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The TaupoVolcanic Zone is one of the most frequent producers of Plinian eruptions
globally, which constitute one of the most powerful natural disasters on Earth. These types
of eruptions can eject volumes of tephra kb into the atmospherd& he dispersal and
sedmentation of pyroclasts in Plinian eruptions, as well as the high risk of pyroclastic
density current production, pose significant environmental and societal threats. Therefore,
further understanding of the dynamics of these volcanic events is essenti@zird

planning and decision making at many volcanoes across the globe.

The Hatepe pumice of the Taupo A3E eruption (Y2) is an extremely wegiteserved
example of a seemingly monotonous plinian fall deposit, and previous studies exhibit a lack
of investigation intovertical and lateral deposit variations which would allow the
reconstruction of eruption dynamics and deposition histdhjs study examined three
tephra profiles using a combination gfrainsize, componentry and clast density
measuremen, as well as microscopic analysis of juvenile pyroclast textures and
petrographic analysis of foreign lithic components to define -esyption
chronostratigraphic time markers. The juvenile components were grouped into five
distinctive textural classe€{ +C5) which showed a systematic increase in clast density
and shear deformed bubbles and glass, respectively. From thigative conduit modébr

the time immediately prior to magma fragmentation was developed to explain the strong
horizontal gradients in magma density and estimate radial extents of the variably vesiculated
and sheadeformed proportions of the magma. Identification and distinction of foreign lithic
lithologies and broad estimates of their likely depth of origin sibthat deep excavation

of plutonic country rock above the magma mush reservoir occurred strongly during onset of
the eruption, but rapidly declined thereafter. The chronostratigraphic time markers
determined through componentry analysen be used irufure computational studies as a
realworld test for the validation of plume and edispersal model§ his research will allow

for the possibility of further investigations to add more complexity to the understanding of

the Y2 eruption and large Pliniarugtions elsewhere






7DEOH Rl &RQWHQWYV

LISt Of FIQUIES ... eeeeeeevttenee e eee e e eeseennnnnnn M
LISt Of TADIES. ... .ttt e iX
ACKNOWIEUAGEMENTS. ....coiiiiiiiee e e e e e eeer e Xi
1 INEFOAUCTION ...t et ettt e ettt et e e e e e e e e e e e s st e e e e e e eaeeeeas 12
2 Background INfOrmation ............oooiiiiiiiiiiieee e 14
2.1 EXPlOSIVE EFUPLIONS......cooiiiiiiiiiiiiie vt e e e e emrr e e e e e e e e e e eee e 14
2.2 Plinian ErUPLIONS......ooiiiiiiiiiieeee e 15
2.2.1 Plinian Eruption Plume and Cloud DynamicCsS.........cccceeeeeeeievieeeeeeennnn. 16

2.2.2 Pyroclastic Density CUMENIS.........uuiiiiiiiiiiiiiieeerieeeeeeeeee e 18

2.2.3 HAZAIAS......ci oot ree et e e e e e 18

2.3 PYrOCIAStIC DEPOSILS. ... ..uuuurririiiiiiiiiiiieeerieeee ettt e e e e e e e e e e e s e e e e e e e e e e e e e 19
2.3.1 Fall DEPOSITS....ceeeeiiiiiiiiiei e e s e eeer e e e e e e e e e e e eaaaaaaans 19

2.3.2 IgnimMDbrite DEPOSITS.......coiiiiiiiiiieieeee e 20

2.4 Setting of the TVZ and Taupo Volcano............ccc.euvvivviiceeeieeeeiiiceeen 20
2.5 Taupo 232 CE ErUPLIQN.....ccooiiiiiiiieiieimmee e e e 21
2.6 Y2 Deposit and its CharacteriStiCs............uuuuuruuiiiiccreeeeeviiieee e e eeeeeens 23
2.6.1 Ash Beds Within the Y2.......ccooooiiiiiiiieeee e 25

G Y/ =Y i o T (o] [0 )Y 20O PPUPOPRRRN 28
3.1 ReconnaisSance MapPiNg.......coouuuuiiiiiiimeee e eeenaeeebbn e eeeeees 28
3.1.1 Identification of Key Sections for Downwind Variations..................... 29

3.1.2 Identification of Key Sections for Cross Wind Variations................... 29

3.2 Sampling PrOoCEAUIES..........cooiiiieiieiiiecme e e e e e e e 29
3.2.1 BOX SAMPIING...cciiiiiiiiiiiiiii e 29

3.2.2 Incremental SampPling.........cccoooiiiiiiiiiiiee e 29

3.3 LaBOratory WOrK........couviiiiiiiii e 30
3.3.1 Grain Size ANAIYSIS.......ccceiiiiiiieieeeee e 30

3.3.2 Componentry ANAIYSIS .........uuuuuiiiiiiiiiiiieeeieieie et 33

3.3.3 Thin Section and SEM IMaging........ccceeeeeeeeiiiiiieeeiiie e eeeeeeeeeeeeeevees 35

3.3.4 Density MEASUINEMENLS.........uuuuiiriiiieiiiiieeeiirieeeeeeeeeeeeeeee e e e e s ammeeeaeeeeeeens 36

3.3.5 Methodology LimitatioNsS...........ccceeviiiiiiiiiieeee e eeeee e 36
ST | 37
4.1 Stratigraphic Profiles of Y2 and Their Downwind and Crosswind Variatiorg”
4.2 Grain Size DiStriBULIONS. .......ccoe et eeee e 42
4.2.1 Vertical and Lateral Grainsize VariatiQn................uuuuuumiiocneeeeeeiennnnnn. s 42

4.3 CompPOoNENtry DESCIPLIOMNS. ... ..uuuuuuriiiiiiiiiiiieeerererrreeeeereeeeeeeeeeesseereeeeeeaeeaaeesd 48
4.3.1 Juvenile COMPONENLS.......cuuuiiiieiiiiie e ceeeie e eeeaaaand 48

4.3.2 NonJuvenile COMPONENLS..........oooeiiiiiiiiiirrer bbb eeeereeees 55

4.3.3 Free CrystalS......ccoiiiiiii e e e e e e ene 60



4.4 Vertical and Lateral Componentry Variations in.Y.2..........cocooiiiiimennnnnnnnd 61
4.4.1 Componentry Variation with Grainsize............cccccvvvvvvvieemeeeeeeeeeeeennnnnd 62
4.4.2 Vertical and Lateral Componentry Variations in the 1 Phi Size Clas$5

I B Yo U 111 (o] SRR 74
5.1 Deposit Types of the Y2 Eruption and Their GenesiS..........cccceevveiirieecennnns 74
5.1.1 Timescales and Conditions of Pyroclasts Transport and Settling.....75
5.2 Types of Pyroclast of the Y2 and Their Genesis.........ccccoevviiiiiieecvininnnnn. 80
5.2.1 Characteristics and Formation of Juvenile Component Textures......81

5.2.2 Petrological Characteristics and Crustal Depth of Origin of Foreign
PYIOCIASTS.....cciiieeeieiiii e e e e emre e e e e e e e e e e 87

5.3 Chronostratigraphic Markers of Synchronous Deposition in Plinian Fall

D= 10 1S £ PPUSPTR 89
5.4 Y2 Eruption EVOIULION........uuuiiiiiiiiiiiiiiii ettt 91
6 Summary and CONCIUSIONS.........cuiiiieieiiiii i eee bbb 94
] (] (= o = 98
Y o] 0 1= o Gt PP PP PP PP UPPPPPPP 108
Y o] 0 1] o [ PP PP P PP PPPPPPPPN 118

Vi



/ILVW RI )LIXUHYV

Figure 2.1 Map of the HIKUrangi Margin............ccueueiiiiiiicceeieee e eeeeeeeee e 21
Figure 2.2 Distribution maps of ash beds within the Y2 eruptian.................c..oeee... 27
Figure 4.1 ArcGIS Map displayingeld localities................ueviiiiiiiiieeciiiiiiiiieeeeeee 37
Figure 4.2 Photograph of Location 1 OULCIOP.........cccovviiiiiiiiieene e e 38
Figure 43 Photographs of LOCatioN 2 QULCKQP. ... .uvererieeiiieieiiieeeieeeeee e e e e e e 39
Figure 4.4 Photograph of Location 6 OULCIOP...........ccevviiiiiiiieene e 41
Figure 4.5. Photograph of Location 8 OULCIOP............uuuuiriiiiimeeiiiiiiiiiieieeee e e 42
Figure 4.6 Grain size distribution histograms for each location.................cccoocee..... 44

Figure 4.7 Scatter plot displayirggaphic standard deviation. Histograms displaying
selected fall lapilli SamPIEs...........ccoooiiiiiiiiieee s 45

Figure 4.8 Vertical graphs comparing the mean values in phi plotted against
normalised vertical height...........cccooooiiiiiieeei e, 46

Figure 4.9 Vertical graphs comparing the main mode values in phi against normalised

vertical NeIGNT...... ... e e 47

Figure 4.10 Vertical graphs comparing the 3 fraction in weight percent plotted
against normalised vertical height................cccoiiiieee e 48

Figure 4.11 Macroscopic photographs of juvenile pumice classes............cccccouuee. 50

Figure 4.12 Microtextural SEM images of juvenile pumice components................. 51

Figure 4.13Photographs Of Ch......oooiiiiiiii e 52

Figure 4.14 SEM image Of Ch......oviiiiiiiiii e eeeet e 53

Figure 4.15 Photograplof thick bubble walled, transperent, glassy pumice............ 54

JLIXUH SKRWRJUDSKYVY GLVSOD\LQuenWw Kleést ype® JH RI pVK
IAENTITIEA.. ...t 56

Figure 4.17 Thin section photographs of the-porenile clasts.............cccccveeeiievieee. 57

JLIXUH SKRWRJUDSKY GLVSOD\LQJ WwehileUDQJH RI
HENOIOQIES. ... aeeee 59

Figure4 3KRWRJUDSKV Rijuvahieryrou.HHST..QRQ e, 60

Figure 4.20 Photographs of free CrystalS..........ccoooviviiiiiicciiii e 61

vii



Figure 4.21 Individual compnentry point count number percents against grain size
(PR et e 63

Figure 4.22 Location 8 tephra profle...........cooooiiiiiiiiccc e 64

Figure 4.23 Vertical graphs comparing combined point count number percent and
NOrMaliSed NEIGNT........uuiiiiiiiii e, 65

Figure 4.24 Vertical graphs displaying vertical variations in tphiomponentry.......66
Figure 4.25 Vdical graphs displaying vertical variations in thpHi componentry.......67
Figure 4.26 Vertical graphs displaying C1:C2 ratio values for i@ tomponentry....70

Figure 4.27 Vertical graphs displaying vertical variations in tiplilNon-Juvenile

[ItNIC COMPONENLS.....ceiiiiiiicce et ee e e e e, 72
Figure 5.1Graph displaying terminal fall velocities with distance from.vent............ 77
Figure 5.2 Graphs of terminal fall velocity against Qrsize...............ccccceeeeeeeiecccenvnnnns 78
Figure 5.3 Graphs plotting surface area againStHB3.............uuveeiiiieiiiieeneeeeeeeeeeeen 79
Figure 5.4 Schematic demonstrating paetickettling out of plume through a dusty

[OWET AtMOSPNEIE. ...ttt 80
Figure 5.5 Tentative conduit MOdel..............ouuueiiiiiccee e 86

Figure 5.6 Vertical profiles of Locations 5, 2 and 8 showing chronostratigraphic
g Fo T =] £ PO 90

viii



/ILVW RI 7TDEOHYV

Table 3.1 Tephra size classes in relation to grain.SIZe...........ccceviviiecceeviveeniineeenn. 28
Table 3.2 List of localities where box samples were taken.............cccccccvceeeeveeennnnns 30
Table 3.3 List of localities where incremental samples were taken........................ 30
Table 3.4 List of sieve mesh s (phi and mm)............cooovviiiiiiiccreeee 31

Table 3.5 Combined half and full grain size fractions used for componentry analy33

Table 3.6 Table of component classes and their descriptions.............cceeevveeeeeeennn. 34
7TDEOH 6XPPDU\ RI WKH DYHUDJH YDOXHV I!DYH PLQL
WK | DQG WK ! SHUFHQWLOHV RI WKH FODV

the C1, C2, C3 and C4 componentry SEES.........cccovvvviiiiiiiiiiieaceieeeeeeeeens 55






$FNQRZOHGJHPHQWYV

| would sincerely like to thank my supervisors: Assoc Prof. Gert Lubelfbrsaime, ideas

and continued guidance and support through the duration of this thesis. Prof. Colin Wilson
IRU KLV H[WHQVLYH NQRZOHGJH RI WKH 7DXSA DUHD DQG
help in the lab, ideas, and edits.

I would like to alsothankthe ECLPISE endeavour programme for funding this research
project;Assoc Prof. Gert Lube and the VRS department at Massey, and the Graduate Women
oODQDzDWI *:0 &KDULDWDEOH 7UXVW IRU WKHLU ILQDQFLI

| would also like to thank New ADODQG )RUHVW ODQDJHUV %XEV 6PLYV
Wairakei Estatand Aaron Churchand Michelle McLeod from Timberlands Limited for
their assistance and providing land access enabling me to undertake field research.

| would like tothankDr Anja Moebis for all her help and support in the lab and especially
SEM image acquisition, and Jamesd@ for all his work in the lab, of which | could not
have done alone. | would also like to thank Matthew Irwin for his technical help during and
after Covid19.

I would like to thank Ermanno Brosch for the use of his sieving compilation datasheet and
his additional technical support with Grapher and production of graphs.

I would also like to thank Dr Kate Arentsen for helping to organise fieldwork outings and
booking accommodation.

I would also like to thank the Massey University Ecology department fousheof the
microscope for componentry imaging.

I would like to make a special thank you to my friend, field buddy and photographer, Sarah
Tapscott, for all of her emotional support, technical support in ArcMap, creation of figures
and being the voice akason though the creation of this thesis. | would also like to thank
her for the time and effort she has put into formatting and editing.

I would like to make a big thankyou to my friends for their continued support. Especially, a
big thank you to Kayl#&urvis and Shannen Mills for their help with reference formatting.

Last but not least, | would like to say a big thankyou to my close family who have given me
unconditional support for the duration of this thesis, and to whom have kept me going and
encouDJHG PH WR SXUVXH P\ GUHDPV , FRXOGQTW KDYH
support.

Xi



1 ,QWURGXFWLRQ

Plinian eruptions are amongst the most powerful and most energetic phenomena associated
with explosive volcanism on EartiWWalker, 1981b; Cioni et al, 20D They produce
eruption columns that eject more than one cubic kilometre of tephra into the stratosphere
and are responsible for some of the most dangerous hazards caused by volcanoes on Earth.
These eruptions are of parlar interest due to the consequences that result, which have
been witnessed frequently in humaatory,such as Pompeii 79AD, Pinatubo 1991, and Mt

St Helens 1980 (Walket98Q 1981a; Carey & Sigurdsson, I®8Plinian eruption plumes

often fully or patially collapse, creating large pyroclastic density currents, which are one of
the most devastating natural hazards known, raipagtens of kilometes from sourced.g.

Wilson, 200). Plinian eruptions plumes reach heights in excess of 20 km, where
straospheric disturbances maffectglobal climate years after an eruption has ceased and
where they pose a high risk to aviation safety. Stratospheric tephra dispersal over hundreds
to thousands of square kilometres and their settling to the ground andglaatto

infrastructure cause the most wigigread primary volcaohazard.

1HZ =HDODQG LV KRPH WR WKH ZRUOGYV PRVW IUHTXHQW:«(
Caldera Complex, which has produced a number of scgée Plinian eruptions in recent

histoty. The 26.5 ka caldera forming Oruarsuipereruptionejected a total of ~530 kin

magma, including a fall deposit of 430 k@uVilson, 1993; Sutton et aR000; Wilson, 2001;

Manville et al, 2009). The youngest eruption from the Taupo Caldera Complaex282h

CE Taupo eruption. This was a mistage event that comprised two large magmatic Plinian

phases, three phreatomagmatic phases, one ignimbrite flow and-eryjste dome

building event (Wilson & Walker, 1985; Wilson, 1993; Houghton et al 2010 Th

pyroclastic fall deposit produced by the smaller of the two Plinian phases, the Hatepe Plinian

(Y?2), is extremely welpreserved and provides a great opportunity to characterise and better

understand the dynamics of Plinian eruption plumes.

Until now, the dynamics of higlmagnitude volcanic plumes have been investigated by two
different and not strictly complementary approaches: traditionally, bulk eruption properties,

such as the eruption volume, plume dispersal, eruption mass discharge, approximate plum
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height, and relative plume stability are estimated from detailed fieldwork orpresirved
pyroclastic fall depositd/falker, 19801981h. However, attempts to use vertical and lateral
variations in Plinian fall deposits in orderreconstruct the eruption and deposition history
remain sparse. Recently, and due to the advancement of computational power, plume
dynamics, dispersal and sedimentation are also increasingly modelled computationally to
simulate past and future events. Mabstacles exist today to successfully marry these two
independent research strands: the measurable characteristics of natural deposits and
numerically simulated fallout events use different physical characteristics that are not readily
compared; the textas and facies of natural fall deposits reveal complex temporally
(vertical) and spatially (lateral) variable characteristics; however, we cannot yet
quantitatively translate and use this wealth of field data to attest to parental eruption
dynamics; compuaitional models need a variety of input and boundary conditions to allow

realistic simulation results. Deriving these for past events is challenging.

In order to better characterise the processes associated with future Plinian events in New

Zealand, this reearch was guided by the following objectives:

Objective lencompasses the use of detailed tephrostratigraphic characterisation of proximal
to medial tephra sequences of Y2 to add complexity to the eruption and deposition history
of the Hatepe Plinian pha®f the 232 CE eruption. This is achieved through characterising

grainsize, pyroclast componentry, density and petrological variations in vertical profiles.

Objective 2s focusedon deriving and testing concepts as to how vertical (time) and lateral
(spatial) variation in the facies and textural characteristics of Plinian fall deposits can be used
to reconstruct the eruption dynamics of their parental eruption plumes. To achieve this,
detailed sampling and laboratory analysis of vertical profiles alegiain plume dispersal
direction and towards the fringes of the plume dispersal were conducted. If successful, the
here targeted concepts and deposit characteristics may be used in future computational

studies on Plinian eruption behaviour.
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2 %DFNJURXQG ,QIRUPDWLRQ

21 ([SORVLYH (UXSWLRQV

Explosive eruptions are powered by rapid volatile exsolution in and fragmentation of rising
magma producing primary ash, pumice, and ballistic pyroclasts. Bubbles nucleate and
expand in rising magma that undergoes decompression, forming a low density foam that is
fragmented upon eruption, creating pyroclastic material that is ejected at high speeds to feed
convective volcanic plumes (Cashman et al., 2000; Gould, 2012), whigxceed heights

of 40km (Pyle, 2015). Explosive eruptions that produce sustained convective columns are
typically influenced by the magma ascent rates and fragmentation determining the amount
of thermal energy released. This controls the vigor of mixihghe plume with the
surrounding atmosphere and thus controlling plume height. Deposition and dispersal of
tephra is strongly controlled by eruption duration, temperature of the erupting pyroclasts,
atmospheric winds and localized weather events (Pyléy)20&rge explosive plumes can

be sustained for many hours, provided the source magma and fragmentation continues to
power the eruption. However, it is common for these columns to undergo partial or total
column collapse, producing gravity driven, groungghing pyroclastic density currents.

These are a characteristic feature of many Plinian eruptionS€sten 2.2.2)

Explosive eruptions can also include those that are driven by the interaction of external water
(groundwater, lake, glacial meltwaterasetc.) and magma, triggering violent fragmentation

as the cold wateencounteringhot magma expands into water vapour (steam) leading to
explosions. These phreatomagmatic eruptions typically creategfiagred pyroclasts due

to the violent fragmentatig leading to ash dominated deposits (Valentine, 1987; Morrissey
et al., 2000; Druitt et al., 2007).

Fragmentation is the distinguishing factor of an explosive eruption and is the transformation
of either liquid or solid magma into a mixture of gas andigas. Fragmentation typically
accompanies rapid acceleration of magma to the surface during decompression of the
magmatic system (Cashman et al., 2000; Cash&n&cheu, 2015). Fragmentation depths

can be constrained by foreign lithic clasts observatierdeposits if the basement geology

14



Is known, and can also be indicators of changes in the vent area or fragmentation region
(Eichelberge& Koch, 1979; Wilsor& Hildreth, 1997; Houghto& Carey, 2015).

Bubble nucleation and vesicularity provide insights into magma ascent and fragmentation
conditions (Houghtoi& Wilson, 1989; Cashman, 2004; Houghton et al., 2010; Mitchell et

al., 2018). The predominant volatiles in magma are water and carbon dioxitkobntde

sulphur, chlorine and fluorine, plus various compounds including these elements. As the
magma rises, the melt becomes supersaturated, volatiles exsolve and bubbles grow and
expand. With the growth of bubbles, coalescence also occurs, procugiegmeable

network through collapsed bubbles and stretched/sheared bubbles (Cashman, 2004).

22 30LQLDQ (UXSWLRQV

Plinian eruptions are amongst the most powerful of explosive volcanic events, ejecting
mixtures of gas, and fragmented pyroclastic materiati@tmosphere, producing eruptive
columns and plumes reaching heights between 20 akoh§®8alker, 1981b; Sigurdsson et

al., 2015).

Plinian eruptionswhich have occurred during the historic periddjve beerable to be
observed and documented (Thorasms, 1950, 1954; Thordarssé@n Einarsson, 1950;
Carey & Sigurdsson, 198 Walker, 1981b). However, these opportunities only present
themselves on occasion, and the preserved plinian deposits have been studied in order to
obtain information into theconditions surrounding these eruptions and to allow for a

knowledge base to be built to reconstruct them, as seen in this thesis.

30LQLDQ HYHQWY DUH W\SLFDOO\ Dakdlré (highilidal add W K 3K L
alkaline (trachyte and phonolite) PDJPDV &LRQL HW DO ZKLFK |
material very rapidly and at high energies, reaching velocities between 100 and 400 m/s on
leaving the vent. The resulting buoyant plume causes widespread tephra fallout over
hundreds or thousands dofjuare kilometres, influenced by interaction with atmospheric

winds (Walker, 1980; Walker 1981a; Walker, 1981b; C&&jigurdsson, 1989; Sigurdsson

et al., 2015).

To be classified as Plinian, the eruption has to be sustallddiDW LV W K HtalthédX SW LR Q

for a time comparable to that needed for the eruptive plume to reach its maximum potential
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KHLIJKW" :LOVRQ HW DO :DONHU E 6LIXUGVVR
eruptions are known to contain different eruptive styles and depad mechanisms they

are defined by the intensity and volume of their dominant phase (Cioni et al., 2000).

The most important attributes by which to characterize these eruptions and their deposits are
judged by Walker (1981b) to be a high content ofejuile pumiceous material; high
discharge rates (increasing dispersal range); coarseness of pumice and continuity of

discharge (producing a relatively homogenous deposit).

The deposits produced by Plinian eruptions are predominantly tephra fall depbsits,

are typically characterised by their highly vesiculated pumiceous pyroclasts arsbried

fall lapilli layers. These deposits usually contain blocks and bsigdd (>64mm)
pyroclasts close to soureath deposits becomg thinner and finer with idtance from vent
(Walker, 1981ab). During eruptions of large magnitude, eruptive columns tend to become
partially or fully unstable resulting in collapse and generating pyroclastic density currents
(PDCs). Large magnitude eruptions are known to gegemabduce high intensity
pyroclastic flows, linked to the potential for formation of calderas (Walker, 1984; @arey
Sigurdsson, 198. However, small and frequent instabilities within the plume form-ntra
plinian PDCs that produce localised deposits witiundreds of metres, or kilometres, from
vent (e.g Houghton et al., 2004).

2.2.1 Plinian Eruption Plume and Cloud Dynamics

During Plinian eruptions, mixtures of gas and pyroclastic material are ejected from the vent
into the atmosphere to form a high plume tiekes are transported in, then sedimented from
plume producing tephra fall deposits. The motion in the atmosphere of a Plinian plume can
be described in terms of three mechanically different regions, as outlined by Wilson (1976),
Wilson et al. (1978, 19§@Gnd Wilson& Walker (1987).

1. Gas or jetthrust region where the gaparticle mixture rapidly loses its initial
momentum due to turbulent entrainment of air at its margins, with the top of region

typically not exceeding more than a few kilometers atibgesent.

2. Convective or plume regionvhere incorporated air is heated, and the bulk density

of the mixture is less than that of the surrounding atmosphere.
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3. Umbrella cloud regiorwhere the mixture, after having reached the height of neutral
buoyancy (Hb}ontinues to rise due to its momentum to a maximum height and then
expanddaterally due to densitgurrents, atmospheric stratificationdawinds The
base of this section can be in the order of tens of kilometers high, but it is lower than
the maximum Right of the convective region (estimated through measurements of
maximum clast size). This contrast has particularly been noted in the case of the 1991

Pinatubo eruption as documented by Fero et al. (2009) and Suzuki et al. (2016).

Tephra is the term giveto all pyroclastic material ejected from the vent during an eruption
(Cioni et al., 2000Sigurdssoret al., 2A5), and is characteristically dominated by three
main componentgumice (shards), free crystals (phenocrysts liberated from magma in the
volcanic explosion) and lithics (fragments of festing solid rocks). Dense juvenile clasts
are also produced and genetically related to pumice, but due to their greater densities they
fall out of the plume closer to vent (Walker, 1981b). All ejected pwgsisldiffer in shape,
size and density, thus influencing the transport potential, time of transport, terminal velocity
and ballistic potential. Ballistic clasts are those of a size and density that arafétited
by air currents and land close to vewhereas pumiceous material of block and bomb

* mm), lapilli (2 +64 mm) and ash (<Bhm) sized particles are readily transported into
the plume and umbrella regions. From the umbrella cloud, the larger particles with higher
terminal fall velocities fdlout closer to vent, whereas the smaller particles can be carried up
to hundreds of kilometres away from vent aided by the jet stream and atmospheric wind
dispersal. The accumulation of this material causes a range of impacts on infrastructure,
communities, and agriculture. The fine ash portion (468) has an effect on aviation

transport and caaffect the healtlof humans and animals (Bonadonna et al., 2015).

Transport and sedimentation of clasts from the plume are strongly dependentloystbal
dynamics of the plume, as well as the terminal velocities andgizamistributions of clasts
within the plume (Care§ Sparks, 1986).

The strength and duration of an eruption is controlled by the mass eruption rate and the
continuity of magmaand fragmentation from sourd&hile the height of the plume largely
relies on transfer of heat from particles to entrained air to create buoyancy by which the
plume rises (Cashmah Rust, 2016; Bursik et al., 1992; Baines & Sparks, 2005)
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2.2.2 Pyroclastic Dens ity Currents

PDCs consist of mixtures of hot volcanic ash, rocks and gas moving at high velocities across
the ground surface aided by the force of gravity. These currents are a highly destructive and
dangerous product of explosive volcanism (Druitt, 1¥28gisser& Bergantz, 2002; Lube

et al., 2020 and references therein). These phenomena have been the cause of thousands of
deaths and constitute one of the greatest hazards associated with volcanoes. The survival rate
for a person caught in a PDC is <#Q compared to other volcanic hazards such as a major
tephra fall for which there is a survival rate of 28(0Blong, 2013).PDCs can be produced

by a variety of volcanic eruption processes, such as the gravitational collapse of eruptive
columns and plumegava dome collapse, as well as directed hydrothermal or magmatic
blasts and phreatic or phreatomagmatic eruptions. These multiphase flows consist of a
mixture of particles of varying sizes and densities plus gas, forming ground hugging flows
that are ofterstrongly controlled by the topographic relief of the landscape (Burgisser
Bergantz, 2002; Lube et al., 2020). These flows tend to segregate into two regions: the basal
flow region, dominated by higher particle concentrations and a less dense, overriding
turbulent ash cloud region (Druitt, 1998; Gladsté&n8parks, 2002; Lube et al., 2011), and

in some cases a zone of intermediate turbulence and concentration can occur (Breard et al.,
2016). Where PDCs are dominated by the basal concentrated part thefteareermed
pyroclastic flows. Where the less dense turbulent material dominates, PDCs are often
referred to as pyroclastic surges (Sparks, 1976; Burdis8smrgantz, 2002).

2.2.3 Hazards

Volcanoes represent one of the major constituents of geohazardslygldtatards
associated with silicic volcanoes and silicic caldera systems in particular, such as Taupo
volcano in New Zealand, result from explosive plinian and phreatoplinian eruption styles.
These hazards are mainly related to PDCs and tephra fall. dfisuoiding volcanic eruptions

and their dynamics, as is the objective for this project, helps to create hazard maps and plume
models that are necessary for the assessment and mitigation of volcanic hazards for future
eruptions (e.g. Biasse et al., 2014; Rarét al., 2019; Bebbington, 2020).

Plinian eruptions are a major producer of PDCs, which are the primary cause of death during
volcanic eruptions. PDCs result in the burial of communities and infrastructure, causing

asphyxiation of humans and animals, dasing and contamination of water sources, and on
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occasion creating outburst floods (Bao et al., 2011). Tephra fall is the second major hazard
represented by ballistic fall of hot ejecta close to vent, as well as widespread lapilli and ash
fall, with impactson infrastructure and aviation, as was experienced during the 2010
Eyjafjallajokull eruption in Iceland (Bonadonna et al., 2012). Fine ash can cause cardio
respiratory effects in humans and animals, as well as having severe impacts on agriculture.
Tephratransported into the stratosphere and dispersed by wind currents can impact local and

global climates for months to years after eruptions have ceased.

23 3\URFODVWLF '"HSRVLWYV

2.3.1 Fall Deposits

Fall deposits are produced as a result of sedimentation of pyroctasterial from
atmospheric clouds, principally buoyant plumes and umbrella clouds, but also as buoyant
plumes associated with PDCs (see previBastions2.2 and 2.2.2 for processes). Fall
deposits are predominantly characterised, especially those @npéityle, by their well

sorted deposits that display exponential thinning and fining with distance from vent (Pyle,
1989; Sparks et al., 1992; BonadonaaHoughton, 2005). The dispersal of material is
influenced by the following factors: total mass, medigameter and standard deviation of
material erupted, height of the eruption column, wind velocity and direction, and the nature
of particle diffusion from the eruption column as well as the fragmentation of magma
(Suzuki, 1983).

The homogeneity of teparfall deposits is dependent on pyroclast sizes, densities, and
consequent fall velocities. Ballistic clasts (little affected by wind) and coarse clasts such as
those of block or bomb size (>64m) fall out closest to vent, as do smaller but denser clasts
which have the same fall velocities (Walker, 1981a). However, fine ash and lapilli can be
transported further by atmospheric winds and settle with slower terminal velocities. Changes
in wind strength, wind direction, conditions at vent or atmosphericriestges are reflected

in the deposit through changes in grain size, lithologies and influxes of fine ash, that can be
interpreted to reflect processes other than simple sedimentation form a buoyant plume.
Influxes of fine ash into the deposits have beelhdeeumented and can occur as responses

to atmospheric rainstorm events, or instabilities in the plume or eruptive column, and are

deposited as density currents (collapses) or rain flush beds (atmospheric rainstorm) (Walker,
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1981c; 1981dWilson &Walker,1985). The density current deposits generally have better

sorting (Brown& Andrews, 2015) whereas rain flush beds have poorer sorting as the ash

and lapilli occur together (Talbadt al., 1994) Another major producer of ash beds in

proximal tephra faldeRVLWYV LV GXH WR D FKDQJH LQ HUXSWLYH VW
phreatomagmatic, such changes are seen in the Taupo 232 CE sequence, deSeabexd in

2.5

2.3.2 Ignimbrite Deposits

Ignimbrites are the deposits produced by concentrated FR2C8dn2.2.2). Archetypically,

ignimbrites are massive and thick deposits dominated by juvenile pumice and ash (Wilson

et al., 1980). Upon deposition these flows can still be extremely hot reaching temperatures

up to 800 °C, of which can result in welding of th@atst (welded ignimbrites) yielding a

hard, rocklike deposit once cooled, e.g. the 38840ka Whakamaru Group ignimbrites in

WKH 7DXSR DUHD %ULJJV DE 'RZQV HW DO 3'& T
temperatures (<55@600 °C) form uncosolidated ignimbrites (Walker, 1983), such as the

Taupo ignimbrite during the 232 CE eruption considered in this thesis.

24 6HWWLQJ RI WKH 79= DOROFDXQRR

The North Island of New Zealand is marked by the Hikurangi subduction margin, where the
Pacific phate subducts beneath the Ipflostralian plate, giving rise to the Tauplkurangi
arctrench system of which the Taupo Volcanic Zone (TVZ) is the southernmost part (Figure
2.1: Cole, 1990; Wilson et al., 1995; Spinks et al., 2005). The TVZ is a &km30éhg and
c. 60km wide volcanic zone (Wilson et al., 1995) that has been active for theNesa@d
dominated by rhyolitic volcanism for the past 1M4. The central segment of the TVZ is
RQH RI WKH ZRUOGYV PRVW YLJRUR X Vdiitic éloanissnH UHJLRQ
containing at least eight caldera volcanoes, some of them representing multiple caldera
collapses (Figur@.1l: Cole et al., 1998Wilson et al., 1995, 2009; Milicich et al., 2020
Taupo volcano is one of the two active rhyolitic volcarentres in the TVZ (Wilson et al.,
&ROH HW DO SURGXFLQJ HUXSWLRQV ODEHOO!
23ka (Wilson, 1993; Barker et al., 2020). The youngest explosive eruption was the Taupo
232CE eruption (eruption Y: Wilson, 189 involving c. 35km? of magma (see below)
(Wilson & Walker, 1985; Wilson,1993)
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Figure 2.1 A) Map ofthe Hikurangi margin (Wilson et al., 1995) Map of the Taupo
Volcanic Zone with known calderas indicated by dotted limexlified byCole et al., 1998)
with red dot indicating vent position of the Taupo 232 CE eruption (Walker 1981a)

25 7TDXSR &(UXSWLRQ

The Taupo 23ZE eruption is the youngest egpive event at Taupo volcano and occurred
from multiple events from a lineation, now submerged in the reatitern area of the lake,
over which the Horomatangi Reefs and Waitahanui Bank (both related to the shortly later
eruption Z) have since been counsted (Smith& Houghton, 1995; Houghton et al., 2010)
The Taupo eruption (as originally conceived: Wils&nWalker, 1985) produced six
explosive phases (labelled ¥6) and one eruptive phase after a short hiatus (eruption Z of
Wilson, 1993). The Y eruptioproduced three phreatomagmatic ash deposits (Y1, Y3, Y4),
two plinian fall deposits (Y2, Y5), the latter accompanied by minor volumes of ignimbrite,
and one exceptionally widespread ignimbrite (Y6) (Healy, 1964; Walker, 1980, 1981a,c;
Walker et al., 19801981; Froggatt, 1981; Froggatt et al., 1981; Wilson, 1985; Wison
Walker, 1985; Wilson, 1993; Houghton et al., 2010, 2014; Mitchell et al., 2018).

Unit Y1 (Initial ash) was the first deposited phreatomagmatic ash, with a volume of
0.015km? and a plure height of <1&m (Wilson& Walker, 1985; Houghton et al., 2010).
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Y1 is narrowly dispersed on the eastern side of the lake reaching a maximum distance of

c. 25km from inferred vent and reaching a maximum thickness eh@5y'1 is a uniformly

fine grainednear whitgoumiceous ash deposit (Wils&nWalker, 1985; Nisbet, 2019). This
GHSRVLWTV XSSHU ERXQGDU\ LV PDUNHG E\ WKH FRDUVH =<
transition from a phreatoplinian style eruption to a Plinian style eruption. The bgundar

between Y1 and Y2 is important to note in this theSee{jons 4.1,4.2 and4.3).

Y2 (Hatepe Plinian Pumice) is the second eruptive phase, and the subject of this thesis. Y2
is acharacteristically uniform, negraded, wehsorted pumice fall deposiproduced by a

30km high Plinian plume, discharging astienated bulk volume of 2.3 ® km® (Walker,

1981a, b; Wilso& Walker, 1985; Wilson, 1993). This deposit reaches thicknessesrof >2
close to vent and is dispersed as far as the east coast of the North Isldfdkiie) (Talbot,

1989; Wilson & Walker, 1985). Intraplinian ash bedsvhabeen identified in the northern
section of this deposit and have been attributed to emplacement by rain flush and dilute
gravity current mechanisms (Wils& Walker, 1985; Talbot, 198 Talbot et al., 1994)
further detailed irBection2.6.1

The Y2 unitgrades into the Y3 (Hatepe ash) phreatoplinian phase suggesting an influx of
water into the vent. Unit Y3 is a 2kBn® phreatoplinian deposit that reaches thicknesses of
>2 m close to source. This deposit is pale grey;disterich and poorly bedded, donated

by fine ash and highly vesicular pumice with minor amounts of-keak lithics (Walker,
1981c; Wilson& Walker, 1985; Smith, 1988; Houghton et al., 2010). Following a period of
erosion, Y3 transitions into Y4 (Rotongaio Ash), a dark grey phreatoizgash, with a
volume of 1.3 ki (Wilson & Walker, 1985). Unit Y4 is an unusually figgained ash with
poorly developed, finscale plandedding and a maximum thickness of 6 m (Wilson
Walker, 1985)

Following unit Y4 there is a marked change in eiupistyle to a vigorous Plinian phase
(Y5). Unit Y5 (Taupo Plinian Pumice) is a large c. K28® (calculated by crystal
concentration method: Walker, 1980) eruption with an estimated plume height dfro. 50
(although see Houghton et al., 2014), depositingrse pumice interbedded with intra
plinian ignimbrite flows (the Early Flow units) proximal to source (Walker, 1980; Wéson
Walker, 1985) Y5 differs from Y2 in its coarser grain size and its greater volume of intra
plinian PDC deposits.
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A drastic chage in the eruption condition then led to production of a voluminous-litast

event that deposited the widespread ignimbrite unit Y6 (Taupo ignimbrite) (Wilson, 1985;
Wilson & Walker, 1985). This deposit extends t@B0+ 10 km from vent andhas a bulk
volume of c. 30 krh (Wilson, 1985; Wilson& Walker; 1985). Following a hiatus of
c.10years (Barker et al., 2016), magma was extruded onto the lake floor during eruption Z,
forming the Horomatangi Reefs and Waitahanui Bank. Large pumiceocissidd dome
carapace material broke off these forming domes and floated to the lake surface then were
wind-drifted to deposit on the edges of the contemporaneous lake to heights16fr8

above the modern level (Wilsé&Walker, 1985; Von Lichtan et ak016)

For the purposes of this study, particular focus is placed on the Hatepe Plinian Pumice (unit
Y?2) and its general characteristics (such as grain morphology and density) and emplacement

mechanisms.

26 < '"HSRVLW DQ&KDWDFWHULVWLFYV

Unit Y2 (Hatepe PLQLDQ 3XPLFH GHSRVLW WKH VXEMHFW RI WKL
sustained, moderately powerful gas blast, producing a Plinian phase that lasted
c.10 +30hours (Walker, 1981aVilson &Walker, 1985; Houghton et al., 2003; Mitchell et

al., 2018).Unit Y2 is characteristically a uniform, nagraded and well sorted pumice fall
deposit, dominated by highly to extremely vesicular pumices that are low in crystal content
(c. 3 wt%).The deposit also exhibits minor amounts of dense juvenile c\Wds( &
Walker, 1985; Houghto& Wilson, 1989). Internal stratifications are seen and reflected by
variations in grain size and vesicularity. The latter have been studied and show that the
pumices textures range from sheared to equant shaped bubbles withcoalescence,
where lower density pumices display markedly less bubble deformation than higher density
pumice (Ewart, 1963; Houghtafa Wilson, 1989; Walker, 1981a; Houghton et al., 2010;
Mitchell et al., 2018).

A vent position for the Y2 eruption has beiglentified and located by Walker (1981a)
through the use of isopach and isopleth maps, off the eastern shore of Lake Taupo under an
area that is now occupied by the Horomatangi Reefs (see below RAgundjalker 1981a;

Smith& Houghton, 1995; Houghtaet al., 2010). Thikocationwas determined using grain

sizes presented in the isopleth maps of maximum pumice and maximum lithic diameters

23



(Walker, 1981a). These maps show that the deposit dispersal axis is to the east (west
southwest prevailing wind) argthows exponential thinning with distance from vent towards
the east coast of the North Island, reaching distances of >140 km (Walker, \d8i8ba; &
Walker, 1985; Talbot, 198. The Y2 deposit becomes coarser and thicker towards Lake
Taupo, but no balliec lithics have been reported from available exposures, implying that
the vent lies some distance (>3 km) beyond these exposures.

Isopach maps created by Walker (1981a) were used to calculate an initial eruptive volume

of ¢. 2.3km°. The method used aakd the deposit area within the outermost isopach line

to estimate the thickness of the deposit at multiple intersections on a map grid. The thickness
YDOXHYVY ZHUH WKHQ DYHUDJHG DQG PXOWLSOLHG E\ WKH 3H
for the deposiwas obtained using the same isopach data and the volume was multiplied by

the average bulk density. The bulk density for the Hatepe Plinian pumice was calculated as
0.5g/cn? for near vent and 0.6§/cn? for far-distal sections; the average waken as

0.6g/cn? therein yielding a mass of 1.12 10°g (Walker, 1981a) on the basis of

demonstrable fall material.

There are limitations in using this method, however, due to the significant amount of fines
3I0RVW"™ WKURXJK DWPRYV $K Eruptiéh &td) disRevsBdR aval the RaLlfic) J
2FHDQ DOWKRXJK WKH H[SRQHQWLDO GHFDhaterri@®O GRHV W
account for this fines loss, Walker (1980) propaaedlternative method, termed the crystal
concentration method, te-calculate the eruptive volume, giving a value &h& (Walker,

1981a).In the Walker (1980) method it is noted that crystal abundances at any given point

in the deposit vary due to the free crystals (crystals released when magma is fragmented)

being peferentially deposited from the eruptive cloud closer to the vent. The following

assumptions for this method are made:

1. 7KH VDPH SHUFHQWDJH RI OLWKLFV MXYHQLOH DQG IR
loss of c. 17%. Using the same bulk density thedees are added to the-tamd
values in order to obtain the total volume; previously notedkas®6

2. 3XPLFH LV UHSUHVHQWDWLYH RI WKH *RULJLQDO PDJPD

3. The free crystal content within the deposit is not representative of tthet ofystals

within the punice. Crystals are freed when during the eruption, magma is fragmented
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and large phenocrysts segregate from pumice and ash fragments. It is also noted that
the size of free crystals is equal to or finer than the largest phenocryst (2 mm sieve
fractiory Walker, 1980, 1981a).

Walker (1981a) reported a crystal weight percentage of8%8. From this, the mass of
the deposit was realculated, giving a value oflén3, using calculations outlined in
Walker, (1981a)

2.6.1 Ash Beds within the Y2

Talbot (1988)and? DOERW HW DO H[SDQGHG RQ :DONHUTfV
the documentation of several poorly sorted; s beds within the Y2 fall deposit northeast

of Lake Taupo. These beds were separated into three groups (A, B, and C) and were
predaminantly observed north of the main dispersal axis. Group A consists of two ash beds
(A1 and A2) with a maximum cumulative thickness of 13 cm, deposited upkim 46 the
north-east of vent and covering and area of R88 (Figure, 2.2a)They are finegrained,
massive, and vesiculated béberenz, 1970, 1974; Walker, 1971; Talbot et al., 19@4irh

lack accretionary lapilli, erosive bases, grading, cbhestding or gas escape pigdsilbot

et al., 1994)In southern sections the group A beds are seghiat a thin fall lapilli layer
labelled as Group B (Figur@,2b). Group C beds range in ash content and contain up to 7
beds (Talbot et al., 1994) reaching a cumulative thickness of 35 cm. The thickness and
number of beds vary in relation to distance from the vent (Fig@®, Each of these groups

were proposed byalbot et al (1994) to be emplaced by varying processes, as follows:

x Group A: emplaced very rapidly, indicated by lack of cross bedding, and interpreted
as dilute gravity currents produced from the collapse of the outer margins of the

Plinian plume;

x Group B: fall lapilli deposited synchronously with Group A; where Group B is

present, it occurs between Al and AZ2;

Group C: attributed to deposition by rdlnshing. Group C beds exhibit poor sorting
compared to Groups A and B through the incorporation of fasér and coarser
pumice lapilli. Most localities contain one or two Group C beds, this decreases to

onIy one near vent.
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It was noted that deposits of Group A and B thin with distance from the vent arahdre c
correlated throughout Y2 exposures. Group C deposits vary greatly in thickness as they were
inferred to have been controlled by atmospheric conditions (rain and wind) as rain showers

flushed ash from the buoyant eruption plume causing it to fajgnegates.
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Figure 2.2 Distribution maps of ash beds within the Y2 eruption produced by Talbot et al. (1994). A) Isopach map of the Group A beds, B)
Locatiors Deposit B was identified, C) Isopach map of the Group C beds.
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3 OHWKRGRORJ\

The data suite presented in Chapter 5 has been produced in the field and laboratory from the
Taupo 232 CE Hatepe plinian (Y2) deposit. Observations were made in the field, recording
general grain size properties (using grainsizes preseniedbig 3.1) changes in lithological
characteristics, layers visible in the deposit, boundary characteristics and thicknesses. Field

sketches, vertical logs and photos were taken at each site.

Table3.1 Tephra size classas relation tograin size (phi and mpThordarson, 1990)

*UDLQ 6L]H ¥ Grain Size (mm) Tephra Size Class
<-6 > 64 Blocks and Bombs
-5 +6 32 64 Coarse Lapilli
-4 +5 16 £32 Medium Lapilli
-1 +4 2 £16 Fine Lapilli
0+1 1 +2 Coarse Ash
4 +-0 0.064 +1 Medium Ash
>4 > 0.064 Fine Ash

31 5SHFRQQDLVVDQFH O0DSSLQJ

Reconnaissance mapping was conducted in order to acquire field stratigraphic sections to
sample, analyze and explain the complex stratigraphy within the Y2 deposits. These units
were selected after scouting approximately 1,370 binthemain deposit area, bounded
between the eastern edge of the lake and the western edge of the Axial Ranges (see below
Figure4.1). The units described in full detail 8ection4 were selected so as form two
transects, one proximal to medial along the plume dispersal axis, and one lateral:

perpendicular to the plume dispersal axis.

The Hatepe plinian deposit was mapped extensively by Walker (1981) to produce a set of
isopach and isopleth maps. Tisepach datavastaken into consideration when scouting
and picking the best places to search for exposures to be able to construct downwind and

crosswind sections. A total of eight sections are described in this thesis, all of which were
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sampled. Of thesevelve, four have been extensively sampled and are the main source of
data discussed in this thesis.

3.1.1 Identification of Key Sections for Downwind Variations

Key sections on the downwind transect (see below Figute were selected on the basis

that theywere as close to the dispersal axis as possible, easily accessible, had no visible
slumping or tilting of the deposits, and the upper and lower layer boundaries were visible.
These localities were ordered from the most proximal section closest to titrednfent
locationproposed by Walker (198} to the most medial section furthest from the vent in

line with the dispersal axis, following the proposed downwind transect direction

3.1.2 Identification of Key Sections for Cross Wind Variations

The identificatim of sections for the crosswind profiles differs from those outlined above as
these were selected to generate profiles in a line perpendicular to the deposit's main dispersal
axis (see below Figurél.1). These sections were selected using the same ar@grihe

downwind transect sections.

32 6DPSOLQJ 3URFHGXUHYV

3.2.1 Box Sampling

Samples taken at the following sections (Tah) were sampled using a top down box
sampling method, where the upper layers were sampled first in attempts to minimise the

degree of cotamination from collapsing material.

This sampling method was used for the outcrops that demonstrated variation in the units.
These samples were chosen based on the macroscopic bedding characteristics, i.e. ash beds,

coarser beds, lithic layers, etc.

3.2.2 In cremental Sampling

The following localities have been sampled incrementally, in 2 cm portions successively
from the top downwards (Table 3.3.). This method was utilized for the exposures that lacked

discernable variations in components and grain sizectodked eye.
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Table3.2 List of localities where box samples were taken

Waitahanui (1) S 38°48'03.6" E 176°04'38.0" 419870 5704903
Waimabhia (5) S38°49'36.5'" E176°8'37.9" 425685 5702095
Bypass Ash(6) S 38°42'41.9" E 176°06'35.5" 422609 5714846
Rotokawa (8) S 38°38'23.1" E176°11'38.5" 429857 5722891
$DURQYM7)LC S38°42'57.7" E176°13'21.9" 432428 5714449
Type Section(2) S 38°44'51.0" E 176°11'58.9" 430455 5710938

Table3.3 List of localities where incremental samples were taken.

. Latitude (S) Longitude (E)
Locality Name WGS84 WGS84 UTM 60S (X) UTM 60S (Y)
SH5 Hill (3) S 38°54'27.4" E 176°26'57.4" 452249.9 5693332
SH5 Rangeg4) S 38°55'44.6" E 176°29'09.3" 455440.1 5690971

33 /DERUDWRU\ :RUN

Samples from_ocatiors 2, 3, 5 and 8 were processed using the following techniques to
acquire grain size and componentry on all samples. Textural and density analyses were also

performed on selected samples.

3.3.1 Grain Size Analysis

Grain size analysis used a combination of watisg, dry sieving and laser particle analysis

to attain the overall grain size distributions. These individual processes are outlined below.

Wet Sieving

Wet sieving is used prior to dry sieving analysis on samples containing an ash content of c.
>10% ash(<250um) to reduce the risk of ash becoming airborne and reduce the risk of
manual generation of fines. The sample was passed through a stack of mesh sieves over a

large container. using reverse osmosis water. Sieves are arranged in decreasing order of
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aperture size, with a maximum e2 phi and a minimum of 2 phi. Phi increments were
originally defined by Krumbein (1934, 1938) and are presented in Babl&/hen water
runs clear through the sieve, the >280 fraction was transferred to a container anidd

at c. 80 °C prior to dry sieving, whilst the <2 fraction was left for a week to settle until
water was clear. The water was then drained and the gr25@action was dried, labelled

and weighed and analysed by use of the laser particle analgseribedelow).

Table3.4 List of sieve mesh sizes (phi and mm)

Sieve mesh size]) Sieve mesh size (mm) Sieve mesh size]) Sieve mesh size (mm’

-6 64 -1.5 2.8
-55 44.8 -1 2
-5 31.5 -0.5 1.4
-4.5 22.4 0 1
-4 16 0.5 0.710
-3.5 11.2 1.0 0.500
-3 8 15 0.355
-2.5 5.6 2.0 0.250
-2 4
Dry Sieving

Dry sieving was used for the coarse fraction (>@b(0) of all samples. A series of mesh
sieves in decreasing order of aperture size by half phi increments-$ndghi and min

2 phi) were stacked on top of a catching dish. Samples were carefully brhsbeght the

stack ensuring material fell through to the appropriate size fraction, where the grains
intercepted by each sieve size is controlled by the intermediate axis for the grains. The
material in each sieve size were labelled, bagged and weighet&Blge, 2001) including

that in catching container (<2%Mn). For samples that were originally wet sieved, the

<250um fractions were added together and reweighed.

The <250um fractions of all samples were split using dry split using a riffle splitterder
to get a smaller representative sample prior to analysis on the laser particle analyser.
Representative samples used weighed betweemyland 1@, depending on the coarseness

of the sample.
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Laser Particle Analysis

The <250um fractions of allsample were analysed using the Horiba Partica LA 950V2
Laser Scattering Particle Size Distribution Analyser: LPA or PSDA. This instrument uses
lasers to measure particle sizes from 30@80to 0.AL um. In order to measure such a range

in particle sizes, twdight wavelengths are used. A long wavelength is used to measure
coarse particles and a short wavelength to measure smaller particles. Due to volcanic ashes,
particularly rhyolites, having a unique makeup as opposed to other ashes or sediments, the
sampls were analysed using tireaunhofer method. These samples were analysed using
the slurry sampler and dry feeding method. Coarseness of the sample is a factor here as well;
if the sample is coarse the amount of sample put into the machine will be gheater t
sample with finer particles. Each subunit sample was analysed 4 times to get a representative
distribution and was then averaged.

Gradistat Calculations

The weight percentages of sieved data and the averaged LPA data for each sample was
consolidatedusing software from a compilation progranPefs comm; E.Brosch,
20/10/2019 and inserted into the Gradistat program (Bfo®ye, 2001). Gradistat gives an
overall grain size distribution and the relevant descriptive statistics used in this study in both
geometric and logarithmic scale. The grain size statistics are based on those proposed by
Folk & Ward (1957), and only thedarithmic statistics were used in this study i.e:

Graphic mean (Fol& Ward, 1957):

/L 5 >|34>T<? (Eqn. 1)
Graphic standard deviation (FatkWard, 1957):
&L T<8;T5 ET::g;Tg’ (Eqn. 2)

Median =Twr

Mode(s) = Most frequently occurring graineiar grainsizes, representing a range ftben

sieve size that retained the most weight to the phi of the next larger sieve.
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3.3.2 Componentry Analysis

Throughout this study the ratios of juvenile to foreign components are of great interest to
help interpret thenature of the vent and the eruption dynamics. In order to make these

interpretations detailed componentry analysis was undertaken.

Following the completion of grain size analysis, the full and the above half phi grain size
fractions needed to be combinébable 3.5). The components within each full phi size
fraction were then identified and separated into the groups outlined inJ@lsee results
Section4.3 for component images). To obtain the componentry across the full range of grain
sizes, sampleBom Location8 were analysed for all components within all full phi grain
size binsLocation2 and 5 were used as comparative sections, where selected gralhsizes

phi and 1 phi were analysed.

The coarse fraction was dependent on the abundancetsfioldse- J VL]H LQ HDFK VXE?>
Size classes coarser thand JHQHUDOO\ KDG OHVV WKDQ WKH JUI
UHSUHVHQWDWLYH RI WKH OD\HU V FRPSRQHQWU\ 7KH
representative size for the fine fraction and veasier to analyse under a binocular
PLFURVFRSH WKDQ WKH J VL]H IUDFWLRQ $ PLQLPXP RI F
grains were counted from each size fraction to provide a representative componentry count

due to the absence of change in compugerariations after 300 grains. Samples containing

more than c. 300 grains were evenly split using a riffle splitter to obtain a minimum of 300

individual grains.
Table3.5 Combined half and full grain size fractions used for componentry analysis

Combination ( J) Combination (mm) BHVXOWLQJ IX

-55+-5 44.8+ 31.5 -5
-4.5 +-4 22.4+ 16 -4
-3.5 +-3 11.2+ 8 -3
-25+-2 56+4 -2
-1.5+-1 2.8+ 2 -1
-05+0 1.4+1 0
05+1 0.710+ 0500 1
15+2 0.355 +0.250 2
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Table3.6 Table of component classes and their descriptions.

Component Class

Visual Estimated
Vesicularity (%)

Colour Composition/ Description

Clasts are rhyolites, little discolouration, vesicles are mastigll and

C1 Dense Juvenile Pumice >40 White/pale cream L : ;
rounded ranging in size from microns to tens of microns.

C2 Vesicular Juvenile Pumice >40 White/pale cream Very vesiculated, ves!cle size and shape range from round to glong‘
tens to hundreds ofikrons, appear glassier th@t, no weatherig

Thick bubble walled pumices ranging from fibrous to equant, glass

C2* Vesicular Juvenile Pumice * <40 White/pale cream surfaces, transparent in colour. Some have spherical bubbles equa

shape, round vesicles.
C3 Grey Juvenile Pumice >20 Light to medium Range from glassy grey rhyolltes/_grey microlitic rhyolites to foamy gi
grey rhyolites.

C4 Dense Juvenile Rhyolites ~10 +20 Banded grey and = Dense juvenile rhyolites, banded blagiey or dark/light grey. Bands of

(BandedPumices - black white vesiculated pumice and bands of dense glass are observe

C5 Obsidian 0 45 Smokey brown, grey Dense glass, very little vesiculation, crisp/shiny/sharp edges and sur

& )J)RUHLJQ /LWKLF
below section 7.2)
& )RUHLJQ /LWKLF
(cf. below section 7.2)
& )J)RUHLJQ /LWKLF

black, bottle brown no ashcoating, angular, conchoidal fractures.

Pink, grey, orange, Shallow lavas, foreign rounded obsidian, volcanic breccias and ignin
brown, light green. fragments, hydrothermally altered, grgmmmices.
Light to deep creams  Sedimentary rocks, grey lacustrine sediments, hydrothermally altel
grey sandstone
Plutonicmaterial, generally fractured, contains abundant small black

below section 7.2) i Bz, Gy orange crystals in a fine white crystal matrix.
Black, green, Foreign (xenocrysts) and juvenile (phenocrysts). Plagioclas€i, Fe
C7 Crystals -
transparent Pyroxene,

Macroscopic features of componentry classestCZT. Vesicularity percentages have been estimated visually
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3.3.3 Thin Section and SEM Imaging

Thin Section Preparation

Thin-section grain mounts were prepared fromthé VL]H IUDFWLRQ LQ RUGHU
macroscopic textures of selected juvenile and-joganile clasts under a petrographic
microscope and a Scanning Electron Microscope (SEdtion4.3.1.) to gain irsights into

the fragmentation, expansion and cooling processes. Seven grains from component class C1,
ten grains from C2, five grains from C3, four grains from C4 and three grains from C5 were
selected to be representative of the range in textures from jeaenile class. Three
representative grains from each lithic class were also prepared using the following method
for analysis under the petrographic microscope.

Samples were primarily impregnated in low viscosity epoxy (Epotek 301) under vacuum
(0.2 barin the Struers CitoVac) for 4 hours and left to cure for a further 24 hours.
Impregnated samples were then prepared for mounting. The samples were sliced on one side
and polished using grit powder down to 800 grit. This surface was then impregnated with a
small amount of epoxy under vacuum (0.2 bar) and left to cure. The excess epoxy was then
removed using grit powder up to 1000 grit. The cut surface of the clast was then mounted on
a thin sectionslide with a ground surface using epoxy and placed onmabtetheated to

70°C. These were left to cure for 24 hours before the grain was thinned?ftou3ing 800

to 1600 grit powder and polished using®h diamond paste. Each grain was prepared using
the above method in preparation for analysis on the SEMowiolj preparation, the
samples were carbon coated using a BFIEC SCD sample coater/sputter coater, prior to
being photographed in the SEM.

SEM Imaging

A FEI Quanta 200 Environmental SEM with EDAX module was used to acquire
backscattered electron images of microscopic textures of the juvenile pumice and dense
juvenile classes that were mounted on to thin sections. The instrument was operated with an
acceerating voltage of 2@V with a beam of 3im, where the sample stage height was set

at an operating distance of 10 mm. Using the imaging function, photos were taken in
greyscale backscatter mode of the entire grain at the same magnification. The zoom

magnfication function was used to take closer images of selected interesting features within
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grains. Special features were characterised based on changes in the bubble morphology,

sections of excess fracturing or shearing, etc.

3.3.4 Density Measurements

The- J Xelfraction was used for all the juvenile classes ftamration2 using the upper
samples 1 and 2A to analyse their density. The instrument used to process these samples was
the GeoPyc 1360 Envelope Density analyzer in order to obtain density measureiments
porous grains larger thann2m, particularly those of irregular size and shapbis
instrument is equippeda&lindrical tube attachedtarevolving plate on each end. A single

grain from the sample is embedded in a cylinder half filled with theldnydwder. As the

plates compress the powder compacts around the grain and records the displacement into a

density measurement.

3.3.5 Methodology Limitations

Throughout the course of field and laboratory work the following limitation was

encountered:

x During thinsection preparation, the thin sections were cleaned in an ultrasonic bath
between polishing stages. As a result, some of the grains that were mounted on the
slide peeled off, limiting the number or grains able to be used for textual analysis.
This meanthat the number of grains from each of the juvenile pumice classes were

unequal, and thus may not be fully representative of the juvenile pumice textures.
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'RZQZLQG DQG &URVVZLQOMELBRWVLD

To examine vertical and lateral facies variation within the Y2 Plinian deposit, macroscopic
field observations on vertical variations in graiae based on a visual estimate of maximum
grainsize, using size ranges outlinedlaible 3.1, and compoentry were documented for

locatiors aligning roughly parallel and perpendicular to the deposit axis (Fgaje,

12 18 24

Figure 4.1 ArcGIS Map displaying field localitie@umbers corresponding to Tables, 3.2
and 3.3) red dots are localities processed with laboratory analysis and discussed in the
results; grey dots are localities sampled but not processed; yellow dots are localities
documentedluring field work The red tiangle indicates inferred vent position (Walker,
1981a) dotted blue and white lines indicate isopleth boundaries for maximum lithic and
pumice sizes, respectively (sizes in cm indicated in black boxes; modified from Walker,
1981a)
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The deposit charactstics forlocatiors parallel to deposit axis are as follows

Locationlon SH1(S38% 1 ,E 176 1 " LV WKH PRVW SUR[LPDO RI
locatiors, at a radial distance ofk8n from inferred vent positionF{gure, 4.1;Walker,

1981a) and where 2 has a thickness of 223 cm. Here, Y2 is predominantly a massive,
reversegraded pumicelominated, poorly sorted, very coarse lapilli bed @&ependix 1,

Location1), with a 3.5 cm lithic rich, coarse lapilli layer at its base, resting with a sharp

contact on Y1. The upper boundary with Y3 is also sharp. The lower 1/3 of Y2 has 6 ash

rich layers (4.5, 5, 8, 5, 3 and 4 cm thick, from base to top, respectively: FHgaye,
intercalated with the lapilrich material, but these are absent from the upper 2/3 of the unit.

The ash intercalations are all similar, poorly sorted, massive, fine ash with admixed coarse
to-very coarse lapilli pumice. These ash beds correlagpedively, to samples 3, 5, 7, 9,

11 and 13 iMppendix 1; Locatiorl.

Figure 4.2 Photograph of.ocation1 outcrop wih focus on intraplinian ash beds, scraping
tool for scale. AJ-ull outcropB)Insetshowng intraplinian as depositamarked by red lines
with thickness o4.5, 5, 8, 5, 3, and 4 cm frabase to toprespectively.
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Location2 LV RQ 6+ 6 f 1 " ( f 1 " DW D UDGLDO GL
vent. All Taupo 232CE eruptive units are observed atidiestionwhere Y1 is at the edge

of its dispersal limit and is sharply overlain by Y2 which has a thickness afri4®&ith a

sharp upper contact into unit Y3, and is a moderately to poorly sorted, mostly massive,
pumicedominated medium lapilli unitAppendix, 1;Location2). However, in the upper

60 % of the unit, and above a distinctive 3 cm lithith, moderately sorteanedium lapilli

layer, Y2shows a general reverse coarse tail grading. While this profile does not contain any
pronounced ash beds or bedding structures, weak and laterally continuous banding occurs at
several heights. These bands are associated witle dabal fining and coarsening over

thickness intervals of several centimetres (Figd/®).

Figure 4.3 Photographs of AyVeak coarseffiner banding seen in the middle to foprtion
of Location2, pen ascale B) The general reverse coarse tail grading sgethe topportion
of Location2, hand as scale.

Location3 (S 38q (g9 " LV ORFDWHG RQ 6+ DWnD UDGLI
from vent. Above an undulating contact on a dark grey paleosol (unit Y1 was not deposited

to this distance), unit Y2 has a thickness o€B81, while the upper contact to the 26 cm thick

unit Y3 is gadual over ~ 1 cm. At thiscation Y2 is generally a moderately to well sorted,

massive, pumicelominated, fine to very fine lapillAppendix, 1;Location3). The Y2 bed
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at thislocationis characterised by a coarse tail reverse grading up tonl&bwe base,
where the coarsest pumices occur, then a normal grading trend to the upper contact. Evidence

of this cyclic grading is further explained $ection4.2.1

Location4 RQ 6+ 6 f 1 " f 1 © LlgcafibkidtudreR, v GLV WD O
radial distance of 45 km from vent. All Taupo 28E eruptive units except Y1 are seen here

(Y6 >10 m, Y5 ~40 cm, Y4 ~2 cm, Y3 ~35 cm, Y2 ~24 cm). Here, unit Y2 is 2

thick. and is awell-sorted, massive, pumig®dminated, fine lapillito coarse ashunit

(Appendix, 1;Location4), resting with an undulating contact on a dark grey paleosol, and

with a gradual upper boundary to Y3. This lg2ationlacks ash beds and shows no obvious

grading. The upper 2 cm of Y2 is finer grained towards theY3Zontat where the

transition is gradual.

The following descriptionarethe field characteristics for thecatiors (includingLocation

2: Figure 4.1) aligned approximately perpendicular to thepositaxis direction

Location5 is on Rotoakui Road (Kaingaroa Forest: Sq38] © (g T " DW D
radial distance of 14km from vent. Unit Y2 here is a moderately sorted, predominantly
massive, pumicelominated coarse lapilli unit with a thickness of 284 (Appendix, 1;
Location5). At the base, it has an undulating contact on unit Y1 and is sharply bounded at
the top by unit Y3. The lowest lapilli layer (referAppendix, 1;Location5) is a lithic rich,
moderately sorted, massive, puma@minated coarse lapilli. There is @rh-thick bimodal

ash rich bed 21.8m from the base of Y2 that is a poorly to very poorly sorted, massive, fine

to very fine ash with coarse lapilli pumice (refeiSection4.2.1).

Location6 LV ORFDWHG RQ WKH 6+ 7DXSR %\SDYV URDW f
radial distance of 18m from vent. Above an undulating contact on a dark grey paleosol (Y1

is absent), Y2 has a thickness ofdB, with a sharp upper contact with Y3. Y2 contains

both fall lapilli beds and ash rich bedspfpendix, 1;Location 6). The lapilli beds form the

upper 2/3 of the unit and are moderately sorted, massive, pdoncmatednediumto-fine

lapilli units. The lower 1/3 of the unit contains a series of three ash beds intercalated with

the lapilli material (Chaptet.2). The uppermost ash beds with thicknessesamh4nd 5cm

(sample numbers 4 and 6, respectively) are moderately sorted, massive, iivh dshls

that contain fine lapilli pumices (Figure4). The lowermost ash bed (sample 8) iscaw

thick, wellsorted massive, fine to medium ash bed
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Figure4.4 A) Photograph of.ocation6 outcropwith ash beds 5 andautlined in reg which
are separated by a lapilli faliscraper for scaleB) Zoomed inphotograph of beds 5 (upper
ash), 6 (middle lapilli), and 7 (lower ash)

Location 7 is located on the Wairakei Farms Estate land, in the former Tauhara, Forest
S f 9 " ( f 1 " DW D U D GinErédn @htVANdveERFsHarp |
contacton a dark grey paleosol, unit Y2 is & thick and is sharply overlain by unit Y3.

Y2 is a wel-to-moderately sorted, massive, pumdamminated, medium lapilli fall deposit
(Appendix, 1;Location7) with an overall normal grading. The base of Y2 hereshdasm

thick, poorly sorted, massive, coarse ash that contains coarse lapilli pumice.

Location8 LV ORFDWHG RQ %URDGODQGV 5RDG 6 f 1
distance of 2&m from vent. Above an undulating contact on a dark grey paleosbk 2in

has a thickness 4B cm and has undulating upper contact with unit Y3. This unit Y2 section
contains alternations of asith beds bounded by coarser lapilith beds Appendix, 1;
Location8). The lapilli beds are generally moderatstyrted, massive, pumigodminated
medium to coarse lapilli units. The middle to upper portion of unit Y2 contains four ash beds
that have thicknesses of 1.3, 0.7, 0.6 ancgh3samples 3, 5, 7 and 9, respectiyEigure,

4.5). The uppermost three of geash beds show an overall poor sorting and are massive,
mediumcoarse ash with mediuto-coarse lapilli pumices. The lowermost ash bed is a well
sorted, massive finmedium ash bed. These beds have previously been identified and
described by Talbot et.g1994)
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Figure 4.5. A) Photograph of.ocation8 outcrop. Red boxeare insets of:(B) upper ash
beds,and (C)lower ash bed.

42 *UDLQ 6L]H 'LVWULEXWLRQV

42.1 Vertical and Lateral Grainsize Variation

In order to characterize vertical (representing relative time) and lateral (downwind and
crosswind) variations in the Y2 deposit, continuous vertical samples were obtained for
grainsize (and componentry) analyses from fbacatiors (2, 3, 5 and 8). Due tthe
dominantly monotonous character of the lagliminated deposits, these samples were
taken as box samples at approximately constant height intervals in such a way as to yield
around ten samples pdocation The exceptions to this constahtcknesssampling
procedure are the asith layers, which were begampled from their top to bottom contacts.

In the following descriptions, downwind variations in grainsize are described with data from
Locatiors 5 (14km from vent) and 3 (4km from vent). Thesdawo locatiors are
approximately aligned with the main dispersal diregtamestimated from existing isopach
data (Figure4.1; Walker, 1984). Crosswind variations in grainsize are examined using data
from Locatiors 5(14 km from vent) 2 (20km fromvent) and 8 (2&m from vent), oriented

approximately perpendicular to the main dispersal axis of unit Y2.
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Grain Size Distributions

The characteristics and vertical variations in grainsize histograms of the vertical profiles of
Locatiors 5, 2, 3 and 8 arghown in Figure4.6. These histograms can be subdivided into
two main groups. The first, and most abundant, group 1 constitutes poorly isovied

lapilli to coarse asfdominated distributions. These are characterized by a (mostly) unimodal
and approxnately symmetrical coardail part and a long findail part that extends to c. 8

phi (4 microns). Coarser and fingrained varieties of group 1 have main modes that range
from 16mm to 1mm, while their contents of very fine ash (<®&rons) vay from 8 wt %

to 0.1wt %. The second (group 2) constitutes-ash fine lapilli and lapilltbearing ashes

with very poorly sorted and strongly bimodal grainsize distributions. Accordingly, their main
modes can either occur in the lapilli sizes (suchasition 5, sample 8) or in the ash sizes
(Location 8, with samples 5 and 9 being mediuamd very fineash varieties). Group 2
samples were recovered only from the lowermost part of the prokimeation5 (samples

8 and 10) and throughoubcation 8 situated athe northern margin of the Y2 dispersal.
Samples ofocatonv DQG DUH HQWLUHO\ RI JURXIScatil@QRWH WKL
is contaminated by the underlying soil).

Mean Grainsize Versus Sorting

The subdivision of the Y2 samples of the fdocdions into two distinct grainsize
distribution groups is also well displayed in a mean particle diameter versus sorting
coefficient graph (Figured.7a). As explained in chapter33l, the grain size parameters of

Folk & Ward (195) are used in this thesie allow comparison to previous analysis by
Walker (1981a). In this graph, group 1 samples are characterized by sorting coefficients
lower than c. 2.2 phi and mean diameters larger than 1.5 phi. They show a pronounced
pattern of improving sorting (smallealues for standard deviation) with decreasing mean
particle size. This trend is also a clear function of the radial distance from vent of the
locatiors, with proximalLocation 5 having the coarsest and most poorly sorted lapilli
samples and distdlocation 3 displaying the most fingrained and bestorted lapilli
samples. There are systematic changes in grainsize distributions associated with this
proximal to distal trend, for example, see Figdr@b £ for mid-unit samples oEocatiors

5, 2 and 3. With radial distance from vent, the cctaganodes of the histograms become
increasingly narrower and perfectly unimodal (better sorted), while the main mode decreases

(finer grained).
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Figure 4.6 Grain size distribution histograms feachlocation full profile, showing vertical
grain size variations in downwind and cross wind profiles. Pink histograms outline identified
ash beds. Vertical lines on histograms display modes for each lastoBtack lines = mode

1, Blue lines = mode 2, Red lines = mode 3.
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Furthermore, the proportions of medium to very fine ash that make théailirnef the

grainsize distributions systematically decreases with distance.

A B .
4 32 — Location 5 Sample 5
1 o Radial dist. from vent = 14 km
* 28 dial dist. f k
B = % g
le o ". 516 —
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Figure 4.7 A) Scatter plodisplayinggraphic standard deviation, defined using Eqn 2 (Folk
& Ward, 1957), against graphic meanefehed using Eqn.1 (Folk & Ward, 1957) for
Locatiors 2, 3, 5 and 8. Round points identify fall samplesnf eachlocation, black
(Location5), blue [ocation 2), green [Location 3), pink (ocation 8). Diamond points
identify upper ash bedsom Location8, samples 3, 5 and 7, respectivehterpreted as
rain-flush beds Square points ideifies sample 9 fronbocation 8, interpreted as dilute
gravity current (see Talbot et al., 1998)Jack arrow indicates increasing distance from vent
B, C and D: Histograms displaying selectatl lapilli samples fronbocation5(B),Location

2 (C) andLocation 3 (D), note distance from vent in kBlack lines on histograms represent
primary modes and blue lines represent secondary modes.

In contrast to group 1, group 2 samples have sorting coefficients greater than 2.2 phi and
mean grainsizes smaller th@nphi (Figure, 4.7a). This includes the following types of
samples At Location8, samples 3, 5 and 7 come from layers that have been previously
interpreted as raiflush bedsand sample 9 interpreted as the deposit of a dilute gravity

current (Talbot etlg 1994). Of these, sample 9 is distinct in group 2 by being the most fine
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grained and bestorted. InLocation8, group 2 also includes samples 1 and 6 that have been
characterized as astth lapilli samples by their macroscopic field appearancesédction

4.3). The basal samples of proximalcation5 and distalLocation3 also plot into the group

2 field. However, the histograms of both samples need to be considered cautiously, as at

least their very fine ash proportion is likely contaminated bytigerlying Y1 Location5

sample 10) and paleosdldcation p FPY 7KH S UR-Bda@ng @Weddd SLOOL
proximal Location5 sample 8 is distinct in group 2 by being the most poorly sorted and

coarsest sample. The histogram of thislaesthis simiDU LQ IRUP WR WRRWKRI WKH
beds ofLocation8.

Mean Particle Diameter and Main Mode

The general finingvith-distance trends of the Y2 deposit is also displayed by graphs of
vertical profiles of the mean particle diameter and main modedcaions 5, 2, 3 and 8
(Figures 4.8 and4.9). Considering the lapilli samples (group 1) only, decreases in mean and
main mode with radial distance from vent are considerably more pronounced than their
variation with stratigraphic height in eatdtation Location5 shows a pronounced fining
upwardsin the lower 20% of the tephra profile associated with the macroscopically coarse
tail normal grading identified in the field. The upper fdifths are relatively uniform with

only a very subtle reverse grading towards the top. Similar features arénseedial

Location2, but the reverse grading in the upper part is slightly more pronounced.

Location § Location 2 Location 3 Location 8
Radial dist. from vent = 14 km Radial dist. from vent = 20 km Radial dist. from vent = 41 km Radial dist. from vent = 26 km

0.8 0.8 . 0.8 0.8 .

0.6 5 06 =z 06
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Figure 4.8 Vertical graphs comparing the mean values in phi, defined using Eqn 1 (Folk &
Ward, 1957) forLocations 5, 2, 3, and 8 plotted against normalised vertical height. True
height forLocatiors 5, 2, 3, and 8 are 234, 146, 31 ancch9 respectively. Black horizontal
lines indicate upper boundaries for samples.Note distance from vent in km.
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Furthermore, it ismotable that here the transition from normal to reverse grading occurs
relatively higher in the sequence at only 40% from the base (F#y8jeln distalLocation

3, such grading trends are absent, and group 1 samples show a subtle normal grading
througlout the section.

Location 5 Location 2 Location 3 Location 8
Radial dist. from vent = 14 km Radial dist. from vent = 20 km Radial dist. from vent = 41 km Radial dist. from vent = 26 km
1 1 1 1
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Figure 4.9 Vertical graphs comparing the main mode values in philLtaratiors 5, 2, 3,

and 8 plotted against normalised vertical height. True heightdeatiors 5, 2, 3, and 8 are

234, 146, 31 and 19 cm, respectively. Black horizontal lines indicate upper boundaries for
samplesNote distance from vent in km.

Very Fine Ash Conte nt

Group 1 beds are generally poor in very fine ash (<63 microns). However, there is a very
clear trend of decreasing very fiash with radial distance from vent (Figu#l0),
proximalLocation5 having 2+8 wt %, medialLocation2 1 +4 wt % and distaL ocation3

<0.5wt %. Group 1 (lapilli) beds ofocation8 do not obey this trend, but show slightly
higher contents of very finash than irthe more proximalLocation 2. Interestingly, in
Locatiors 5 and 2, the (group 1) samples with the highest amotiésyofine ash occur at

the same stratigraphic heights where the aforementioned shifts from normal to reverse
coarsetail grading are found (Figurd,10). Thus, main mode, mean particle diameter and
very fine ash content potentially identify a composiéitly distinct phase in the unit Y2

GHSRVLWLRQ 7KH RFFXUUHQFH RI W&ation5aukavcltHnORZHU L
2 will be further discussed later.
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Figure4.10Vertical graphs comparing ¢h<63 um fraction in weight percent, fwocatiors

5, 2, 3, and 8 plotted against normalised vertical height. True heighitokatiors 5, 2, 3,

and 8 are 234, 146, 31 and 19 cm, respectively. Black horizontal lines indicate upper
boundaries for samples.die distance from vent in km.

43 &RPSRQHQWU\ '"HVFULSWLRQV

The sieved samples frohocatiors 5, 2 and 8 were carefully inspected to define distinct
componentry classes, which can be identified and distinguished unambiguously in all three
tephra profiles and thus systematically point counted. Indbation the characteristics of

the defined omponentry classes and the rationale behind their definitions are described and
illustrated. For clarity, this section is grouped into three parts describing pumiceous and

dense juvenile components, followed by fovenile components and finally free ctyfs.

4.3.1 Juvenile Components

There is a wide range of juvenile components that differ in their macroscopic and
microscopic textures, surface properties, clast density distributions and colour. In this study,
five main classes of juvenile components thatuodo all samples were defined (C1, C2,

C3, C4 and C5). These span from pumiceous-dewsity classes (C1, C2 and C3) via
intermediate density class 4 (banded rhyolites) to high density class 5 (obsidian). For classes
C1 to C4, thin sections from a numlzérepresentative clasts of thex8 mm ¢2 phi) size

range were prepared. Their microscopic textural characteristics were documented using a
petrographic microscope and a scanning electron microscope. In each case, at least one thin
section cut in the dection of any elongated fabric and one thin section perpendicular to that

direction were examined. Furthermore, in order to characterize the number density
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distributions of componentry classes C1 to C4, a large number of particle density analyses
were cowlucted via envelope density measurements (see methodology Ss8#bion the

4 £8 mm (2 phi) size fraction using the upper two samples of unit deation2. During

point counting it was noticed that an additionaldd@nsity componentry class (Q2jccurs

in the uppermost part of unit Y2 hocation5. This component class is distinct from the
other five classes and was not found in samples frocatiors 2 and 8.

The six juvenile component classes that were defined on the basis of their temtural a
density characteristics and whose abundances were determined in the vertical profiles of

Locatiors 5, 2 and 8 in the 1 phi ar2l phi size fractions are described below.

Componentry Class C1

C1 is the most abundant component class in the majority q@idiihnécounted samples. C1

is white, microvesicular pumice that contains c. 1% of microlites by visual estimate (Figure,
4.11a). Equant, spherical and ovoidal bubbles dominate the vesicle population (Figures,
4.11b, 4.12a), but more stretched and sligHiilgrous types can also be recognized (Figure,
4.12b). The majority of bubbles are small and only a few tens of microns in diameter and
remarkably uniform in size by visual appearance. Larger bubbles of up to c. 200 microns
occur also but are sparse. Theariteous glass has a very even and frothy appearance and

bubble walls appear largely undeformed (Figdt&2a and b).

In several SEM images pumice structures were noticed that appear like two C1 pumice clasts
had collided when still hot and deformable anttered together. In these sintered C1 clasts
strong local deformation textures mark the collision and sintering reggenAppendix, 2;

Imagel).

Componentry Class C2

C2 is typically the second most abundant juvenile (and overall) component. C2ds whi
macrovesicular pumice that is, like C1, sparse in microlites (Figurgg, d). Varieties of

C2 occur with equant and more elongated bubbles. In contrast to C1, C2 has a considerably
higher proportion, c. 3@6 by visual estimates, of larger (severaintired microns to
millimeter-sized) bubbles. While small (tens of microns) bubbles still occur frequently, they
are notably less abundant than in C1 (Figdrgd, e). Bubble walls of C2 are notably more
deformed than those in C1 and show curvilinear forms with microscopic textures usually

associated with bubble coalescence (Houghton et al., 2010).
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Figure 4.11 Macrosopic photographs of juvenile pumice classes C1 (A), C2 (C), C3 (E)
and C4 (G) taken on an optical microscope, note scale bar in mm. Microtextural
photographs of thin sectioned juvenile pumce classes C1 (B), C2 (D), C3 (F) and C4 (H);
images B, D and F wertaken under 5x magnification using a petrographic microscope,
note scale bar (bottom left of image) is 100 in length. Image H taken on the SEM, note
scale bar is Inm.

These density measurements of the above two classes are consistent wigleitbosed
by Mitchell et al, (2018) using both microvesiculated pumice and macrovesiculated pumice
from the 16 +32mm pumice from the upper OB of a proximal section of the Y2, where

mean density values were reported to cluster between 600 to 700 kg/m

Componentry Class C3

C3 is light grey macrovesicular pumice, which in contrast to C1 and 2 shows+1.51%

of microlites (Figure4.11e,f). Particularly, an abundance of microlites of titanomagnetite

is a likely explanation for the distinct light greymice color. Bubbles are dominantly equant

in form (spherical to ovoid), but domains with more elongated varietiedsareeen. There

is a high abundance of small bubbtess of microns in size. Large bubbles of several
hundreds of microns to millimetsze also occur and are even slightly more abundant
(c.40% by visual estimate) than in C2, and much more abundant than, su@gesting

more extensive bubble coalescence. In contrast to classes C1 and C2, bubble walls are
extremely thin (Figure4.12g). A common feature of C3 clasts is the occurrence of
spectacular expansion textures. These are most apparent in the vicinity of crystals where the
expansion stress is seen to have caused breakage of crystals along cleavage planes and

fracture planes obliqu® cleavage (Figurel.12h).
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Figure 4.12 Microtextural SEM images of juvenile pumice components C1 (A and B), C2 (D
and E), C3 (G and H),C4 (J and K) and their corresponding density histograms @ndF, |

L, respectively. A, D and J are cut perpendicular to elongated fabric. B, E. H and K are cut
along the elongated bubble fabric. Note G shows a large cuAD0Orystal with bubbles
expanding out from the edges. Density histograms plotting pumiceigemsikg/m (bin

size 10kg/n?) against number percent.

Componentry Class C4
C4 is banded clasts. C4 is characterized by alternating bands of white microvesicular to

macrovesicular pumice and dark grey, {essicular glassy material. The widths of the

bands range from arourachundred microns to several millimetres (Figutelg, h). Thin
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section images of C4 clasts reveal a wealth of textures within the white bands. These include:
bands with strongly sheared, very elongated and small (tens of mibtdoiges, bands with
moderately sheared, elongated, smaller and larger (up to hundreds of microns) bubbles; and
bands/domains where bubbles of several tens of microns in diameter have equant (spherical
to ovoid) forms and surrounding bubble walls appearsiteared (Figure4.12j, k). The
dark-grey bands show markedly fewer bubbles than the white bands but are not here
quantified. They are characterized by a very strong planar texture of sheared and partially to
fully collapsed elongated bubbles. The ramgéiigh-vesicular, lowdensity to extremely
low-vesicular, higkhdensity textures in C4 appears to be continuddisile C4 is the least
abundant of all juvenile components it occurs at a remarkably constant concentration of

c.0.54 % in all profiles, withone marked exception (s8ection 4.4).

Componentry Class C5

C5 is obsidian, which occurs in black, dark grey, light grey and brown varieties (Figure,
4.13a, b). The most abundant clast type is blocky obsidian with sharp edges and conchoidal
fracture surdces. Other types include curved shards, very thickLg®0microns) bubble

walls and dense obsidian with ellipsoidal imprints from large bubbles.

Figure 4.13 A) Photograph of C5 at the Orbm fraction disfaying glass colours from
transparent grey to black. Images taken on an optical microscope with a camera attachment
at 2.5x magnification. B) Photograph of dark brown to black C5 with bubble impressions.
Images taken on an optical microscope with a camaéi@chment at 2.5x magnification

In thin section, C5 shows to be predominantly dense vesicle free glassegthar shaped,
hundreds of micronsto millimetrewide and millimetres to centimetredong schlieren
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zones. These schlieren zones contairticla®sh glass shards and broken crystal fragments
and comprise nedistinct contacts to the obsidian glggsgure,4.14). Irregular fractures

through these grains are also seecut glass and schlieren domains (Figdc@4).

HV  spot| det WD |mag pressure e —A 1111
20.00 kV 4.0 DualBSD 11.5 mm|22 x 1.17e-4 Torr C4_three

Figure 4.14 SEM image of C5 (obsidian) displaying fracture planes around the edges, and
schlieren zones in the middle of the clast.

Componentry Class C2*
C2* is white, macrovesicular pumice (Figuee15a, b). This class has only been identified

in the upper part of Y2 d&tocation2. Class C2* is distinct from classes-C3B by its marked
high transparency and the occurrence of very thick bubble walls. Buatdestrongly

stretched and deformed. Highly fibrous varieties of classal¥occur.
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Figure 4.15 A) Photograph of thick bubble walled, transperent, glassy pumice with an
elongated fabric. B) Photographf thick bubble walled, transperent, glassy pumice with
spherical to elliptical bubblesnages taken on an optical microscope at a 5x magnification.
Pumice Densities

Figure4.12 shows histograms of the clast density distributions for C1, C2, C3 and C4. The
average density, minima, maxima, thettenly D QG Q L Qd peicéhiNakof the

distributions for each class are reported in Tdhle

x C1 shows the lowest average clast density of 453 kgid the narrowest clast
GHQVLW\ G Loy Wi+ FBX Mi/niRaDall pumice classes with a welefined
mode at 400£500 kg/nt (Figure, 6.3.2c).

x C2 has a markedly higher average density than C1 at 482.k§hea unimodal
density distribution is fmader than that of C1 clasts, extending further towards both
the lowdensity and highG HQ VL W\ WD Ll1£-\B65KP M ¢idure, 6.3.2f).C3
has a markedly higher average density than C1 and C2 of 598 Rdyenmain mode
of the roughly bimodal desity distribution coincides with the average density. The
GLVWULEXWLRQ LV VLIQLILFDQW O\ ¢5-UR-DAGIHYNMNVKDQ WKL
and with the lowdensity and higidensity tails shifted towards larger densities than
in the C1 and C2 distnitions (Figure, 6.3.2i).

x Due the concurrence of light pumiceous and dense glassy domains, C4 has a very
broad density distribution at intermediate densities ranging from c+8@D0 kg/ni
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(Figure, 6.3.2 ). The average density of 1,119 Bgénconsideably higher than that
RI WKH RWKHU SXBE R4+ FoOkRyMVHY DQG !

Tabledl 6 XPPDU\ RI WKH DY UBLIB LMDOXBIN. R ! Wik and
W ko) gercentiles of the clast dsity distributions of the C1, C2, C3 and C4 componentry
classes.

Class lave (KG/M®)  Tmin (kg/mB)  Imax(kg/m®) 1o (kg/mP) l1o (kg/m?)

C1 453.3 211.7 915.3 318.3 579.3
C2 482.3 180.0 807.9 303.8 668.9
C3 596.0 259.1 1608.5 355.7 829.2
C4 11194 760.7 1767.6 784.3 1570.5

These density measurements are consistent with those performed by Mitchell et al, (2018)
using both microvesiculated pumice and macrovesiculated pumice from tHg2 Im
pumice from the upper 0.5 m of a proximal sectiorthef Y2, where mean density values
were reported to cluster between 600 to 700 Rg/m

4.3.2 Non -Juvenile Components

The term nofjuvenile components (foreign lithics) is here used to describe pyroclasts that
are ejected during the eruption but are not deriveah the fresh magma. These are thought

to be derived from, for instance, brokefi fragments of wall rock in the stgurface such

as parts of the conduit, pexisting hydrothermal systems, older buried rock formations and
other crustal lithologies that et between the source mush and the surface. For selected
clasts, thinsections have been prepared and photographed on a petrographic microscope to
analyse their microscopic textural characteristics. The dominanjumenile lithology in

the Y2 is rhyolie lavas (c. 80%), followed by volcaniclastic breccias and ignimbrites
(c.10%), pumice (c. 26), obsidian (c3 %), hydrothermally altered clasts (c%), non
volcanic (clastic) sediments (£.%) and intrusive rocks (c. %). In this study the nen
juvenile components, regardless of their lithology have tentatively been grouped into
MVKDOORZY MY€LQWHUPHGLDWHY DQG pGHHSY EDVHG RQ

interpreted in discussion section 7.2.
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&RPSRQHQWU\ &0DVV & p6KDOORZY

& pV KD Qi mdsy abundant ngavenile component in all the powsbunted samples.

& MVKDOORZY FODVWV FRQVLVW RI UK\ROLWLF ODYDV ZHH
REVLGLDQVY DQG DOWHUHG SXPLFHV -jdtehlle |covmpbrer® RZY 1UD!
accouns for ¢c. 90 £100 % of all nonrjuvenile clasts. The macroscopic and microscopic

textures observed are displayed in Figutd6 and4.17 a, b to show the variability in

lithologies for this category.

Figure 416 3KRWRJUDSKV GLVSOD\LQJ W Kjlverlde €astHtyges pVKDOO
identified.A-D display the range of rhyolite lavas, incls of flow banding (A), oxidisation

(B and D) and spherilite growth (C and D)-HE display the reange of ignimbrite ad
volcanigenic breccia fragments. | and J display the -jumenie oxidised glass
(obsidians)identified, note the white asdthearing tohe particles. K and L display the non

juvenile pumice clasts identifietinages taken on an optical microscope witlaanera

attachment.

Rhyolite lava:(relative abundance c. 88) Rhyolitic lavas are seen in all samples and are
commonly spherulitdearng (Figure,4.16c, d) and/or flowbanded (Figure4.16a, b;
Appendix 2; Image 3. They characteristically range in colour from reddish pink to grey and
black (Figure4.16ad). These lavas are fine grained, ranging in shape from angab to
rounded with fractured plagioclase phenocrysts (Figuiép, c). Thin sections show these
grains to have a fingrained porphyritic texture with a plagioclase micretiteminated

groundmass (Figureél.17a). Plagioclase phenocrysts commonly appeaednathin shape,
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and are from tens to hundreds of microns long (maximum c. 500 pm). Minimal opaques

observed, and are magnetite displaying euhedral shapes (Bigueg,

Figure 4.17 Thin section photogrdps of the nofuvenile clasts. A) photograph of a
MVKDOORZTIORZ EDQGHG ODYD % SKRWRJUDSK RI D pVK
(note photographs were taken at 2.5x magnification), C) photograph of a quartzite grain
IURP WKH PpLQWHUPFHKRVODRMIHUDBR XS IDQ DQGHVLWH IURP Wt
(note these respective photographs have been taken at 5x magnification), E) photograph of

D PLFURGLRULWH p7\SH 9 SOXWRQLF IUDJPHQW IURP W
PLFURGLRULWOXWROHF TURP WKH pGHHSY JURXS QRWH
magnification).

Welded Ignimbriteand Vdcaniclastic Breccia (relative abundance c. 1) The welded

ignimbrite and volcaniclastic breccia clasts are seen in at least some samplesati@fs.

These clasts range in colour from light brown to light creamy salmon pink (HgL§&,h)

and light greenish grey (Figurd,16e, g) and are eamprised of angular to stdmgular
countryrock fragments and plagioclase phenocrysts in a fine grained matrix (Fidire;

h). In thin section these grains present rock, lava and crystal fragments embedded-in a fine
grained, glassy, vesiclgoor to-free vitroclastic matrix. These grains crystal fraction are
dominated by euhedral shapegak lamellar twinned plagioclase phenocrysisging in

size from tens to hundreds of microns long (maximum c. 500 um). Altered pyroxenes and

platy minerals are alsabserved (Figuret.17) and appear brown to yellow in colour. Very

few opaque minerals are observed in these grains. The rock and lava fragments incorporated
into the groundmass are angular and irregular in shape and size, and appear to be

predominantly ncrocrystalline fragments (Figuré,17).
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Obsidian:(relative abundance c9%) Foreign obsidians are observed in all sections in minor
abundance. These obsidians are defined aguvemile mainly due to their colour alteration.
Nonjuvenile obsidians ar primarily red and black (Figurd,16, j) which is evidence of
oxidation, not seen in juvenile obsidians (clast type C5, above). These grains also display

rounded edges and rough abraded surfadeish fine ash has stuck to.

Altered pumice(relativeabundance c. %) Altered pumice is a minor component seen in

at least some samples atlaltatiors. These pumices are microvesicular to macrovesicular
and range in colour from a light green, to wstained yellow/brown (Figurel.16k) and

light pink (Figure4.16l). These pumice grains are differentiated from juvenile pumice grains
based on their cour and shape. Nejuvenile pumice tends to be noticeably rounded in
shape. The green pumice is noticeably glassy with ash filled vesicles predominantly

occurring in the 1 phi size fraction.

&RPSRQHQWU\ &0ODVV & UM, QWHUPHGLDWHT

& HLQWHUP H G kthintigintloYalWidéhiveléiddomponents and is not present in

all pointcounted sampleand accounts for an average abundanceofat less of the nen
juvenile components. These are typically grains that are clastic sedimentary in origin or
hydrothernally altered clasts. There are only four types observed and occacatiors 5

and 2. They are predominantly present in-thphi grain size fraction.

Grey lacustrine sediment3hese sediments are fine grained, rounded to sub angular in

shape and are grey to cream in colour (FigdrEgb), occurring mostly in the2 phi size

fraction although also present in the 1 phi fraction. These grains have an average abundance

of c. <1% and equatetoc. 25 Rl WKH pLQWHUPHGLDWHY FODVWV 7KH JI

be linked to lacustrine environments (see se&i@m).

Green sandston&hese grains have an average abundance c. <1% and predominantly occur
in the-2 phi grainsize fretion. These grains are hydrothermally altered and appear green in
colour due to the presence of chlorite (Figdr&8c). These grains are subunded in shape

and have a roughened surface. Black and dark brown alteration is seen on the outer surface.

Quartz grains:The quartz grain is of sedimentary origin and is most likely a fragment of
quartzite ands very rare. There was only one grain found in-thehi size fraction and is a

white finegrained clast (Figurel.18a). In thin section (Figurel.17c) this grain displays a
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fine-grained microcrystalline matrix with abundant euhedral shaped opaque minerals;
predominantly magnetite and pyrite (identified by their black cube shapes under both cross
polarised and plain polarised light), ranging froni@0 £200um across. Higher amounts

of brown to yellow alteration colours are seen on the outer edges of the grain relative to the

centre, suggesting it resided at depth for the alteration to occur.

Altered AndesiteThese grains are rare; only two weoeioted.These grains are grey, sub
angular to sulsounded fragments of porphyritic andesite that are fragile and easily broken
with rough outer edges. In thin section (Figutel, M) these clasts display a fine grained
microcrystalline felsic ground massgthvfeldspar phenocrysts that have strong oscillatory
zoning, ranging from tens to hundreds of microns long. Abundant brown altered

ferromagnesian minerals also occur that are tens to hundreds of microns long 4Figd)e,

Figure4.18 3SKRWRJUDSKV GLVSOD\LQJ W KuvendeQithblogrds. A QW HU P
Quartzite grain, B) gery lacustrine sediments, C) green hydrothermally altered sandstone.

All clasts are from the2 phi size range. Note scale mm. Photographs were taken on an

optical microscope with a camera attachment.

&RPSRQHQWU\ &0ODVV & H'HHST

&ODVV & HGHHSY LV WKH V HF RQGIeRcBWOheDIE Wit & BverageR | W K |
abundance of c.®. These grains are predominantlgndified in the 1 phi grainsize fraction

and are plutonic in origin. Here this class has been split into two types based on the accessory
minerals present. Type 1 (white microcrystalline matrix with black crystals) and Type 2

(white microcrystalline matrixvith orange crystals).

Plutonic Type 1.These grains are fine grained, plagioclase dominated, microcrystalline
clasts speckled with black crystals (Figutd,%). They range in shape from angular to-sub
angular and have rough surface textures. In thictise these grains appear to be
microdiorites, displaying intefingered and interlocked textures of needle shaped
plagioclase crystals (Figuré,17) that have weak lamellar twinning. Moderate abundances

59



of yellow to light brown coloured alteration mias are inferred to be altered micas and

apatite.

Figure419 SKRWRJUDSKV RI-WXHHRQEBOHSJURRQ p7\SH T % DQC
plutonic fragments from the ghi size range of the . Photograhps taken on an optical
microscope with a camera attachment.

Plutonic Type 2These grainarealso fine grained miodiorites, and are the most common

Rl WKH uGjuvendd] clesR @hey are white to light grey and dominated by fine
plagioclase crystalline textures and speckled with orange minerals. These grains are angular
to subrounded (Figure4.19a), and in thinsection display interlocked textures of needle
shaped plagioclase crystals that range in size up to tens of microns long (Eigjde,

Minor abundances of alteration minerals are observed, and minimal abundances of larger

plagioclase crystals (up to @@nicrons long).

4.3.3 Free Crystals

Componentry Class C7

C7 is the free crystal component. In thehl grain size fraction its abundance varies between
c. 10 and 504, but it is rare in thel phi grainsize fraction and not present in coarser size
fractions. Class C7 predominantly consists of plagioclase, pyroxene, quartz and
titanomagnetite with relative abundances of c.%%lagioclase, c. 3% pyroxene, and

c. 5% magnetite (Figuret.20a, b).

PlagioclasePlagioclase is the most abundant crystal typemiesl.The plagioclase crystals
are subhedral to euhedral in shape with @0€.cleavage and are light white to transparent

crystals. These crystals appearlaphi and smaller. Most original growth surfaces display
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smooth textures with the exception @f 30% which show rough textures from adhering
glass. Fractured crystal surfaces display rainbow reflectance.

Figure 4.20 Photographs of free crystals A and B display clusters or plagioclase
(white/transperent), Pyroxene (brown and green) and magnetite (black cube) studded within
the plagioclase crystals. C) euhedral pyroxene studded with black magnetite crystals, and
D) fractured plagioclase. Photographs taken on an optical microscope wdaneera
attachment. Grains are from th& phi grain size fraction.

PyroxenePyroxene is the second most abundant crystal type. Dark brown to resinous brown
othopyroxenes with euhedral forms constitute the most abundant pyroxengitype,

4.2x). Often pyroxenes are observed to be studded with small cubes of opaque black
magnetite (Figure4.2). Clinopyroxene is represented in minor abundances and is equant

in shape and green in colour.

Magnetite: Magnetite has the lowest abundance with a relatigsscabundance of
c.5 £10%. The magnetite component predominantly appears as small black octahedral

phenocrysts, often grown on plagioclase and pyroxene crystals.

44 9HUWLFDQO DWIBWRE SRQHQWDULDWLRQV
LQ <

The clast components (both juvenile and foreign) introduced in section 6.3 were point

counted in all suunit samples froniLocatiors 5, 2 and 8. For theocation8 samples,

componentry counts for all full phi grasize classes 250 microns and larger wased For

Locatiors 5 and 2, componentry poiobunts were conducted for the size classes

500 +1000microns (1 phi size class) and#8 mm ¢2 phi size class). The rationale behind

this focus on the 1 phi ane phi fractions was to choose two size clas#®t have

sufficiently large numbers of clasts in the sieved size fractions, which are characteristic size

fractions for the dominant coarse tail of the Y2 samples and which can be unambiguously
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classified using a binocular microscope. The reason béinchore complete point counts

for Location8 samples was to characterize general patterns in the abundances of different
components as a function of grasize (for instance free crystals, which typically are
restricted to size ranges belovt phi). Identification of sucha pattern would aid
interpretation of component abundances of the 1 phi-anghi size fractions in vertical
profiles and between profiles. In all samples, the clasts of each componentry class were
counted, separated and weaglto allow for calculation of componentry percentages by both

number and mass.

The results of the componentry point counts are presented in two partssideasiependent
variations of componentry classes based.ocation8 samples are described $edion

4.4.1. Section 6.4.1 also highlights differences in vertical componentry variations in the 1
phi and-2 phi size classes fdrocatiors 2, 5 and 8 to demonstrate that the defined
componentry classes are more completely present in the 1 phi siz&Seletssnd.4.2 then
presents detailed results of vertical and lateral componentry variatibosagiors 2, 5 and

8, based on the 1 phi size fraction.

4.4.1 Componentry Variation with Grain size

Histograms of the abundance of componentry classes (by massytagamsize at
Location8 are shown in Figure, 2l (see also Figure.2R for a comparison of componentry
abundance by number and mass as per samples 10). S@mplésand 10 are fingsoor

coarse ashto lapilli-dominated samples, which are compéraim granulometry and
componentry to the remainder of fall samples studiédedtiors 2 and 5. In these samples,

clear patterns of variations in componentry abundances at differentsigaiare present.

The lowdensity components (classes C1, C2 aBY @nstitute the dominant components

(by number and mass) of the lapiliinge of the graksize distribution (that is the coarse

tail of the roughly unimodal graisize distributions). The ashize range of the analysed
grainsize classes (that is thadtail of the roughly unimodal distributions) is dominated by

the highdensity components (classes C5, C6 and C7). The abundant componentry classes
C1 (microvesicular pumice) and C6 (foreign lithics) are good examples to show that their
mass percentage agst grainsize pattern have roughly unimodal distributiowith the

mode and range of C1 tending towards the coarse sizes and that of C6 towards smaller sizes

(Figure, 421). The occurrence and degree of aerodynamic equivalence, as a likely
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explanationbehind this pattern, will be discussedSection5. The same pattern of light
components dominating coarse fractions and heavy components dominating fine size
fractions is also seen in the lapiliearing ashes and ashh lapilli layers that occur at
Location8. Free crystals, due to their size spectrum, are generally limited to size classes
"0 phi. The mode of the crystal population is somewhat variable amonigotation 8

samples, but generally is betweerrD phi.

Figure 4.21 A) Bar graph ofindividual compnentry point count number percents against
grain size (phi) from Loaction 8 sample 8. Componentry class colours as indicated by legend
in the right of the graph. Bhistogram displaying masd sdividual components(weight
percent) by grain size (phi) fdrocation 8 sample 8. Chistogram displaying mass of
combined components(weight percent), see legend top right of graph, by grain size (phi) for
Location8 sample 8.

Graphs of componentry vation by clast number percent and mass by weight percent
(Figure, 422) highlight that the phi grainsize material includes an abundance, number
percent, of clasts in all of the defined componentry classes. By contrast,-thpghesize

class, only clsses C1, C2, C3, C4 and C6 occur, strongly dominated by C1. While this
characteristic is important in order to interpret-pasgticle transport in the umbrella cloud,
componentry variations in the 1 phi size class, due to their complete and more similar
abundances, provide more detail to interpret possible variations in magma vesiculation,

fragmentation and interaction with the conduit walls and country rocks.

Figure, 6.4.3 compares vertical componentry variations ofZhpghi and 1 phi size classes
atLocations 2, 5 and 8. For clarity, the eight componentry classes are sorted into four groups:
low-density juvenile components (C1 + C2 + C2* + C3); intermediamtehigh-density
juvenile components (C4 + C5); foreign lithics (C6) and free crystals (C7)e 12 thhi size

class, the low density juvenile classes {€3) strongly dominate in all profiles and

constitute generally >95% of the clast population. Intermedtatdighdensity juvenile
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classes C4 and C5 and foreign lithics (C6) occur at less thanpefeent, while free crystals
are absent. In contrast, in the 1 phi class, all componentry classes C1 to C7 are well
represented at statistically significant numbers (relative to the sample sizes). Furthermore,

strong vertical variations of componentryualkdance become apparent (next section).
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Figure 4.22 Location8 tephra profile; white numbers are sample number and correspond
to the samples histograms on the right. Histograms display mass of individual

components(weight percent) by grain size (fdvi)leach sample dtocation8. Black line on
photograph mark the upper and lower sample boundaries.
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Figure 4.23 Vertical graphs comparingcombined point count mober percent and
normalised height fotocatiors 5, 2, 3, and 8. True height fobocatiors 5, 2, 3, and 8 are

234, 146, 31 and 19 cm, respectively. Black horizontal lines indicate upper boundaries for
samples. Note distance from veém km..Upper Graph plots th& phi componstry and

Lower Graph plots thé& phi componemt/. Note colours are determined by class groupings
as seen in legend

442 Verticaland Lateral Componentry Variations in the 1 Phi
Size Class

Figure, 424 and Figure, 4.25hows the vertical variation of the number percentage of all

eight componentry classes in the 1 phi sizetion for Locatiors 2, 5 and 8. Due to the
normalization to 100 percent of the components of each sample, howeverusdeHQ GV Y LQ
vertical componentry variation need to be viewed with caution. For instance, a strong vertical
variation in an abundant component class will cause apparently opposite variation in another

abundant componentry class.
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Figure 4.25 Vertical graphs displayg vertical variations in the phi componentry fotocatiors 5, 2, 3, and 8 plotted against normalised
vertical height. True height farocatiors 5, 2, 3, and 8 are 234, 146, 31 and 19 cm, respectively. Black horizontal lines indicate upper boundaries
for samples. Note distance from vent in km.
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Vertical Variation

In the following, the relative abundances of the eight componentry classes and their vertical
(that is relative temporal) variations are described frogation5 (Figures, 424 and 4.25.

The Location 5 tephra profile, as will be demonstrated below, appears to record the most
complete sequence of sedimentation from the Y2 umbrella cloudaation5, the height
averaged number percentages of the eight componentry classes in order of abuedance ar
foreign lithics (C6; c. 34%), free crystals (C7; c. 2%), macrovesicular pumice (C2;

c. 18%); microvesicular pumice (C1; c. 28); obsidian (C5; c. 3.%); grey pumice (C3;
c.2.3%); banded pumice (C4; c. ®%b); transparent pumice (C2*; c. 04).

Microvesicular pumice (Clgtarts at low abundances of %l then increases strongly and
continuously to values of c. 28 at about 706 of the deposit thickness and shows markedly

lower values of around & in the uppermost 3% of the profile.

Macrovesicular pumice (C2}arts with a high abundance of c.%0then decreases strongly
and continuously to values of 89 % between 1825 % of the total deposit thickness and
increases continuously again towards the top of the profile where €prdpsrtions reach
C. 26%.

Transparent (thick bubbleralled) pumice (C2*)s characteristically absent from the lower
c. 75% of the profile (and completely absent at profiles 2 and 8) and increases in the top

25 % of the section to maxima of c24.

Grey (crystatrich) pumice (C3)has characteristically heigitvariant abundances of
C.2.2% + 0.7%.

Banded pumice (C4)as a characteristically very low abundance of c%Q.However, in
the height interval of c. 1&25% of the total profile thicknes€4 increases to maximum

values of 1.8%.

Obsidian (C5)is absent in the lowermost sample of the profile, but above that increases
strongly to reach a maximum value of c%8at 25% of the total deposit thickness.
Immediately above, C5 decreases strgriglaround 26 and then continuously increases

again to the top where C5 occurs at ¢.%.5
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Foreign lithics (C6)have their maximum abundance of c.%43t the base of the deposit.

From there upwards C6 decreases relatively continuously to minimum whloe27% at

the top. Figurs, 4.25 and 4.7 illustrate the vertical variation in the proportion of foreign
OLWKLFV LQWHUSUHWHG DV EHLQJ VRXUFHG IURP pVKDO
levels (an explanation behind this interpretation igiin Section5.2). The data show that

93 RQ DYHUDJH RI WKH OLWKLFV DUH RI WKH pVKDOORZ
DQ\ OHYHO RI WKH SURILOHV p'HHSYT OLWKLFV ¥5WDUW ZLV
at the base of thprofile, then decrease upwards and show markedly low values (down to
c.1.5%) in the interval from 18+25% of the total height. Above this level, in the upper

75 RI WKH SURILOH pGHHSY OLWKLFV KDYH PRGHUDWH

5 +10%; except for the uppermost samples where they dropltéoc.

Free crystals (C7have minimum abundances of c. %bin the lowermost sample of the
profile. Above, and for the remainder of the profile, class C7 is relatively uniformly abundant
with a heghtaverage value around 28 and a tendency to show a slight overall increase

with height to values of c. 3%.

Lateral Variations

In comparison td_ocation5 at c. 14 km from source, vertical componentry variation at
Locatiors 2 (c. 20 km from vent) arfél (c. 26 km from vent) show a range of similarities
and differences. In terms of heiginteraged component abundances in number percent the
following characteristics are observed (Figi#e24 and 4.2%.

Microvesicular pumice (C1¥trongly increases witincreasing distance from vent from
c. 12% atlocation5, through c22 % atLocation2 to ¢.34 % atLocation8.

Macrovesicular pumic€C2) strongly decreases from c. @at Location5 to c. 6% at
Location2 but increases again to c. #batLocation8 (and c. 9% if samples 9 (interpreted

as the deposit of a gravity current) is excluded).

The ratio of microvesicular pumice over macrovesicular pumice, C1/C2 shows similar trends
with height in all three profileand initially increases to a maximum value and then decreases
again (Figure, £6). The heights of this C1/C2 maximum occurt@tation5 at c. 20% of

the total profile thickness, &bcation2 at c. 33% of the total thickngs and aktocation8 at

c. 60% of the total thickness.
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Figure 4.26 Vertical graphs displayg C1:C2 ratio values for the ghi componentry atocatiors 5, 2, 3, and 8 plotteagainst normalised
vertical height. True height farocatiors 5, 2, 3, and 8 are 234, 146, 31 and 19 cm, respectively. Black horizontal lines indicate upper boundaries
for samples. Note distance from vent in km.
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Grey (microliterich) pumice (C3shows lowabundances and very similar heigiveraged
values at all thredocatiors (2.3+ 0.7% at Location5; 2.4+ 1.3% at Location 2; and
2.4+ 1.3% atLocation8). While atLocatiors 5 and 2, C3 is markedly heighvariant, at

Location8 there is an overall tendency for C3 abundances to slightly decrease with height.

Banded pumice (C4hows a slight but systematic tendency to decrease in abundance with
distance from vent. Howeveahe largely heighinvariant and very low abundances of C3
are seen in all three profiles. Markedly, and similacdoation5, there is a narrow height
interval where C4 increases abruptly to a few percentLd@dation 2 this occurs at

.35 £38% of thetotal thickness and &bcation8 at c. 5560% of the total profile thickness.

Obsidian (C5)slightly increases in heiglatveraged abundance with distance from vent
(c. 3.8% atLocation5; c. 5.2% atLocation2; c. 5.8% atLocation8). In all three profes,

there is also a slight tendency of obsidian to increase in abundance with height.

Foreign lithics (C6have very similar heighdiveraged abundances of c. 3%%nd 33.6%
in Locatiors 5 and 2 but show a much lower heigiverage of c. 21.%6 in Location8. It is
notable that, if the ashich beds are excluded, the value of the heayl#raged abundance
of C6 clasts atocation8 amounts to c. 3% and thus similar to the values tavcatiors 5
and 2. AtLocatiors 5 and 2, C6 Isathe highest abundances (240 in the basal part of the
profile, then decreases upwards and tends to become moreihgayfant in the upper half
of the profile. AtLocation8, very high values of >40 % aslatcatiors 5 and 2 do not occur.
Instead, tkre is strong variation with height. Notably, the fupe®r coarsash to lapilli-
dominated samples show relatively hetghtariant values of C6 clasts of c. 3@ while the
ashrich beds typically have significantly lower abundances of between c. 42%d

&RPSDULQJ WKH WKUHH GLITHUHQW OLWKLF JURXSV VKR2Z)\
the lithic components of all three profiles (Fig#e27 p, QWHUPHGLDWH OLWKLFV
rare in profiles 5 and 2 and do not occutatation H'HHSYT OLWKLFV KDYH ORZ

of 3 to 10% in all profiles. However, there is a particular height in all three profiles where

WKH DEXQGDQFHV RI pGHHSYT OLW Kdc&ign % iR HccBrs QILP X P Y

18 +259% of the total deposthickness, atocation2 at 38 +42 % of the total thickness and

atLocation8 at 54 +60 % of the total thickness.
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Figure 4.27 Vertical graphs displayg vertical variations in the phi NonJuvenile lithic components (normalised to 100)lfocatiors 5, 2,
3, and 8 plotted against normalised vertical height. True heightdoatiors 5, 2, 3, and 8 are 234, 146, 31 and 19 cm, respect@elgurs
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Free crystals (C7have somewhat similar heighveraged abundances at all tHieEatiors
(c. 29% atLocation5, c. 30% atLocation2 and c. 26 atLocation8). However, while at
Locatiors 5 and 2, the abundance of C7 is relatively haiydriant,Location8 shows a

markedly higher abundance of >3®in the upper third of the profile.
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The first comprehensive field study of the Y2 Plinian deposit, which was undertaken by
George Walker (Walker, 198), outlined the (vertically) relatively monotonous character
of the deposit. The monotony adfe lapill-dominated fall sequencéogether with its
widespread occurrence on laatlowed Walker to derive one of the first comprehensive and
high-resolution datasets for Plinian fall deposits based on-defiosit data of thickness,

maximum pumice anthaximum lithic clasts diameters.

Reconnaissance mapping by Talbot et al. (1994) identified and correlated a total of 9 ash
rich lapilli layers and lapillbearing ash layers that occur locally within the proximal to
medial, E £NE part of the Y2 dispersalhe lower three of these beds occur together. They
are characterized by the occurrence of accretionary lapilli as well as by deposit vesiculation
and they show systematic thinning and fining trends with distance. Based on these features,
Talbot et al. (994) interpreted these lower beds as the deposits of vergrievgy ground
hugging gravity currents that might have derived from the ambient air entraining peripheries
of the ascending eruption plume. They also showed the upper seven ash beds occur
discortinuously with a maximum number of seven of these upper ashes found at one
location Furthermore, the thickness of each bed is characteristically uniform with distance
from vent. Talbot et al. (1994) interpreted the formation of the upper ash beds-fhsstain

beds.

In the following, the reported data on the lapiliminated fall deposits, local raflush beds
and lowenergy dilute gravity current deposits are discussed along with previous information

to interpret their genesis.
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5.1.1 Timescales and Conditio ns of Pyroclasts Transport and
Settling

For the later discussion of the eruption dynamics of the Y2 eruption phase, it is meaningful
to estimate and contrast three different timescales that are relevant for the deposit genesis:
the total eruption duratioffit, the duration of pyroclasts transport in the umbrella cloud
from the point of neutral buoyancy to the radial distance above studied tephra skgtions

and the duration of pyroclasts settling to the grotyad Previous estimates of deposit mass

(c. 1.1X10* g) and mass eruption rate (c.’2@/s) allow for approximation of @&t of

around 11 hours (Walker, 198 Wilson &Walker; 1985; it should beoted that durations

three times that long have been suggested following a different deposit mass estimate).

Minima of Tump can be estimated as the ratio of the horizontal distance between vent and
tephra section and the stratospheric windspeed at teedéweutral buoyancy. Using the
existing estimate of the eruption column height of Y2 of c. 30 km and a speed of 30 m/s
(Wilson et al., 1978) gives the following valuéSin, (Loc_5 at 14 km¥ 7.8 min; Tumb

(Loc_2 at 20 km¥ 11.1 min;Tumb(Loc_8 at 26km)= 14.4 min; andump(Loc_3 at 41 km)

= 22.7 min. These values should be regarded anddntapared with another as minima,
because the slow spreading of the umbrella cloud in a direction oblique to the dispersal axis
(and thus from faster central stower peripheral umbrella cloud regions) is not considered

in the above estimate. Regardless, it is important to note that these durations are lrief and

small fraction of the total eruption duration.

In order to compare these two timescales withyheal time scale of pyroclast settling, the
radial distances from vent to the samjaeatiors, where Walker measured a bulk sample
median particle diametawere digitized from the map in Fig. 7b of Walker (1882 bulk
sample terminal velocityZwas obtained for each sample site using the relationship of
Dellino et al. (2005):

564:9k</ U 4?7 ; +°2 g

n L , (Egn. 3)

X

where As the dynamic visosity of air,d is here taken as the median particle diametey,
acceleration due to gravityl'is particlesize variant average pyroclast densityis the

density of air, and<is a nonrdimensional shape factor here taken as 0.5. Valuegaie
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obtained from the weltonstrained density measurements of a sample of layer 2A of the
Taupo ignimbrite reported in Lube et al. (2015).

Data of Zagainst radial distance from vertollapse remarkably well onto a universal curve
(Figure 5.1). A bestfit powerlaw fitted to the data is given by the following equality
(R?=0.925):

i Ls{&{unN*®4’ (Eon.4)

The particle settling duratiofse: can be obtained as the ratio of thenpduheight and the
terminal fall velocity. For the four samplecatiors the following durations resulfset
(Loc_5 at 14 km¥ 96.7 min;Tset (Loc_2 at 20 km¥ 115.7 min;Tsex (LOC_8 at 26 km¥
132.1 min; andTset (Loc_3 at 41 km}y 166.1 min. Thisshows that for thdocatiors
considered here, the typical pyroclasts settling tifag is approximately an order of
magnitude larger than the typical timescale of umbrella cloud transp@rand, thusTset

is more significant for the timescales of deposition.

On a side note it is interesting to compare terminal fall velocities of Y2 and Y5 at similar

radial distances from vent. For instance, at100 km the median terminal fall velocity for

Y2is c. 1.9m/s, while for Y5 it is as high as c. 5 m/s. These differences related to the strong
differences in median pyroclasts diameter at sarkeL JKOLJKWYVY WR H[WUDRUGLQTL
SRZHUY RI WKH FRQVLGHUDEO\ PRUH HQHUJHWABY < HUXS\
Walker (1980).

When plotting the terminal fall velocities for all tephra samples ftoeatiors 5, 2, 8 and

3 into Figureb.1 the following observations are made: in all sections but section 8 there is a
spread of Zof c. 1 m/s displaying the v&cal variability of the median particle diameter

(and to a lesser extend the effect of decreasing average solids density with increasing grain
size); the highestzvalues are close to those obtained from the samples of Walkera{1981
suggesting that whdte really systematically sampled was a bulk sample of the coarsest
proportion of each section; hbcation8, only half of the vertical samples shafvalues

close to those of the bulk sample of Walker (c. 3.9 m/s). The other half\relges as low

aslP V DQG WKXV DERXW D TXDUWHU RI WKDW RI WKH EXON
correspond to the lapiIEHDULQJ DVK EHGV WightbedsRand &sfieliE RW TV UD|
lapilli layers.
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These calculations pose a fundamental questiohoanfine ash and coarse ash to lapilli
particles settle to deposit synchronously on the ground. While the vast majority of samples
show grainsize distributions that are dominated by a main mode of coarse ash to lapilli
(Figure, 4.6), there is a considdsyy long finetail of very fine ash and dust. Given the
caution taken during careful ba@ampling, sample transport and vgetving procedures it

is unlikely that the ash content is explained by sample handling. However, there is a
systematic decrease ishacontent with radial distance from vent and its virtual absence in

the distalLocation3 at 41 km from vent.
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To interrogate the conditions of synchronous lapilli, coase and fineash deposition,
Figure5.2 compares graphs of terminal fall velocity against gsae for an fineash poor
coarseash to lapilliddominated sample that is characteristic for theonitgj of Y2 samples
(sample 2 olocation8), a lapill-bearing fineash layer (sample 5 dfocation8) and the

dilute gravity current deposit (sample 9lafcation8). For the calculation of the terminal

fall velocity for each sample and each full phiigrsize class, a bulk pisize classaveraged

particle density is computed using the componentry abundance and their mean componentry
class particle densities. The finpgor sample 2 shows an overall decrease in terminal fall

velocity with decreasing gnaisize.
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Figure 5.2 Graphs of terminal fall velocity against grain size for selected beds from Location
8. A) fine askpoor bed, B) coarse ash bed, C) lapilli dominated bed

However, there is a broad plateau of approximately constant terminal fall velocities of c.
3.58.8 m/s that occurs over three #pli size classes (that4%, 0 and 1 phi; Figurb.2a).

This grainsize range corresponds to the dominant size classessahipk that constitute

its main mode. This size range also includes the main modes of tueimity components

and highdensity components and shows that damd highdensity particles settled in
aerodynamic equilibrium. For the strongly bimodal sam@)eterminal fall velocity
monotonically declines from2 to 1 phi, but shows a plateau of approximately constant
velocity for the 1 and 2 phi size classes (Fighih). These mediunto coarse ash sizes
constitute the coarsgrained of the two modes tife sample. This observation is consistent
with the interpretation of a fully turbulent and denstyatified gravity current where

settling of the large particles would occur in aerodynamic equilibrium. In contrast, for the

78



bimodal askrich layer 5 theterminal fall velocity decreases monotonically with decreasing
grain-size and there is no evidence for aerodynamic equilibrium in the settling of kpalli

coarse asiized particles (Figurg.2c).

A possible explanation for the high fiash contentfothe coarsesh to lapilli dominated

fall in proximal to medial reaches is that the coarse particles settled out of the umbrella cloud
and fell through lower atmospheric levels that were charged with a large proportion of fine
ash originating from the v and/or outer margin of the ascending eruption column. Dilute
gravity currents and wind would have dispersed this fine ash for several tens of kilometres.
In this situation, the fine ash accumulated as a background sedimentation to the umbrella
cloud sednentation. Under the condition of a moist atmosphere,-dsfte could have
adheredo and coated coarse patrticles settling from the umbrella cloud. If that is the case,
there should be a dependence of the surface area of the coarse particles settlihg from

umbrella cloud and the proportion of very fine ash present in the sample.

To test this idea, the cumulative surface area of all pyroclasts #b tieel phi grainsize
range (making the main mode of the grsire distributions) per cubic metre wasrputed
from the grairsize distributions of all samples. This normalized surface area of the-coarse

ash to lapilli size range, &, is plotted against the abundance of very fine ash in Fig8re
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Figure 5.3 Graphs plotting surface area @nagainst <63um (weight %) for Locations 5,

2, 8, and 3. Black dots are lapilli samples, purple diamonds are ash samples. Location 5 is
14km from vent, Location 2 is Zn from vent, Location 8 is 26n from vent, Laation 3

is 41km from vent.

This shows that for the majority of Y2 fall samples the amount of very fine ash present in

the samples is independent of the surface area of coarse particles. Also, the content of very
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fine ash decreases strongly with radiatafige from vent. These findings agree with the
interpretation that very fine deposits as a background sedimentation from a dusty lower
atmosphere (Fige, 5.4). However, the astich samples ofLocation 8 show a strong
positive correlation of the abundanafevery fine ash with ASCT (Figur®.3). This could

indicate that a large proportion of fine ash present in the atmosphere adhered to the surface
of large particles during their settling. The presence of a moist atmosphere, if for instance

local rain shavers or rain clouds were present, would have enhanced this process.

Figure 5.4 Schematic demonstrating particles settling out of plume (dark grey) through a
dusty lower atmogpere (light grey.Particles fall, indicated by arrows, through weather
systemgblue clouds) creating a surface for ash to stick to (grey particswn by S.
Tapscotffor this thesis

52 7\SHV RBNURFODVW RI WKH7KHDW G
*HQHVLV

At any level in the three studied tephprofiles, the componentry analysis revealed the
presence of a wide range of pyroclast textures of juvenile clasts and a variety of
petrologically distinct, foreign lithic material. In order to allow for a discussion of the
temporally evolving dynamicsfohe Y2 eruption irSection5.4, this section aims at using

the textural characteristics and the relative abundance of the different component classes to
provide an interpretation of their origin and formation. Sectioh.1 examines the
characteristics fahe juvenile components to discuss and interpret differences and possible

relationships of their formations. This is also reviewing the results of detailed textural studies
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reported from other Plinian deposits. Sectto®.2 provides a discussion of thariety of
foreign lithic material present in the Y2 leading to an interpretation of the likely crustal

depths of origin of different types of foreign lithics that are seen in the deposits.

5.2.1 Characteristics and Formation of Juvenile Component
Textures

Textural studies of juvenile pyroclasts formed during lamggnitude explosive eruptions

have highlighted the concurrent deposition of clasts with a variety of macroscopic and
microscopic characteristics. In combination with analogue experiments on magma
vesculation and fragmentation, geochemical analysis and theoretical modelling, these

characteristics have been used to reconstruct the pyroclasts genesis with regards to:

x Decompression, volatile exsolution, vesiculation and acceleration of magma during
its ascent (Sparks, 1978; KaminskiJaupart, 1997);

X Vesicle nucleation, bubble coalescence and the development of permeable pathways
for prefragmentation magma degassing (K&agCashman, 1996);

x Development of laterally variable shear, brecciation, microlite crystallization and
deformation of the ascending vesiculating magma due to frictional interaction with
the conduit walls (Polacci et al, 2001; Shea et al., 2012);

x Strong changes in rheologyn@ conditions of magma fragmentation (He&s
Dingwelt, 1996; Lejeune&k Richet, 1995; MourtadBonnefoi & Laporte, 1999);
and

x Postfragmentation bubble expansion and contraction processes (Houghton et al.,
2010; Rotella et al., 2014).

Houghton et al. (20)0presented a first systematic study characterizing different juvenile
pyroclast textures in th€aupo232 CE eruption products and examining their differences
associated with the seven dry magmatic and phreatomagmatic eruption stages Y1 to Y7
(Eruption Z) They applied a combination of macroscopic and microscopic textural
characterisations and pyroclast density measurements to distinguish five main classes of
juvenile pyroclasts: (1) white, microvesicular pumice with dominant eegleagied bubble
shapes; Z) white, microvesicular pumice with dominant elongated bubble geometries, (3)

white, coarsely vesicular pumice with dominant egisdnatped bubble geometries; (4) white,
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coarsely vesicular pumice showing dominant elongated bubble geometries; and (%3.dense
700,100 kg/m), grey clasts with sparse and deformed bubbles.

In this study, the occurrence of equahtiped to elongated vesicle texture in white
microvesicular and white coarsely vesicular pumice was also observed. However, due to the
characteristically continuous variation of bubble shapes from equant to highly elongated
endmembers, the first four classes of Houghton et al. (2010) were combined into two readily
distinguishable groups of white microvesicular pumice (C1) and white edparssicular
pumice (C2). Further, instead of one large group of grey juvenile pyroclasts with a wide
UDQJH RI SDUWLFOH GHQVLWLHYV LQ WKLV VWXG\ WKH pJl
individual groups. These are: grey, kuensity (c. 368830 kg/m®) pumice (C3);
intermediate density (c. 8a0,600 kg/mi) banded pyroclasts (C4) with bands of white to
light grey highly vesiculated, relatively undeformed vesicles alternating with grey bands of
strongly deformed, variably vesiculated material argy dpands of relatively dense, vesicle

poor glass; and light to dark grey and brown, dense obsidian (C5).

White pumice€£1 and C2 are the most abundant pyroclasts by volume (togethet8€. 70
vol%) and weight (together c. 455 wt%) in all of the three stiied sections. Overall, and

with the exception of the lowermost and uppermost proportions of the tephra sections, C1 is
typically five to ten times more abundant (by weight) than C2. Both pumice types were
observed to be markedly sparse in microlite cantéicroscopic analyses showed that the
microvesicular pumice C1 is dominated by small (tens of microns) and overal little
deformed vesicles. Larger bubbles (hundreds of microns) occurjrghdeformed bubble

walls, but are rare. In comparison, thin smt$ of C2 clasts showed a markedly larger
proportion of large bubbles (hundreds of microns to several millimetres in diameter); small
bubbles still occurred but were proportionally fewer; bubble walls were thinner than in C1,
strongly deformed and showedntracted shapes. Similar textural characteristics have been
described in microvesicular and coarsely vesicular pumices from other Plinian deposits (e.g.
Klug & Cashman, 1996; Polacci et al., 2001; and Shea et al., 2010). The general
interpretation has le® that microvesicular (lowest density) pumice records a less mature
bubble vesiculation stage during very rapid magma ascent than coarsely vesicular (second
lowest density) pumice at slightly lower ascent speed, where bubble coalescence is more
advanced.This interpretation agrees with the observations of reduced bubble wall

thicknesses in C2 and also a narrower clast density distribatioha smaller mean clast
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density in C1 pumices than in C2 pumices (Figutel2). The predominance of C1 pumice
with a low degree of bubble coalescencerdfore indicates that bubble coalescence
occurred shortly before fragmentation, and, as suggested by Houghton et al. (2010), points

towards a very rapid overall magma ascent through the conduit.

p*UH\Y P LriebjRvenié\cldstsThin-section analysis showed that components C3 and
C4 have markedly larger abundances of (several mictotsns of microndong) microlites

than C1 and C2, which gives these clasts a light grey colour. This interpretation agrees with
analyses of several other Plinian deposits that contain different proportions of white and grey
juvenile pyroclasts populations (e.g. Pallister et al.,1992; Gardner et al., 1998; and Polacci
et al., 2001). In these studies, grey micrelith juvenile chsts have been described as
showing strong shear deformation structures, thick bubble walls,-sbkéswsed bubble
WH[WXUHV DQG WKXV DQ RYHUDOO KLJK GHQVLW\ 7H[WX
the 1991 Mount Pinatubo eruption (Polacci et2£)Q1), the 1980 Mount St. Helens eruption
(Klug & Cashman1994 and the AD 79 eruption of Vesuvius also showed a concurrence

of tens of micronsto millimetrewide domains of relatively undeformed, moderately
deformed and strongly deformed vesicles tiatur in close proximity to another in planar
fabrics. These features have been attributed to strong shear due to the frictional interaction
of the foaming magma with the conduit margin, and in particular with shear partitioning into
high- and lowshear phnes parallel to conduit walls creating the observed clast banding
(Polacci et al. 2001).

The above described textural characteristics coincide with those found in microscopic
analysis of the intermediate density C4 clasts in Y2 (cf. sedt®)n This aso includes the
wealth of pumice textures from highly vesiculated to extremely stwbapsed and thus
dense fabrics occurring in immediate contact with another in shear bands -&kisteace

of low-density and higidensity zones in a single pyroclastiaheir variable proportions in
different C4 clasts explains the intermediate clast densities and their wide range frora c. 800
1,600 kg/mi. C4 typically makes less than one to a few percent (by weight) of the deposited
pyroclast cargo in any one sampl&, @e other grey microliteach juvenile pyroclast type,

is two- to tentimes more abundant than C4 in Y2. C3 is denser than €C2iTable4.1),

but considerably lighter than C4, which is well explained by their abundance of moderately
sized, little deformed spherical bubbles of relatively uniform diameter (804@icrons),
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next to larger (hundreds of microns) owsidaped bubbles that arepsirated by extremely
thin bubble walls, and their abundance of (heavy) microlites and larger phenocrysts.

The growth of microlites in grey pumices has been attributed to sudden decompression
following the development of permeability in the vesiculatinggma (Klug& Cashman,

1994). The presence of microlites in grey pumices have been proposed to aid the nucleation
of bubbles, to increase magma viscosity and through hindering bubble coalescence
SRWHQWLDOO\ OLPLWLQJ WKH XSSHUMLIH&IHDhE&N, RI IUDJP
1994. In fact, C3 clasts show a walkfined unimodal graksize distribution with a
common mode in the-2 mm size class and maximum clast sizes not exceeding 16 mm.
Because C3 clasts have densities intermediate betweeshkavedwhite pumices and
highly sheared C4 clasts, they may represent a proportion of the ascending and foaming
magma that is situated inbetween the-ewnsity/lowshearing central conduit region and

the highly sheared conduit margin zone. In this redamalized shear would be high enough

to allow bubble wall rupture to cause degassing and microlite crystallization, but too low to

strongly shear the bubbles (as would occur closer to the conduit walls).

Thin-section analyses of selectetsidian clasts (C53howed a complex internal texture

that is not discernable on the macroscopic scale. This revealed the occurrence of irregular
shaped millimetersto centimeterdong schlieren structures composed of clastic glass and

crystal fragments and with nesharp cotacts to surrounding obsidian glass properFeg

4.13. Obsidians also contain fracture zones that cut (and postdate the formation of) schlieren

and obsidian glass. Similar textures were reported in pyroclastic obsidian frarbtie&40

Mono Craters miptions (Newman et al.,, 1988; Rust et al, 2004). These textures were
attributed to a brittle magma brecciation in contact with the conduit walls, where degassing

along the brecciated zone next to the conduit margins is buffered by a sustained vapour flux
IURP WKH PDJPD DQG RFFXUV WKURXJK 3KLJKO\ SHUPHDEO
ZDOOV" 5XVW HW DO 7KH\ DOVR UHFRJQL]JHG WKDW W

along the conduit margin.

A Tentative Conduit Model for the Y2 Eruption
The fine-scaled sampling, graisize and componentry work and the associated microscopic
characterisations on the three Y2 tephra sections provide already classified argizgrain

separated pyroclasts material for future quantitative microtextural analysescduid
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include, for instance, measurements of component vesicularity, glass and bubble fabrics and
microlite content of the different componentry classes. These analyses will be needed to
develop a quantitative conduit model for the Y2 eruption, whichnba®een the focus of

this research. However, in the followirtbe existing data are combined with current conduit
models of Polacci et al. (2001) and Shea et al. (2012) to build a first qualitative and testable
framework for a Y2 conduit model.

This shieme focusses on the horizontal variations in the properties of the vesiculating and
accelerating magma in the conduit just prior to magma fragmentation. In this region, due to
increasing bubble nucleation and growth and friction with the bounding condiig,
characteristic horizontal velocity (and associated shear) and density gradients result in the
norntNewtonian meHoubble flow as illustrated in FiguEe5. In terms of velocity, this grades

from a fastest, lowesthear conduit core region, over arjaagént slower, moderate shear

region to a lowest velocity, higthear region that includes an extreshear boundary layer

in contact with the conduit walls. The horizontal velocity gradient feedbacks with the degree

of bubble coalescence (being lowertie faster core than the slower adjacent regions). Due

to laterally increasing shear, resulting bubble deformation results in a strong horizontal
density gradient, which acts as steepening the buoyeomyolled (and viscosity

controlled) velocity profileduring ascent. The fastest (leskear), lowdensity core region

underwent late stage nucleation with immature bubble coalescence producing
PLFURYHVLFXODU p& PDJPDYT ,PPHGLDWHO\ DGMDFHQW
sheared region, bubble coalesce is more advanced at similar depths. Mild slgeadients

deform bubble walls and enclosing vesicl8SURGXFLQJ p& PDJPDY )ROORZLC
(Figure 5.5), vertical variation in the fragmentation level can account for changing
SURSRUWLRQV&RIPDPEPDR LPPHGLDWHO\ SULRU WR IUDJPHC(

with decreasing fragmentation level).

Moving closer towards the conduit margin, an even slower region is envisdged w
moderate shear localizes into wide shear bands causing the vesicolaggma to develop
permeable pathways that cause decompressduced microlite growth (Klug Cashman

1994. Microlite growth enhances bubble nucleation, while hindering bubble coalescence
FUHDWLQJ WKH ULSHQHG p& PDJPD fser io\t& colidait, @heaX E E O H
deformation of bubbles and localization of shear into shear bands dominates magma
GHIRUPDWLRQ DQG SURGXFHV p& PDJPDY HJ 6KHD HW I
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wall, extreme shear is causing magma brecciation andc¢bgpwration of brecciated glass,
crystal and country rock fragments into annealing magma that is creating permeable
pathways at the conduit wall and, upon fragmentation, C5 obsidian as per the model of Rust
et al. (2004).
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Figure 5.5 Tentative conduit model displaying mntal density gradienin two views; a
vertical profile (left) and a horontal profile (right)assuming a conduit radius of 5@

Black arrow indicates magma ascent, red line indisatelocity profile, red dashed line
indicates fragmentation level, orange colour indicates C1 region, striped orange and light
orange indicate C2 + C2 region, light orange indicates C2 region, grey indicates C3 + C4
region, purple indicate€5 region.Values are the volume of each component/ group within
the conduit in percentage. Drawn by S. Tapskutthis thesis

100m

This tentative (close to fragmentation) conduit model, of linking pyroclasts textures to a
horizontal gradient in the density of the vanalhaturely vesiculated magma that is
overprinted by horizontal gradients in shear arising at the magma/conduit wall contact, is
inspired by the transient conduit model for the AD79 eruption of Vesuvius (Shea et al.,
2012). Under the assumption that thisdelis valid, the graksize, componentry and clast
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density data for Y2 can be used to estimate the radial extents in the conduit of the proportion

of Y2 magma prior to fragmentation that will result in C1 to C5 pyroclasts. For example, the

fine ashpoor ample 8 ofLocation8 is representative for the typical form of the grsire

distribution and componentry distribution for the majority of analysed Y2 samples. For each
juvenile componentry class, the determined total componentry class mass can beadombin

with the average component class density to derive the volumetric proportions of C1, C2,

& & DQG & upPDJPDY $VVXPLQJ WKDW WKH VDPSOH FRQ\
the fragmented magma at a particular time (that is, it has not beencsigtiyfialtered by

particle density grading during transport in the umbrella cloud) the component volume
proportions can be converted into tdwnensional area proportions. Considering a
cylindrical conduit with a 50 m radius, the little sheared, lovdestv LW\ u& PDJPDY ZRX
occupy an 18 to 4t radius central region (varying with the C1/C2 ratio); the second lowest
GHQVLW\ p& PDJIJPDY HIWHQGV RXW WR F P WKH PRGH
PDJPDY ZRXOG H[WHQG IURP F sra#ialMyiRcrEasing deRsiy;@vkileV KR Z
WKH HWUHPHO\ VKHDUHG DQG EUHFFLDWLQJ p&a PDJPDT
MERXQGDU\ OD\HUY DJDLQV VnWiswticEiR&r&HdeFigu6.%). ZKLFK

5.2.2 Petrological Characteristics and Crust al Depth of Origin of
Foreign Pyroclasts.

7KH YDULHW\ RI OLWKLF OLWKRORJLHYVY VHHQ LQ WKH <
subsurface geology below the Y2 vent. Through componentry analysis argbthion
microscopy, ten petrologically distineypes of foreign lithics were distinguished and
VHSDUDWHG LQWR WKUHH EURDG JURXSY EDVHG RQ WKH
MLQWHUPHGLDWHY DQG PMGHHSY OLWKLFV

I6KDOORZY OLWKLFYVY DUH FKDUDFWHULVHG &\canQittteEVHQFH
the most abundant group (c. 9000% of all lithics) and are present in all samples. In order
of abundance, shallow lithics include: rhyolitic lava (c.9%8)) welded ignimbrites and
volcanogenic breccias (c. ¥0), and obsidians and alterpdmice (c.10 7KH pVKDOORZ!
group is interpreted to be sourced from upper crustal levels of a few hundbext based
on the dominance of rhyolitic lava fragments. These are interphetedo constitute the
same shallovseated lava dome rocks found as lithicshi@ Taupo ignimbrite (Cole et al,

7TKH QH[W PRVW DEXQGDQW uVKDOORZY OLWKLFV O]

fragments that are similar in characteristics to those identified and linked to the Whakamaru

87



Formation by Cole et al. (1998). Also fQuUG p%URZQ ,JQLPEULWHY OLWKLFV F
the lowest member of the Waiora Formation (Cole et al. 1998).

M, QWHUPHGLDWHY OLWKLFV FRQVWILWIX8) ldnd\ir€lbdeyep VW D E X
hydrothermally unaltered lacustrine sedimentshef Huka Formation and hydrothermally
DOWHUHG JUHHQ VDQGVWRQH TXDUW]JLWH DQG DOWHUHG L
group are estimated to originate from depths betwed00mn and cl1.5km. The lower

depth boundary is based on the tgbidepths of the hydrothermally unaltered lacustrine

sediments of the Huka Formation (that were found very sparsely in Y2) and adtéchs

the cap rock for the hydrothermal fields like those near Wairakei and Tauhara. The Huka
Formation was deposited prito, or immediately afterthe 25.5ka Oruanui eruption when

the Taupp5SHSRURD EDVLQ ZDV RFFXSLHG Bilspn,R2004 Balk&k D O0DQY
HW DO 7KH HVWLPDWHG ORZHU ERXQGDU\ IRU pLQWH
depths of the hyrothermally altered sediments and altered andesites is estimated based on

the presence of altered minerals. The green hydrothermally altered sediments are interpreted

to be coloured due to the presence of either epidote, chlorite or actinolite, angeararyi

inferred depth of at least c.1k& corresponding to the 250 +300°C temperature needed

in pressurised hydrothermal systems to produce these minerals (Walshe, 1986; Pers.
Comm., Colin Wilson 11/08/2020). However, the extremely low abundance of
LOQWHUPHGLDWHY OLWKLFV LQ < PDNHV LW XQOLNHO\ WR H
below the Y2 vent. Instead, these lithics are here interpreted as being accidentally
incorporated from the overlying deposits, most likely those related to tren@reruption,

which dredged up a large portion of green hydrothermally altered clasts and andesites.
JROORZLQJ WKLV LQWHUSUHWDWLRQ dLQWHUPHGLDWHY O
depths and do not represent wall rock that became incorporagetbdhe rupture of a

hydrothermal field during the Y2 eruptive episode.

7TKH WGHHSYT OLWKLF 1UD fp\Withe Quetak IRHRCAr&riidivamdrisicdrn@Qriced

of two types of microdiorites (cEection4 7KH PGHHSY OLWikhatedidJRXS LV k
encompass a depth range ot &km to ¢.5 km. The poorly defined upper depth boundary

is based on the absence of hydrothermal alteration. The estimate of the lower depth boundary

is that of the currently inferred approximate upper boundathefthyolitic crystal mush

system at Taupo (Brown et al.,, 1998; Barker et al., 2015; Allan et al., 2017). The
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incorporation of these plutonic lithic fragments is here interpreted as the result of excavation
of a pathway for the rising magma from the mashe towards the surface.

53 &KURQRVWUDWLODDNRKUMFRIFKURQRXYV
'"HSRVLWLRBQ L@ AHSRVLWYV

The identification of chronostratigraphic time markers in Plinian fall deposits can provide
an important tool for the reconstruction of the temporallglving eruption dynamics and

the associated temporally evolving hazard footprints. In computational plume models, such
time markers could provide reaforld testbeds for the benchmarking and validation of
hazard mode|such that they can be deployed fidently for public safety.

For some plinian deposits, abrupt or transient vertical changes in pyroclasts composition
associated with the withdrawal of magma from chemically zoned magma reservoirs have
provided such time markers (eg. Hildreth, 1983; Elicarger, 1980; Drui& Bacon, 1988).

7KLV KDV DOORZHG pWLPLQJYT GLIITHUHQW VWDJHV RI 30L¢
with the formation of hazardous pyroclastic density currents (e.g Freg€siilson, 2005).

However, many Plinian deposits dot provide such obvious geochemical time correlatives

and are instead characterized by an overall vertical monotony. The Y2 is an example of such

a monotonous plinian deposit.

In this research, vertical changes in the proportion of different pyroctpss twere
quantified through finescaled and continuous b@ampling and subsequent peaaunting

of three Y2 tephra sections. Interrogation of the componentry datasets shows that, in all three
tephra profiles, there is a sudden increase over a narr@htirgierval in the otherwise
monotonously lowabundant C4 component (Figuse25). In all three sections, this spike

in C4 pyroclasts occurs synchronous with the position of the local maximum of the ratio of
microvesicular and macrovesicular pumice C1{Eigure 426), and the local minima of the
DEXQGDQFH RI1 pGHH 827).Ob&Werti¢aV corjdspotitleidce of these three
parameters allows for the unambiguous correlation across the analyzed tephra sections.
Furthermore, this shows that the ¥&uption can be subdivided into two tinmgervals: a
ILUVW SKDVH ZKHQ WKH DEXQGDQFH RI pPGHHSY OLWKLF
microvesicular pumice over macrovesicular increased; and a second phase of opposite

trends.
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The vertical position ofthis componentnpased chronostratigraphic marker occurs at
different absolute and relative heights in the three tephra section: atim @9 25% of

total thickness) atocation5; at c. 6acm (c. 40% of total thickness) dtocation2; and at

c. 10cm (c. 50% of total thickness) dtocation8 (Figure 5.6a). In general, a decrease of

the absolute height of any chronostratigraphic marker with increasing radial distance from
vent (that is fromLocation5, overLocation2 toLocation8) is expected. Hower, because

of the similar deposition onset at all thréacatiors (see sectiorb.l above for an
approximation that deposition onset should only differ by a few tens of minutes) and the
similar deposition cessation (marked by the overlying Y3 tephra wiitimalication of a
pronounced time gap), the relative (normalized) height of chronostratigaphic markers should
be approximately similar and invariant with radial distance from vent. Fig6beshows

that this is not the case.

= chronostratigraphic marker sample gravity current deposit (sample 9)

%
// C2*-bearing samples (samples 1 and 2a)

7

location 5 location 2 location 8 location 5 location 2 location 8 location 5 location 2 location 8

Figure 5.6 Vertical profiles ofLocatiors 5, 2 and 8 showing chronostratigraphic markers.
A) true height, B) normalised height and f@)calculated normalised heigtbrawn by G.
Lubefor this thesis

The vertical componentry analysis also revealed the upper two samples (that is the upper c.
61 cm) ofLocation5 show the occurrence, and increase with height, of transparent and thick
bubblewalled pumice. This component (C2*) is completely absent fraridtver profile

and does not occur at alllawcatiors 2 and 8. Further, the upper 61 cnio€ation5 show

C1/C2 ratios smaller than 1. Elsewherd_atation5 and atLocatiors 2 and 8 above the

chronostratigraphic marker, C1/C2 always takes values db@vigure 4.26). This suggests
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there are no time correlatives for the upper 61 cm of the tephra profilecation5 at

Locatiors 2 and 8. Different explanations for this finding include an overall change in wind
direction from WSW to W during eruptionpRJUHVVLRQ DV DOVR LQGLFDWHG
isopleths data (Walker 1981 and/or limited downwind advection of pyroclasts in the
umbrella cloud during the late stage of the eruption. Subtraction the upper Gbm

Location5 shows that the recalcutat relative (normalized) position of the Sgike (also

WKH & & PD[LPXP DQG PGHHSY OLW &ltHe tBtal Ghickn¥d? inRFF X U\

agreement witt.ocation2 (Figure5.6c).

Sample 9 ofLocation 8 constitutes a poorly sorted pumigearing ash ler. This layer
corresponds to the narrow, laterally thinning and vesiculated ash bed identified by Talbot et
al. (199), which they explained as the deposit of dilute grelmadging gravity current that
propagated in a roughly easterly direction from\bat. Adapting this interpretation, and
because the relatively fast deposition of such a gravity current (several minutes in
comparison to several hours for the fall sequence) is a different process to the tephra
accumulation by fall from the umbrella cibuthe thickness of the gravity current deposit

has beesubtractedrom the recalculated relative (normalized) tephra profild_otation8

in Figure5.6¢c. This shows that the recalculated relative (normalized) position of the C4
spike (alsothe& & PD[LPXP DQG UGHHSYT OLWKL®% d?th®@ttaIXP RFF
thickness. The very slight difference between the positions of the chronostratigraphic marker
(that is c. 40% of total thickness dtocatiors 5 and 2 vs. c. 4% of total thickness at
Location8) is readily explained with minor differences in local sedimentation rates of coarse
ash to lapilli dominated fall and ashch beds that occur &bcation8.

54 < (UXSWLR@ROXWLRQ

The here reported data is used to reconstruct the c. 1XldmaurY2 eruption. After
development of the c. 30 km high plume, the umbrella cloud was initially advected by
westerlysouthwesterly stratospheric winds (Wilson et al., 19%8son &Walker, 1985)
passing the most distabcation 3 less than half an hour aftumbrella cloud advection
commenced. After umbrella cloud overpassing, particle settling on the ground would have
started around 1.5 hours laterLatcation5 (most proximalocation) and 2hours later at

Location3 (most distalocation).
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