — o
06 & )
—cum % finer
04 -
M— N2
F 4 ; 4 + 0.0
A0 6 I b 10

Grainsize (phi units)




Appendix D Grain Sze Data

Sample: AG69 Percentiles
Cum phi mm
cum% 95% -6.89 118,551
mm phi wt (9) wt (9) wt%  finer Modes 84% -6.65 100.147
1 256.00 -8 0.00 000 0000 100.00 75% -5.90 59.518
2 18102 75 0.00 000 0000 100.00 50% -4.89 29,681
3 12800 -7 0.00 000 0000 100.00 25% 270 6.505
4 9051 65 38710 38710 0226 7740 modea -6.8 16% -1.25 2.375
5  64.00 6  387.10 000 0000  77.40 5% 0.66 0.635
6 4525 55 58352 19642 0115 6594
7 3200 5 82710 24358 0142 5172 modea -53
8 2263 45 96254 13544 0079 4381
9 16.00 -4 1066.58 104.04 0.061 37.74 Folks' Graphic Stats
10 1131 35  1159.12 9254 0054 3233 phi mm
1 8.00 -3 124310 8398 0049 2743 Mean (Mz) -4.26 19.183
12 5.66 25 131291 69.81 0041  23.36 Sorting (S1) 249
13 4.00 -2 1370.07 5716 0033  20.02 Skewness (SkI) 041
14 2.83 -15 141232 4225 0025 1755 Kurtosis (KG) 097
15 2.00 -1 1465.06 5274 0031 1447 modeat -13
16 141 05 1516.66 51.60 0030  11.46 - S
17 1.00 0 156661 4995 0029 855 Size Distribution
18 0.71 05 1614.03 4742 0028 5.78
19 0.50 1 165701 4298 0025 327 12
20 0.35 15  1687.65 3064 0018 148 )
21 025 2 171301 2536 0015  0.00 1.0
22 0.18 25 171301 000  0.000 0.00 0g -
23 013 3 171301 000 0000 000 06 — %
24 0.09 35 171301 000  0.000 0.00 T cum % finer
25 0.06 4 171301 000  0.000 0.00 04
26 0.04 45 171301 000  0.000 0.00 02
27 0.03 5 171301 0.000 0.00
28 0.02 55 171301 0.000 0.00 00
29 0.02 6 171301 0.000 0.00 A0 50 B0
30 0.01 65 171301 0.000 0.00 L Lo
Grainsize (phi units)

ums: 171301 171301 1.000

Sample: AG70

Percentiles
Cum phi mm
A cum% 95% 743 171922
mm phi wt (g) wt (g) wt%  finer Modes 84% 726 153.486
1 256.00 -8 0.00 000 0000 100.00 750 713 139.882
2 18102 75 0.00 000 0000 100.00 50% 589 50901
3 a6 wmw e oo mm oo T 2% 507 s
: g g . . - 0 -
5  64.00 -6 1040.90 000 0000 5375 120//‘; _3:22 23:32;
6 4525 55 142308 38218 0170 3676 modeat -58
7 3200 5 173066 30758 0137 2309
8 2263 -45 194426 21360 0095 1360
9 1600 -4 203376 89.50  0.040 9.63 . '
10 1131 35 206864 348 0015 808 Folks' Graphic Stats ohi o
2 5w 25 zne mm om am Mean (2 S e0a0
" e ' " : - Sorting (S1) 144
13 4.00 -2 214807 2014  0.009 455 Skewness (SKI) o018
14 2.83 -15  2162.92 1485  0.007 3.89 Kurtosis (KG) 103
15 2.00 -1 217882 1590  0.007 318 modeat -13
16 141 05 219318 1436  0.006 254
17 1.00 0 220541 1223 0005 2.00 Size Distribution
18 0.71 05 221750 1209  0.005 1.46
19 0.50 1 223034 1284  0.006 089 modeat 075
20 0.35 15  2241.07 1073 0.005 0.41 1.2
21 0.25 2 225037 930  0.004 0.00 10
22 0.18 25  2250.37 000  0.000 0.00 08
23 0.13 3 2250.37 0.00  0.000 0.00 : —t%
24 0.09 35  2250.37 0.00  0.000 0.00 0k & o ¢
25 0.06 4 225037 000 0000  0.00 04 [ oum % finer
26 0.04 45  2250.37 0.00  0.000 0.00 0.7
27 0.03 5  2250.37 0.000 0.00 00
28 0.02 55  2250.37 0.000 0.00 i
29 0.02 6  2250.37 0.000 0.00 A0 -6 0 B 10
30 0.01 65  2250.37 0.000 0.00 . Lo
Grainsize (phi units)
ums: 225037 225037 1.000
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Appendix D Grain Sze Data

Sample: AG71 Percentiles
Cum phi mm
mm phi wt (g) wt (g) wt% cum %  Modes 95% -5.84 57.336
finer 84% -5.50 45.110
1 6400 6 0.00 0.00 0.000  100.00 75% 532 39.977
2 4525 55 15675 15675 0158 8424 50% 462 24571
3 3200 5 41359 25684 0258 5842 modeat  -53 25% 289 7.395
4 2263 -45 52340 10981 0110 4737 16% 145 2737
5 1600 -4 62919 10579 0106 36.74 5% 0.84 0.560
6 1131 35  687.39 5820 0059  30.89
7 8.00 3 736.69 4930 0050 2593
8 5.66 25  777.38 4069 0041 2184
9 4.00 -2 810.87 33.49 0.034 18.47 Folks' Graphic Stats
10 283 -15 83315 2228 002 1623 phi mm
11 2.00 -1 857.40 24.25 0.024 13.79 mode at -1.3 Mean (M2) -3.86 14.477
12 141 -05 88107 2367 0024 1141 Sorting (3) 202
13 1.00 0 904.21 2314 0023  9.09 Skewness (SkI) 0.60
14 071 05 927.95 2374 0024 670 Kurtosis (KG) 112
15 050 1 953.09 2514 0025 417 modeat 038
16 035 15 976.42 2333 0023 182 . L
17 025 2 90457 1815 0018 000 Size Distribution
18 018 25 99457 0.00 0000 0.0
19 013 3 994.57 0.00 0000 0.0 12
20 009 35 994.57 0.00 0000 0.0 :
21 006 4 994.57 000 0000 0.0 1.0
22 004 45 994.57 0.00 0000 0.0 0s .
23 003 5 994.57 0.00 0000 000 05 3 —wts
24 002 55 994,57 0.00 0000 0.0 ' — cum % finer
25 002 6 994.57 0.00 0000 000 04
26 001 6.5 994.57 0.00 0000 0.0 07
27 001 7 99457 0000 0.0 00
28 001 75 994.57 0000 0.0 :
29 000 8 994,57 0.000  0.00 -0 A 0 & 10
30 000 85 994.57 0000 0.0 _ -
Grainsize {phi units)
Sums: 99457 99457  1.000
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Appendix E

Petrographic Descriptions

List of Abbreviations

Alb
Aug
Hyp
Oli
Op
Pl
Pre
Pum
Qz
Sp

Xen

Albite
Augite
Hypersthene
Olivine
Opaque
Plagioclase
Prehnite
Pumpellyite
Quartz
Sphene
Xenolith



Appendix E

Petrographic Descriptions

. Proportion :
Phenocrysts Proportion of ! ) Proportion of
Sample# present crystals (%) Shape and Size of \g/f)cleﬁ lithicsxenoliths (%) Groundmass Comments
AGOL Qz>Alb>Pre>Pum | 80>5>5>5> Very fine grained 0 0 N/A Metamorphic xgnqhth, possibly 'prehm'tepumpellyne
>Sp 5 faciesinto greenschist facies
AGO2 Pl > Aug > Hyp > 28>10>12> Subhedral, 5 2 (quartzofeldspathic 40%, non-devitrified glass, PI show heavy sieve and oscillatory zoning textures,
Op>Oli 3>04 medium xen) hyalopilitic twinned aug, glomeroporphyritic
AGO3 Pl > Aug > Hyp > 24 Subhedral, 5 (quartzofeldspathic 39%, intersertal, partially crystalline, PI shows sieve and oscill zoning, Aug in
>8>7>5 : 12 : L
Op Medium xen) some trachytic glomeroporphyritic clumps
AGO4 Pl>Aug>Hyp> | 30>9>4>1> Subhedral, 4 6 (lithicsand 46%, hyalopilitic, slightly devitrified PI shows heavy sieve and oscill zoning, Aug twinned
Op>Oli 0.2 medium qurtzofeldspathic xen) glassin areas and in glomeroporphyritic clumps; poikilitic
AGO5 Pl > Aug > Hyp > 2>8>7>5 Subhc_adral, 10 0 40% intersertal, some strongly ' Less pyroxene than other samples Pl shows sieve and
Op medium devitrified glass, microlites trachytic zoning
. . . One Oli completely recryst to fine pyroxene.
Pl > Aug > Hyp > Subhedral, 4 (quartzofeldspathic 45%, intergranular, some trachytic " ; :
AG06 Op 30>7>5>1 medium to fine 8 xen) and minor felted Glomeroporphyritic cl_umps, Plshows heavy sieve and
zoning. Poikilitic
15 (glassy clasts and . . . .
Pl > Aug > Hyp > Subhedral, . 33%, intergranular, mostly felted, One Ol recryst to fine pyroxene. Glomeroporphyritic;
AGU7 Op 271>6>5>5 medium to fine 8 quratzo;glnc)lspathm patchy areas with no microlites Pl shows sieve and oscill zoning; Aug twinned
AGO8 Pl > Aug > Hyp > 2>755>5 Subhedral, 2 5 (quartzofeldspathic 44%, intersertal, mainly felted with One Ol recryst to fine pyroxene. Pl shows sieve and
Op medium xen) some patchy areas of trachytic zoning; poikilitic; glomeroporphyritic. Aug twinned
AGO9 Pl > Aug > Hyp > 21 Subhedral, 6 (quartzofeldspathic 43%, intergranular, some areas One Oli recryst to fine pyrox. Glomeroporphyritic; Pl
>6>4>2 - 8 . : f ’ .
Op medium xen) trachytic shows sieve and oscill zoning. Aug twinned
AGI10 Pl > Aug > Hyp > 2565652 Subhc_adral, 10 1 (quartzofeldspathic 43%, hyalopilitic, non-devitrified Pl shows some sieve and zoning, Aug twinned
Op medium xen) glass
Pl > Aug > Hyp > Subhedral, 3 (quartzofeldspathic 38%, intersertal, areas of partially Pl shows some sieve and zoning, Aug twinned;
AG12 32>9>6>2 " ! 10 L
Op medium to fine xen) devitrified glass glomeroporphyritic; poikilitic
42%, intersertal, some partially . . .
AG14 Pl > Aug > Hyp > 30575654 SL_lbhedral', 10 0 devitrified glass, most microlite One Oli recryst to fine Pyrox. PI shows heavy sieve and
Op medium to fine . oscill zoning
trachytic
AGI5 Pl>Aug>Hyp> | 30>7>6>1> | Subhedral, fineto 18 1 (quartzofeldspathic 37%, hyalopilitic, minor partial Glomeroporphyritic; Pl shows sieve and zoning, Aug
Op>Oli 0.2 medium xen) devitrified glass twinned
AG16 Pl > Aug > Hyp > 28>8>7>3 Subhedral, fine to 7 5 (quartzofeldspathic 40%, intergranular, devitrified glass, One Ol recryst to fine pyroxene; poikilitic; Pl show
Op medium xen) microlitesin some areas felted sieve and zoning
AGIS8 Pl > Aug > Hyp > 31>9>7>1 Subhedral, 7 3 (quartzofeldspathic 43%, intergranular some partially Oli recryst to fine pyroxene. Pl shows sieve, quenching
Op medium xen) devitrified glass, microlites felted and zoning, Aug twinned, glomeroporphyritic
AG21 Pl>Aug>Hyp> | 22>7>6>1> Subhedral, 38 2 (quartzofeldspathic 22%, hyalopilitic, non-devitrified Pl shows heavy sieve and zoning. Glomeroporphyritic,
Op>Oli 0.2 medium to fine xen) glass poikilitic. Aug twinned
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Petrographic Descriptions

Sample# Phenocrysts Proportion of Shape and Size Fc’;‘?/rg(t::g Proportion of Groundmass Comments
P present crystals (%) ap %) lithics/xenoliths (%)
. 43%, intergranular, some devitrified . . . .
Pl > Aug > Hyp > . 4 (quartzofeldspathic R . Glomeroporphyritic; Pl shows sieve and oscill zoning,
AG22 Op 32>7>6>2 Subhedral, fine 7 xen) glass, mmroht%rtaecdhytlc and some Aug twinned; poikilitic
Pl > Aug > Hyp > . 36%, hyalopilitic, non-devitrified Pl shows large sieve and oscill zoning.
AG23 Op 25>7>6>2 Subhedral, fine 2 0 glass Glomeroporphyritic, poikilitic
AG24 Pl > Aug > Hyp > 29>8>5>2 Subhedral, fine 10 0 46%, hyalopjli_tic, partiallydevitrified, Pl shows heavy sieve and oscill zqning. Aug twinned.
Op some swirling patternsin glass Glomeroporphyritic
AG25-12 Pl > Aug > Hyp > 21>956>1 Subhe_adral, 23 2 38%, hyalopilitic, partially devitrified Mingled clast, glomgroporphyrit_ic, Pl shows sieve and
Op medium glass zoning, Aug twinned
) 39%, intersertal, some partially . . )
AG26-29 Pl > Aug > Hyp > 26>8>5>1 Subhe_adral, 20 1 (quartzofeldspathic devitrified glass, most microlite One Oli recryst to fine pyroxene. Pl shows heavy sieve
Op medium xen) - and oscill zoning
trachytic and felted
. - P Dark glass see some microlites, light glass no
ace | P> A“g> HyP> | 155353505 S“bhﬁgdﬁ'dr?]”e to 43 0 37%, hyl‘:';p'r':]ti'rf' o ?aes‘s"t”f'ed microlites, Pl shows sieve and zoning. Au poikilitic and
P giass, giedg twinned. Intensely mingled clast
AG35-1 Pl > Aug > Hyp > 21 >6>4>1 Subhedral, fine 31 0 37%, hyalopilitic, non-devitrified Rotoaira Lapilli, Pl'showssieve_ar)q pscill zoning, Aug
Op glass twinned and poikilitic
AG36-6 Pl > Aug > Hyp > 29575553 Subhedral, fine 28 0 35%, hyalopilitic, non-devitrified Rotoaira I_'ap|_||'|, Pl shows sieve and zoning, Aug
Op glass poikilitic and glomeroporphyritic
AGA2-4 PI>Aug>Hyp> | 5 75555 Subhedral, fine 29 0 35%, hyalopilitic, slightly devitrified | Minor mingled pumice. PI shows zoning and sieve. Aug
Op glass, some microlites glomeroporphyritic. Poikilitic
Pl > Aug > Hyp > Subhedral, fine to 3 (quartzofeldspathic 36%, intersertal, some partially PI shows heavy sieve and oscill zoning, Aug twinned
AG45-4 O 26>9>5>2 mediL’Im 19 xen) devitrified glass, most microlite Glomeroporohvritic oikili’tic '
P trachytic and felted porphyritic, p
AG46-1 Pl > Aug > Hyp > 24575551 Subhedral, fine 31 2 (quartzofeldspathic 35%, hyalopilitic, non-devitrified Glomeroporphyrmp, A shows sieve and zoning, Aug
Op xen) glass partially dissolved also
AGA8-2 Pl > Aug > Hyp > 29>9>7>3 Subhedral fineto 0 1 (quartzofeldspathic 51%, intergranular, microlite Dense wall rock lithic, Pl shows sieve and oscill zoning,
Op medium xen) trachytic and some felted Aug twinned
Pl > Aug > Hyp > Subhedral, fine to 39%, hyalopilitic, partially devitrified Pl shows sieve and oscill zoning, Aug twinned and
AGSL Op 19>6>3>1 medium 32 0 glass partially dissolved. Glomeroporphyritic and poikilitic
AG57 Pl > Aug > Hyp > 21>8>6>1 Subhedral, 27 3 (quartzofeldspathic 34%, hyalopilitic, non- to slightly Pl shows heavy sieve and oscill zoning, Aug partially
Op medium xen) devitrified glass dissolved edges. Some glomeroporphyritic
Pl > Aug > Hyp > Subhedral, 3 (quartzofeldspathic | 56% , hyalopilitic, partially devitrified From dense lavalake. Pl shows sieve and zoning.
AG58 24>9>6>1 - 1 LA, -
Op medium xen) glass, some microlites felted Glomeroporphyritic
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. Proportion .
Phenocrysts Proportion of ! . Proportion of
Sample# present crystals (%) Shape and Size of \E:;:)cles lithics/xenoliths (%) Groundmass Comments
AGEOD Pl>Aug>Hyp> | 27>9>4>1> Subhedral. fine 16 2 (quartzofeldspathic 41%, hyalopilitic, slightly devitrified Pl shows sieve and oscill zoning, Aug twinned, Oli
Op>Oli 0.2 ' xen) glass, some crystallites rimmed by fine pyroxene
AG61 Pl > Aug > Hyp > 24>8>5>1 Subhedral fine 23 0 39%, hyalopilitic, non devitrified PI shows sieve and zoning, Aug twinned.
Op ! glass, rare crystallites Glomeroporphyritic; poikilitic
. 53%, intersertal, some partially ) . .
AGe2 | PIZAUG>HYP> | o5 95451 | Subhedrd, fine 5 3 (quartzofeldspathic devitrified glass, most microlite One Oli recryst tofine pyraxene. M shows heavy sieve
Op xen) trachytic and oscill zoning, Aug glomeroporphyritic. Poikilitic
5 (quartzofeldspathic 54%, intersertal, minor partially . . .
AG63 P> Aug> Hyp> 24>9>5>5 me?j?t?rzeg?: ne 2 xen and devitrified devitrified glass, most microlite Pl shows sieve and zomtr\lgi, rfr\]:g glomeroporphyritic and
P clasts) trachytic ’
. 47%, intersertal, minor partially . . . .
Pl > Aug > Hyp > Subhedral, fine to P S Pl shows heavy sieve and oscill zoning. Aug partially
AG64 Op 25>8>6>1 medium 14 0 devitrified gt:.’i\acssh),rtr:gst microlite dissolved and twinned, glomeroporphyritic
3 Pl > Aug > Hyp > Subhedral, fine to 57%, intergranular, microlite trachytic | Dense wall rock lithic. Pl shows sieve and oscill zoning,
AGES-4 Op 271>9>6>1 medium 0 0 and some felted Aug twinned. Glomeroporphyritic; poikilitic
Pl > Aug > Hyp > . 35%, hyalopilitic, non- to slightly Pl shows heavy sieve and zoning, Aug partially
AGE6 Op 23>9>5>1 Subhedral, fine 21 0 devitrified glass dissolved and twinned, glomeroporphyritic
AG68-29 Pl > Aug > Hyp > 21>956>1 Subhedral fine 27 0 35%, hyalopilitic, slightly/partially Mingled pumice clasts. Pl shows heavy sieve and oscill
Op ! devitrified glass zoning. Phenocrysts fractured
AGT70-2 Pl > Aug > Hyp > 22565451 Subhedral. fine 31 0 36%, hyalopilitic, non- to slightly Glomeroporphyritic, Pl shows heavy sieve and zoning,
Op ' devitrified glass Aug twinned
Pl > Aug > Hyp > Subhedral fineto 39%, hyalopilitic, non- to slightly Glomeroporphyritic, Pl shows sieve and oscill zoning,
AGT2 Op 19>4>3>1 medium 34 0 devitrified glass Aug twinned
AG74 Pl > Aug > Hyp > 2MN>6>4>1 Subhedral, 2 3 (quartzofeldspathic 43%, hyalopilitic, slightly devitrified Pl shows heavy sieve and oscill zoning, Aug partially
Op medium to fine xen) glass dissolved rims. Glomeroporphyritic and poikilitic
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Appendix F Geochemical Data

Glass Geochemistry — Electron Microprobe

SiO; TiO: Al;O3 FeO MnO MgO CaO Na,O K20 P20s SOs Cl Cr203 NiO TOTAL

ID = 6655 AG68-29 glass light 69.95 0.65 13.05 3.32 0.00 0.54 2.43 3.40 3.39 0.51 -0.02 0.16 0.06 0.11 97.54
ID = 6656 AG68-29 glass light 69.17 0.71 12.88 3.15 0.11 0.52 2.43 3.43 3.31 0.33 0.07 0.19 0.05 0.12 96.44
ID = 6657 AG68-29 glass light 69.17 0.57 12.84 3.17 0.06 0.58 241 3.65 3.36 0.63 -0.03 0.18 0.01 0.26 96.84
ID = 6658 AG68-29 glass light 69.55 0.71 12.97 3.27 0.10 0.57 2.28 3.46 3.31 0.02 0.07 0.21 -0.08 0.15 96.58
ID = 6661 AG68-29 glass dark 67.73 0.73 14.04 3.96 0.10 0.70 3.29 3.63 2.96 0.24 -0.02 0.17 0.05 -0.07 97.50
ID = 6662 AG68-29 glass dark 67.91 0.84 13.47 4.56 0.10 0.59 311 2.46 3.15 0.25 -0.03 0.22 -0.02 0.13 96.72
ID = 6663 AG68-29 glass dark 67.30 0.81 13.75 4.43 0.08 1.01 3.51 3.64 3.01 0.31 0.01 0.11 0.01 0.16 98.14
ID = 6664 AG68-29 glass dark 67.92 0.81 13.36 3.99 0.09 0.82 2.82 3.46 3.24 0.38 -0.05 0.16 0.06 0.00 97.05
ID = 6665 AG68-29 glass dark 69.59 0.64 13.10 3.52 0.16 0.56 2.28 3.62 3.46 0.26 -0.03 0.17 0.08 -0.15 97.27
ID = 6685 AG36-6 glass light 62.75 0.82 15.28 4.68 0.19 1.17 3.98 3.82 251 0.21 -0.04 0.19 -0.02 0.11 95.64
ID = 6687 AG36-6 glass light 63.49 0.89 14.36 4.93 0.01 1.19 3.60 3.88 2.67 0.38 0.04 0.13 0.05 -0.04 95.59
ID = 6688 AG36-6 glass light 64.92 0.97 14.35 4.89 0.09 1.17 3.79 3.77 2.81 0.42 0.00 0.21 -0.07 0.00 97.32
ID = 6691 AG36-6 light 59.04 0.60 20.13 291 0.08 0.67 7.11 3.87 1.80 0.13 -0.03 0.12 0.00 -0.08 96.36

ID = 6694 AG62 glass dark 67.59 0.69 16.44 2.33 0.05 0.21 3.91 4.25 3.33 0.17 0.02 0.22 0.06 -0.07 99.22
ID = 6697 AG62 glass dark 68.96 0.46 16.72 0.96 0.03 -0.05 3.91 4.30 3.33 0.08 0.07 0.20 -0.05 0.09 99.01
ID = 6699 AG62 glass dark 71.76 0.58 13.54 0.81 0.04 -0.05 2.08 3.43 4.57 0.23 -0.07 0.13 0.01 0.09 97.15
ID = 6703 AG42-29 glass dark 68.84 0.57 13.00 3.17 0.12 0.33 2.15 3.85 3.33 0.32 -0.03 0.15 -0.02 0.09 95.87
ID = 6704 AG42-29 glass dark 66.94 0.59 13.06 2.95 0.01 0.49 2.15 3.76 3.38 0.06 0.05 0.23 0.02 -0.08 93.61
ID = 6711 AG42-29 glass light 70.55 0.56 13.01 3.31 0.11 0.42 2.20 3.94 3.41 0.12 -0.02 0.19 0.00 0.17 97.97
ID = 6712 AG42-29 glass light 70.01 0.66 13.03 3.11 0.09 0.56 2.27 3.60 3.48 0.36 0.10 0.22 -0.05 -0.05 97.40
ID = 6713 AG42-29 glass light 69.93 0.60 12.91 3.30 0.10 0.61 241 4.11 3.49 0.23 0.10 0.20 -0.09 0.04 97.94
ID = 6714 AG70-3 glass light 65.40 0.89 14.60 4.18 0.10 111 3.60 4.00 2.95 0.37 0.01 0.16 -0.08 0.10 97.39
ID = 6719 AG70-3 glass light 65.43 0.98 14.27 4.70 0.21 0.80 3.37 3.95 3.01 0.22 0.02 0.20 0.03 0.06 97.26
ID = 6720 AG70-3 glass light 65.53 0.99 14.12 4.87 0.09 1.06 3.47 4.04 2.95 0.38 -0.02 0.18 0.04 -0.05 97.65
ID = 6721 AG70-3 glass light 64.19 0.67 15.94 3.29 0.05 0.63 4.24 4.48 2.39 0.27 0.13 0.17 -0.01 0.03 96.47
ID = 6722 AG70-3 glass light 64.51 0.75 15.32 4.21 0.21 0.93 3.87 4.30 2.72 0.37 0.16 0.26 -0.01 0.04 97.63
ID = 6726 AG70-3 glass light 63.83 0.76 15.21 3.55 0.12 0.61 3.64 4.27 2.67 0.02 -0.02 0.13 0.06 0.00 94.86
ID = 6727 AG70-3 glass light 65.12 0.92 15.30 4.11 0.04 0.78 4.41 3.90 2.60 0.54 0.04 0.16 0.10 0.18 98.21
ID = 6573 AG29 glass dark 66.74 0.97 14.38 4.27 -0.11 0.57 3.77 2.86 2.75 0.18 -0.06 0.23 0.06 -0.11 96.50
ID = 6578 AG29 glass Light 71.67 0.67 13.01 3.28 0.07 0.55 1.90 3.15 3.54 0.33 -0.02 0.21 0.11 0.06 98.51
ID = 6584 AG29 glass 70.47 0.64 13.05 3.22 0.07 0.47 2.39 3.30 3.53 0.25 0.02 0.20 -0.06 0.02 97.58

ID = 6585 AG29 glass light 70.53 0.56 13.10 2.83 0.08 0.53 214 3.10 3.46 0.13 -0.06 0.12 -0.03 -0.22 96.28
ID = 6591 AG29 glass light 70.60 0.76 13.07 2.89 0.00 0.55 2.10 2.08 3.31 0.13 -0.13 0.14 0.01 -0.08 95.42
ID = 6592 AG29 glass dark 68.34 0.74 14.55 3.93 -0.01 0.49 3.77 3.72 3.02 0.28 0.00 0.23 0.05 0.11 99.21
ID = 6593 AG29 glass dark 69.31 0.71 13.22 3.78 0.01 0.66 2.78 3.58 3.47 0.25 0.00 0.18 -0.07 -0.02 97.86
ID = 6594 AG29 glass light 71.20 0.60 13.13 3.16 0.08 0.51 2.23 2.38 3.29 0.38 0.01 0.15 0.02 0.27 97.42
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Appendix F Geochemical Data
Glass Geochemistry Continued
Sio, | TiO, | Al,O; | FeEO | MnO | MgO | CaO | NaO | K,O P,Os S0; cl Cr,0; | NiO | TOTAL
ID = 6595 AG29 glass light) 7158 | 061 | 13.35 | 1.80 0.08 0.53 2.04 2.37 3.46 0.29 0.01 0.11 0.11 0.09 | 96.43
ID = 6596 AG42-4 darkglass | 70.84 | 049 | 1324 | 339 | -006 | 0.55 2.42 3.63 3.51 026 | -0.04 | 012 0.05 0.04 | 98.45
ID = 6597 AG42-4 darkglass | 68.34 | 0.81 | 13.63 | 4.09 0.05 0.79 3.09 3.90 3.17 0.16 0.05 014 | -002 | -0.16 | 98.03
ID = 6608 AG42-4 glass light | 65.68 | 0.81 | 1420 | 509 | -0.01 | 0.95 3.71 3.74 2.88 0.29 0.02 0.18 0.04 0.05 | 97.64
ID = 6609 AG42-4 glass light | 66.30 | 1.01 | 14.18 | 5.25 0.08 1.14 3.96 3.96 2.82 037 | -0.02 | 019 0.06 013 | 99.43
ID = 6611 AG42-4 glassdark | 66.79 | 120 | 14.15 | 5.02 0.21 0.89 3.47 3.82 3.00 0.55 0.11 0.16 0.02 0.08 | 99.48
ID = 6612 AG42-4 glassdark | 65.80 | 1.03 | 14.42 | 507 0.14 1.06 3.82 4.07 2.71 0.44 0.07 014 | -005 | 0.04 | 9873
ID = 6613 AG42-4 glass light | 71.28 | 063 | 1322 | 3.25 0.03 0.52 2.44 3.72 3.54 0.33 0.17 015 | -003 | 010 | 99.34
ID = 6614 AG42-4 glass light | 71.15 | 074 | 1323 | 3.23 0.13 0.53 2.23 3.92 3.48 016 | -013 | 0.12 0.00 0.05 | 98.84
ID = 6615 AG42-4 glass light | 69.54 | 081 | 13.35 | 4.12 0.06 0.80 2.90 3.82 3.18 030 | -002 | 016 | -005 | -001 | 9895
ID = 6619 AG25-12 glass light | 70.85 | 0.69 | 13.63 | 3.59 0.06 0.60 2.84 3.11 3.29 0.23 0.01 018 | -008 | 011 | 99.11
ID = 6621 AG25-12 lightglass | 73.12 | 052 | 12.67 | 2.61 0.21 0.28 1.72 3.50 3.83 0.23 0.09 0.24 0.01 0.02 | 99.06
ID = 6622 AG25-12 lightglass | 69.36 | 0.63 | 14.25 | 3.84 0.10 0.79 3.37 3.80 2.99 0.39 0.08 021 | -005 | -005 | 99.71
ID = 6626 AG25-12 glasslight | 73.72 | 052 | 1254 | 2.49 0.07 0.34 1.70 3.59 3.93 031 | -002 | 020 | -005 | 012 | 99.46
ID = 6632 AG25-12 dark glass | 65.74 | 087 | 14.62 | 5.12 0.03 1.34 4.02 3.72 2.76 034 | -008 | 012 0.03 0.00 | 98.62
ID = 6633 AG25-12 dark glass | 64.71 | 081 | 1535 | 4.02 0.01 1.08 3.87 3.81 2.78 0.29 0.04 013 | -004 | -007 | 96.79
ID = 6634 AG25-12 dark glass | 65.29 | 097 | 14.24 | 558 0.16 1.21 4.19 3.55 2.74 043 | -0.07 | 0.16 0.08 0.05 | 9859
ID = 6635 AG25-12 dark glass | 70.23 | 069 | 13.63 | 357 0.08 0.65 2.73 3.85 3.36 028 | -010 | 022 | -005 | 014 | 99.27
Phenocryst Mineralogy — Electron Microprobe
Pyroxene Sio, | TiO, | AlLO; | FeO MnO | MgO | CaO | Na,O | K,0 P,Os S0; cl Cr,0; | NiO | TOTAL
Clinopyroxene
ID = 6643 AG68-29 50.60 | 0.65 2.87 9.06 030 | 1457 | 19.97 | 0.19 006 | -001 | 013 0.00 018 | -002 | 9856
ID = 6682 BLO1 51.61 | 0.60 2.38 9.24 0.30 | 1552 | 1956 | 0.06 0.08 0.04 0.08 0.03 0.33 0.00 | 99.82
ID = 6702 AG62 rim 52.37 | 0.24 2.81 5.69 010 | 17.77 | 1934 | 0.13 010 | -004 | 002 | -002 | 056 | -006 | 98.98
ID = 6709 AG42-29 51.46 | 0.68 2.24 9.73 0.34 | 1507 | 1923 | 0.14 0.08 010 | -007 | 0.2 0.05 0.08 | 99.15
ID = 6603 AG42-4 52.15 | 0.40 1.89 9.71 0.24 | 1545 | 1953 | 0.1 0.06 | -0.08 | -007 | 005 0.10 0.09 | 99.64
ID = 6620 AG25-12 51.71 | 059 185 | 11.22 | 015 | 1450 | 1943 | 0.6 0.06 0.02 0.02 0.02 0.12 0.10 | 99.95
Orthopyroxene
ID = 6651 AG68-29 51.75 | 0.32 1.09 | 2424 | 056 | 2051 | 150 | -0.02 | 004 | -0.11 | -0.09 | 006 | -002 | 0.07 | 99.90
ID = 6652 AG68-29 52.38 | 0.22 041 | 2467 | 076 | 1962 | 150 | -008 | 003 | -003 | -0.02 | -007 | 001 | -0.15 | 99.25
ID = 6667 BLO1 53.57 | 0.32 110 | 1711 | 054 | 2514 | 155 | -0.08 | 0.01 008 | -001 | 0.00 0.06 | -005 | 99.36
ID = 6683 BLO1 54.02 | 0.29 118 | 1883 | 042 | 2426 | 154 | -0.06 | 0.08 016 | -005 | 0.02 0.04 | -007 | 100.67
ID = 6684 AG36-6 51.56 | 0.8 1.00 | 2257 | 034 | 2075 | 146 | -0.02 | 0.5 0.07 0.00 0.00 003 | -019 | 97.81
ID = 6693 AG62 rim 54.08 | 0.26 1.02 | 16.83 | 023 | 2541 | 156 | -0.05 | 0.06 | -0.01 | -0.07 | 0.00 001 | -001 | 99.31
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Appendix F Geochemical Data
orthopyroxene continued SiO, TiO, Al;O3 FeO MnO MgO CaO Na,O K20 P,0Os SOs3 Cl Cr;03 NiO TOTAL
ID = 6695 AG62 50.04 0.62 1.03 27.48 0.62 13.99 3.91 0.01 0.14 0.06 -0.01 0.12 0.00 0.03 98.04
ID = 6698 AG62 52.76 0.21 0.69 22.44 0.63 21.43 1.73 -0.02 0.02 0.07 0.05 0.05 -0.06 | -0.05 | 99.96
ID = 6707 AG42-29 52.54 0.29 0.72 22.95 0.74 20.74 1.67 -0.03 0.07 0.02 0.02 0.12 0.03 -0.01 | 99.87
ID = 6580 AG29 centre 53.03 0.15 0.61 24.97 0.80 19.55 1.53 -0.02 0.05 0.09 -0.02 0.01 -0.01 | -0.07 | 100.67
ID = 6581 AG29 rim 53.26 0.24 0.55 24.97 0.46 19.91 1.55 -0.07 0.04 0.10 0.02 0.04 -0.04 | -0.05 | 101.00
ID = 6588 AG29 52.76 0.36 1.02 22.84 0.55 21.17 1.73 -0.07 0.07 -0.11 | -0.09 0.05 0.09 0.16 | 100.52
ID = 6602 AG42-4 54.13 0.31 1.13 18.18 0.43 24.41 1.76 -0.05 0.10 -0.05 | -0.01 0.12 -0.07 0.06 | 100.44
ID = 6618 AG25-12 centre 52.33 0.12 0.54 26.84 0.79 18.11 1.45 0.00 0.03 0.12 0.08 0.01 -0.02 | -0.09 | 100.29
ID = 6625 AG25-12 52.46 0.25 0.49 25.60 0.77 19.07 1.63 -0.01 0.05 -0.01 0.06 0.03 0.03 -0.01 | 100.40
Olivine SiO, Tio, | Al20; | FeO MnO MgO CaO Na,O K,O P,Os S0Os cl Cr,04 NiO | TOTAL
ID = 6666 BLO1 40.84 | -0.04 0.09 11.91 0.22 47.10 0.20 -0.11 0.10 -0.11 0.00 0.06 0.11 0.22 | 100.60
ID = 6700 AG62 39.86 0.01 0.06 19.31 0.33 41.01 0.15 -0.16 0.06 -0.06 | -0.09 0.03 0.02 0.21 | 100.76
ID = 6701 AG62 39.59 | -0.02 0.05 21.21 0.22 39.53 0.11 -0.04 0.01 -0.05 0.02 0.00 -0.18 0.00 | 100.47
Plagioclase SiO;, TiO, | Al,Os FeO MnO MgO CcaO Na,O K20 P,0s SO, cl Cr,0; NiO | TOTAL
ID = 6641 AG68-29 centre 50.66 | -0.01 | 30.85 0.53 0.05 0.01 14,53 3.30 0.24 0.00 0.05 0.00 0.07 0.17 | 100.44
ID = 6642 AG68-29 rim 52.60 0.15 29.30 0.46 0.00 0.05 12.80 4.22 0.31 -0.05 0.05 0.07 0.00 -0.14 | 99.82
ID = 6653 AG68-29 centre 51.28 0.03 30.04 0.65 -0.03 0.04 13.62 3.51 0.24 -0.11 0.00 -0.02 0.13 -0.10 | 99.29
ID = 6654 AG68-29 rim 49.40 0.11 30.76 0.78 -0.03 | -0.01 | 14.60 2.86 0.16 -0.04 0.06 0.00 0.04 -0.05 | 98.66
ID = 6669 BLO1 47.88 0.05 31.98 0.60 0.02 -0.04 | 15.58 2.32 0.20 0.00 -0.06 0.05 0.10 -0.18 | 9851
ID = 6670 BLO1 50.56 | -0.02 | 30.53 0.48 0.06 0.03 14.31 3.31 0.22 -0.10 0.00 0.03 0.01 0.03 99.45
ID = 6689 AG36-6 48.75 0.02 29.05 0.42 -0.02 | -0.02 | 13.66 3.48 0.31 0.05 -0.11 0.02 0.04 -0.10 | 95.56
ID = 6690 AG36-6 51.94 | -0.05 | 29.10 0.60 -0.02 | -0.05 | 12.89 3.98 0.22 0.00 0.04 0.03 0.07 0.01 98.76
ID = 6696 AG62 51.92 0.17 29.53 0.57 0.05 0.15 1354 | 4.12 0.27 0.02 0.15 0.02 0.00 0.09 | 100.60
ID = 6723 AG70-3 50.88 0.05 30.64 0.42 -0.02 0.14 14.20 3.33 0.20 -0.07 0.01 0.03 -0.05 | -0.06 | 99.71
ID = 6724 AG70-3 49.90 0.05 30.85 0.64 0.04 0.09 14.55 3.02 0.17 -0.05 0.04 -0.03 | -0.02 0.05 99.28
ID = 6725 AG70-3 51.88 0.00 29.17 0.49 -0.02 0.06 12.71 4.05 0.29 -0.05 0.01 0.03 0.09 0.05 98.74
ID = 6582 AG29- 55.33 | -0.02 | 27.48 0.46 0.05 0.11 10.55 5.26 0.40 0.04 0.07 -0.01 0.24 0.09 | 100.05
ID = 6583 AG29- 53.78 0.12 28.53 0.54 -0.03 | -0.01 | 11.93 4.49 0.28 0.15 -0.05 0.03 0.01 -0.03 | 99.74
ID = 6604 AG42-4 53.88 0.13 28.70 0.59 0.10 0.08 11.88 4.60 0.33 0.16 0.00 0.01 -0.05 | -0.07 | 100.34
ID = 6616 AG42-4 centre 53.52 0.10 28.95 0.57 -0.06 0.06 12.32 4.46 0.29 0.04 -0.03 0.05 0.11 0.05 | 100.43
ID = 6617 AG42-4 rim 54.13 0.10 28.12 0.59 0.01 0.15 11.29 4.84 0.38 -0.12 | -0.09 0.05 0.03 -0.01 | 99.49
ID = 6627 AG25-12 centre 53.74 0.13 28.75 0.51 -0.06 0.03 12.01 4.65 0.27 -0.09 0.04 -0.02 0.02 -0.09 | 99.87
ID = 6628 AG25-12 rim 55.79 0.08 27.37 0.48 0.11 0.08 10.14 5.59 0.45 0.11 0.15 0.05 -0.08 0.18 | 100.48
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ID = 6636 AG25-12 centre 51.41 -0.08 30.07 0.63 0.11 0.04 13.54 3.56 0.26 -0.18 -0.07 -0.01 0.04 -0.11 99.21
ID = 6637 AG25-12 rim 54.11 0.00 28.54 0.53 -0.01 0.04 11.79 4.78 0.37 0.04 -0.01 -0.01 0.04 0.10 100.30
Titanomagnetite/llmenite
SiO; TiO, Al,03 FeO MnO MgO CaO Na,O K20 P05 SO Cl Cr;03 NiO TOTAL
ID = 6645 AG68-29 Timt 0.18 15.77 241 70.34 0.37 2.07 0.04 0.01 0.04 0.07 0.01 0.04 0.25 0.02 91.62
ID = 6646 AG68-29 Timt 0.19 11.91 198 | 4896 | 0.26 1.49 0.05 0.10 -0.04 | -0.01 3.21 0.00 0.18 0.11 68.40
ID = 6648 AG68-29 Timt 0.19 12.40 | 3.01 | 7110 | 0.30 2.27 0.13 0.00 -0.01 0.05 0.24 0.01 0.15 0.08 89.91
ID = 6649 AG68-29 Timt 1.12 0.19 089 | 7519 | 0.11 -0.03 0.19 -0.01 0.07 0.07 0.68 -0.06 | -0.13 0.04 78.32
ID = 6650 AG68-29 il 0.00 | 4629 | 031 | 46.41 | 053 3.09 0.06 0.07 -0.01 0.01 -0.07 | -0.01 0.06 0.06 96.81
ID = 6671 BLO1 Timt 0.08 12.07 | 296 | 7221 | 0.35 2.62 0.08 -0.05 0.03 0.11 -0.04 | -0.02 0.75 0.11 91.24
ID = 6680 BLO1 Timt 0.07 12.09 3.22 72.58 0.26 2.93 0.10 -0.05 -0.01 -0.07 0.01 -0.02 1.01 0.02 92.15
ID = 6681 BLO1 Timt 0.22 12.41 | 335 | 73.20 | 0.24 2.85 -0.01 0.12 0.01 0.24 0.06 0.01 0.91 0.19 93.79
ID = 6705 AG42-29 Timt 0.22 1598 | 222 | 7047 | 042 1.98 0.06 -0.02 0.01 0.10 0.05 0.03 0.10 0.03 91.66
ID = 6706 AG42-29 Timt 014 | 16.03 | 222 | 7150 | 0.41 1.87 0.03 0.00 0.04 -0.12 | -0.07 0.06 0.05 0.30 92.46
ID = 6708 AG42-29 Timt 0.14 16.02 2.35 72.43 0.45 1.77 0.04 -0.03 -0.04 -0.03 -0.10 -0.03 0.36 -0.11 93.22
ID = 6716 AG70-3 Timt 0.02 2.78 244 | 81.84 | 0.30 1.74 0.07 0.00 -0.03 | -0.03 | -0.05 0.00 0.58 -0.06 | 89.58
ID = 6717 AG70-3 Timt 0.35 0.26 0.67 | 8458 | -0.04 0.14 0.07 0.07 0.02 0.02 0.05 0.05 -0.03 | -0.01 | 86.21
ID = 6718 AG70-3 Timt 0.14 1.46 3.74 | 8247 | 0.44 1.46 -0.02 0.00 0.06 -0.14 | -0.03 | -0.01 0.47 0.08 90.14
ID = 6579 AG29 Timt 0.22 9.54 271 | 7639 | 0.32 1.29 0.01 0.07 0.01 0.10 -0.01 0.00 0.28 0.03 90.97
ID = 6586 AG29 Timt 0.89 17.14 | 247 | 66.92 | 0.37 1.40 0.11 0.09 0.08 0.13 0.16 0.01 0.32 0.07 90.15
ID = 6587 AG29 Timt 0.79 18.02 2.77 66.63 0.44 1.78 0.01 0.11 0.05 -0.05 0.09 0.10 0.35 0.30 91.40
ID = 6589 AG29 il 0.05 47.21 0.23 46.88 0.46 2.85 0.03 -0.04 -0.02 -0.13 -0.05 0.00 0.03 -0.04 97.45
ID = 6590 AG29 il 0.08 | 4660 | 029 | 46.46 | 051 2.80 0.03 -0.08 | -0.02 | -011 | -007 | -001 | -012 | -0.02 | 96.36
ID = 6598 AG42-4 Timt 0.12 11.40 | 369 | 73.20 | 0.23 3.47 -0.04 0.01 -0.03 | -0.04 0.04 0.03 0.51 0.06 92.64
ID = 6599 AG42-4 Timt 0.05 11.21 | 371 | 73.03 | 0.28 3.50 0.05 0.05 0.07 0.04 -0.04 | -0.04 0.32 0.07 92.32
ID = 6600 AG42-4 1 0.01 | 47.76 | 027 | 46.07 | 0.49 2.81 0.03 -0.02 | -0.02 0.15 -0.05 0.02 0.02 -0.02 | 97.53
ID = 6601 AG42-4 il 0.01 | 4855 | 0.19 | 4634 | 0.64 2.85 0.04 0.06 0.01 -0.05 | -0.04 0.05 0.03 0.07 98.74
ID = 6605 AG42-4 Timt 0.03 16.30 2.19 73.03 0.47 1.92 0.06 -0.02 0.00 -0.05 0.05 0.04 0.19 0.17 94.38
ID = 6606 AG42-4 il 0.15 | 4761 | 039 | 46.60 | 0.45 3.00 0.09 -0.07 0.04 0.04 -0.06 0.01 0.20 0.07 98.53
ID = 6607 AG42-4 il 0.00 | 47.47 | 029 | 4638 | 051 2.85 0.04 -0.03 0.06 -0.01 0.06 -0.01 | -0.01 | -0.19 | 97.40
ID = 6623 AG25-12 Timt 0.27 1112 | 239 | 7450 | 0.32 1.13 0.23 -0.01 0.07 -0.03 0.12 0.05 0.07 -0.14 | 90.08
ID = 6624 AG25-12 Timt 0.22 1033 | 246 | 77.01 | 055 0.47 0.32 0.01 -0.01 | -0.10 | -0.12 0.00 0.10 -0.06 | 91.18
ID = 6629 AG25-12 Timt 0.13 18.33 190 | 70.76 | 0.1 1.62 0.03 -0.02 0.07 0.06 -0.13 | -0.01 0.29 -0.14 | 9331
ID = 6630 AG25-12 Timt 0.13 15.13 211 74.21 0.39 1.50 0.07 0.07 -0.04 -0.04 -0.10 0.03 0.34 -0.07 93.73
ID = 6631 AG25-12 Timt 0.29 15.93 2.25 70.87 0.45 1.56 0.26 -0.08 0.02 -0.04 -0.03 -0.05 0.43 0.11 91.97
ID = 6638 AG25-12 Timt 0.13 13.14 | 278 | 7349 | 0.23 2.32 0.06 -0.03 0.01 -0.03 | -0.09 | -0.02 0.41 0.17 92.55
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Appendix F

Geochemical Data

Whole Rock X-Ray Fluorescence Data Normalised to

Major Oxides

Element AGO03 AG04 AGO08 AG16 AG20 AG22 AG23 AG25-1 | AG25-2 | AG26-29 | AG27-M AG27 AG29 AG35 AG36
Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite ABnang;,tiitz

Sio, 57.96 59.41 58.80 59.06 58.82 60.21 58.51 61.46 57.77 58.36 58.43 60.84 59.98 57.02 52.52
TiO, 0.72 0.72 0.78 0.75 0.73 0.77 0.78 0.72 0.73 0.75 0.75 0.71 0.76 0.80 0.99
Al,Os 16.24 16.71 17.27 16.35 16.01 16.73 17.42 16.78 15.93 16.35 16.53 16.77 16.62 18.18 21.26
Fe,O; 7.06 6.94 6.97 6.49 7.28 6.94 6.96 5.79 6.82 7.29 7.26 6.04 6.84 7.21 8.68
MnO 0.12 0.12 0.12 0.12 0.13 0.12 0.10 0.11 0.12 0.13 0.12 0.11 0.12 0.12 0.13
MgO 4.82 3.85 411 3.91 4.96 4.04 3.49 2.56 4.05 4.58 4.73 2.81 3.64 3.73 4.13
cao 6.80 6.65 7.02 6.64 7.17 6.82 5.06 5.41 6.68 7.25 7.35 5.42 6.24 6.38 6.14
Na,O 3.19 3.54 3.17 3.39 3.15 3.40 3.08 4.18 3.20 3.45 3.17 3.44 3.17 2.98 2.28
KO 1.56 1.65 1.40 1.70 1.53 1.70 1.67 2.09 1.63 154 152 2.04 1.78 143 0.98
P,Os 0.17 0.13 0.24 0.15 0.14 0.20 0.16 0.16 0.15 0.15 0.17 0.15 0.15 0.17 0.20
LOI 0.13 0.06 0.01 0.02 0.09 0.00 0.63 0.21 0.07 0.04 0.10 0.25 0.24 0.32 0.5
Total 98.76 99.77 99.90 98.56 100.00 100.92 97.85 99.47 97.15 99.87 100.13 98.57 99.54 98.34 97.81
Normalised

Element AGO03 AG04 AGO08 AG16 AG20 AG22 AG23 AG25-1 | AG25-2 | AG26-29 | AG27-M AG27 AG29 AG35 AG36
Sio, 58.76 59.58 58.87 59.94 58.87 59.66 60.18 61.92 59.51 58.46 58.41 61.88 60.41 58.17 53.97
TiO, 0.73 0.72 0.79 0.76 0.73 0.76 0.81 0.72 0.75 0.75 0.75 0.72 0.76 0.82 1.02
Al,O; 16.46 16.76 17.29 16.59 16.02 16.58 17.92 16.90 16.41 16.38 16.53 17.06 16.74 18.55 21.85
Fe,0s 7.16 6.96 6.98 6.59 7.29 6.87 7.16 5.84 7.02 7.30 7.26 6.14 6.89 7.36 8.92
MnO 0.12 0.12 0.12 0.12 0.13 0.12 0.10 0.11 0.12 0.13 0.12 0.11 0.12 0.12 0.13
MgO 4.89 3.86 4.12 3.96 4.96 4.00 3.59 2.58 4.17 4.58 4.73 2.86 3.66 3.80 4.24
cao 6.89 6.67 7.03 6.73 7.18 6.76 5.20 5.45 6.88 7.26 7.34 5.52 6.29 6.51 6.31
Na,O 3.23 3.55 3.18 3.44 3.15 3.37 3.17 421 3.29 3.46 3.17 3.50 3.19 3.04 2.34
K,O 1.58 1.65 1.40 1.73 1.53 1.68 1.71 2.11 1.68 1.54 1.52 2.07 1.79 1.46 1.01
P205 0.17 0.13 0.24 0.15 0.14 0.20 0.16 0.16 0.16 0.15 0.17 0.16 0.15 0.17 0.20
LOI

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Appendix F

Geochemical Data

Major Oxide - Whole Rock XRF continued

Element AG39_001 AG41 AG42-29 AG45 AG45-1 AG47 AGA47-1r | AGAT-2r | AG48-29 AG49 AG50 AG51 AG52 AG55
Basalt Andesite | Andesite Eﬁ;:;itz ,ABrfij:;it% Andesite | Andesite | Andesite Andesite Andesite Enajs‘l,tiit% Eﬁ;:;itz Andesite | Andesite

Sio, 48.02 57.45 58.42 55.97 55.21 60.51 60.56 60.14 57.19 58.77 55.81 56.30 58.44 58.77
TiO, 1.00 0.77 0.77 0.81 0.79 0.77 0.74 0.80 0.81 0.74 0.83 0.80 0.76 0.75
Al,O4 21.93 18.46 17.68 18.18 17.45 17.57 17.25 17.21 18.33 16.19 16.86 16.23 17.30 16.75
Fe,0s 9.91 6.66 6.65 7.59 7.79 6.57 6.22 6.97 6.96 6.81 8.02 7.84 7.00 6.54
MnO 0.12 0.11 0.12 0.13 0.13 0.11 0.11 0.12 0.13 0.12 0.13 0.13 0.12 0.12
MgO 5.11 3.17 3.13 4.41 4.95 3.10 2.96 3.64 3.32 4.35 4.89 5.47 3.96 3.42
Ca0o 6.09 5.85 5.83 6.87 7.35 5.92 5.69 6.77 5.90 7.03 7.94 7.83 6.53 5.98
Na,O 1.72 3.16 331 2.91 2.79 3.50 3.55 3.43 3.13 3.20 3.00 3.04 3.30 3.35
K,O 0.55 1.55 1.72 1.37 1.26 1.84 1.88 1.71 1.59 1.58 1.28 1.42 1.61 1.84
P,Os 0.19 0.17 0.17 0.15 0.16 0.16 0.19 0.17 0.21 0.15 0.15 0.14 0.16 0.22
LOI 0.47 0.34 0.33 0.43 0.33 0.27 0.24 0.02 0.45 0.08 0.11 0.16 0.26 0.32
Total 95.10 97.69 98.13 98.81 98.20 100.33 99.39 100.98 98.01 99.02 99.02 99.35 99.46 98.05
Normalised

Element AG39_001 AG41 AG42-29 AG45 AG45-1 AG47 AGA47-1r | AGAT-2r | AG48-29 AG49 AG50 AG51 AG52 AG55
Sio, 50.74 59.02 59.74 56.89 56.41 60.47 61.08 59.57 58.62 59.40 56.42 56.76 58.91 60.13
TiO, 1.05 0.79 0.79 0.82 0.80 0.77 0.74 0.79 0.83 0.74 0.84 0.80 0.77 0.77
Al,Os 23.17 18.96 18.08 18.48 17.83 17.56 17.40 17.05 18.79 16.36 17.05 16.36 17.44 17.14
Fe,Os 10.47 6.84 6.80 7.71 7.96 6.56 6.28 6.90 7.13 6.89 8.11 7.91 7.05 6.69
MnO 0.12 0.11 0.12 0.13 0.14 0.11 0.11 0.12 0.13 0.12 0.13 0.13 0.12 0.12
MgO 5.40 3.26 3.20 4.49 5.06 3.10 2.98 3.60 3.41 4.40 4.94 5.51 4.00 3.50
cao 6.44 6.01 5.96 6.98 7.51 5.91 5.74 6.70 6.04 7.11 8.03 7.89 6.59 6.12
Na,O 181 3.24 3.38 2.96 2.85 3.50 3.58 3.39 3.20 3.23 3.03 3.07 3.33 3.42
K,O 0.58 1.59 1.76 1.39 1.28 1.84 1.90 1.70 1.63 1.60 1.30 1.43 1.63 1.89
P,Os 0.20 0.17 0.18 0.15 0.16 0.16 0.19 0.17 0.21 0.15 0.15 0.14 0.16 0.23
LOI

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Appendix F Geochemical Data

Major Oxide - Whole Rock XRF continued

Element AG57 AG58 AG60 AG61 AG62 AG63 AG65-4 AG67 AG68 AG68/2 AG69 AG70-3 AG74 BLO1
Andesite | Andesite | Andesite Andesite Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite | Andesite
Sio, 59.32 59.73 57.98 57.95 57.94 59.01 59.69 58.25 59.59 59.16 60.08 58.31 58.19 59.26
TiO, 0.73 0.76 0.72 0.72 0.72 0.73 0.74 0.78 0.77 0.77 0.78 0.78 0.73 0.74
Al,O4 16.19 16.35 15.98 15.67 15.81 16.15 16.42 17.37 17.79 17.73 16.70 16.81 16.26 16.27
Fe,0s 7.15 6.87 7.20 7.17 7.14 7.06 7.00 7.15 6.69 6.80 6.91 7.08 7.26 7.26
MnO 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.11 0.12 0.12 0.12 0.13 0.13
MgO 4.97 3.99 4.96 4.89 4.99 4.88 4.28 3.99 3.65 3.44 3.93 4.02 4.85 4.98
CaOo 7.23 6.84 6.72 7.10 7.33 7.15 7.12 6.57 6.24 6.22 6.44 6.73 7.38 7.40
Na,O 3.17 3.37 3.06 3.12 3.15 311 3.32 3.75 3.22 3.21 3.36 3.24 3.17 3.34
K,0 1.58 1.70 1.54 1.55 1.53 1.56 1.63 1.63 1.63 1.64 1.75 1.66 1.47 1.54
P,O5 0.15 0.16 0.13 0.15 0.16 0.14 0.17 0.16 0.16 0.15 0.15 0.18 0.17 0.14
LOI 0.09 0.01 0.17 0.11 0.02 0.04 0.04 0.30 0.33 0.28 0.19 0.15 0.06 0.06
Total 100.71 99.89 98.59 98.56 98.91 99.95 100.53 100.07 100.19 99.52 100.39 99.09 99.66 101.10
Normalised
Element AG57 AG58 AG60 AG61 AG62 AG63 AG65-4 AG67 AG68 AG68/2 AG69 AG70-3 AG74 BLO1
Sio, 58.95 59.80 58.91 58.86 58.59 59.06 59.40 58.38 59.68 59.62 59.96 58.94 58.42 58.65
TiO, 0.73 0.76 0.74 0.73 0.73 0.73 0.74 0.78 0.77 0.78 0.77 0.79 0.73 0.73
Al,Os 16.09 16.37 16.24 15.92 15.99 16.16 16.34 17.41 17.82 17.87 16.67 16.99 16.33 16.10
Fe,Os 7.10 6.88 7.32 7.28 7.22 7.06 6.97 7.16 6.70 6.85 6.89 7.16 7.29 7.18
MnO 0.12 0.12 0.13 0.12 0.13 0.12 0.12 0.12 0.11 0.12 0.12 0.12 0.13 0.12
MgO 4.94 4.00 5.04 4.97 5.04 4.89 4.26 4.00 3.65 3.47 3.92 4.07 4.87 4.92
CcaOo 7.19 6.85 6.82 7.22 7.41 7.15 7.09 6.58 6.25 6.27 6.42 6.80 7.40 7.33
Na,O 3.15 3.38 3.11 3.17 3.18 3.11 3.30 3.76 3.22 3.23 3.35 3.28 3.18 3.30
K,0 1.57 1.70 1.57 1.57 1.54 1.56 1.62 1.63 1.64 1.65 1.74 1.67 1.48 1.53
P,O5 0.15 0.16 0.14 0.16 0.16 0.14 0.17 0.16 0.16 0.15 0.14 0.18 0.17 0.13
LOI
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Appendix F Geochemical Data

Trace Element Whole Rock XRF Data

ggm?m AGO1 | AGO3 | AGO4 | AGO8 | AG16 | AG20 | AG22 | AG23 | AG25-1 | AG25-2 | AG26-29 | AG27 |AG27-M| AG29 | AG35 | AG36 | AG39
S 41 194 57 75 223 144 45 5544 143 115 111 201 187 137 216 782 959
Cl 23 13 77 365 501 129 252 632 589 357 608 579 478 554 498 429
Vv 97 168 163 182 153 168 156 176 86 145 176 109 174 122 162 184 216
Cr 32 115 62 36 53 126 52 56 18 72 106 34 122 38 67 60 141
Co 27 30 22 31 30 42 30 24 24 36 40 49 44 25 41 43 55
Ni 13.3 27 21 10.1 11.8 25 125 13.6 7.3 20 24 9.9 27 11.1 15.2 13.7 26
Cu 17.2 42 33 15.6 17.6 34 21 15.6 24 34 35 22 33 18.2 25 23 33
Zn 118 70 67 70 66 71 63 69 59 69 73 69 75 66 66 63 54
Ga 13.6 17.1 16.8 18.1 17.2 17.2 17.6 18.5 16.9 17.9 17.0 18.8 17.6 18.4 18.8 22 22
As 4.2 15 2.4 1.3 2.6 2.9 2.2 5.6 5.2 3.1 3.3 6.2 34 4.4 4.3 4.0 3.8
Rb 1.2 54 53 48 59 50 58 62 71 55 52 73 50 60 49 33 18.2
Sr 408 280 257 273 252 281 258 257 241 259 266 245 265 245 237 219 179
Y 26 16.3 20 21 23 21 22 21 23 23 22 24 23 22 23 22 16.6
Zr 212 125 129 122 134 123 134 142 161 131 125 165 128 137 153 177 162
Nb 8.9 6.0 6.0 6.2 6.1 5.9 6.5 6.3 6.9 6.1 6.1 7.4 5.9 6.5 7.1 7.9 7.2
Ba 14.3 295 309 303 326 295 326 364 368 302 293 355 287 315 272 200 135
La 27 5.0 9.9 7.5 12.1 8.9 9.4 11.6 15.1 8.8 10.9 15.7 11.2 7.7 10.0 10.7 7.2
Ce 51 14.2 30 24 26 27 29 29 35 25 25 32 25 27 29 35 25
Nd 17.1 9.7 14.8 11.1 10.3 10.3 19.4 13.7 10.8 11.7 13.9 13.3 15.1 14.1 10.1
Hf 55 4.0 4.3 35 55 3.6 2.9 3.3 4.7 3.2 3.2 4.6 3.1 3.1 4.5 5.0 4.6
Pb 5.0 8.2 9.0 8.5 10.1 9.4 9.5 7.0 12.1 10.5 8.6 13.2 9.6 11.8 12.2 14.0 12.2
Th 12.3 7.5 7.9 8.1 8.4 7.4 8.2 8.8 10.0 7.9 7.3 10.4 7.9 8.4 8.9 10.1 7.9
U 4.4 3.5 3.7 3.2 4.2 35 4.4 3.8 3.8 3.8 3.6 4.1 4.2 3.5 4.1 3.8 3.4
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Appendix F

Geochemical Data

Trace Element — Whole Rock XRF continued

ggmﬁm AG41 | AG42-29 | AGA5 | AG45-1 | AGAT | AGAT-1 | AG47-2 | AG48-29 | AG49 | AG50 | AG51 | AG52 | AG55 | AG55-1 | AG57 | AG58 | AG60 | AG61 | AG62
S 203 512 435 387 396 418 113 494 129 263 166 524 328 168 87 93 323 161 84
Cl 554 542 612 617 567 563 365 678 446 396 200 643 254 546 131 382 183 54 331
\ 138 140 173 199 126 109 160 147 172 230 211 135 134 177 178 170 168 159 170
Cr 36 32 87 107 28 26 39 41 107 89 151 62 46 118 142 54 132 116 127
Co 43 48 34 32 30 37 29 30 36 34 40 29 35 45 33 34 30 35 35
Ni 12.4 12.4 22 24 9.7 8.3 12.3 16.1 26 21 36 16.2 14.2 25 30 11.4 29 29 30
Cu 17.0 16.2 42 43 13.4 12.3 17.9 30 33 37 31 25 30 43 43 17.7 33 40 39
Zn 69 71 70 73 68 67 68 70 73 80 76 68 71 77 72 69 72 68 72
Ga 20 18.8 19.1 17.8 19.1 18.6 18.1 18.6 17.6 18.5 18.0 17.8 18.4 18.4 17.1 17.8 16.6 16.3 17.8
As 55 5.0 4.6 3.6 4.6 5.1 35 5.4 35 1.8 18 4.0 4.6 3.2 18 2.6 3.7 24 1.9
Rb 55 61 44 42 62 66 59 56 54 43 46 54 63 49 52 60 53 52 51
Sr 244 246 239 251 250 249 260 243 254 263 258 254 249 266 284 257 277 281 297
Y 22 24 24 24 24 24 23 22 22 24 22 23 22 22 21 23 19.4 20 21
Zr 158 162 140 130 154 161 137 165 129 120 120 142 153 126 125 135 125 124 125
Nb 7.4 7.5 6.5 6.3 7.2 7.1 6.2 7.6 6.2 5.6 5.8 6.5 6.9 6.0 6.0 6.2 6.0 6.0 6.0
Ba 288 300 256 250 318 330 325 290 304 265 309 294 320 301 300 320 282 302 295
La 11.6 11.9 11.7 8.4 11.4 111 10.5 7.3 10.1 6.4 9.7 10.2 11.0 10.8 8.7 9.4 8.2 10.0 8.4
Ce 29 30 29 28 32 31 29 29 27 22 24 29 29 25 24 26 23 23 23
Nd 11.8 12.5 15.5 14.1 17.5 10.9 11.3 14.0 13.6 13.1 13.6 10.0 13.4 12.7 11.7 13.8 11.3 13.2 13.9
Hf 55 51 2.9 4.9 4.7 5.4 4.5 5.6 3.4 2.6 3.2 4.7 3.9 3.3 3.2 3.7 35 3.9 2.9
Pb 11.8 12.8 11.4 10.6 12.9 135 11.0 13.1 9.2 8.9 7.1 12.0 10.6 10.0 9.2 10.4 10.6 7.8 8.9
Th 9.7 9.2 7.5 7.4 9.9 10.1 8.1 9.6 8.3 7.2 7.3 8.9 9.6 7.6 8.1 8.6 8.1 7.4 7.7
U 3.8 4.9 4.2 3.8 4.0 4.2 35 4.2 35 4.1 3.9 3.9 4.0 3.8 3.9 4.3 3.9 3.8 4.6
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Appendix F

Geochemical Data

Trace Element — Whole Rock XRF continued

(Erlgﬁ‘;”t AG63 | AGE5-4 | AG67 | AG6S | AGes-2 | AGe9 | AG70-3 | AG74 BLO1
S 36 243 174 207 149 94 145 33 137
cl 149 472 661 638 614 788 932 324 202
Vv 175 170 148 149 146 147 164 185 165
cr 128 88 55 55 47 70 55 131 125
Co 34 30 33 45 42 31 31 32 44
Ni 29 17.1 155 183 155 20 145 34 31
Cu 36 24 29 21 21 17.0 21 43 39
Zn 77 71 73 73 75 70 86 76 73
Ga 17.4 17.3 18.1 19.0 19.0 17.2 19.1 16.8 16.7
As 19 3.1 5.2 6.2 6.1 43 25 18 25
Rb 50 55 54 57 57 59 59 50 51
Sr 297 266 253 250 248 247 276 268 295
Y 25 22 23 24 23 23 25 25 22
zr 127 130 140 152 155 140 145 124 125
Nb 6.0 6.3 6.5 7.0 7.2 6.5 6.8 5.9 5.9
Ba 312 313 281 309 307 318 347 304 305
La 12.2 85 8.3 127 125 113 113 9.5 10.1
Ce 34 28 27 29 32 27 33 27 23
Nd 153 143 16.7 12.4 185 132 112
Hf 4.0 2.7 5.0 4.9 4.0 5.0 47 3.7 3.9
Pb 9.2 103 115 11.8 12.6 106 16.7 9.2 7.1
Th 8.0 75 9.1 10.0 9.7 8.0 8.8 7.3 8.1
U 42 4.0 42 46 3.9 33 4.2 41 3.9
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Appendix F

MAGMA (Kware) Results
Whole Rock - Viscosity, Bulk Density, Liquidus Temgrature

sample V'}/ls?:%r:i?y Liquidus Magma Bulk_3
Pa-s Temperature °C | Density kg m
AGO03 2.06E+04 1139 2,694
AG04 2.58E+04 1135 2,664
AGO08 2.25E+04 1149 2,678
AG16 2.83E+04 1137 2,657
AG20 1.33E+04 1143 2,701
AG22 2.51E+04 1137 2,666
AG23 4.75E+04 1134 2,642
AG25-1 8.38E+04 1112 2,588
AG25-2 2.20E+04 1137 2,675
AG26-29 1.34E+04 1142 2,699
AG27-m 1.36E+04 1147 2,703
AG27 8.58E+04 1120 2,602
Ag29 3.79E+04 1132 2,650
AG35 2.61E+04 1153 2,680
AG36 1.20E+04 1192 2,749
AG39 3.95E+03 1222 2,831
AG41 4.54E+04 1147 2,647
AG42-29 4.65E+04 1136 2,640
Ag45 1.37E+04 1162 2,714
AG45-1 8.77E+03 1165 2,738
AGA47 5.48E+04 1130 2,627
AGA47-1 6.78E+04 1126 2,613
Ag47-2 3.05E+04 1136 2,659
AG48-29 3.61E+04 1147 2,658
AG49 1.99E+04 1142 2,680
AG50 7.52E+03 1158 2,743
Ag51 6.27E+03 1155 2,746
AG52 2.40E+04 1144 2,672
AG55 3.89E+04 1132 2,641
AG55-1 1.40E+04 1147 2,701
AG57 1.41E+04 1144 2,697
AG58 2.51E+04 1136 2,665
AG60 1.38E+04 1144 2,699
AG61 1.29E+04 1143 2,701
AG62 2.88E+00 797 2,246
AG63 1.51E+04 1145 2,695
AG65-4 2.03E+04 1139 2,678
AG67 1.88E+04 1141 2,677
Ag68 3.86E+04 1143 2,652
Ag68-2 3.99E+04 1141 2,652
AG69 2.94E+04 1135 2,658
AG70-3 2.14E+04 1142 2,677
AG74 1.25E+04 1147 2,706
Average 2.69E+04 1136.163 2,669
Minimum 2.88E+00 797 2,246
Maximum 8.58E+04 1222 2,831
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