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Mt. Ruapehu is Te Whare Toka o Paerangi (The HotiStone of Paerangi, N Rangi ancestor), Matua te
Mana (The Powerful One; “Mana” means prestige amdlering, spiritual power) in Ngi Rangi maori
culture. The Waikato-iti stream, in the Rang[pesert, is Te Onetapu (sacred place) whergtNgangi people
rise their “karakia” to the volcano, their ancestor



Dedicated to the Niji Rangi Iwi on behalf of all the indigenous comritigs living around active
volcanoes in the world, who constantly teach usiatiee unfolding of life, the dynamic
interdependence between people and the environarehtiow to integrate all sources of knowledge
to consciously and truly build sustainable commiaasit

He Ruruku: Mai ara ra!

Mai ara ra! Mai ara ra!
Mai ara ra te Tupua!
Mai ara ra te Tawhito!

Tenei au
Tenei au te rangahau ana, ki te ao, ki i@ p
Kia Ranginui e iho nei,
Kia Papatuinuku e takoto ake nei.

Mai ara ra, mai whea radku ahunga mai?
Tahuri whakataumaha, huri whakaima
E te Kzhui Maunga ko wai ra koe?

Ina, Matua Te Mana te aunahigiaata natahi
Pikimai Rawea te kai-kukume ake matua whewuaai

Te rongo nei ia i,
Te rongo nei ia iha me hukadtairango.
Tina, tina toko te manawa ora, he manawa ora!

Ko te Roi-a-Rangi mo Rua-te-Tipua
Ko te Roi-a-Rangi & Nukuhau e
Te patukituki ka &z whakahirahira kthui Maunga m.

Ko toka pokohiwi ka hora maru tapu, e Nguri-o-Murimotu
Te ahi l& o Paerangi i te Whare Toka
Te puta mai te Bhui-o-Rangi, te Khui-a-Rua
Tona hekenga mai i Te WaHMoe ki Paretetaitonga
Ko te ara hekenga, ko te ara hokinga ma ng kotuku
Ka tuku, ka tuku atu i righau kaha ia Parakakariki, ia Mouwhakaarahia

Hei tohu, hei whakaatu ki te ao!
Whiti, whano, hara mai te toki!
Haumia! Hui e!
Taiki e

! Karakia (i.e. prayer) offered by Ngati Rangi lwiNit. Ruapehu, their ancestor. Provided by Che akils
Ohakune 2011, Aotearoa.



ABSTRACT

A new detailed stratigraphy was developed for aieege of pyroclastic deposits including
the largest known eruptions associated with Mt.feba, deposited in the period ~27-10 ka
BP cal. From the largest Plinian eruption depositsthis sequence, subtle lithofacies
variations within componentry, pumice textures asatlimentary features were used to
identify a systematic change in eruptive conditiomer time. Early eruptions involved steady
eruption columns, while younger eruptions involwetsteady, collapsing columns. Isopach
and Isopleth (pumice and lithic) mapping of mostlegpread and distinctive units show that
the largest explosive eruptions known from thiscaob attained peak column heights
between 22 and 37 km, with mass discharge ratehirea10-10° kg/s.

To characterise the conditions controlling the estgf Plinian eruptions at this andesitic
volcano, and to explain the systematic variatiocaotumn stability over time, five key units
were sampled in detail, exemplifying the major casting lithofacies. The sampled tephras
underwent grain-size analysis, along with quardtfan of componentry, porosimetry and
density on particles of a range of size classegjedisas 2D and 3D microtextural analyses of
juvenile pumice clasts to define vesicularity amgstallinity. In addition, physiochemical
factors such as melt-evolution and volatile-cordemere determined by analysing bulk
pumice, glass-inclusions and residual glasses walbctron microprobe and FTIR-
spectroscopy.

Bulk compositions of these tephras vary from basaltidesite to andesite (56-62 wt.%,
Si0y), and had minimum pre-eruptive,® contents of 4-5 wt.%. The evolution of eruption
behaviour over time was not correlated to any msgive change in bulk geochemical
properties, but instead resulted from variationsphysical processes within the conduit.
Ascending magmas experienced heterogeneous buhbbleation, and later-erupted units
showed increasing degrees of rheological heteragemedeveloped across the conduit.
Differences between units were due to changeseimiiigma decompression rates, the degree
of bubble-crystal-melt interactions and bubble singa as well as the composition of the
residual melt. Conditions that led to the mostafale physical states of the magma reaching
the fragmentation level resulted in the highestialality in pumice textures, the greatest
range in styles of fragmentation, and the mostalmsteruption columns.

A new model describing the pre-eruptive magma gmnr&gion, conduit processes, magma
fragmentation, and pyroclastic dispersal duringiBh eruptions at Mt. Ruapehu is proposed.
This hypothesises that eruption column unsteadiardscollapse occurs when magma shear
reaches extreme levels along the conduit underitonsl of low isolated porosity (<3
vol.%). This situation also generates the worsedaazard scenarios expected for Ruapehu,
eruptions, where Plinian columns of over 30 km mpeyduce widespread tephra fall, as well
as partially collapse to generate pyroclastic dgrsirrents of over 15 km runout.
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Figure 3.2 Deposits at location 14 (Appendix A), not includedthin the original definition of the Bullot
Formation but indicating similar eruptive behavidhick pumice lapilli fall beds are found belowa) the
Kawakawa Tephra or fluvial deposits reworking tigighra, andb) the deposits described by Donoghue (1991)
and Donoghue et al. (1995b) as the first unit{IXtoe Bullot Fm... ... e 44

Figure 3.3 Bullot Formation as seen on the eastern Ring P&ihower part of the studied sequence, 15 km
from Crater Lakeb) Middle part of the sequence, 17 km from Crater Lakeortant markers are shown: the
Okataina caldera Rerewhakaaitu (Rw) and Waiohau) féfihras, Mt. Ruapehu Okupata Tephra (Okp), and Mt
Tongariro Pahoka Tephra (Pk}d) Upper part of the sequence, 15-17 km from Crat&elL&lg-1-2: Ngamatea
Lapilli 1-2 as defined by Donoghue (1991) are th& kubplinian eruptions from Mt. Ruapehu beforedhset

of the most explosive period of Mt. Tongariro, eggnted by the Pahoka-Mangamate sequence, aseztibfi
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Figure 3.4 Figure 3.4 Hokey Pokey eruptive urdl General stratigraphic profile of the Hokey Pokeyptive
unit b) HP subunits (HP-1 to 4) ~9 km from the vent, vifie main lapilli fall deposits and interbeddednti
stratified diluted lahars and fluvial deposit¥;Bread-crust bombs in the main Plinian fall depoaite common
in the first 10 km from the vent. Solid lines reggat regionally exposed, major discontinuities fiing eruptive
units, and dashed lines indicate locally exposeihomdiscontinuities separating deposits of erugtiv
phases/pulses within the same UNIt ... e 52

Figure 3.5 Post-Okareka, pre-Rerewhakaaitu eruptive unitolXVI as:a) exposed within 10 km from source,
showing the inner distinctive subunits as descrilmethe text. The white arrow points the 17,62525 £al
years BP rhyolitic markeh) Detailed deposits overlying unit IX, with the disttively pink fall bed of eruptive
unit XIlI; ¢) NW-SE stratigraphic correlation from unit IX to X\l) Exposure at a small tributary to the Upper
Waikato stream, showing the lateral facies vamatibthe inter-eruptive fluvial deposits: thick ¥ial sequences
commonly fill paleochannel StruCtures (ArrOWS) .......cc.oi it e e e e e 55
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Figure 3.6 General stratigraphic profile showing the eruptivaits IX to XVI, accumulated between the
Okareka Tephra (Ok) and the Rerewhakaaitu Tephva).(Rhe legend for the sedimentary structures & th
same as in Fig. 3.4. Solid lines represent regipeaxiposed, major discontinuities delimiting eruptunits, and
dashed lines indicate locally exposed, minor difiooities separating deposits of eruptive phasds#suwvithin
L 0TI U4 T= 0 T PP 56

Figure 3.7 Proximal deposits on the eastern slopes of Mt.pRhba showing angular discontinuities. There is
one distinctive above which unit XIIl was deposit®iv: 17,625 + 425 cal years BP, rhyolitic Rerekdwitu
BLIC=] o]0 = 1= U ] PP 57

Figure 3.8 a) Fall deposits of units XlIl to XIX as exposed atdia distances. Interbedded fluvial deposits
lateral facies variation is evident, with thickemgsences filling paleochannels) Zoom of the lithic-rich unit
XVII; ¢) Zoom of the lithic-poor Upper XVIII unitil-e) Stratigraphic correlation from unit XVII to XIX... 59

Figure 3.9 General stratigraphic profile showing the eruptivits XVII to XXII, as described in the text. The
legend for the sedimentary structures is the sarie kig. 3.4. Solid lines represent regionally @sgd, major
discontinuities limiting eruptive units, and dashédes indicate locally exposed, minor discontirast
separating eruptive phases/pulses within the Samhe.UL........ ... e 60

Figure 3.10 Units XVII and XVIII at location B49 (Appendix Ayhowing pyroclastic density current (PDC)
facies, characterised bg) poorly sorted, matrix-supported, block (bombs) andice lapilli deposits; blocks
and bombsk) have different degrees of oxidation and vesidtylausually showing vesicular cores and dense
riMS With radial JOINES ). .. .....e o e e e e e e e e 61

Figure 3.11 Deposits signalling the beginning of the Tukinaive Period: a) Zoom in eruptive unit XIX. b
and c show the overlying units XX and XXI, with ttistinctive dark grey, dilute lahar depositioraties ... 63

Figure 3.12 a) Eruptive units grouped within the Karioi Eruptiveridd (XXIII to XXVI) highly distinctive in
their high lithic content and lithic type varialbyj b) Zoom into the Shawcroft lapilli (Plinian phase of@igtive
unit XXVI), presenting bread-crust bombs of ~30 endiameter 10 km downwind the main SE depositional
lobe; ¢) Detailed stratigraphic profile of the eruptive wnXXIll to XXVI comprising deposits of th&arioi
= U] 01T ) =T =T T Yo PP 65

Figure 3.13 a-b) Stratigraphic correlation of units XXVII to XXIX, haracterized by well bedded deposits
shown inc-to-e; €) Matrix supported facies of unit XXVII, interpretexb resulting from pyroclastic density
LolU ] =T o 1 TP 68

Figure 3.14 a) Uppermost part of the studied stratigraphic recetmhwing the distinctive white lapilli fallout
bed of unit XXX and the widely distributed Okupdtephra (zoomed i), both formed during the Taurewa
Eruptive periodc) General stratigraphic profile showing the eruptivets XXX to the Mt. Tongariro sourced
Pahoka Tephra. The pyroclastic density current sigp@dPDC) of the unit XXI corresponds to the Pbura
pyroclastic flow of Donoghue et al. (1995a) .........uiuuiimmere et e e e e e e e 71

Figure 3.15 Pyroclastic density current (PDC) deposits witthie Okupata-Pourahu eruptive unit (Okp-Ph),
characterised by poorly sortéd), channel-infilling(b), matrix-supported pumice lapilli and bloc{d facies,
varying in thickness with diStan@) ......... ..ot e 73

Figure 3.16 Classification diagrams of the studied Mt. Ruapehits, based on key field criteria for lithofacies
correlation:a) Bed structurep) Dominant component;) Pumice colour, directly linked to pumice texturas a
L] 11011 o PSPPI 77

Figure 3.17 Schematic interpretation of the studied stratigiapécord, to visualize in a comparative way, the
most plausible eruptive styles for Mt. Ruapehu’plesive activity between the time of accumulatidntize
Hokey Pokey lapilli (younger than 27,097 + 957 gedrs BP and older than 24,800 + 500 cal years &),
the 11,620 + 190 cal years BP Okupata Tephra. TiheaP activity of Mt. Tongariro is firstly identiéd in the
interbedded Rotoaira units (as identified by Shetnal., 2008), followed by the here named “blagkllg, and
clearly beginning the series of major eruptiong fhraduced the ~11 ka BP cal., Pahoka-Mangamaigatieeu
sequence (Narin et al., 1998). The newly definegptre units: Mangatoetoenui (Mgt), Shawcroft (Sw),
Oruamatua (Oru), Akurangi (Ak), and Okupata-Pouré®iup-Ph) typically represent contrasting lithoti
associations and related eruption BENAVIOUT. ... ... .. eoci e .81
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Figure 4.1 Lithofacies association type 1, represented byMhagatoetoenui Tephra) Stratigraphic position
within the Bullot Fm., above the 21,800 + 500 ocadss BP, rhyolitic Okareka Tephita); Exposure 15 km from
source showing normally graded L-Mgt and massivégt-pumice lapilli beds, locally separated by syn-
eruptive fluvial deposits (IX-1d)g) Phases distinguished in proximal areas by coimigagrain-sizes;d)
Composite stratigraphic profile. Relative propantiof juvenile glass (J), crystals (X), and lithi¢9 are given
for the main Plinian deposits as vol.% based onpmrant analysis of 300 grains within 1, 2, ang 8ize
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Figure 4.2 Isopach maps fora) Mgt-Mangatoetoenui Eruptive Unit (lithofacies asisdion-type 1);b) Sw-
Shawcroft Eruptive Unit (lithofacies associatiopdy?2); c) Oru-Oruamatua Eruptive Unit) Ak-Akurangi
Eruptive Unit; €) Okp-Lower and Upper Okupata tephras(c-e: lithaacassociation-type 3); f) U-Pk-Mt.
Tongariro sourced Upper Pahoka Tephra (N: currggauxuhoe vent; R: current Mt. Ruapehu Crater Lake).
Contours are labelled within white squares and showcentimetres (cm), drawn on a proximal 5 m DEM
combined with a distal 20 m DEM. In black squarems of the local average field data values are sh@ee
Appendix B.1). Upper right sub-quadrants show tlataurs interpreted from field data to illustratee t
dispersion axes in relation to intermediate-disthan areas (e.g. Napier, Hastings) .........ccccoovoviinnnad 93.

Figure 4.3 Isopleth maps showing the distribution of lithinda pumice clast diameters in mra:b)
Mangatoetoenuig-d) Shawcroftie-f) Oruamatuag-h) Akurangi;i-j) Okupatak-l) U-Pahoka. Isopach traced
axis extrapolated towards the craters are shovenlifigures suggesting North Crater as the mostgtebvent
for most units, but not the youngest Okupata tephndnich originated from a vent closer to Cratekd,aand
the Pahoka tephra which was produced by Mt. TongaNC: North crater, CC: Central Crater, SC: South
Crater, N: Mt. Ngauruhoe (see Appendix B.2 for ctatefield data set) ...........coevivviiiiiiiii i, 95

Figure 4.4 Lithofacies association type 2, represented byShawcroft Eruptive Unit (Sw)a) Stratigraphic
position above the 13,635 + 165 cal years BP, itigdVaiohau Tephra (Wh)) close-up view at 10 km from
the vent showing the deposits of individual phasg§;ypical lithic-rich, coarse grained lithofaciestbe main
phase (i.e. Shawcroft lapilli) with bread-crust Hasmup to 30 cm in diameted) Proximal outcrop (5 km)
showing cross-laminated pyroclastic surge dep@Xix/I-1s) interbedded within the main lapilli fatleposits.
Note the impact-sag (sketched in e), under a hballdast, the crossed lamination and accretiorapjli
(arrows) in f;g) Composite stratigraphic profile. Relative propamtiof juvenile glass (J), crystals (X), and
lithics (L) are given for the main Plinian deposits vol.% based on component analysis of 300 guveiithsn 1,
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Figure 4.5 Bedded lithofacies association type 3, Oruamatud Akurangi eruptive unitsa) Relative
stratigraphic position above Sup) Individual subunits representing different eruptiphases within the
Oruamatua eruptivec) Lithic-rich Lower-Oru;d) Middle-Oru showing three bedsets indicating threain
fallout phases separated by fine ash (oscillatmlgrans or wandering plume effectg); Upper-Oru, partially
reworked here (B15 iN APPENAIX A) ... n ittt et e et et e e e e et e e e aae e e ens 100

Figure 4.6 Stratigraphic profile from the Oruamatua and Akgyieeruptive units showing lateral variation from
fall to pyroclastic density current deposits (PDC)......vu it e e e e e e 101

Figure 4.7 Uppermost studied units, comprisirg): the last known Plinian deposit sourced at Mt. Rimap
(Okp-Ph) and the first Plinian deposit of the Patdangamate explosive period of Mt. Tongariro (Uppe
Pahoka Tephra)p) Detail of the two main fall deposits forming th&upata-Pourahu eruptive unit (L-and-U-
Okp), separated by a co-ignimbrite ash at proxitoaehtions (and in the same stratigraphic positientte
pyroclastic flow deposit nhamed Pourahu member byhdgbue et al. 1999; Ph-1d bedj Composite
stratigraphic profile (See legend Fig. 4.4). Rektproportion of juvenile glass (J), crystals (&hd lithics (L)
are given for the main Plinian deposits as vol.%elbaon component analysis of 300 grains within, Bn2l 3¢
LS4 =8 = T 10 P 102

Figure 4.8 Upper Pahoka Tephra as exposgdin proximal locations (< 6 km from source) on tiw@theastern
slopes of Mt. Ruapehu. Note the dense, chilled i ypical facies at intermediate locations (13.5fkam
source), showing the detailed textures represettimghases described in the text ........................... 104

Figure 4.9 SEM images of juvenile ash grairg: Mgt juvenile, highly vesicular glass shardg; Sw poorly
vesicular glass shards. Note the conchoidal fractmd sharp edges zoomed on the uppermost-rigigeirogn
Oru coarsely vesicular shards with thick vesicldlsvaround large, irregular vesicles d) Ak platypkd and
poorly vesicular glass shardd;Okp fibrous glass shardd;Mt. Tongariro Pk glass shards...................... 106
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Figure 4.10 Whole-deposit isopach data plots for each erumhwwing:a) Thickness vs. Isopach ardsg;Log

(T) vs. Distance expressed as (Isopach Afeaidividual eruptive units show two to three indival segments
with different slopesc) Mangatoetoenui (Mgt)l) Shawcroft (Sw)g) Oruamatua (Oru)f) Akurangi (Ak); g)
Combined Lower and Upper Okupata (Okp); Upper Pahoka (U-Pk). Colours mh separate different
segments (S): proximalySred), proximal-intermediate;Sblue), and in some cases intermediate-distal S
72 10 ) 108

Figure 4.11 Classification schemes for the studied erupti@dsopach and Isopleth data in the Pyle (1989)
diagram lie within the Plinian fieldy) Isopleth data in the Carey and Sparks (1986) dragor column height
and wind-speed, based on 0.8 cm-diameter lithistgldatac-d) Sparks (1986) diagram to determine Mass
discharge rates considering column heights obtaivitdthe Carey and Sparks (1986) methgdapd Sulpizio
(2005) methodd). Other eruption parameters are respectively gudofibr comparison ............c..cooovvveeneens 112

Figure 4.12 Comparison of eruptive parameters with others ghkll for Plinian eruptions at andesitic
volcanoes worldwide. Our data indica#:Increasing column heights with erupted volumelaisined from the
whole deposit of each unit afxd with MDR; c-d) Eruptive intensity (MDR) and column height vs.gniéude
(M = Log (Mass of the deposit in kg) — 7), with hag intensitiesd) and column heightgdj reached at larger
[Tz Vo 10 Lo [ 113

Figure 5.1 Mangatoetoenui Eruptive Unit, consisting of twoimaubunits separated by a thin fluvial deposit
(IX-1d) marking a short-time break in the eruptaetivity. The L-Mgt indicates a vent/conduit opemiphase
(IX-1a) immediately followed by the main Plinianent (1X-1b-and-c). The second Plinian (IX-2) deposi
locally overlies a thin fluvial deposit. (B15 isclated at LAT:-39.27671548, LONG: 175.68911796, Z: 1165 m
ADOVE SEA IBVEI) oeiieie it e s e e —————— 121

Figure 5.2 Detail of the Mangatoetoenui Eruptive Unit andeiméd eruptive phases. Grain-size distribution
histograms for the main eruptive phases are shanith, the corresponding cumulative curve and siatist
parameters as calculated with SFT software. Reardtsypical of pyroclastic fall deposits .................. 122

Figure 5.3 Pumice types identified at the same stratigrapénel within: a) L-Mgt and b) U-Mgt. Note
contrasting vesicle sizes. Thin sections from treerd-members are shown, includiy:Foamy end-member
with subspherical vesicles between 50 and 2®0n diameter, and with smooth vesicle outlines tid walls.
Different degrees of coalescence are illustratadjls-direction arrows show the initial stages lifts vesicle
wall deformation, while double-direction arrows poout aperture throats and interconnection. Thisipe is
transitional to coarsely vesicular, expanded tydg$&luidal pumice clasts with strong alignment anshghtion
of vesicles, parallel to tabular phenocryg}sCrystal-rich, microvesicular end-member with hightegular and
distorted micro-vesicles showing abrupt terminai@nd refolded shapes. Note the increase in phgstecr
glomerocrysts (Gx), and microlite content from gitpl foamy f), fluidal (g), to microvesicular K)
(2 (L0 | = PP 123

Figure 5.4 Back scatter electron images (BSE), at three mdiffemagnifications, showing pumice samples with
contrasting textures, varying frona-c) foamy with subspherical vesicles showing thin wadnd smooth
outlines; d-f) fluidal texture formed by aligned and oriented igles showing thick walls, some wrinkled.
Vesicles are irregular, most of them showing pimncbdges. Note the relatively high phenocryst cdnigi
Microvesicular texture within the U-Mgt, with abuartt and larger phenocrysts and greater oxides ico(dE).
Microlite content is also high and vesicles areraxiely distorted, most of them showing collapse
(U ot 1T {1 T TP PTPIN 124

Figure 5.5 Main crystal phases in the Mgt un#f) ( Plagioclase phenocrysts are commonly euhedvaka p),
subhedral sievedc( d), an occasionally show plastic micro-deformati@h Clinopyroxenes are commonly
subhedral to anhedral and occasionally show “butalié-texture” €, g). Orthopyroxenesh( i) are commonly
euhedral to subhedral, sieved, and vesicles deseein to wet the crystal. Oxides are commonly emdxkdd
within vesicles j, k). Vesicles embedding pumice fragmenjsof glass shardsn) are common. Non juvenile
fragments are mainly volcanic aphaniti) 6r microphaneritic andesiteg-@)............c..ocvvveeeviieieennenn, 125

Figure 5.6 Bulk componentry analysis for ash size fractiofsp<based on 300 grains counted per size fraction
and normalized as vol.%. Analyzed eruptive unitsniroldest to youngest are) Mangatoetoenuib)
Shawcroft,c) Oruamatuag) AKurangi,€) OKUPALA..........c.vuirie it e e e e e e eaeenes 126

Figure 5.7 Relative proportions of the different glass morphy normalized over total glass content as
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Figure 5.8 a) Main pumice clasts classes identified within the ngl@toetoenui Unit, under binocular
microscopeb) Foamy, highly vesicular pumice shard with subsighévesiclesc) Cuspate glass shard derived
from bubble burstingg) Fibrous sharde) Fluidal-shaped glass with ellipsoidal vesicles hgvihick walls;f)
fused-shaped pyroclast wigmooth,“melted” surfacesp) Platy, poorly vesicular glass$y) Poorly vesicular
clast with flattened vesicles having over-thickeallgy i) Blocky shaped, non vesicular sharflsConchoidal
fractures on glass surfacéd;Lithic aggregates, probably recycled from the wealis/floor;1) Dark grey, fresh
andesitesm) Pale grey, fresh andesiteg;Partially altered, vesicular lavas) Hydrothermally altered volcanic
ranging from aphanitic to porphyritip) Altered accidental white sedimentary clast..ccccc.....ccceevvnneee 129

Figure 5.9 Juvenile ash morphological types identified witthie 3¢ size fraction of the eruptive units selected
for this study. Observations were carried on withFRl Quanta 200 Environmental Scanning Electron
Microscope (SEM) on gold coated ash particles at\20The relative proportions within this size ftian over
time are shown to the right. Calibrated radiocarbges correspond to interbedded rhyolitic tephsasported
by Froggatt and Lowe (1990), Newnham et al. (20@8Y Lowe et al. (2008). For the complete stragigya
refer to Chapter 3, Appendices A and J.1. Eq.>0 ¢:. equivalent very coarse ash and lapilli-sized ueadt
117/ 0L 130

Figure 5.10 Relative proportions of non juvenile lithic clasgpes normalized over total lithic content as 4ol.
Units and subunits are shown in stratigraphic ofden basga) to top(€)........ccovveeiiiiiiiii s 131

Figure 5.11 Total alkalis vs. silica (TAS) diagram (Le Basagt 1986) showing the bulk and glass composition
of juvenile clasts within the Mgt unit as well atags inclusions trapped within pyroxene crystalee T
variability of groundmass glass composition withive L-Mgt is related to the heterogeneous textires
crystal content), whereas the homogeneous, maca-ith glass composition of the U-Mgt reflects thigher
crystal content of predominantly microvesicular PEBICIastS...........oovveiie i 134

Figure 5.12 Detail of the Shawcroft Eruptive Unit deposits anfkrred eruptive phases. Note the contrasting
grain sizes among fallout beds @ b, andd, indicating varying eruptive styles between phadeseral
variations with distance include proximal parakeldding &), massive facies at medial and distal locations
along the dispersal axi® @ndc), and proximal pyroclastic surge deposits intedsetwithin the fallout beds
(d) showing impact sags (arrow th), low-angle cross laminations and accretionarylllapd,). Grain-size
distribution diagrams for the main eruptive phaaes shown, with the corresponding cumulative ciamd
statistic parameters as calculated with SFT SOBWAL...........ccooie it i e 138

Figure 5.13 Pumice fabrics identified at the same stratigrajgwel within the Shawcroft lapilli ag) the base
andb) top of the deposit. Three main textural end-memlaee shown, varying frone-d) foamy to expanded
clasts with subspherical vesicles between 100 &3d.61 in diameter, having smooth vesicle outlines drid t
walls. Different degrees of coalescence are ilaistt: double-direction arrows point out apertur@dlts and
interconnection paths-f) finely vesicular, glomerocrystic, microvesiculdasts with some irregular vesicles
(contorted arrow) and higher microlite content tltarg-h) crystal-rich, porphyritic, dense end-member with
highly irregular and distorted micro-vesicles abdirdant microlites..............ccocovviiie i i, 140

Figure 5.14 Back-scatter electron images (BSE) of pumice sampf the Shawcroft lapilli at three different
magnifications:a-c) Microvesicular with subspherical vesicles showihigk walls and irregular, occasionally
sharp edges (white arrows @& b). The groundmass glass contains feldspar and pyexnicrolitegc). d-f)
Dense end-member with highly distorted vesiclesaghg thick walls and relatively higher phenocrystsd
paT el o] 11T oo] a1 =] o | PPN 141

Figure 5.15 a-b) Plagioclase phenocrysts within the Shawcroft lapilowing: a) the complex glomerophyric
texture of largest sized PI, where the core haswed texture, glass inclusions, and a subroundgéhe; this
core is mantled by a subhedral crystal with odcitha zoning;b) border resorption indicated by the rounded
outline of the phenocryst, which also has comptagrgrowths and twinsg;) Example of a cracked Pl where
individual fragments are pulled apadte) Mafic cumulates consisting of subhedral to anhHe@m and Opx,
with interstitial Pl and rare Mf) Rounded clinopyroxene with local embayments intiticaresorptiong-i) Non
juvenile, entrapped lithics distinguished by a casting texture and sharp outline, varying fromesiigs(g-h)

to MIiCrophaneritic dIOMEE). ... ...ttt e et e ret e e e eemmee e ea e eenenenas 142

Figure 5.16 a) Main pumice textures identified within the Shawtrefuptive unit, as seen under binocular
microscopep) Foamy, highly vesicular particles with subsphdnasicles;c) Expandedd) Fluidal; €) Fluidal
glass with ellipsoidal vesicles having thick wadlsd smooth surfacef); Pelée’s tearg) Poorly vesicular glass;
h) Poorly vesicular clast with flattened altered, sybke surfacej) Blocky shaped, poorly to non vesicular
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shardsj) Glass shard derived from bubble burstikjfluidal shard with tube-like vesicleB; Fluidal, bulbous
surface with unburst vesicléarrow); m) Step-fractured glass surface with conchoidal nas, grooves, and
“V"-shaped pits (arrows);n) Typical lithic lapilli; o) Altered, rounded, recycled pumice from the vent
walls/floor; p) Dark grey andesites}) Pale grey, fresh andesite¥;brown, fresh PI+Cpx, hypohyaline andesite
(note that they are not necessarily accidentatbuld also derived from the degassed magma atabe bf the
conduit; however it contributes to the low-temperatmaterial of the erupting mixtureg; Brown, vesicular
lava;t) Altered accidental white (Rhyolitic?) pumiag; Hydrothermally altered lavas ranging from aphartii
porphyritic in texture, and) microphaneritic lava ClastS..........cccoviii i e e 143

Figure 5.17 Total alkalis vs. silica (TAS) diagram (Le Basagt 1986) showing the bulk and glass composition
of juvenile pumice clasts within the Sw lapilli. @lhomogeneity in pumice textures relative to Mghgkes is
also reflected by a single cluster of groundmassglcompositions. Glass inclusions are consistentye
silicic than groundmass glass (dacitic t0 rhyolitiC.........c.ooeei i e 145

Figure 5.18 a) Detail of the stratigraphic sections comprising @r@iamatua (Oru) and Akurangi (Ak) eruptive
units, including the inferred eruptive phases @etils inChapter 3); b) Note the stratified (shower-bedded)
nature of these units, with multiple parallel bedstrasting in grain-sizes) Grain-size distribution histograms
for the main eruptive phases within Oru are showith the corresponding cumulative curve and siatibt
parameters as calculated with SFT software. Reatstsypical of pyroclastic fall deposits, althoudle M-Oru
shows transitions to matrix-supported depositsh witlymodal distributions consistent with the acalation
Of PYrocClastic fIOWSE). ... ... e e e e e 149

Figure 5.19 a) Macrotextural variations within the same stratignagevel of the Oruamatua Tephtd.Dense,
microfluidal textural end-member, usually pale, yish brown in colour. Note the alignment of eloraght
vesicles. Some vesicles are highly distorted onshiorupt termination (arrows), which is in part daghe high
microlite content €). Different degrees of vesicle deformation canttaeed, from:d) Localized shear bands
evident at higher magnitudes, with sigmoid-like atigtorted vesicles (arrows), contrasting to neayhiy
spherical vesicles. Note the sharp edges of somiheofvesicles dictated by the neighboring crys{atsl
arrows); toe) extremely flattened and refolded vesicles wittegular outlines;f) Banded microvesicular
texture, common in the U-Oru. Note the differenedween the dark brown and the pale brown bandseind
crossed nicolsg) the bands are distinguished by the microliteeont...............cocoe i, 151

Figure 5.20 Backscattered electron images of the main coimigasiextures within the Oruamatua unit,
including a€) microfibrous, coarsely porphyritic clasts with dspars phenocrysts showing micro jig-saw
structureqa), and elongated vesicles, some with pinched effjeand thin vesicle wall&); d-f) dense textures
are coarsely porphyriti@d), vesicles are extremely distorted, showing pinobggiegb) and very thick walls in

a microlite-rich glass groundmMaly. ........ou oo e e e e 152

Figure 5.21 a) typical lithic (L) and juvenile (P) Oru lapilli inhe field. Note that lithic clasts are commonly
entrapped within pumice clasts (arrow); Euhedral to anhedral plagioclase phenocrysts shiawks oriented
both parallel and perpendicular to the longest,axith individual fragments pulled apart a few naoics (see
arrows); ¢) Euhedral orthopyroxene with twiningl) Euhedral PIl-Glomerocrysts with a few anhedral
Orthopyroxene microcrystg) Glomerophyric 2-Px+PI texturd) Metasedimentary clast embedded in a dense
0] = T P 152

Figure 5.22 Main ash components identified within the Oruamaltirt, under a binocular microscopa)
highly vesicular particledy) microfibrous particles with different colours digedifferent microlite content and
degree of oxidationg) grey, microvesicular to dense particles with shedgesd) crystal-rich, dense, coarse-
grained porphyritic (glomerophyric) particles. Aplarticles within the 3p fraction under SEM includeg)
Foamy to expanded, highly vesicular pumice shattl siibspherical vesiclef); Fibrous shardg) scoreaceous
particle having distorted vesicles with thick waly Typical mossy-like end-member, poorly vesiculad avith
occasional melted surfaces. Shards derived fromdlbuball rupture includei-j) tube-like;k) Pelée-like, and)
blocky-shaped shards. In detaih) shows the flattened vesicles having over-thickemedls within g.
Conchoidal fractures are common (arrows iando) as well as stepped surfad@. Accidental clasts include:
q) fresh, dark and pale grey andesitgsPartially altered dense and vesicular andesges{ydrothermally
altered volcanic ranging from aphanitic to porptigrilavas; t) Altered accidental white sedimentary
03 = TS £ R 154

Figure 5.23 Total alkalis vs. silica (TAS) diagram (Le Basagt 1986) showing the bulk and glass composition
of juvenile pumice clasts within the Oru unit asliveess the glass inclusions in pyroxene crystalsteNbat the
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high groundmass glass silica contents are consiatiém more crystal-rich textures relative to earleruptive
units, as well as glass inclusions being more maAo groundmass glass.........c.ocoveeveiieieeeiieenennns 156
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phenocrysts and highly irregular vesicles havingrghedges and pinched terminatioi$) Banded texture
imparted by differences in glass colour, vesiclgstal sizes and content. Note the irregular boundad the
predominance of feldspar as pheno and microcrgstasionally showing jigsaw microstructure............. 116

Figure 5.26 a) Typical microlite-rich, porphyritic, microvesiculatexture of the L-Okp, with feldspars
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Figure 5.27 Photomicrographa-b) showing a broken Plagioclase crystals, illustratiogv the cracks served as
vesiculation sites and formation of glass fibied) Common glomerophyric texture with 2Px, interstigthand

Mt. e-f) Microphaneritic lithic clast entrapped in the gndmass glass, where individual components are seen
under crossed-nicold)( Note that the border is broken and individuadigs look detached from the main
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Figure 5.28 a-d) Main pumice clasts classes identified within theu@dkta-Pourahu eruptive Unit, as seen under
a binocular microscope) Microvesicular pumice with subspherical vesicleksfibrous, microlite-rich pumice
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clast. Juvenile shards within the L-Okp comprigeHighly vesicular, scoreaceous sharflg) Fluidal glass
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occasional melted surfaces. The U-Okp unit is attarezed by:i-j) Cuspate glass shard derived from bubble
bursting; k,l) Fluidal and tube-like shard derived from walls édreyated vesiclesn) the top-right shard is
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Figure 5.29 Total alkalis vs. silica (TAS) diagram (Le Basagt 1986) showing the bulk and glass composition
of juvenile pumice clasts within the Okp unit. Nakee large compositional span within the same wamt the
high glass groundmass silica content consistertt wibre crystal-rich textures relative to previouaptive
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Figure 6.1 Porosity and density frequency distributions withaipilli of the Mangatoetoenui unit. The individual
parameters were obtained from measurements) dulk sample volume and envelop densly;Connected +
Isolated porosities relative to the bulk sampleunwé;c) Skeletal densityl) Solid density determined in milled
samples;e) Comparative plots of individual parameters agamdk porosity. Black histograms illustrate all
data (n= 69), while red shows that of L-Mgt andg@lthe U-Mgt...........ccoooiiiiii i s 177

Figure 6.2 Reconstructed X-ray images as orthoslices and reddaibvolumes of three lapilli samples from
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shards included within a vesicle. Dashed arrow@)ishow a region of internal heterogeneity in thesie; j-
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glass films crossing cracked feldspdjsafd the alignment of small vesicles and micrasrys); Typically, all
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CHAPTER 1. Introduction

1.1 Research problem and motivation

The causes, processes and consequences of explosramism along subduction zones,
together with their implications to human societydahe environment, are an important
aspect of current research in volcanologganloz 2000; Cashman and Cronin 2008;
Cashman and Giordano 2008 he introduction of volatiles (mainly water) eaked from
the subducting slab into the mantle wedge, loweltsigolidus and causing partial melting
of the mantle material, results in the generatibnyadrous, volatile-rich magmas, which are
potentially much more explosive than their anhydraounterpartsLé@mbert and Wyllie
1972; Gill 198).

The eruptions of Mt. St Helens (U.S.A., 1980-198&¢doubt (U.S.A., 1989-1990), Mt.
Pinatubo (Philippines, 1991), Chichon (México, 19Rrater Peak (U.S.A., 1992), and
Chaitén (Chile, 2007-2008), clearly show that Idngd andesitic to dacitic composite
volcanoes produce frequent and violent eruptivenesyeepresenting the greatest volcanic
threat to human population¥Vpods 1995; Simkin and Siebert 2000; Carn et &Q92
Lara 2009. In this context, knowledge of the factors colitng the related eruptive styles
and mechanisms, volumes, magma discharge ratesieantfant products (e.g. transport
and deposition) during the geological and histdrreaord of these systems is extremely
important to understand and quantify the potemigdards.

Most of the field studies regarding processes takptace during highly explosive
eruptions, including magma degassing and fragmentahechanisms and thresholds, as
well as eruption column dynamics and plume disparshave mainly focused on rhyolitic
and basaltic system&lapter 1.2). Also, most of these studies have been centreceon
specific questions and methodologies, and a clelaibketween microscopic observations of
pyroclasts and field characteristics is lackinthis thesis will apply and develop the
concepts pointed out above for the characterizatfdarge explosive volcanic eruptions of
intermediate composition (55<Si€B5 %) at subduction-zone volcanoes. For this mepo

and considering the excellent exposure of the ggodb record, this study will be centred
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at Mt. Ruapehu, the most active andesitic volcdngew Zealand. Thebjective will be to
determine the range and upper limits of the physicacesses taking place in the volcanic
conduit, vent and eruptive plume. This includesdatnation of the limits of peak column
heights, volumes, magma discharge rate, the imgatgin of magma degassing and
fragmentation mechanisms, and the implication dafs¢h factors for eruption column
stability. All of these issues will be addressed correlation with potential external
controlling factors, such as conduit and vent geagymmodifications and interaction with

external water@ioni et al., 2003; Houghton et al., 2004

Research on andesitic volcanoes of New Zealandbkas principally focussed on the
effusive activity and petrology of the related lav@and domes (e.gole 1978; Hackett
1985; Cole et al., 1986; Graham and Hackett 19&ckettt and Houghton 1989; Graham et
al., 1990; Hobden et al., 1996; Stewart et al.,61%90obden 1997; Waight et al., 1999;
Gamble et al., 2003; Price et al., 2p0dong with the most frequent vulcanian-stroméoli
and phreatomagmatic historical eruptiordrgnin et al., 1997a; Cronin et al., 1998;
Nakagawa et al., 2002However, the studies dbonoghue (1991)Donoghue et al.,
(1995a, b; 1997; 1999Wilson et al. (1995), Croniet al. (1996a, ¢)Cronin and Neall
(1997),Nairn et al. (1998)Nakagawa et al. (1998), and Hitchcock and Cole 72@@ove
that explosive eruptions 10 to 100 larger in magtet and eruption rate than historical

events have occurred at these volcanbles\| et al., 199b

This thesis will provide a contribution to the knedge on the physical controls and
characteristics of subplinian-Plinian eruptionsath andesitic volcanoes, and the related

maximum hazard scenarios expected for North Istdridew Zealand.
The principalaims are:

i.  To define the magmatic and environmental factorgrodling the largest magnitude

eruptions from Mt. Ruapehu.

ii.  To quantify the variability of eruptive parameteiacluding eruption volume,
column height, and mass-eruption rates from thgektr eruptions known at this

volcano.



iii.  To quantify the variability of magma vesiculatiomdafragmentation in these

eruptions.
iv.  To identify the magmatic supply and rise procegseslved in these events.

v. To document the potential hazard posed by the maxitikely eruption from one
of the most active andesitic volcanoes in New Zwhla

The thesis comprises a printed document with etbapters, along with specific data sets
included in ten digital appendice8-J). A complete description of thmethods used to
address the proposed aims is detaile@hapter 2. This Chapter is followed by a detailed
analysis of thdield characteristics and lithofacies of the largest eruptions known to be
sourced at Mt. Ruapehu: @hapter 3, the reconstruction of the eruptive sequences, the
general picture of Plinian and subplinian behavioiuthis volcano and the identification of
the largest events are presented. The quantificabb eruptive parameters and
examination of their variability during these lasgevents are presentedGhapter 4. The
microtextural and geochemical characteristics efdhuptive units representing contrasting
lithofacies and eruption column behaviour are askld inChapter 5, with particular
attention to the understanding of processes drivimggma towardsfragmentation.
Afterwards, 3D techniques applied to charactetigevariability of pumice textures within
each selected eruptive unit are presente@hapter 6, which focuses on the processes
occurring within the conduit, including magmeesiculation and degassing. The
integration of the multiple field, microtexturalpé geochemical results obtained here is
discussed in Chapter 7, which provides a new understanding of the intenected
processes occurring from the storage system towdelsconduit, fragmentation level,
plume dynamics, and final deposition. A summarytltg mainconclusions is finally
presented ifChapter 8.

The reader must be aware that individual chaptense written in the form of papers for
publication Chapters 3 and4 are published). Therefore, some repetition mightdund,
particularly within the introductions of each chept



1.2 Literature review

The first approaches to the systematic study ofosxe volcanic eruptions were focused
on their classificationWalker 1973 and interpretation of the eruptive column dynanic
particle transport and depositioWViison 1976; Carey and Sparks 1986; Fagents and
Wilson 1993. From this work, the basic parameters of colureiglht, eruptive volume,
muzzle velocity and magma discharge rate, allowdbstruction of theoretical models
that can be used to characterize an explosiveieruptised on data measured in the field.
In the last three decades, significant advancethénunderstanding of the physics of
explosive volcanic eruptions have been mdédeyndt and Rosi 1998; Gilbert and Sparks
1998; Sigurdsson et al.,, 2000lmportant approaches to extend from this include
investigation of pre-eruptive conditiondofinson et al., 1994; Gardner et al., 1995;
Rutherford and Devine 1996; Rutherford et al., )99latile content, speciation and
behaviour in magmad_énge 1994; McMillan 1994; Symonds et al., 1p9Rioneering
publications on explosive volcanic eruption meckard over the last two decades have
centred on magma vesiculation processkiig and Cashman 19%4 coupled and
decoupled magma degassing and permeabiktpg( and Cashman 1996; Rust and
Cashman 2004; Gonnermann and Manga 2007; Wrigak,e2007; Mueller et al., 2008;
Takeuchi et al., 2009 the effects of magma decompression and degasisiteg scales
(Jaupart 1998 pre- and syn-eruptive magma rheology modificeti¢iess and Dingwell
1996; Stix et al., 1997; Giordano and Dingwell 20D8vallée et al., 2008 syn-eruptive
degassing-induced crystallizatioB4rdner et al., 1998; Hammer et al., 1999; Cashenan
Blundy 2000, and the complexity of conduit dynamid&i(son et al., 1980; Macedonio et
al., 1994; Polacci et al., 2001, 2003; Cioni et aD03; Rosi et al., 2004; Wright and
Weinberg 2009including localized strain, heating by viscoussijpation, as well as crystal
fragmentation and resorbtion at the conduit wdlsgt et al., 2004; Kennedy et al., 2005;
Gonnermann and Manga, 2005inally, important contributions have been atgdain
experimentally on magma fragmentation, the charstie® process occurring during
explosive volcanic eruptions. For instance, buldlerpressure has been identified as a
primary factor required to overcome the strengththed denser magma, leading to its
rupture vialayer-by-layer bursting of vesicleSiieler et al., 2004b; Scheu et al., 2006
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1.2.1 Subplinian and Plinian eruptions

At active, convergent plate margins, typical of Becific Ring of Fire, the main cause of
magma generation is the drop of the mantle and edlislus temperature by the addition
of volatiles. In this tectonic environment, consat#de amounts of water derived from the
subducting lithosphere, mainly carried within thegstal structures of hydrated minerals,
are incorporated into the mantlele@nloz 2000; Perfit and Davidson 2000; Parfitt and
Wilson 2008. The volume, frequency, and style of eruptionsulteng from subduction
processes are largely dependent on the volumesagima generated by the mantle/crust
melting, and the depth, spatial and temporal distion of its production in the source
region @Asimow 2000. The amount of melt produced in subduction zdaegely depends
on the flux of volatiles (mainly water) from the &lucting slab Nlorris et al. 1990;
Schmidt and Poli 1998

Magma Ascent and Fragmentation: explosive eruptions occur when rising magma is
transformed from a liquid with dispersed crystaid gas bubbles into a gas with dispersed
liquid drops and solid particledi¢Birney and Murase 197X&lug and Cashman 1996
rapidly accelerating towards the surface and ejefrtam a vent \(Valker 1973; Wilson et
al., 1980; Fisher and Schmincke 198Magma fragmentation can be generated by two
principal mechanisms which can act separatelyn @ feedback manner; these are termed
magmatic and phreatomagmatic processes. In thectse, the “explosiveness” of the
magma is due to “internal” magma conditions, pritgdhe rapid exsolution and expansion
of the dissolved volatiles (mainly,B and CQ) as the magma approaches the surface and
the confining lithostatic pressures decrease. [Haids to the conversion of potential energy
into kinetic energy\WWilson et al., 1980Carey and Sparks 1986ubsequently, gases and
pyroclasts are accelerated towards the Earth’saseirin eruptive plumes that can reach

several tens of kilometres in heigM¢Birney 1973.

Magmatic eruptions can be triggered by overpressutee magma storage region due to
injection of fresh, hot, magma or due to volatileriehment in the melt phase during

cooling and crystallization Wallace 2001 Alternatively, they can result from the



unloading of shallow magma following a sudden pamir total collapse of an overlying

volcanic edifice (ipman and Mullineaux 1981n: Carey et al., 1995

In the phreatomagmatic casexplosions result from the interaction of the rsimagma
with external water. This process is described faehcoolant interactionWohletz 1983,
during whichthe magma thermal energy is converted into kiretid mechanical energy at
thin films at the magma-water interface over vdrgrstime-scales (less than milliseconds).
This process leads to abrupt quenching, chilling) subosequent brittle failure of a magma,
and sudden external water vaporization. The chang&olume due to rapid steam
expansion is very large, resulting in mechanicatkywavhich is expressed as magma and
country-rock fragmentation, crater excavation, tapispersion, and acoustic and seismic
perturbations \(Vohletz and Sheridan 1983; Fisher and Schminckel;19&hletz 1986;
Cas and Wright 1987; Wohletz and Heiken 1992).

In the absence of significant interaction with emé&é water, it is the content (wt%) of
dissolved volatiles in the magma that provides dheing force for explosive volcanic
eruptions; the formation of bubbles increases kbth bulk magma buoyancy and the
magma chamber overpressure, controlling the emigtymamics Gonnermann and Manga
2007). Exsolution rates depend on the relative soltybiif each volatile species, which
depends, in turn, on the confining pressure, thgmaacomposition and temperatufeaé
and Wright 198Y. As the magma rises, it may cross the volatitersion curve and the
accompanying decompression triggers volatile saperation and exsolution as separated
bubbles (i.efirst boiling). Otherwise, a rising magma may cool and the ardugimineral
phases begin to crystallize, increasing the veladturation of the residual meBléke
1984; Tait et al., 1989; Navon and Lyakhovsky 1998e increased vapour pressure leads
to volatile exsolution gecond or retrograde boiling). Therefore, the vesiculation of a
volatile-saturated, rising magmaofinson et al., 1994; Wallace et al., 19B8gins with
bubble nucleation (Sparks 1978; Cashman et al., 2))0@efined as the aggregation of
molecules to form the smallest stable gas bubldé ¢an overcome the magma surface
tension Eparks 1978; Toramaru 1989; Sparks et al., 1994the case ohomogeneous
nucleation, high volatile supersaturation levels are reached the vesiculation is delayed

until magma reaches high levels in the conduithese conditions, the exsolution level is
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far above the saturation lev&ipni et al., 2000 In the case dfieter ogeneous nucleation
there are no kinetic barriers to overcome and thdeation is initiated at the contact of
existing impurities within the magmaNévon and Lyakhovsky 1998 therefore, the
exsolution occurs at lower degrees of supersaturatbr even at the saturation level
(Toramaru 1989; Mangan and Sisson 2000; GardneDamis 2004. In either case, high
rates of bubble nucleation drive a “catastrophiergwessurization and volume expansion”

(Op.cit) responsible for explosive magma fragmentati®ar(nermann and Manga 2007

Once nucleated, bubbles begirgtow deep in a conduit, initially following an exponeatti
trend that is mainly controlled by the magma vistgo$-ollowing this is a parabolic growth
trend, controlled by volatile diffusion rates, afidally at higher conduit levels, bubble
growth becomes expansion-dominateGaghman et al., 2000 Bubble growth by
decompression, which accompanies magma ascergdywilhermodynamic gas laws: the
decreasing pressure over the bubble causes arasecaoé bubble volume (i.e. expansion).
Bubble growth by coalescence depends on the audjlatf bubbles to interact, allowing
melt drainage by the capillary stresses in thediind plateau borders that separate bubbles
(Cashman and Mangan 1994; Mangan and Cashman).18¥bble coalescence is
particularly important in low-viscosity, slow-risinmagmas, and it plays a significant role
in developing magma permeability, which is a crucandition in determining the eruptive
style and potential eruptive style transitioh$ug and Cashman 1996; Klug et al., 2002;
Rust and Cashman 2004n more silicic and viscous magmas, bubble cxaBce requires
time to overcome viscosity-barrier€gdshman and Mangan 1994n addition, bubble
growth is strongly affected by the presence of meagiring bubbles and by the crystallinity
of the magma: crystal contents greater than 25-30diice non-Newtonian behaviour, and
bubbles start to deform by shear. Commonly, themaagiscosity at this stage is high
enough to prevent an efficient separation betweégmd and bubblesGashman et al.,
2000).

The solubility-and-diffusivity-controlled volatilexsolution process during magma ascent
and decompression is commonly referred to as “dagg’s (Gonnermann and Manga
2007. In general, basaltic magma compositions are igssous and more prone to

decoupled degassing, where bubbles migrate faster than the surrounaiely, while more
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silicic magmas involve kinetic barriers, where bigishare relatively immobile with respect
to the melt andoupled degassing is more likely Wilson et al., 1980; Sparks et al., 1994;
Papale et al., 1998; Sable et al., 2006oupled degassing is not only a function of
composition, but it is also strongly affected bg tiscent rate (e.g., high ascent rates delay
degassing), decompression rate (high if triggergdflank or caldera collapses), and
groundmass crystallizatiorBéble et al., 2006 An open-system degassing results in the
magma outgassing (i.e. loss of gag;helberger 1995; Klug and Cashman 1996; Hammer
et al., 1999 If outgassing cannot keep pace with the eruptimescales (closed-system),
the gas is not physically separated from the mait po fragmentation, and disruption and
explosive fragmentation of the supersaturated magnreevitable Bursik 1993;Hammer

et al., 1999Gonnermann and Manga 2007

The resulting eruptive style of any particular aio is intimately related to the rheology of
the magma, which determines the relative ratesubble and crystal nucleation, growth,
ascent, and gas loss, and its relation to the magma ascent rate. In general, delayed
bubble nucleation leads to rapid magma expansioth fangmentation, generating
explosive eruptionsGashman et al., 20D0If the bubble growth rate keeps pace with the
rising rate, or if bubbles interconnect, enhandimg magma permeability required for gas
lateral and/or vertical escape, the magma can rélaehsurface without fragmenting,
resulting in effusive eruptionsC@shman et al., 2000; Rust and Cashman 2004he
bubble growth rate is faster than the ascent @rdhtgas escape rates, the volatile-rich
magma accelerates and reaches the fragmentatieh [@wducing explosive eruptions.
Traditionally, it was thought that fragmentationwa only occur when the bubble content
reached 70-80 vol.%Sparks 1978; Woods 19p5However, recent investigations on
pumice textures, combined with experimental and enical modelling, have pointed out
that the magma can fragment at even lower or higésicularities loughton and Wilson
1989;Klug and Cashman 1996; Spieler et al., 2004b; Seteal, 200h Fragmentation at
low vesicularities (~64 vol.%) is particularly likeif shearing processes are high along
with elevated degrees of magma chamber overprefSardner et al., 1996Experimental
research has shown that the fragmentation thresisolshversely proportional to the

porosity and it is largely affected by permeabilay high porosity values. Chemical



composition, crystallinity and bubble size disttibn are not critical factorsSpieler et al.,
20043.

The magmatic fragmentation mechanism can be aetelerdominated or decompression-
dominated Cashman et al., 20R0at one end of this continuum, the nucleated bubhd
growing bubbles decrease the bulk magma densitgwialg bubble expansion and
subsequent mixture acceleration. As magma risdadlyajt experiences high strains and
the tensile strength is exceeded either by fluidtabilities or brittle fracture. Fluid
instabilities are commonly developed in low-vistgsimagmas, yielding to rapid
acceleration, and bubble growth advances up to #rnigh speed moving foam; bubble
walls become so thin and unstable that they cailydaeak. At the other end of the
spectrum, rapid decompression of highly viscousmagyat shallow depths yields to rapid
changes in bubble internal pressure and suddemsixpa generating fragmentation waves
that propagate downward. If the strain rate appletthe mixture exceeds the liquid viscous
relaxation rate (i.e. time needed for the liquiddtain equilibrium under an applied strain),
the bubbly magma crosses tjlass transition; that is, the transition from a viscous flow to
structural failure Dingwell and Webb 1989; Dingwell 1998; Gonnermamd dManga
2007. Consequently, the magma responds with brittleal®ur to the applied strain,
disintegrates and rapidly accelerates, leadingigh leruptive columnsA(idibirov and
Dingwell 1996; Mader 1998; Houghton et al., 2R0fiypically, in Plinian to subplinian
eruptions, both rapid acceleration and decompressibin concertGashman et al., 20D0
Experimental research has demonstrated that thi dégragmentation strongly depends
on the balance between the speed of fragmenta®ithé wave propagates layer-by-layer
down to the conduit) and the speed of magma aseedtthis balance may influence the
steadiness of the resulting erupti@pigler et al., 2004bChanges in the balance between
both speeds determine fluctuations in the fragntemtadepth with time. Moreover, the
fragmentation speed is directly influenced by pilyosnd, therefore, changes in the
porosity of the magma across the coduit determilbesuations in the spatial position of

the fragmentation frontScheu et al., 2006

In summary, the disruption of magma is largely aejemt on the volatile content, magma

rheology and strain rate exerted onWilson 1999. Numerical modelling also suggests
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that fragmentation may be either brittle or ductfeoussevitch et al., 1993; Mader 1998
where the latter might occur via progressive thmignof liquid layers. Such strain-induced
fragmentation during sustained eruptions has aem lliscussed apalg1999.

Considering that real volcanic systems are notedpshe analysis of the physical
conditions of erupting magmas must also includedétgree of interaction with surrounding
hydrothermal systems and the capability of the odntb allow groundwater inflow.
During phreatomagmatic eruptions, the resultingsstrwaves prompt higher deformation
rates compared to the melt bulk moduli®(rissey and Mastin 2000The fragmentation
can also be triggered by magma viscous deformatioresponse to the tensional stress
generated by sudden water vaporization and thengzaoying fluid-instabilities. In this
case, the fragmentation process depends on th&/mvatgma ratio, interaction depth, mode
of interaction, magma ascent rakée(ken 1972; Lorenz 1973; White 1991; Zimanowski et
al., 1997, and water source (e.g., crater lakes or aquif@senerally the fragmentation
efficiency during the fuel-coolant interaction isegter than in pure, dry, magmatic
eruptions Walker 1973.

During high magma ascent rates and magma dischawgduit wall abrasion and scouring
commonly takes place; moreover, under-pressurinmagma by unsteady conduit walls’
collapse has been also well documented\bigon et al., (198Q)Macedonio et al., (1994)
and Kennedy et al. (2005)Collapses of the conduit walls are expected to oetuhe
fragmentation level, where differences in lithostaind magmatic pressures are the largest,
in the order of MPaRapale et al., 1998Those collapses are also caused by decreasing
dissolved water content, higher chemical evolutin the anhydrous magmas, and
increasing crystal content, which ultimately cohtrlt viscosity. Increasing lithic content
is a function of conduit erosion and magma disohaege Taddeucci and Wohletz 2001
lithic content increases if conduit widening inges at steady discharge rates. If conduit
walls collapse, lithic-content increases but thpod& usually reflects a decrease in the
mass discharge rate.

Plinian and subplinian eruptive plumes and resulting deposits: prior to
fragmentation, the mixture in contact with the coibdvalls is mostly the melt and crystal

fractions. There, a great part of energy is usedadmg work to overcome the magma

10



viscous flow and the friction between the magma thedwalls, especially in narrow dikes.
Above the fragmentation level, most of the mixturecontact with the conduit walls has
significantly lower viscosity and is composed osg&rom this point, an abrupt drop in
friction takes place and the energy previously usaml/ercoming friction becomes an extra
input to increase the kinetic energy, maintainihg system conservation of energy and
momentum $pieler et al., 2004b Consequently, the fragmented magma is suddenly
accelerated towards the surface through a ventsgead (exit velocity) that can reach
several hundreds of meters per secondlson et al., 1980; Parfitt and Wilson 2008
depending on the gas content, and forms eruptivees.

In the case of highly explosive conditions, usuatyaracterized by initially delayed bubble
nucleation (due to kinetic barriers) and coupledagsing {Vilson et al., 1980; Jaupart and
Allegre 1991; Papale et al., 1998; Cashman eR@D(), the dissolved volatiles reach the
supersaturation level, and exsolution processes sgc bubble nucleation occur in a
runaway fashion accompanied by major accelerationjng the melt through the glass
transition Papale 1999; Sable et al., 2p0According to computer simulations, choking
occurs at the conduit exit, thought to be locatetha base of the crater where the flow
velocity is equivalent to the local speed of so(@Rdpale et al., 1998Fragmentation can
be complex, and might involve different mechaniswisere the proportion of fine ash (<63
mm) increases with the intensity of the eruptiom a@orrelates with the fragmentation
efficiency Cashman et al., 20R0

Resulting Plinian and subplinian eruptive columifig)(1.1) are characterized by:

1) a gas thrust region at the base, driven by xp#sive fragmentation momentum and
rapidly interacting with the atmosphere;

2) a convective region, driven by the buoyancy ltegy from the entrainment of
atmospheric air into the gas-pyroclast mixture aobisequent thermal exchange.
Here, the magma discharge rate controls the theemexlgy input. These processes
continue and the plume rises until the mixture heaca density equal to the
atmosphere at a level named Height of Neutral BooydHs);
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3) the umbrella region, where the mixture risesvables driven by its momentum until a
maximum height (H), while spreading laterally, influenced by thedbwinds, and mainly
behaving as a density curreiid. 1.1) (Carey and Sparks 1986; Bursik et al., 19R8asi
1998; Cioni et al., 2000 Therefore, density and grain size sorting tgkase in the plume,
with smaller and lighter particles carried to gegdteights and released at greater distances
from the vent\{Vilson 1976.

Figure 1.1 Typical Plinian-suplinian
eruptive column, showing the three
distinctive regions mentioned in the text.
After Cioni et al. (200Q)
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H+: Total column height

Q: Volume discharge rate

Hg: Neutral Buoyancy level

op/atm: density of the pyroclastic
mixture and atmosphere respectively

g: gravity

Cd: Drag force
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HS, ClL F

Due to the great dispersal potential of Plinian saldplinian eruptions, and considering the
instantaneous accumulation with respect to theoggmal time, the resulting sheet-like,
mantling fallout deposits can be used as chronigtaphic markersl{owe et al., 2008
The accumulation of massive to stratified beds wnttieasing sorting with distance is the
main result of fallout from the umbrella cloud. Tgally, the decrease of thickness and
grain-sizes with distance from the vent has beewgrid#ed as following an exponential or a
power law {Walker 1973; Pyle 1989; Fierstein and Nathenson2)l9%his has been
explained as the result of the deposition of coaaee ballistic fragments derived from the
margins of the eruptive column in proximal areasfiner fragments accumulated from the

umbrella region in more distal areas, accordinth& corresponding particle terminal fall
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velocities Wilson 1976; Wilson et al., 1980; Carey and Spatl86; Rosi 1998
Therefore, ballistic particle distribution is indement of column height and their range is
solely determined by the initial muzzle velocitydagjection angleWilson 1972; Rosi
1998. Anomalous secondary thickness and deviation ftgncal log-normal, unimodal
grain-size distribution can occur, as the resulisif aggregation effects during heavy rains
or during phreatomagmatic eruptionSafey and Sigurdsson 1989; Brazier et al., 1983;
Woods 1995

Massive, ungraded beds have been commonly interpreted as the result ofiraaous
magma discharge driving steady convective colunfteximal interbedded ash layers
could represent small collapses from the margirfs, (Cioni et al., 2008 On the other
hand, distinctive stratification marked by contiagtgrain sizes and depositional processes
(e.g., interlaying of ash fallouts and pyroclastiensity current deposits) have been
documented as related to unsteadiness in the mdggtiaarge and oscillating convective
columns, typically formed during subplinian erupigaSieh and Bursik 1986; Bursik 1993;
Cioni et al., 20002003. Alternatively, they can be explained as the ltestideposition
from different transport regimes of pyroclastic sién currents (i.e., suspension ash

decoupled from the main pyroclastic density curdarhinated by turbulence and traction).

On the resulting pyroclasts: volatile saturation levels, eruption dynamics andduiit
processes are recorded by juvenile pumice andastexiuresCashman and Mangan 1994;
Gardner et al., 1996, 1998; Hammer et al., 1998deoet al., 2001; Wright and Weinberg
2009; Bouvet de Maisonneuve et al., 2008 critical parameter to be determined from
pumice texture is the vesicularity, expressed dsbleuvolume fraction, since it has been
suggested as a measure of the volume fractioneofdls phase. When the vesicularity is
less than 74 %, the magma behaves as a bubblensimpewhile for greater vesicularities
it is a true “foam” Navon and Lyakhovsky 1998The 74 % defines the critical value at
which gas reaches its maximum packing when bubatesspherical, undeformed, and
uniform in size. The existence of Plinian deposvith pumice containing vesicularities
lower than 70 % and higher than 80 % led to theeliggment of alternative models
(Houghton and Wilson 1989; Klug and Cashman 1996ndda and Cashman 199®

those previously proposed Bparks(1978. On one hand, extreme vesicularities (>90 %)
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have been explained as the result of a redistabutf bubbles into elongated “tubes”, or
reticulitic patterns to reach maximum packing, amnapid acceleration into the
fragmentation levelNlangan and Cashman 1996; Mader 199&8shman et al., 20p0On

the other hand, low vesicularities (<60 %) havenbegerpreted as the result of rapid
decompression, or as limited bubble growth dueytoesuptive degassing and microlite
crystallization prior to fragmentation (c.f3ardner et al., 1998Therefore, high densities
of small bubbles may reflect high supersaturatewels, a late stage of supersaturation of a
relatively degassed magma, or heterogeneous niacieant existing impuritiesGashman

et al.,, 200D In this context, vesicularity alone is not ddfire for fragmentation
thresholds, and is largely dependent on magma sityc@Vader 1998, permeability and

overpressure at the fragmentation frddpi€ler et al., 2003a

Bubble number density (NI which is the number of bubbles per volume uaitg total
vesicularity are two useful parameters in the esiiom of volatile saturation at the moment
of nucleation and fragmentation, respectivélaghman and Mangan 199Blower et al.
(2002),reviewed the significance of the bubble size dtistron (BSD) of magmas, derived
from the analysis of the vesicle size distributig'SD) of juvenile clastsMlangan and
Cashman 1996 The BSD can be unimodal, polymodal, or commoslyows an
exponential or power law trend, giving information nucleation and growth rates, the
extent of bubble coalescence, magma ascent ratedatile supersaturatiorK(ug et al.,
2002. Usually, the number of peaks identified in th@nwodal to polymodal BSDs is
interpreted as corresponding discrete, nucleatimnts (e.g..Sparks and Brazier 1982;
Whitham and Sparks 1986; Orsi et al., 1992; Klugakt 2003. Slow, pre-eruptive
degassing within the magma chamber generates thestabubble size population (~60
pum); syn-eruptive degassing produces bubbles typitatween 5 and 5am (Whitham
and Sparks 1986; Mader 1998

Variations in pumice vesicularity and volatile cemt must be carefully interpreted, since
juvenile clasts do not quench instantaneously Walgmentation, and post-fragmentation
processes, such as coalescence, bubble expansiaokapse, can occur in a ~60s time-
interval, depending on the erupting mixture visgo$Gardner et al., 1996; Klug et al.,

2002. Collapse is unlikely in magmas with viscositiégher than 10Pas, and expansion
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is unlikely for magmas with viscosities higher thBlf Pas. Bubble coalescence enables
interconnected pathways to form for gas escape;iwten evolve to bubble shrinkage and
distortion Saar and Manga 1999; Burgisser and Gardner)200isrofractures and small
voids between microlites can also enhance permsaldigvelopment \(Valker 1989. In
this context, it is extremely useful to describeble shapes in the juvenile clasts; for
example, complex bubble shapes commonly result fcoalescence, while angular and
wrinkly contours of small bubbles can reflect bubbbllapse and local magma shrinkage

after coalescencé&éble et al., 2006

The discussion above has to be contextualized tinéo andesitic composition. Acid,
rhyolitic, low-temperature magma should be suddeplgnched at the vent exit, whereas
basic, basaltic, high-temperature magma can remdime liquid state while transported in
the column Toramaru 199D Thus, andesitic magmas are expected to behavanin
intermediate way, where the bulk viscosity is l&ygdetermined by the competence
between crystals and melt viscosity (e@hittington et al., 2000 It is important to
highlight that the place and time where the magoenghes is critical in the interpretation

of pumice textures.

Some authors have stated that magma close to, @omaduit margins is more prone to
degassing and crystallizing, developing a largscasity and lower ascent rates (e@jgni

et al., 2000; Houghton et al., 2004, Sable eI09. In these models, the velocity profile,
inferred by heterogeneity in vesicularity, assursiesv-moving zones on the margins and
fast-moving zones at the conduit axis, allowingmger residence time for magma located
at the margins, where mature vesicularity and niterarystallization is more likely. As
fragmentation occurs, the different magma portitvasel along different flow lines with
different ascent rates, experiencing a range inom@cession rates, degassing and
crystallization historiesHoughton et al., 2004; Sable et al., 2D06

Other models propose different viscosity and magheology distribution across the
conduit, considering the complexity of conduit prsges and geometry in governing the
magma flow Scandone and Malone 1985; Woods and Koyaguchi 1984edonio et al.,
1994; Cashman and McConnell 200Shear brecciation near the conduit walls, shear

heating and shear localizatioNV(ight and Weinberg 2009 permeable gas flow and
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conduit walls instability are all critical factordkecent research has reinforced the
possibility of developing high temperatures duevigcous dissipation along the conduit
walls, allowing lower viscosity regions where Battieformation is unlikelyRolacci et al.,
2001, 2003; Polacci 2005; Rosi et al., 2004; Casid Macedonio 2005 This process is
related to the capillary numbetg), which compares the bubble dimensions, stramaat
shear viscosity to the surface tension of the mextif Ca >1, the bubbles deform and
provide free-slip surfaces, decreasing the relatigeosity of the mixture; whereas@a<1

the bubbles behave as rigid bodies, increasingeflagive viscosity Rust and Manga 2002;
Stein and Spera 20PZThe increase ofa may occur locally, developing shear bands and
localizing the strain rate, triggering the glasansition of the sheared magma portion
(Wright and Weinberg 2009

Documented cases: Plinian eruptive phases can be produced in anygeaktic volcano,
irrespective of any specific magma composition.hditgh they are expected to be more
typical of silicic, highly viscous magmas, Holoceared historical Plinian eruptions ranging
from basaltic (e.g. the ~30 ka Fontana Tephra aed220 + 120 yr BP Masaya Triple
Layer produced by Masaya volcano in Nicaragvdliams 1983; Wehrmann et al., 2006;
Pérez et al., 20Q09rarawera-1886 A.D., New Zealandairn and Cole 1991to rhyolitic
(e.g., Taupo-1850 * 10 yr BP, New ZealaRdoggatt & Lowe 199)) and even trachytic-
trachyandesitic (e.g., Chich6n-1982 and 1320-1433. AMexico: Sigurdsson et al., 1984
Macias et al., 2003nd phonolitic to tephriphonolitic compositioresd. Vesuvio-79 A.D.

Italy: Carey and Sparks 1986; Gurioli et al., 20b&ve been documented worldwide.

Two of the best documented Plinian eruptions ofeaitdt stratocones are the 1980 Mt. St.
Helens event in the United StateSafey et al., 1995Cioni et al., 200p and the Mt
Pinatubo, 1991 eruptioiKpyaguchi and Tokuno 1993; Hoblitt et al., 1996 nthaer et al.,
1999; Polacci et al., 2001Pther examples include: the 122 BC eruption of Etha in
Italy (Del Carlo and Pompilio 2004 the 800 yr BP eruption of Quilotoa volcano in
Ecuador Rosi et al., 2004 the 12.1 ka and the 10.5 ka eruptions at Newdeddoluca in
Mexico (Arce et al., 2003; 20Q5the ~14.1 ka Tutti FruttiSiebe et al., 1997, Sosa-
Ceballos et al., 2012and the ~5 ka “Ochre PumiceArana-Salinas et al., 201 ®linian

eruptions at Popocatépetl volcano in Mexico.
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Similarly to other compositions research indicatest composite volcanoes also require
conditions favourable for generating coupled degassand corresponding delayed

nucleation during magma ascent.

Experiments and numerical modelling: despite the scale problem, extensive numerical
modelling and experiments have been carried otltdérast two decades to simulate Plinian
and subplinian explosive volcanic eruptions. Enggplume dynamics and tephra dispersal
(Bursik 1993; 1998Woods 1995; Rosi 1998; Bonadonna et al., 1998; i8alet al.,
2005) conduit dynamics (e.gMacedonio et al., 1994; Jaupart 1998; Papale £1898;
Papale 1999 and degassing and fragmentation mechanismsNelgik 2000; Neri et al.,
1998, 2002 have been all extensively considered.

Mader (1998)summarized the most relevant experimental appesatitat have considered
nucleation (e.g.Sugioka and Bursik 1995 gas expansionAfilkumar et al., 1998
exsolution (e.gMader et al., 1994 and fragmentation mechanisms (&gnanowski et al.,
1991). The tendency of explosive eruptions to develigh bbubble number densities (up to
10" mm®) and bimodal bubble size distributions have besstetl with decompression
experiments byarsen and Gardner (200@luzel et al. (2008)andToramaru (2006).

Decompression experiments in shock tubes have begely used to understand the
reliability of either homogeneous or heterogeneamudeation, and to study fragmentation
conditions, although they have mainly consideregolihic compositions Kartel and
Schmidt 2003; Mangan et al., 2004)is noteworthy that simultanoeus homogeneous an
heterogeneous nucleation in the same eruption 98 pbssible, as demonstrated by
Marziano et al. (2007)Namiki and Manga (2005)demonstrated that vesicularity
determines the potential energy that provides ®pamsion velocity of the bubbly magma
during rapid decompression; large potential energiesult in faster expansion and
constributes to magma fragmentation. However, tlentrol of permeability on
fragmentation has been extensively modelled andligiged as a more dominant
parameter than vesicularitKlug and Cashman 1996; Saar and Manga 1999; Rukt an
Cashman 2004; Mueller et al., 2008eller et al., 2008Takeuchi et al., 2009)
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1.2.2 The Tongariro Volcanic Centre (TgVC)

The research are&i@. 1.2) is mainly constrained to the Tongariro NationafkPand the
Waiouru Army training area, where two of New Zealamrmost active andesitic volcanoes
are located: Mt. Ruapehu and Mt. Tongariro. Thenfaris a large (110 kijy 2797 m high
composite volcano, located at the southern endheflaupo Volcanic Zone (TVZ)Cple
1979; Cole et al., 1986; Hackett 1985; Graham aadkktt 1987; Hackett and Houghton
1989; Gamble et al., 199&raham et al., 1995Cronin et al., 1996a K/Ar dating on
Ruapehu lavas suggests that the eruptive actiatgsdback to 340 kaG@amble et al.,
2003, with four major cone-building stages reported420, 120-60, 60-15, and 15-0 ka
(Hackett and Houghton 198However, recert’Ar/*°Ar dating indicates major “pulses” at
180-250, 115-160, 50, 20 and <15 kza(mble et al., 2003Mt. Tongariro is a smaller (75
km®) andesitic massif consisting of several coalesainlganic conesMathews 1967;
Hobden et al., 1996; Hobden 199K/Ar dating indicates major cone-building stagds
210-200, 130-70 and from 25 ka to the preddnbfien et al., 1996Gamble et al., (2003)
report major stages occurring at 10, 25, 70-130;230, and 260-280 ka, pointing out that
both volcanoes might have been initiated simultasBo(with a maximum age of 340 ka),
but showing major cone-building stages at separtee intervals. From the
lithostratigraphic record, the major explosive watyi of Mt. Ruapehu took place during the
late Pleistocene (~60-10 ka BP cdlgpping 1973; Donoghue et al., 1995b; Cronin et al.
19969, while the major explosive activity related to.Mwongariro occurred between ~11
and ~9 ka BP calNairn et al., 1998

The general geology of Ruapehu and Tongariro volesns compiled within the New
Zealand Geological Survey BulletiGG{egg 196) and synthesized iGregg (196). Both
Mt. Ruapehu and Mt. Tongariro, together with Kakaea-Tihia and Pihanga are
collectively referred to as the Tongariro Volcaientre (TgVC;Cole and Nairn 1975;
Cole 1978.

Pleistocene and Holocene products of Mt. Ruapelmpdse extensively described lava
flows (Graham and Hackett 1987; Hackett and Houghton 19&8ght et al.,1999; Gamble
et al., 2003 fallout and rare ash-flow deposifBopping 1973; Donoghue 1991; Donoghue
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et al., 1995a, b; Donoghue et al., 1999; Moebial.et201), lahar depositsRalmer 1991;
Cronin et al., 1996a; Donoghue and Neall 20@hd debris-avalanche depositedointre

et al., 1998 The pyroclastic deposits identified as the pasliof the largest explosive
eruptions of Mt. Ruapehu in the geological recardespond to the 27,097 + 957 cal years
BP to ~10,000 cal years BP Bullot Formati@ofoghue 1991; Donoghue et al., 1995b
The historical activity has been mainly characeddiby lahar generation (e.ronin and
Neall 1997; Cronin et al., 1997a; Neall et al., ZOQecointre et al., 2004; Lube et al.,
2009; Procter et al., 20),small and frequent phreatic, phreatomagmatiptens and rare
dome-building eventsHealy et al., 1978in Cronin et al., 1997a; Nairn et al., 1979;
Hackett and Houghton 198%elated to the South CratéZdle and Nairn 1975 which is

currently occupied by an acidic crater lak#fistenson and Wood 1903

The largest explosive events known for Mt. Tongadomprise a ~11 ka BP cal., multi-
vent Pahoka-Mangamate eruptive sequence describBidin et al., (1998after Topping
1973, 1974; Donoghue et al., 1995bhe authors mapped the lapilli units and relaleon

to simultaneously or sequentially erupting vent®dpcing Plinian dispersals. From this
sequence, the Pahoka Tephfagping 1974; Kohn and Topping 1978; Donoghue gt al
1995b; Nakagawa et al., 1998 particularly interesting due to its contragtiithofacies
with respect to the typical Bullot Fm., Mt. Ruapebmuptions.Donoghue et al., (1995b)
mapped the respective isopachs, confirming Mt. &oing as the most plausible source and
a SE dispersal axis with a calculated volume oBXk&?; however,Nairn et al., (1998
presented newer data, locating the source at tbsept position of Saddle Cone, and
identified a NE dispersal axis with a calculateduwe of 0.4 kri. This problem will be
addressed ihapter 4.

Spinks et al., (20058tudied the structural control on volcanism in ithiea-arc rift of the
Taupo Volcanic Zone (TVZ), and proposed that sedmé@ominated by an extensional
component are associated with caldera formation langer eruptive volumes, while
segments dominated by dextral shear are relatestrédovolcanoes and lower eruptive
volumes. The inverse correlation between the dexteastension component and the
eruptive volume/style was then explained as thpaese to the control of the upper-crustal

tectonics on the location of magma storage: gresatemsion accommodates larger magma
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volumes. In this context, most of the andesitequenesis studies on the TgVC point to
complex mixing and mingling processes taking platentricate magma storage and
plumbing systems@raham and Hackett 1987; Gamble et al., 1999; €o&., 2000; Price
et al., 2005
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Figure 1.2 Study area. a) North Island of New Zealand tecteeiting (modified from Reyners et al. (2006)
and Villamor et al. (2010)), showing the Hikurat@fmadec subduction margin. TVZ: Taupo Volcanic
Zone, with andesitic Tongariro Volcanic Centre (TgVand the rhyolitic Okataina (OCC), Rotorua (RCC),
and Taupo calderas (TCC); b) TgVC comprises Mt.feha and Mt. Tongariro composite volcanoes. SH:
State highways connect the urban centres (red ssjuatudy sites indicated by blue circles; maference
type sections labelled as “B”.

Price et al., (2005¢arried out an integrated approach to understaadeimporal evolution

of andesites and rhyolites of the TVZ. The authmmspose the generation of andesitic
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magmas from the interaction of mantle-derived magméth lower crustal melts and
restites, when mantle-derived mafic magmas intarte underplate the crustidrrison and
White 200§. The great short-term geochemical variability lava-flow sequences are
consistent with complex, dyke-sill systems with temr@d, separated magma reservoirs
throughout the crust and upper mantle feeding emptat TgVC Gamble et al., 1999;
Nakagawa et al., 1999, 2002; Waight et al.,199&;eRet al., 2006 In this way, eruptions
are thought to be related to contemporaneous ardhichlly different magma batches
mixed and mingled at various depths and stagesahibity seems to increase with time
(Hobden et al., 199%nd appears to be related to progressively lonegma production
rates Gamble et al., 200Frice et al., 2005

Unlocking the secrets of Ruaumdko
S.J.Cronin and N.Pardo collective artwork, 2012

The introduction above comprised a background @itlain topics addressed and discussed
in this study, within the context of Mt. Ruapehu the next chapter, the reader will find the

methodological approach to attain the aims stavedea (pp. 2-3).

2 God of volcanoes and earthquakes, the youngesif9eapatuanuku (Mother Earth) inabti Mythology.
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CHAPTER 2. Methodology

2.1 Fieldwork and physical parameters

The pyroclastic deposits that represent the larggslosive eruptions known from the Mt.
Ruapehu geological record are mapped within théoBEbrmation, dated between 27,097
+ 957 cal years BP and ~10,000 cal years Bénpghue 1991; Donoghue et al., 1995b
The best exposures of these units are found ordktern flanks of the volcano and upper
Ring Plain, where detailed description of 158 gjraphic profiles was carried out
(Appendix A). Bed geometry, sedimentary structures, includiogtact types, bed forms
and stratification, paleochannels, dunes, lensesn-gize grading, and syn-depositional
deformation structures (e.g., impact sags) werefally recorded. Textural parameters,
such as clast framework (matrix supported vs. dapported), particle sorting, roundness,
sphericity, colours, pumice vesicularity and criystantent, size, and shape, as well as
accidental clast types were initially macroscopycdescribed in the field with the aid of a
10x hand lens.

This detailed description provided the key criteiga the interpretation of the particle
transport and deposition mechanisms, as well agldification of the range in types of
eruptive units and time breaks bounding pyrocladeposits. Pauses between eruption
events are based on the recognition of paleosalsiaer-eruptive fluvial architectural
elements, such as incised channels filled withiflugeposits, or sheet-like overbank/flood-
plain units Fisher and Schmincke 1984; Miall 199faleoclimate is an important issue to
consider with respect to development of paleosald the preservation of primary
pyroclastic deposits in the geological record at Ritlapehu. During emplacement of the
Bullot Fm., conditions varied from harsh perigldaimates during the last glacial period,
along with warmer and wetter conditions in intecggé periods lLowe et al., 2008 Hence,
pedogenetic processes were highly limited, affgctine types of soils developedrpnin et
al., 1996h, and the preservation potential of tephra uniisind) periods of extensive
snow/ice cover was low, with extensive tephra refizgtion by meltwaters and “snow

slurry lahars” Cronin et al., 1996a; 1997aln addition, complex interactions occurred
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between tephras, snow, ice, and water, affectisgdahm and nature of depositglgnville
et al., 2000 Here, syn-eruptive lahars or fluvial deposits eeferred to as those generated
synchronously with the eruptive activity (i.e. inded in the eruptive unit); those following

tephra accumulation (i.e. bounding eruptive unitl)be referred to as inter-eruptive units.

The first tasks in the field were to characterlse tinique lithofacies for each stratigraphic
unit, necessary for stratigraphic correlation. Teposits corresponding to the five largest
eruptions were identified and selected accordinfea significantly contrasting lithofacies
that may be taken as representing end-member camgliind triggering controls in similar
eruptive styles. A total of 100 detailed (mm resiol) stratigraphic profiles were drawn
and analyzed, and 58 more were used for furtheelation and mapping. In each location,
the maximum thickness and the three maximum axéleofargest five pumice and lithic
clasts (c.f.,Rosi et al., 2001Lof the corresponding pyroclastic fall depositgeveeasured
to constructisopach and isopleth maps. Contours were digitally drawn on a 20 m
resolution DEM, using ArcMap 9, to facilitate cdlation of distances, areas, and
circularity (expressed here as a shape factor: $fmArea)/ Perimetée)). During each
procedure, the manual results were compared tooumntderived from automatic
interpolations (e.g. Natural neighbour/Kriging) gested within Surfer 8 (Golden
Software) to better determine the dispersal aximg.axes were measured from the vent
and following the distortion of the correspondingntour; maximum short axes were
measured in three different points perpendiculdhédongest axis within an error of +6 %.

Thefallout tephra volume (V) was estimated from both irregularly shaped, whigposit
isopachs and from the approximated ellipses folhgwRyle (1989)modified byFierstein
and Nathenson (1992), Bonadonna et al., (1998)Saitgizio (2005) to compare the effect
of thickness extrapolation to an infinite area.t®lof thickness (Tk) logarithm vs. the
square root of the area ¥A enclosed by the corresponding isopach were pextiuérom
the resulting straight-line graph, the extrapolatedkness (3) at the vent (A?= 0) was
determined, as well as the slope (k) of the linesadering the thickness at two poiatand

b:

-k = (InTy — INTR)/ Ap'? — A [1]
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Following Pyle (1989)V was calculated independently of the isopach shage
V = 2Tok? [2]

Equation 2 was valid in the case of a single liegnsent in the graph. However, in most of
the cases tephra-fall deposits did not show a &negponential or power-law decay in
thickness with distance, and instead show mult{pliéen two to three) segments with
different slopes in In (thickness) vs (aréaplots. When two segments are distinguished,

the break-in-slope is referred &g and the relationship is described as:
Typ = Toe T VAw) [3]

Bonadonna and Houghton (20@#H)tained a general formula for volume calculatiohere

the field data are arrangednrsegments, expressed as:

2T1,

I

sz' 1+1 klA 1+1 — . k3A 2+1 sz 2+1 — .
+ 2T1, [ ;{pg _ ;p% ]e( k1dip1) 4 ZTZO[ ;:2, _ ;p% ]e( k124ip2) 4

2T (n=1), [knsAiig;—l)’f 1 k(n—n;;p_(;—if’ 1] e (k-1 Aipm-1)) [4]
where Tn, -k, and4;,, are the intercept, slope and break-in-slope, wsety, of the
segmentn. Bonadonna et al., (1998xplained the segmentation of these plots as a
reflection of varying thinning rates with distanegated to the accumulation of particles of
different settling behaviour according to theiresiz ThenA;, corresponds to the point
where the sedimentation from the umbrella cloudngea from high to intermediate
Reynolds number particles, adg, increases as column height increases. Research by
Sulpizio (2005) further elucidated the different methods to obtawrupted volumes
according to the properties of the deposit, in teahpreservation and data availability. For
Mt. Ruapehu, the proximal-intermediate distanceadat available, and thén and4;,
should be re-calculated considering that high-REsmdNumber Re) particles have a
narrow range of settling velocities compared to Reynolds Number particles. Since the

exact proportion of the proximal (Vp) vs. total woie (Vt) ratio, minimum volumes are

best obtained assumiﬁ}t@< 0.3 and:
t

JAp ~ 3.34k70% [5]
24



ky = 161 |A7102, [6]

and the volume can be calculated applyamadonna et a(1998;see equation 4).

Following Pyle’s (1989)method, the distance at which the thickness deese@sone half
of its maximum value is referred to as “thicknesdf-distance” (|, which describes the
morphology of the deposit. Likewise, the distantevhich the maximum clast diameter
halves with respect to its maximum value is ternteel “clast half-distance” (b and
reflects the corresponding column height. Thébbratio gives information about the
particles dispersion, considering both the colunangit and wind effects. High o
indicates rapidly thinning deposits with most of fharticles accumulated close to the vent,
while low hy/b; should correspond to widely dispersed depdBiyge 1989) In this context,
bJ/b: gives an estimation of thieagmentation index and allows the classification of the
eruptive style. A traditional calculation of tha@mentation index (D), by extrapolating the
area enclosed by the 0.0%.Xisopach \Valker 1973) was also obtained.

The eruptive column height (H;) was determined using the crosswind range and
downwind range obtained from the isopleths data fatidwing the model ofCarey and
Sparks(1989. The column heights obtained by plotting the dawmad and crosswind
ranges of 8 mm and 16 mm clasts of known densityeleen averaged to estimate the
mean column height and wind speed. In parallel|é¢hd of neutral buoyancy (Hp) was
obtained followingPyle (1989)y obtaining the parametey, Isince:

—he~ 0.41 HY(Hp-7.3), [7]
And the total height Hcan be estimated followingparks’s (1986inodel:
H¢ = Hy/0.7 , [8]

Finally, total column height was also calculatelfiolwing Sulpizio (2005) considering that

H; is proportional to the proximal thinning ratg and:

He = 7.6&°%, [9]
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Once H was estimated, theolume discharge rate (Q), given in ni/s, was obtained
following Sparks (1986as:

0= (ﬂ)a.ss’ [10]

1.67

The mass discharge rate (MDR) is the mass (in kg) erupted through the ventipss tnit
(seconds), and it was obtained graphically usimgniodel ofSparks (198pandSparks et
al. (1997) By measuring the weight (in grams) of overnigtied (at 108C) samples with
a KERN-HCB SOK20 high precision balance for a knowtume of bulk-deposit (in cijy
a rough idea of the deposit density was obtaired Arana-Salinas et al., 20§,0from

which whole-deposit mass was calculated:
Total Mass = (deposit density) * (Erupted volume) [11]
The total mass is also a measure of erupted matn{id), expressed byyle (2000)as:
M = Log (Total Mass) — 7 [12]

The resulting eruptive parameters obtained foffitreelargest eruptive units identified

within the Bullot Fm., are shown ippendix B andChapter 4.

2.2 Laboratory

2.2.1 Grain size analysis

For practical proposes, pyroclast sizes were dasdrin the field using the simplédden
(1914) scale modified byWentworth (1922)In the laboratory, higher precision allowed
detailed classification according &ohn and Chough (1989%yroclastic fallout deposits
samples of ~1 kg were firstly dried, weighed, andnoally sieved at 0.% intervals,
between -5 and 4.%. Gentle hand-shaking was carried out for pumicetglasorder to
avoid pumice breakage. The grain-size distributiod sorting was then analyzed with the
aid of the SFT- Kware softward\ohletz et al., 19809 In order to make data comparable,

grain-size parameters were normalized to the te&aght of clasts smaller than ¢ and
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coarser grain-sizes were treated separately shee represent fragments derived from a
different transport mechanism (i.e. ballistics)ebch distribution, the statistical parameters
were obtained followingnman (1952) by quantifying the mode (M), the median (Md), the
graphic standard deviatiowd), graphic skewness (SK and following Folk and Ward
(1957) by obtaining the mean (Mz), inclusive graphic gt deviation d;), inclusive
graphic skewness (SK and the kurtosis (. The sorting classification was estimated
qualitatively in the field and quantitatively usitite o; values, following the criteria dfas
and Wright (1987)Results are presentedAppendix C.

The description and quantification of pumice tegtyras well as the lithic content and
classification of pyroclastic deposits have beedeli used for the characterization and
estimation of eruptive parameters and the recoctstru of magma rheology in the conduit

(Whitham and Sparks 1986; Houghton and Wilson 18$89g and Cashman 1994; 1996;

Gardner et al., 1996; Polacci et al., 2001, 2008adei 200%. The methods described

below were applied for samples representative efsiected eruptive units and samples
were preferentially analysed, corresponding to tiooa along the dispersal axis of the

selected units.

2.2.2 Componentry

Component analysis was performed on the seleceedisamples, which were cleaned
with multiple immersions in distilled water insi@a ultrasound bath for 30 min to 1 hr.
Glass, crystal and lithic contents were determindtie 0.5, 1, 2, and @size fractions (<1
mm) of individual phases, considering that the fisé size fraction gives information close
to the fragmentation mechanism. A total of 300 ipkes per size class were counted with
the aid of a Leica Wild MZ8 binocular microscop&ppendix E and Chapter 5). The
classification criteria common for all the samptessisted of the separation of juvenile
pumice/scoria, dense fresh lithics, and altereddaatal lithics. Detailed classification
varied according to the properties of individuapadsits, but generally comprised clast
morphology, surface, vesicle content, shape arel siystal content, habit and size, and

27



clast colour. In order to make data comparable,pmrant classes were normalized to the
total number of particles per size class. This stdpwed a further approach to the
characterization of the juvenile clasts’ texturégdhe scale permissible by the binocular
microscope. Hence, preliminary ideas regardingcutgiion, fragmentation, and conduit
processes could be attained and were used to selbsequent subsamples for further

analyses.

2.2.3 Gas-Pycnometry: pumice density and porosity

Pumice clasts were sampled from the deposits ofrthim Plinian phases of the eruptive
units that represent contrasting lithofacies asdiaris.

Each selected fallout deposit was sampled at requervals (separated in the vertical axis
by 5 clasts), with a minimum total of 30 juvenil@dments between 8 and 32 mm per
interval, completing 60 to 100 juvenile clasts pait. In this study, the pumice textures are
gualitatively described as finely vesicular if >90 of vesicles are <2 mm and coarsely
vesicular if larger. Vesicularity is described acbog to Houghton and Wilson (1989)

These samples were further classified accordirtgew macrotexturesl@ble 2.1), cleaned

in distilled water, dried, and were kept in a desaior for skeletal and bulk density
determination. Ten samples of each eruptive unieveeushed with an agate mortar and

only in the case of very dense clasts were milléd e tungsten carbide ring grinder.

After classification of macrotextures within eacltidut, a representative clast of each type
within each unit was sectioned and polished fopégsion under optical microscope
(Appendix D), backscattered secondary electron (BSE) imaggigss analysis with

electron microprobeAppendix F), and porosity measuremengsppendix G).
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Table 2.1 Macrotextural classification of pumice rocks cotkd from Mt. Ruapehu, Late Pleistocene, Plinian
eruptions.

Type | General characteristics Subtype
Highly vesicular, vitrophyric clasts 1a Foamy. highly vesicular clasts dominated by subsphle
1 with subspherical vesicles showing vesicles <2 mm in diameter

smooth outlines and thin walls 1b | Expanded. Subspherical to irregular large vesicl

Fluidal, highly to  moderately 2a Finely vesicular to microvesicular (<2 mm in diaemw®t Vesicles
vesicular, crystal-bearing clasts wi show irregular outlines and variable wall-thickness

2 strongly orientated, elongated (i.e. Coarsely vesicular (>2 mm in diameter). Vesiclesvstsmooth
ellipsoidal)  vesicles, commonly 2b outlines and thin walls

aligned with the longest axes of

>

phenocrysts
3 Fibrous, porphyritic, microlite-rich| 3a | Microvesicular, occasionally colour-banded
often colour-banded 3b | Coarsely vesicular (>2 mm in diameter), ofteloenbanded

4 Dense-microvesicular, microlite-rich clasts withghly distorted, often aligned vesicles only visibite the
microscope and usually showing thick walls, pincbedpes and angular terminations.

Bulk Density: the selected pumice clasts are too small and ilegushape to be cored to
produce regular cylinders (e.gKlug and Cashman 1994 therefore, Archimedes
experiments were carried out followiktpughton and Wilson (1989in order to calculate
the bulk density. All samples were previously dregd50°C for 24 hrs, and their weight
was then recorded ag.Sor a first set of samples, each clast was imptsgl in melted,
ultra-refined paraffin wax of known density (0.&wf). The best results of rapid coating
and minimum penetration of the wax into the punpoees were obtained when the wax
was not too hot and fluid, usually around 45°C-504Cthat temperature, the wax rapidly
solidifies when the clast is removed and it is is£enough to avoid extensive penetration
into the pumice pores. A thin thread was attacloethé clast during this process to hang

the coated pumice for further drying and weighim@isuspension balance.

A copper reference mass was used to ballast thteccpaimice in distilled water (Density
3=1.000 g/cm), and the volume was estimated using the ArchimeRtenciple. Initially,
the ballast was suspended in air on a precisioanbal and the resulting weight was
recorded afBp. Then, it was submerged in a beaker containinglldé water and the
resulting weight was recorded Bg.. The forces acting on the object are in equilioriand
the buoyancy; is:

B=Bp - Bw [13]

B; is equivalent to the volume of the displaced flice. Distilled water) and also
equivalent to the volume of the ballast, recordedvh. Each coated sample was then

29



suspended in a precision balance and the reswltgight in air was recorded &y. The

weight of the wax was obtained by:
Wxp =Co - S [14]

Knowing the density of the wax, we calculated thgpective volume, which was recorded
asVx.

Subsequently, the ballast was attached to the @¢cample and the weight in air of the
whole system was recorded &SBp. This assemblage was further introduced in the

distilled water and the weight recordedGfBy,. The resulting buoyancy-Bs:
B= CSB, - CSBy [15]

B, is equivalent to the volume of the coated sampllk the ballast, recorded &&sb. The

volume of the sample Vs is then obtained by:
Vs = Vcsb-Vb-Vx [16]
This is the bulk volume of the sample and is usechiculate the bulk density, as:

Aouik = Vs [17]

During the last part of this project, a new Micrdres GeoPyc 1360 envelope density
analyzer was acquired by Massey University, whipplias the Archimedes experiment
within a quasi-fluid displacement medium composethizrospheres having a high degree
of flowability (DryFlo-Micromeritics). Envelope vames were assumed to be equivalent to
bulk volumes and were further used to calculateciweesponding bulk density of each

clast.

Skeletal and solid Density: these parameters were obtained on previously gigdice
samples with a Quantachrome helium ultrapycnomet#ng pure nitrogen as the flowing
gas. Five to six runs per sample were carried @umhinimize the standard deviation. The
pressure of the equipment was set at 19-19.5 p#h, avgas flow rate fast enough to
achieve that pressure between 30 and 60 s, butesiowgh to establish an increasing rate

of 0.1 psi per grade, once the desired pressureaald@sved. Each analysis was carried out
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using the automatic equilibration time, and eitttes vacuum flow system (1 minute of
vacuum) or the pulse mode for the gas inflow (4sesilper run), showing no significant

differences in the results. For powder samples trdypulse mode was performed.

In a porous material, such as a pumice clast, tagoy¢nometer measures the volume
accessed by the flowing gas. It only accessesdheected pores of the sample and the
resulting density is known as the skeletal density. In order to consider the isolated
pores, it was necessary to crush some of the samapk run the analysis of the powder to
obtain the solid densit,, being alwaysds, > de. It is noteworthy that best results were
obtained when at least three-quarters of the sapwmitiner was filled with the powder.
Oso1 CoOrresponds to the dense rock equivalent (DRE) usetthe calculations of total

porosity performed bidoughton and Wilson (1989)

Standard deviations per analysis vary between @.60@d 0.2 %. However, errors between
1 % and 5 % were estimated most commonly. Rarelpesaregularly-shaped and
weathered samples gave variability up to 16 % frepeated measurements of the same
sample, by changing its orientation. This issygradably due to the heterogeneity in shape
and texture of the samples, as well as the pres#recelay coat around the clasts (resulting
from weathering), which can lead to variations ke taccessible gas volumes with the
orientation of the sample in the holder. This peoblcan be minimized when coring
samples into regular cylinders. Further variatiomsre also evidenced when slightly
changing the flow rate into the He-pycnometer ammhr temperature, but in general, the
experiments were considered as reproducible. TWed & confidence in the measurements
was tested by calibrating the pycnometer with steeh-porous spheres of known volume
and by frequently repeating the measurement ofralestic pumice sample of Taranaki
volcano, previously analyzed with a similar machatehe University of Oregon hiylatz
(2007) Foliated or strongly anisotropic samples werdtmoeed in at least three mutually

perpendicular orientations in the pycnometer.

Porosity: with all the different density data, the followieglculations were carried out to

estimate bulk or totaldpuik), connectedd.onn), and isolatedd(s,) porosities of each sample,

31



by using the bulk volume, the volume accessibleheyflowing gas (Hg)), and the solid
density, followingKlug and Cashman (1996), Klug et al. (2002), andgWtret al. (200}

__ (Bulk volume—Hey,))
Peonn = Bulk volume [18]
Bulk volume
Poulk = <1 - (Solid density)) *100 [19]
Piso = Pbuik ~ Pconn [20]

In the absence of a gas permeameter, the perntgatiilieach sample could only be
qualitatively considered, based on descriptionbuiible coalescence, shear, development

of tubular textures, and presence of microfractures

Pumice clasts showing inner vesicularity and/orstalinity gradients were avoided in
order to exclude post-fragmentation effects (&/gngan and Cashman 199%homas and
Sparks (1992)demonstrated that clasts larger than 1.6 cm imelier do not cool
significantly while transported in the eruptive wwin, and for clasts close to 6.4 cm, it
takes 10 to 15 s in the fallout to cross the gteassition. Similarly,Klug and Cashman
(1994) estimated that these lapilli sizes would have Z¥alable for post-fragmentation

expansion and bubble coalescence.

2.2.4 Pyroclast 2D microtextures and ash morphology: optical and
scanning electron microscopy

Three to six pumice clasts from the modal graie iz each selected unit, which usually
corresponds to the -¢and -3¢ fractions, were thin sectioned and polished forioght
microscopy, backscatter imaging, and ulterior cloaiianalysis with microprobe
(Appendix D). The selection was based on the textural classifin performed with the

binocular microscope, since there is not a dirkagsification given by the density and total
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porosity data obtained with the He-Pycnometer (aisticed byPolacci et al., 2001,
Polacci 2005; Rosi et al., 2004; Sable et al., 2006

Sectioning and polishing were carried out by NeviDrr at GNS-Science (Lower Hultt,
New Zealand). Previously dried pumice samples wamgegnated into a two component
epoxy resin (EpoTek), placed under repeated vactuensure the resin penetrated all
possible voids, and dried at 50°C for 24 hrs, dil tihe epoxy was completely solid (e.g.
Toramaru 199 Afterwards, the samples were ground with 25@, 800, and 1000 grade
silicon carbide grits, mounted on glass, cut, gtbagain down to ~3Qm, and further
polished with consecutively 6, 3 anduin diamond pastes. Since the epoxy only reaches
the interconnected bubbles, three to five impragnatwere required as the samples were

ground, in order to preserve the bubble walls ashnas possible.

The thin sections were analyzed with a polarizipgioal microscope (NIKON Eclipse
E600W POL). Porphyritic textures were describedofeing Winter (2010)as: Fine-
grained if phenocrysts are <1 mm diameter, medivamgd if between 1-5 mm, and
coarsed-grained for phenocrysts >5 mm. Digital iesagere captured using a 5 mega-pixel
Nikon digital camera at different magnificationsadd contrasting textural end-member
was further carbon-coated for microprobe analysasacquisition of backscatter secondary
electron images with a Scanning Electron Microsc(EM) at the Microscopy Imagery
Centre at Massey University, running with 20 kV elecating voltage and a §5A beam
current, at a 11.3 mm working distance. A minimum six images were taken to

characterize each clast.

Careful attention was given to the identificatidnddferent stages of bubble coalescence,
retraction films, bubble wall wrinkling, and “doriuextures to refine the interpretation by
comparison with published data.g., Cashman and Mangan 1994; Klug and Cashman
1996; Gardner et al., 1998; Polacci 2005; Bouvet Maisonneuve et al., 20D9
Phenocrysts and microlite size, shape, habit, cadoal optical properties were similarly
analyzed. However, the low contrast for componehfRuapehu andesitic samples did not
allow the separation of feldspars (etgpmmer et al., 1999%rom the surrounding glass

matrix. Therefore, microlite volume fraction, numlzkensity, and average size were only
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determined for mafic minerals. Crystal sizes wdessified as phenocrysts (>150n),

microphenocrysts (150-50m), and microlites (<5Qm).

For additional morphology observation of ash shamasre than 50 individual grains were
hand-picked per eruptive unit, ranging from thep Zand the 3¢ fraction. Grains were
cleaned in distilled water using an ultrasound patbunted in a double taped stub, and
subsequently covered with gold for imaging with t&&M, running with 20 kV
accelerating voltage, 59A beam current, at a 8.8 mm working distance. Amaye of 30
grains per level within each selected eruptive (00 per unit) were analyzed, with a

total of 511 grains counted and studied @&ppendix E).

2.3.5 Pyroclast 3D micro- textural analysis

One of the key problems in volcanology, and paldidy in tephra analyses, is the 3D
extrapolation of 2D information. Stereological asptions are rather common and have
been used to obtain volumetric measurements, ssitheabubble and crystal content, size
distribution, volumetric density, etc (e.tdnderwood 1970; Toramaru 1990; Sahagian and
Proussevitch 1998; Higgins 2000; Blower et al., ZOBroussevitch et al., 2007, 2011)
However, experimental techniques have been testatid last decade, giving valuable
information that simplifies the analyses and giaewore realistic approach when combined
with 2D textural analyses on digital images. Meycporosimetry YWhitham and Sparks
1986 and the recently applied X-ray computed microtgraphy Ketcham and Carlson
2001; Song et al., 2001; Gualda and Rivers 20B6tacci et al., 2006Degruyter et al.,
2010; Giachetti et al., 2010; Zandomeneghi et2810; Giachetti et al., 20)1give 3D
reconstructions of the bubble network in pumice @as) which allow the best
quantification of parameters such as the porogigymeability, hydraulic tortuosity, and
pore-size and throat (i.e. pore aperture) sizeidigtons, which are crucial to understand
the state of magma prior to fragmentati®@agr and Manga 1999; Blower et al., 2001,
Costa 200%
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High resolution X-ray synchrotron and computed microtomography (MCT):
According to the textural variability within eachitj two (for the less variable) to five (for
the more heterogeneous) clasts per unit were céoed3D imaging at the X-ray
tomography beamline (number 8.3.2) of the AdvangghtLSource group at Lawrence
Berkeley National Laboratory at Berkeley (LBNL-Gatnia), and at the Institut des
Sciences de la Terre d’Orléans, I'Université d’@rig (ISTO-France). A total of 13
samples were studied to cover the range of textuvssrved in the stratigraphic record and
observed in 2D. Cylinders of 1 cm diameter weredpoed for the coarsely vesicular
samples, whereas 5 mm diameter cylinders were pestlfor the most finely vesicular
samples.The advantages of this method are enorcmmpared to the extremely time-
consuming analyses of polished thin sections, qdaily considering that it is non
destructive, requires no sample preparation otreer to adjust the sample to a size that fits
in the apparatus, and the dataset acquisition easbtained in less than 1 lealda and
Rivers 2006;Polacci et al., 2006 High-resolution X-ray computed TomographyC()
allows the visualization of the interiors of solabjects, and the acquisition of digital
information on their 3D geometry and propertiesobyaining multiple views over a range
of angular orientationsMees et al., 2003 The technique is based on the X-ray linear
attenuation properties of solid materials; as theays pass through a sample, the signal is
attenuated as a function of the X-ray beam enetigg, density of the material, and
particularly the average atomic number of the nmteiKetcham and Carlson 2001;
Ketcham 200k The attenuation of a monoenergetic beam paskimoggh a homogeneous
material is described by Beer's Lawsly exp(-px), wherelg is the initial X-ray beam
intensity, | is the resulting intensity after its interactioftlwa sample characterized by a
linear attenuation coefficieqt, along a path of lengtk. In 3D analysis, each pixel of the
three-dimensional image matrix corresponds to amel element (voxel)Ketcham 2005;
Polacci et al., 2006; Degruyter et al., 2R10

The images produced are X-ray tomographic radidgrapwhere the brightness is
proportional to the atomic number (Z): an imagerelat will appear bright-white at higher
Z and dark grey at lower Z (hence pore spaces afmpeek). A stack of 2D images is then
generated as .tiff formatted bitmap files, correspog to 6 to 20 GB of data generated per
sample. At LBNL-California, the beamline 8.3.2 issaper bend magnet source, with a
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local magnetic field of 4.37 Tesla, a 400 mA ringrent, and 1.9 GeV of ring energy; the
high magnetic field drives the critical energy loé tsource up to 10.5 KeV. The source size
is 220 x 30 um fwhm (w x h), and analyses are edrdut within a “hutch”, 20 m away
from the source. The x-rays enter the hutch witleam size of 40 x ~4.6 mm (w x h) and
interact with the sample, which is mounted on atioh stage. Each radiograph is then
taken by rotating the sample 0.2 degrees at a tirhe. stacks of image “slices” were
reconstructed with Octopus v8 (IIC UGent, Zwijnagr@elgium) and processed for 3D
visualization and quantification with Avizo Firel6and 6.2 (VSG-Visualization Sciences
Group, Zuse Institute Berlin). The grayscale vabfi@ particular voxel is the result of the
average attenuation of all the elements enclos#dmit. Hence, the discrimination among
different elements/components according to theaysggale tone is limited by the sampling

resolution Gualda and Rivers 20D6A detailed description of the equipment is found
Appendix H.1.

Dr. C. lan Schipper (ISTO) scanned pumice lapiliirma Phoenix Nanotom 180 X-ray
computed microtomograph (u-cT) at Institut des Sm@s de la Terre d'Orléans (ISTO;
CNRS-I'Université d'Orléans, France). Totals of 2300 scans of each clast were
collected during 360rotation, using a tungsten filament and molybdenarget. Operating

voltages were in the range 80 to 100 keV, with ents of 50-90 nA. Voxel edge lengths
ranged from ~2 to 4 unTéble 2.2).

Table 2.2 Samples used for X-ray microtomography study, ftbenMangatoetoenui (Mgt), Shawcroft (Sw),
Oruamatua (Oru), Lower and Upper Okupata tephrads-(Qkp).

Unit Sample Lab Sample | Pixel Sample field of| Subvolumes
volume size view (pixel$) (x # | size (mnml) (x #
used (um) images) subvolumes)
(mn?)

IX1b-1b LBNL 67 4.4 2961 * 2805 (x 420)  9-21 (x4)
Mgt IX1b-2a LBNL 68 4.4 3526 * 3505 (x667)|  10-34 (x4)
IXe-1 ISTO 38 3.6 1911 x 1983 (x 879)  9-10 (x4)
Sw Sw-2b LBNL 71 4.4 3552*3636 (x591) 11-17 (x5)
Sw-5b ISTO 68 4.4 1958*1934 (x 1261)  16-18 (x4)
M-Oru-2a ISTO 33 3.5 1878*1953 (x1398 5-9 (x4)
Oru M-Oru-3a ISTO 24 3.5 1948*1978 (x1817)  5-7 (x4)
M-Oru-4a ISTO 42 4.2 2024*1650(x1428) 9-11 (x4)
L-Okp Phil6a-5a ISTO 4.2 1938*1992 (x1952)  (x20)
B13-Ph161c- | ISTO 55 4.0 2055*2016 (x1953) 14 (x4)
6a
U-Okp | B50Ph16b-3a| ISTO 41 4.2 1989*1926 (x2028)  13-14 (x3
B50Ph16b ISTO 7 2.0 1929*1932 (x1617 2 (x4)
Ph-2-1d-5x LBNL 2 2.0 3216*3500 (x1768 0.5-1 (x3)
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Each sample was cored to a 0.5 to 1 cm diameténdeyl (up to 1 cm high) and image stacks of the
dimensions indicated as “Sample field of view” weitgtained. Sample volume used refers to the sample
volume used for 3D image processing and quantifioaPixel size refers to the resolution limit. S8alumes
size indicates the maximum size of each sampleduine that could be analysed, limited by the comput
power.

Raw scans were reconstructed into stacks of greysicaages with an offline PC

microcluster running Phoenix datosx rec reconstacioftware.

Image visualization and processing: for three subvolumes of samples scanned at
LBNL, subsets of image stacks were loaded in Are 6.2, facilitated by computers at
LBNL that allow up to 10 GB of data to be loaded ananipulated. The first 3D image
was obtained to broadly visualize the overall partexture and to select sub-volumes of
interest in order to crop the images and produdataset small enough to carry on the
image processing. A similar procedure was carrigdar the rest of the samples at Massey
University with the free software Image-J (Natiofradtitute of Health, NIH) by using the
BoneJ and 3D Particle Analyser plugins of thosekages. A detailed description of the
method is presented Appendix H.2.

In general, the heterogeneity of each sample wagerdhan the maximum possible size of
the virtually cored subvolume, which is limited the computer capacity. Hence, three to
four subvolumes were virtually produced within eadanned sample and the individual
results were later merged into a single data-sebver the entire clast. For the purposes of
the current study, image processing comprised aewing five general steps: 1) adjust
brightness/contrast; 2) image filtering (median-sthng); 3) segmentation, including: (a)
thresholding and generation of binary images, (bjphological processes such as dilation
followed by erosion and hole-filling, and (c) paeparation; the latter involved the
application of a step-by-step watershed processi{gatomatic, comprising the generation
of distance maps, image inversion and subtractidrerwusing Avizo Fire 6.2; and
automatic when using Image J). This last step waset on to separate vesicles that were

connected by fine apertures (i.e. virtual de-caadase).

Values reported here are limited by the resolutbrihe synchrotron andCT cameras

(c.f., Giachetti et al., 2001 causing features (e.g., bubble walls) smallanttine pixel size
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(~4 pum) to be lost. Therefore, the pixel size was redute 2 um for the most finely
vesicular clasts causing a decrease in sample Biis. volume reduction may truncate
large features (e.g., vesicles and crystals). Eurtbre, multiple subvolumes are needed to

characterize a sample, which requires a large ataflcomputer power and time.

Quantitative results were produced as .xsl fileemf which vesicle volume and size
distributions (VVD, VSD) were obtainedppendix H.3; Chapter 6). Cumulative vesicle
volume and size distributions (CVVD; CVSD) are algpoesented, following the
suggestions oKlug et al. (2002) These authors considered that the linear relstips of
In(n) vs. L require simple vesiculation under canstrates of nucleation and growth, which
is rather unlikely, particularly under rapid decaegsion (e.gAdams et al., 2006 Hence,
cumulative curves represent a better estimatiothefoverall integrated result of bubble
nucleation through time (i.e. records the rate tamthg of nucleation of vesicles during the

ascent of a parcel of magma), allowing more conipanaesults.

For best qualitative observation in 3D a set ofewidiles were produced with Image-J
(Appendix H.4).

2.2.6 Dissolved volatiles

Fourier Transform IR-spectroscopy (FTIR): the Fourier Transform infra-red technique
(micro-FTIR) has been rarely used in pumice sampules to the great difficulty of sample
preparation, and the error that can be incorporatdde readings, related to the microlites
and vesicles that might be present along the bedm plowever, if the sample preparation
is successful and crystal and bubble correctiores parformed, analysis on selected
juvenile, fresh ash fragments allows the identifama and estimation of the dissolved
volatile contents in the glass, which is reprederdgaof the volatile content of the erupting
magma at the moment of fragmentati@ialper 1982 Dixon et al., 1997 Wright et al.,
2007. In addition, this technique has been widely usedmelt inclusions in olivine,
guartz, pyroxenes and feldspars to estimate theenugive volatile contentFfezzotti
2001).

Given that bulk tephra and groundmass glass rditdal about the initial abundance of

volatiles in the pre-eruptive magma, glass inclasibosted in phenocrysts were chosen for
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micro-FTIR measurements and estimation of pre-er@ptolatile content l(owenstern
1995. The minerals identified in most of the samples augite, hypersthene and
plagioclase, all having good cleavage, which isbfmmatic for exploring melt inclusions
for entrapped volatiles. However, pyroxenes wergeti@d due to their transparency and
potentially long crystallization histories. They nieehand-picked from the sieved 2, 1, and
0.5 mm size fractions. Further selection of crgstalas made under the polarizing
microscope after checking for melt inclusions, dnd selected crystals were glued on a
petrographic slide using crystal bond and grounith W00 grit paper until glass inclusions
were intersected. Afterwards, the exposed surfaae polished using @m and 1 pum
diamond grit-impregnated papeiSchipper 201D Then, the slide was heated at 50°C to
melt the crystal bond and turn the wafer to repbatprocedure on the other side (e.g.,
Nichols and Wysoczanski 20pEach double polished sample was prepared toxanmman
thickness chosen to allow analysis (15-f&1). The thickness was measured with a
micrometer, with precision of + 10m (10); however, considering the heterogeneity of the
surface, we estimated the local thickness for @adhsion within each crystal based on the
spectrographic interference colours chaferf 1977. The utility of this method was
corroborated with a confocal microscope at the dicopy Imagery Centre at Massey
University for two samples, whose measured thickegsvere within + 2im (10) relative

to the values obtained by optical estimations.

A total of 10 crystals per unit (x 4 units) weresessfully double polished, each one with
several glass inclusions: for the Mangatoetoenuipre Unit 25 points were targeted,
providing 16 readable spectra; for Shawcroft EngtUnit 35 points yielded 16 clean
spectra; Oruamatua Eruptive Unit 49 (13 reliakde)d Okupata-Pourahu Eruptive Unit 29
(15 reliable for the L-Okp and 7 only for the U-Qk@he main limitations during this

study comprised the small size of the inclusiond e minimum thickness required for

their double-exposure, which limited accurate IRaption.

The micro-FTIR analyses were carried out with adiit Continuum FTIR microscope
with a Nicolet 6700 spectrometer at Massey Univgrgh minimum of 512 scans were

taken at a resolution wavelength of 4'tim different spots of the same wafer, at minimum
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apertures of 1%m, in order to maximize reproducibility. The anagswere carried out

with a liquid-nitrogen-cooled MCT detector and KiBram splitter.

The spectra were analyzed in the absorptivity daminwith the OMNIC FT-IR software.
The identification of absorption bands at ~3550"¢for total HO, and 1630 cihfor OH
groups was based on the experimental studies & wat

r speciation reported b$tolper (1982), Newman et al. (198@nd lhinger et al. (1994)
The peak amplitude was measured after subtractiegbickground established with
straight line fits. HO content C (H,0)) in wt.% was calculated using the Beer-Lambert
Law (Libowitzky and Rossman 19%7

Ax1.8

Mkhedl 21
txDx¢g [21]

C(H,0)=
whereA corresponds to the absorption peak amplitude medslirectly from the infra-red
spectra in ci; 1.8 is the HO molecular weight already converted in the comesiing
units;t is the thickness of the sample given in &ns the dacitic to rhyolitic glass density
given in g/cni and calculated by followingiange and Carmichael (1987), Lange (1997),
Ochs and Lange (1997andBest (2003) € is the molar absorptivity coefficient given in
L/(mol x cm?) (e.g.lhinger et al., 1994; Devine et al., 1995; Libowitzand Rossman
1997; Wallace and Anderson 1998; Ohlhorst et @012 King and Holloway 2002;
Mandeville et al., 2002) Absorbance coefficients were obtained from piielis
experimental data in andesitic, dacitic, and rhimtilass:ess7¢=63 (Lmol‘cm?) for dacitic
inclusions (Whittington et al., 2009jnd e3576=56 (Lmol'cm?) for rhyolitic inclusions
(Newman et al., 1986}163=55 (Lmol‘cm?) was used for rhyolitic inclusior®lewman et
al., 1986)but there are ne;s3o values available in the literature for dacitic gmsitions.
Therefore, values calculated for Fe-bearing anelesitsz=42.34 in Mandeville et al.,
2002)and rhyolitegfNewman et al., 198@re used

For this study a statistical representation wasepred to careful and detailed selection of
the inclusions, trying to avoid leaking structufesm the resultant analysi&ppendix 1).
The glass composition of glass inclusions was detexd by Electron microprobe (see
below).
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2.2.7 Geochemistry

Textural characteristics were integrated with cloainanalyses to reconstruct the physical
properties of the melt. All the chemical dateppendix F) were further recalculated and

normalized on an anhydrous basis for further pigtti

Electron microprobe (EMPA): major elements of glass and minerals were obtdireed
carbon coated, polished thin sections using a JEXOA-840 electron probe micro-analyser
(EMPA) at the University of Auckland. Analytical @awere gathered using a Princeton
Gamma Tech Prism 2000 Si (Li) EDS X-ray detectdt, an focused beam an accelerating
voltage of 15kV, a beam current of 800pA and 10@s ¢ount time. A defocused beam of
20 um in diameter was used for glass to minimise alkads (Nielsen and Sigurdsson
1981). The main focus of this study regarded glass asmipns, and the KN-18 glass
standard was used as a monitor during glass amsaly{8eoints per sample were enough to
characterize microlite-poor groundmass glass, &b %2 points were probed to minimize

error in the microlite-rich samples.

A similar process was carried out to analyze thesglinclusions that “survived” the

manipulation during FTIR analyses. Double poliskegstals were mounted on to a glass
slide using double tape, and all glass inclusidred tould be identified by contrasting

backscattered electron properties were analysed. aNanclusions could be analyzed

because of damage of crystals and surfaces dufitig) procedures, storage, and mounting.
FTIR images were carefully matched to BSE imagddeatify those inclusions that could

be successfully analysed with both techniquespAdbed points giving glass composition
totals lower than 94 % or higher than 99 % werduged from analysis. A careful and

detailed selection of glass inclusions is outshe dims of this study and it is noted that
low volatile contents or high silica contents coudsult from post-entrapment growth of
the host crystal from trapped melt and diffusion species through the host crystals
(Lowenstern 1996

X-ray fluorescence spectrometry (XRF): five fresh pumice fragments picked from each

different stratigraphic level in the same pyrodasteposit were crushed for whole-rock
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chemical analyses by X-ray fluorescence (XRF).d.@Q clasts per deposit were selected
with a total of 68 samples analyzed. Approximatklg of powder was weighed into pre-
weighed ceramic crucibles, and left in an oven0&fQ@ for ~24 hours/overnight to measure
the water loss of the sample. The combined powdeércaucible was then reweighed, and
the crucibles put in a furnace at 86®@vernight. When cooled for ~20 minutes, theseswer
reweighed to obtain a loss on ignition (LOI) valwdich indicates volatile content in the
sample. 6 + 0.0005 g of Lithium Borate SpectracH&¥?2 flux was weighed into glass
bottles, and 2 + 0.0005 g of the ignited sample gervadded to this, and mixed. The flux
and discs are fused by heating the mixture to ¥10then freezing the molten material to

form a homogenised glass disc.

Major element concentrations were determined wiBieanens SRS 3000 sequential X-ray
spectrometer with a Rh tube, which uses Brucker(SFEA-plus software (V1.51). The
method follows that of Norrish and Chappell (194¥iXh a reproducibility of £1 % (@).
For trace elements 34 international standards seel @or calibration and samples were
analyzed using pressed powder pellet (Norrish ahdp@ell, 1977; in Platz, 2007), with
theoretical detection limits of 1-2 ppm. La, Ce amd were measured for overlap

corrections and reproducibility issX5 % for all elements except Ba, La, Ce, Pb and Th

Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS): trace
elements were analyzed by LA-ICP-MBe@arce et al., 200Dy fusion on an Iridium strip
heater under an Argon atmosphere. The analysescaeied out A/Prof. lan Smith at the
Research School of Earth Sciences, Australian Nati®&niversity. The samples were
measured on a quadrupole ICP-MS coupled to an BrEimer’ laser systemEQgins et
al., 1998a, h)Ablation was carried out in a stratified atmogghef Ar and He, excluding
Ar from the area of ablatiorE@gins et al., 1998aThe scan speed was set to 20 pm/sec
and and the quadrupole ICP-MS was calibrated usipge-prepared sample of NST612.
An analysis of BCR-2 was run every 30 samples. Dadction uses calculations input
into a spreadsheet created by ANU to convert aeepagk for each element in counts per
second into ppm. This spreadsheet uses the NSTéiygsas at each end of the stack side,

as well as the silica content of the sample agcheted by XRF.
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CHAPTER 3. Tephrostratigraphy of the Bullot Formation and
characterisation of the largest explosive eruptions of Mt. Ruapehu

This chapter presents the detailed tephrostratigsapf the ~27-10 ka BP cal., Bullot
Formation and its volcanological interpretation. fin this record, 33 distinct eruptive units
were identified, which were grouped into six pesiothat reflect important variations in
eruptive behaviour, particularly in column stabjlitThe deposits of the largest explosive
eruptions were classified into three lithofacies@sations Fig. 3.1), each one suggesting a
different behaviour of the eruptive column. A gystic change in the dominant lithofacies
association over time was identified, indicatingransition from earlier eruptions producing
non-collapsing but oscillatory columns, to erupsogenerating steady columns, and younger
eruptions producing unsteady, collapsing columnsaddition, there is a new understanding of
the last Plinian event, previously referred as @lkupata Tephra and Pourahu Member (c.f.,
Donoghue 1991; Donoghue et al., 1995a, 1998)s and the next chapter revise the previous
stratigraphy and define a new maximum eruption fizét. Ruapehu.

Rhyolitic Tephra (Okataina Volcanic Centre)
Ok: Okareka Tephra (Narin 1992)

Rk: Rerewhakaaitu Tephra (Froggatt and Lowe 1990)
Wh: Waiohau Tephra (Froggatt and Lowe 1990)

Ok: 21,800 + 500 cal yrs BP (Last Glacial maximum,

Figure 3.1 Deposits of the Bullot Formation at location Ble(iType location oDonoghue 1991;
Appendix A). LA; Lithofacies Association type as will be defd in this Chapter. In Roman numbers
some of the main pyroclastic beds are indicated. MR, and M3, as well as the Hokey Pokey Lapilldan
Pink Lapilli correspond to the marker beds ideatifoyDonoghue (1995b)The position of rhyolitic ash
marker beds is shown in white boxes. Mgt: Mangateeti; Sw: Shawcroft; Oru: Oruamatua; Ak:
Akurangi are new eruptive units defined in thisdgtuOkp: Okupata Tephrd ¢pping 1973.

3.1 Introduction

The original definition of the Bullot Formatiodonoghue 1991 comprises only the
deposits overlying the 27,097 + 957 cal years BBjolitic Kawakawa Tephra.
However, it is important to emphasize that simiteposits indicating Plinian to
subplinian events were also common prior the actation of this tephraKig. 3.2).

The pre-Kawakawa pyroclastic deposits of Mt. Ruapate only locally preserved at

location B14 Appendix A), and are equivalent in age to the volcaniclad&posits
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reported in the Ring-Plain and along the Upper \&@kStream byCronin et al.

(1996a) The study presented here is focused on the tititagraphic record overlying

the Kawakawa tephra and precise correlation wag pos$sible for the eruptive units
younger than the Hokey Pokey Tephiaofoghue 1991; Donoghue et al., 1R95
Eruptive units between the Kawakawa Tephra andHbkey Pokey TephraHokey

Pokey Lapillidefined byDonoghue 1991were only found at locations B1, B14, and

B27 (Appendix A).

Kawakawa Tephra: -
27,097 + 957 cal. yr BP *

Mt. Ruapehu tephras [/
older than Kawakaws

Erosional

Undefined tephra
record between

/ Kawakawa Tephra

Fluvial deposits (reworked Kawakawa) and eruptive unit |

Figure 3.2 Deposits at
location 14 Appendix A),
not included within the
original definition of the
Bullot Formation  but
indicating similar eruptive
behavior. Thick pumice
lapilli fall beds are found
below: a) the Kawakawa
Tephra or fluvial deposits
reworking this tephra, and
(b) the deposits described
by Donoghue (1991) and
Donoghue et al. (1995las
the first unit (1) of the
Bullot Formation.

An earlier version of this Chapter was publishedPydo et al(2012a;Appendix J.1)

and reports the principal findings obtained frontaded field work, lithostratigraphic

correlation and definition of the eruptive sequendée contributions of each author to

the study were as follows:
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Natalia Pardo (Principal researcher):

* Field stratigraphy, sampling and interpretation

* Manuscript preparation and writing

Dr. Shane J. Cronin (Chief supervisor):

* Introduction and assistance in the field

» Editing and discussion of the manuscript

Dr. Alan S. Palmer (co-supervisor):

» Field assistance and sampling

» Editing and discussion of the manuscript

Dr. Karoly Németh (co-supervisor):

* Field assistance and discussion
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3.2 Reconstructing the largest explosive eruptions of Mt. Ruapehu, New
Zealand: Lithostratigraphic tools to understand subplinian-Plinian
eruptions at andesitic volcanoes

Natalia Pardo? Shane J. Cronin?, Alan S. Palmer?, Karoly Németh®

®Institute of Natural Resources, Massey Universtgimerston North, New Zealand

3.2.1 Abstract

The tephra record of Mt. Ruapehu comprised betvide@97 + 957 and 11,620 + 190
cal years BP, allowed the determination of thedatgcale explosive eruptions sourced
at the most active New Zealand andesitic volcamomRhe lithostratigraphic analysis,
a systematic change in the explosive behaviour teen identified. Deposits of
eruptions between ~ 27,097 + 957 and 17,625 = 42%ears BP, suggest stable but
oscillatory eruptive columns, characterized by @alypoor, foamy to expanded pumice
clasts. From the end of this period and up to 133,63165 cal years BP eruptive
columns were steady and conduit wall erosion waeeee. Following 13,635 + 165 cal
years BP and up until 11,620 + 190 cal years BRyggstic deposits show evidence for
unsteady eruption conditions and collapsing coluncizaracterized by extremely
heterogeneous and coarse-grained porphyritic pumatasts, ranging from
microvesicular to fibrous textures, including caldnanded clasts. After ~11 ka BP cal.,
there was an abrupt transition in the dominant terefpehaviour at Mt Ruapehu, since
which time eruptions have been an order of magaitogver in intensity and volume.
These data demonstrate long-period transitionsrupt®n behaviour at an andesitic
stratovolcano, which is critical to understandeglistic time-variable hazard forecasts

are to be developed.

Keywords. andesitic tephras, explosive volcanism, eruptivi, dallouts, lithofacies,

lithofacies association, tephrostratigraphy

3.2.2 Introduction

With populations increasing near andesitic volcanasund the globe, attention of

physical volcanologists over the past four decdues been focused on defining the
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range and scale of eruptive hazards at these ww#saand forecasting most-likely
eruptive scenarios. The most frequent activity ofiesitic volcanoes is effusive
volcanism, low-magnitude explosive events, and dgle@eration of lahars. Isolated
larger-scale eruptions also attest to the rareabtitnes catastrophic activity generated
by this type of volcano, such as Somma Vesuvildy(ItAD 79; e.g.,Gurioli et al.,
2005, Askja (Iceland, 1875; e.gCarey et al., 2000 Colima (Mexico, 1913; e.g.,
Saucedo et al., 20},0Mt. St. Helens (U.S.A., 1980; e.d.jpman and Mullineaux
1981, Chichon (Mexico, 1982Macias et al., 2003 Mt. Pinatubo (Philippines, 1991;
Koyaguchi and Tokuno 1993and Chaitén (Chile, 2007-2008arn et al., 2009; Lara
2009. Such large-scale eruptions represent a reahthie society Cashman and
Blundy 2000; Simkin and Siebert 200®uch eruptions also represent the “extreme”
potential of individual volcanic centres and undemging these maximum limits is an

important step to completing a full and robust anic hazard assessment.

On the North Island of New ZealanBig.1.2), the largest explosive volcanic eruptions
occur from Quaternary rhyolitic eruptive centregyrtigularly Okataina and Taupo
calderas\(Vilson et al., 1988Wilson et al., 1984; 1995; Graham et al., 1J9%esearch
on the coeval andesitic volcanoes has principahcentrated on their effusive activity
and petrology (e.g.Cole 1978; Hackett 1985; Cole et al., 1986; Gralzanu Hackett
1987; Hackett and Houghton 1989; Graham et al.0;1B®bden et al., 1996; Stewart et
al., 1996; Hobden 1997; Waight et al., 1999; Ganablal., 2003; Price et al., 2005
along with the tephras and lahars produced by tmedst frequent vulcanian-
strombolian and phreatomagmatic historical erugtiptoughton et al., 1987; Cronin et
al., 1997a; 1998; Nakagawa et al., 2002; Bonad@mthHoughton 2005 Donoghue
(1991), Donoghue et al. (1995a, b), Neall et #898), Wilson et al. (1995), Cronin et
al. (1996a), Donoghue et al. (1997), Cronin andlINg®97), Nairn et al. (1998),
Nakagawa et al. (1998), Donoghue et al. (1999) Hitchcock and Cole (200 Have
also described some aspects of explosive erupti@ismay be two to three orders of

magnitude larger than recent examples.

This paper provides a detailed tephrostratigrapdmalysis of the largest known
explosive eruptions from Mt. Ruapehu between 27 8%957 and 11,620 = 190 cal
years BP. These new data help elucidate the natluhe largest-scale explosive

eruptions that we can expect from New Zealand amcdeslcanoes, and to shed light
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on the physical mechanisms of subplinian and Rligeuptions at similar subduction-
related andesitic volcanic systems elsewhere.

The tephra record described here was previouslygitoto consist of indiscernible
lapilli beds lacking diagnostic field charactegstic.f.,Donoghue et al., 199%pbut we

show that key criteria can distinguish and allow toscorrelate them permitting
construction of isopach and isopleth ma@&dpter 4). These criteria can be applied
when other chronostratigraphic and paleosol marlkames absent and/or deposit

geochemistry is affected by weathering.

3.2.3 Geological Setting

The research are&i@. 1.2) lies within the Tongariro Volcanic Centre (TgVv@j the
southern end of the late Pliocene to QuaternaryEI$E trending Taupo Volcanic
Zone (TVZ), one of the most magmatically activeioeg on EarthGregg 1960, 1961;
Cole and Nairn 1975; Cole 1978; Cole et al., 1%8&yners et al., 2006

Mt. Ruapehu and Mt. Tongariro (including Mt. Ngalioe) are two of the most active,
low-K andesitic-dacitic New Zealand volcanoes. Thae located within the Mt.
Ruapehu graben where faulting and volcanism appesely relatedNarin et al., 1998;
Villamor et al., 201D Mt. Ruapehu (i.e. Rua "pit", pehu "to explode';Te reo Maori
language) is a large (110 Rm2797 m high, composite volcano, comprising saiver
overlapping craters, progressively younger towdhds south iackett 1985; Graham
and Hackett 1987; Hackett and Houghton 1989; Grakaml., 1995; Wilson et al.,
1995; Cronin et al., 1996a; Gamble et al., 2008. Tongariro (i.e. riro "carried away",
tonga "south wind") is a slightly smaller (75 ®ntomposite volcano consisting of
several coalescing volcanic cones, with Mt. Ngaaeulthe most recently active
(Hobden et al., 1996; Hobden 1997; Moebis 2010; Moebal., 2011 Gamble et al.
(2003) pointed out that both volcanoes might have itetdasimultaneously (with a

maximum age of 340 ka), but major cone-buildingyetaoccurred at different times.

Pleistocene and products of Mt. Ruapehu compridedescribed lava flowsGraham
and Hackett 1987; Hackett and Houghton 1989; Wagihal., 1999; Gamble et al.,
2003, and fall deposits, plus rare pyroclastic densityrent depositsTEpping 1973;
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Donoghue 1991; Donoghue et al., 1995a, b, 1999;a8ama and Houghton 2005;
Moebis et al., 2011 lahar depositsGronin et al., 1996a; Donoghue and Neall 2001
with debris-avalanche deposit®almer and Neall 1989; Lecointre et al., 1998;
McClelland and Erwin 2003 The largest eruptions of Mt. Ruapehu date badké late
PleistoceneTopping 1973; Donoghue et al., 1995b; Cronin et1¥96a, b and their
deposits are included within the Bullot Formati@ooghue 199\ Historical activity
has been centred at the South Crafeid and Nairn 1975which is currently occupied
by an acidic Crater LakeCpristenson and Wood 1993nainly characterized by lahar
generation (e.g.Cronin and Neall 1997; Cronin et al., 1997a; Ne=llal., 2001;
Lecointre et al., 2004; Lube et al., 2009; Procteral., 201, small and frequent
phreatic, phreatomagmatic eruptions, and rare daumlding eventsiairn et al., 1979;
Houghton et al., 1987; Hackett and Houghton 1988n et al., 1997a; Kilgour et al.,
2010.

3.2.4 The largest explosive eruptions recorded at Mt. Ruapehu

A total of 158 locations exposing the Bullot Foriaatwere described, primarily to the

east of Mt. RuapehuAppendix A). West of the volcano only one location, the
Pukeonake spatter cone, contained a coherent tephrgence of this age, with a few
other localities showing one or two units. The maistal locations where the tephras
can be distinguished and correlated along the appalispersal axis are 80 km east of
Crater Lake Fig.1.2).

Bed geometry and sedimentary structures, includiogtact types, bed forms and
stratification, paleochannels, dune structuresstaancentration lenses, grain-size
grading, and syn-depositional deformation strugyeeg., impact sags) were carefully
studied. Matrix supported vs. clast-supported facworting and composition were
qualitatively described in the field, with partiaulattention given to the characteristics
of pumice, scoriae and lithic fragments, includie@our, shape, vesicle and crystal
contents, sizes, shapes, and fabric (e.g., frdtligted, fibrous and mottled). These
data were used to interpret particle transport daplosition mechanisms, key field
criteria to distinguish the lithofacies classeseaiiptive units. Boundaries to eruptive

units are major discontinuities within this regiorarking significant repose periods in
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the eruptive activity: these include loess, palégsand deeply incised paleochannels
filled with thick fluvial deposits synchronous tpielastic deposits at other locations,
indicating the reestablishment of the landscapetheadeturn of sedimentary processes
to the background conditions existing before thg#on (c.f.,Manville et al., 200
During the emplacement of the Bullot Formation ighkelevation sites studied (500-
1600 m elevation) syn-depositional conditions rahfem harsh periglacial climates
during the last glacial period, to warmer and wettenditions during the transition into
the Holocenel{owe et al., 2008 Hence, pedogenetic processes were highly limited
affecting the types of soils developedr¢nin et al., 1996¢ also reduced preservation
of tephra units emplaced onto extensive snow/iceeccmccurred, with widespread
tephra remobilization by melt-waters and snow-giudghars Cronin et al.,, 1996a,
1997a; Manville et al., 2000 Here, the discrimination between syn-eruptive
volcaniclastic deposits (synchronous with the awepactivity) and inter-eruptive post-
eruptive volcaniclastic deposits, based on theonuggry, sedimentary structures, and
lithology (following Smith 1991; Manville et al., 2009vas crucial to establish the
hierarchy of discontinuities formed under glaciakglacial conditions during
accumulation of the Bullot Formation. Minor discowities, such as local scouring,
gradational and sharp contacts given by contragjnagn-size, sorting, clast-support
framework, bed-structure, or lithic vs. pumice @mtmark changes in the eruptive
style and/or transport/emplacement mechanism, andodl signify major time breaks.
Beyond 20-25 km from Crater Lake, many of the pmadly separate beds merge into
compound depositional units bounded by major discaities.

Thirty three eruptive units bounded by thick loes®l/or paleosolsHgs. 3.1, 3.3;
Appendix A) could be correlated between many of the studied,sranging from the
Hokey Pokey lapilli defined bfponoghue et al. (1995pb)0 the ~11 ka BP cal., Pahoka
Tephra defined byTopping (1973) Regional stratigraphic markers supporting
correlations include the rhyolitic Okataina-sourc2#,800 + 500 cal years BP Okareka
Tephra (during the Last Glacial maximum), 17,6282b cal years BP Rerewhakaaitu
Tephra (marking the onset of a transition intote-tzlacial warm period), and 13,635 +
165 cal years BP Waiohau Tephra (marking a latetglaold reversal)Kroggat and
Lowe 1990; Newnham et al., 2003; Lowe et al., 2008
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Figure 3.3 Bullot Formation as seen on the eastern Ring P&ilower part of the studied sequence, 15
km from Crater Lakep) middle part of the sequence, 17 km from CratereLdkportant markers are
shown: the Okataina caldera Rerewhakaaitu (Rw) \&iaibhau (Wh) tephras, Mt. Ruapehu Okupata
Tephra (Okp), and Mt. Tongariro Pahoka Tephra (Bld) upper part of the sequence, 15-17 km from
Crater Lake. Ng-1-2: Ngamatea Lapilli 1-2 as definey Donoghue (1991) are the last subplinian
eruptions from Mt. Ruapehu before the onset ofrtiost explosive period of Mt. Tongariro, represented
by the Pahoka-Mangamate sequence, as redefinddiby et al. (1998)

Below, a detailed tephrostratigraphy is presentechronological order with particular
detail given on the most widespread, thick and s®grained, pyroclastic fall deposits
related to subplinian and Plinian eruptions, mainbhm Mt. Ruapehu. The oldest unit
that could be successfully correlated in the stlidisea is the Hokey Pokey Eruptive
Unit (Figs.3.1, 3.2, 3.3a; Appendix A). Several outcrops along the Upper Waikato
Stream expose weathered pumice lapilli beds belewHiokey Pokey Eruptive Unit and
even below the ~27 ka BP cal., Kawakawa teprafin et al., 1996c; Wilson 2001,
Lowe et al., 2008 showing that large explosive events from Mt. pelau were
common, at least from ~55 ka BP célr@nin et al., 1997b

The grain-size terms ash, lapilli, blocks, and benalbe here only used to describe
primary deposits. Silt, sand, and gravel are hegstricted to descriptions of

volcaniclastic and epiclastic deposits ($®kite and Houghton 2006élassification for
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the equivalent diameters). Both grain-size and thétkness dimensions are given as
exposed in the Ring Plain, between 9 and 15 km fCoater Lake.

The Hokey Pokey Eruptive Unit (HP)

The HP unit is bounded by thick lahar deposits laeds, and was erupted immediately
before the 21,800 £ 500 cal years BP rhyolitic @kar TephraKig. 3.4). It is well
exposed at the base of the studied deposits, maritie underlying topography and
decreasing in thickness and grain-size towardse#st. Up to four distinct pyroclastic,
clast-supported, well sorted, pumice lapilli bedsg( 3.4), bounded with sharp to
locally erosive contacts by thin volcaniclastic deigs of variable thicknes§igs. 3.3a
and3.4), were distinguished within the first 15 km E, Ndbd SE from Mt. Ruapehu.

| comp. | HEEmiol
= >Juvenile:
= g SUpPOT| Ciast Supporied Structure/ Observations Interpretation
5 0 | fabric Texture TSI aTon
@ E3
v:, 3le |2 |2 Brownish-grey, medium to fine sand and cobble beds Intereruptive lahar
eV |3 |v interbedded with granules dominated and siit dominated beds.  deposit capped by
o At the base are scattered pumice lapilli from the underlying  loess (Major time
4 unl sequence, while the bulk of the deposit is mainly composed of break). The
o A dark grey, grey and red ialine to porphy white ash
Ra The uppermost 8 cm are partially | ing of silt P 1o the
‘5 . and clay grain sizes, and showing loamy texture. The matrix is 21,800 + 500 cal
= vesicular, containing crystals and lithic fragments, varying in  years BP Okareka
- = g colourand texture. The deposit varies in thickness from 30 cm to Tephra
+ — .. 2 m. Laterally it changes to  stratified, better sorted sand
‘“', deposit, with an interbedded white thinash bed.
-% Planar sharp to locally erosive contact m
i) Eesase— ||l /. . mama Lo T
_—_' -Silt with greasy texture and small vesicles. Veriical cracks are  ,  Main phase: Fall
S common west of the volcano and at exposures >20 km to the easl’- deposit from a sustained
™= 1 A Regional transitional contact --— . —-—- conveclive CO‘U”’“_‘
1| T T T T HP-4. Chunky, orange brown, foamy coarse lapilli similar to Ven\IUpper conduit
- a I. HP-2, varying from dark brown FV to olive grey dense pumice, ;’;i';{;:;’;‘r:e":l’;hfr
T and relatively higher cantent of grey porphyritic lithics. Dark
] VYQ.O Q brown scoreaceous bombs with centimetric bubbles are cr?:rﬁﬂtg%ff:r‘\g::i:?
- TTTITENY LT common, a
g Wa‘. kit — Local planar sharp contact =« =+ ===+ «._._, Juics
© = HP-3. Two to three yellowish-brown, medium and fine pumice  Syn-eruptive lahars
> A lapilli beds, similar in composition to HP-2, each one capped by a Pulsating eruptive
E=-s thinner fine ash bed. Atop the subunit ends with another dark colamn: diBciete;
alT grey deposit of variable thickness, with subrounded yellowish minor lai\ daposit-s
~ b = brown pumice clasts setin asilty sand matrix. This subunitisless .. .
w often preserved, and is commonly reworked by ; Syn-
veOQ Vo . s
hyperconcentrated flows. .
E = S R T — Local planar sharp contact - — - — - — . —. ! Ve
008 HP-2. Chunky, yellowish-brown, coarse and medium pumice ain phase: Fal
& — lapilli, dominantly consisting of highly vesicular, phenocryst- deposit froma_
o poor (Px>01>Pl) pumice clasts with vesicles (< 2
d’) o |V mm), and minor proportions of dense, grey, porphyritic to _ _ column
x| T (35) aphanitic lava Dark brown bombs with | .
o [¥ Yﬁ) centimetric vesicles are common. Al the base there are local ; Opening phase (fall):
I rem A ions of grey, i to porphyritic lava fapilli. ! Plug removal from an 2 e
ey . Alopitis followed by a dark grey deposit of variable thickness, | Gbstructed ventiupper I N v b 2L : A
MIRG OQ 2 wimdsuhrqundad yellowish brown pumice clasts set in a silty gjz'cd':_"'g’gg:%"e- Sedimentary structures
e e ee e, . sand matrix. ) "
Tivva e - Local planar sharp contact: — - —- = = I magma frag ey LB—”dd'g aia T G'fd—ﬂ—'“ Absarit
D < HP-10live grey to pinkish brown VFV to dense, altered, plate- andrecycled pumice L | 7088 | how andie) Farael | HORE V
S ol shaped to blocky-shaped, fine pumice lapilli, capped by a thin clasts. — = = == o I
g g 8 a2 gi planar sharp contact Ints ptive diluted i e
< S R e . mae i (o (B me | gl W e
x 3 * H G = ©| W Leafs/ plant roots
g9« ° alternating fine sand and mid sand beds, variable in thickness. ~ €nergy overbank 18 5 @ subangular P Clasl.-sufpporlad -
£ - 0 Attopitis capped by a dark brown, silty sand bed. deposit. The E 5 @ Subrounded S ®| == Aligned clasts
N - uppermostjoamy 0. 5 | @ Rounded &| 3 Impact sags
- 4 texture indicates a [ 3
- . . 0 R Very well rounded @ Accretionary lapilli
> Planar sharp to locally erosive contact. major time broak = -
FVIFVICV: Dense/ very fine vesicular/ fine vesicular/
2 wm Loess coarse vesicular

Figure 3.4 Hokey Pokey eruptive unit) general stratigraphic profile of the Hokey Pokeypgive unit

b) HP subunits (HP-1 to 4) ~9 km from the vent, wiite main lapilli fall deposits and interbeddednti
stratified diluted lahars and fluvial deposit3;bread-crust bombs in the main Plinian fall deoaite
common in the first 10 km from the vent. Solid Bnepresent regionally exposed, major discontiesiiti
limiting eruptive units, and dashed lines indicddeally exposed, minor discontinuities separating
deposits of eruptive phases/pulses within the samite
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Tukino

Karioi

Eruptive period _|Pre-Okareka tephra gip Ohinewairua Taurewa
Unit Hokey Pokey X (L4%) I (X111 XVIIE(XVII-4 = 187 | XIX (L11%) XXl XXV XXVI Xﬁcl\l"z | socvn XXXI
(L3") =16%) (L13%) L15Y | (swiLer |¢ gy | we) (Okp*™)
Age 11,620 +
(Donoghue et | < 2|1 ,800 1220 < 21,800 + 500 cal. years BP < 17,625 + 425 cal. years BP < 113,635 + 165 years BP 190 cal.
al. 1995b) cal. years ears BP
Strong Pale brown Pinkish- Strong Dark brown Strong iron-stained, orange-brown Pale brown to greyish- ijr?il':i:?(;
Bed colour yellowish brown yellowish base, orange top brown white
brown brown
Lithofacies Not end-member:
association type| LA LA hybrid 2B and 3 LA LA2b LA2a LA3
: 91 %. Frothy, 60% Foliated, 60 -20% Very 78-90% Frothy, 49% Expanded, 68% 57% 37% 33%
Juvenile finely vesicular , | ellipsoidal to tube- | finely vesicular to| finely vesicular, coarsely vesicular| D ( finel icul Very heterogeneous, from finely to
Pumice subspherical | like vesicles <1 | dense, distorted | ~ subspherical > dense. e coarsely vesicular, some colour
vesicles <2 mm cm vesicles < 1mm | vesicles <2 mm Sbspherical | With subspherical to ellipsoidal banded and fibrous, with elongated
esicles 1cm vesicles < 1mm and some highlly distorted vesicles
Whole-rock -
Si0, [%] 52.37 57.42 L6*54.71 18*49.62 55.44 51.34 | 53.15( 53.31 Sw:57.6 |L17:53.17|L18:57.39 55271753
[el} tri i . .52-
Sio. "[1;]"’( 6002 rE] 6694 1661.50 6207 69.48 61.7 Li7:73.33|L18 66,47 | 8752
, .
5
Bulk density = o | © | 0.92-
1.25 o | 0.65-1.56 £ 1.39 < 1.33 =
alem’) & > A < [1.33
Bulk] A B i 3
vesicularity [%)] 4376 @ i 3 54-57 5 | 55 | % | 56-71
44%
Phenocrysts |5% (Cpx + Opx + | 30% (Cpx + <5% (Cpx + Opx | <15% (Cpx + Opx > | <4% (Cpx + Opx| 4% 6% 38 % /e
Ty P|;> Ol)<1mm | Opx>Pl)<5mm |>Pl) <2mm Pl) <5mm +Pl) <5mm (PI> Opx + Cpx) < 1mm (Pltuoégx + Cpx>>Qz)h< 7tmtm ?lve
mottled, coarse-poprphyritic texture
6% (mainly fresh, | 2% (mainly fresh, | Variable, lithic- Vg"gb'e- ”{“"23;5" 47% 30% 37% 25% 23%
Non-Juvenile | dark grey, fine |dark and pale grey,| 'ich beds up to eds Upito 297, concentrated at | . . »
Lithic grainedgpoyrbhyriti~ coarse-grainged Y1 800 mainly | fresh, dark and grey.| top: porphyritic to Highly hydrothermally altered dens.e volcanic | Coarse-grained porphyritic grey
last: andesites. rare orhvriti fresh, dark and coarse-grained aphanitic lithics, varying in colour and texture: red, grey, andesites > orange and red,
clasts - porphy pals grey, porphyritic > Hydrothermally |, Olive grey, bluish-brown, orange, purplish- | hydrothermally altered aphanitic
hydrothermally andesites) coarse»graiﬁed aphanitic altered brown and yellow, aphanitic to coarse-grained lithics >> metasedimentary
altered volcanics) porphyritic) Hydrlothel;jn)wally porphyritic. Some meta-sedimentary grawackey
altere:
[
o
2
o
O
£
3
=8
€
©
£
£
o
o
2
o

Table 3.1 Correlation of the eruptive units defined herehwvtite published stratigraphy and main field
characteristics of key eruptive units of this stuBpnoghue’s (1991kquivalent nomenclature of the
lapilli beds representing Plinian phases withinhearuptive unit are shown in brackets. Whole-roc# a
glass composition are taken from Donoghue et &0072 Componentry, density and vesicularity
proportion as expressed as average vol.% from gasemetry measurement@gpendix G). The
average bulk density of the whole deposdy(j) is reported in g/cffor some of the units.

Beyond this distance, the eruptive unit consisterdy a single pumice lapilli bed (i.e.
Hokey Pokey lapilli defined by Donoghue 1991) wetiaracteristics described for HP-2
and HP-4 in figure 3.4, bounded by compacted loass, recognized as a useful
regional marker. The capping loess contains patcbksthe Okareka tephra.
Distinguishing features are the strong “chunky” egmance, and the predominance of
yellowish-brown, equant-shaped, frothy, finely wesdar, phenocryst-poor (<5 %)
pumice clastsTable 3.1), with dominantly sub-spherical vesicles of red&d size (<2

mm).

Interpretation:the HP unit is interpreted as resulting from fdigtinct eruptive phases
producing widespread fall deposits separated bggsmilong enough for syn-eruptive
lahars and fluvial reworking to occur, locally chailing the depositsDonoghue

(1991)reported whole rock and glass Si€bntents for the Hokey Pokey lapilli around
52 and 60 wt. %, respectively4ble 3.1). The main depositional axis for this unit is to
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the ENE, but there are not enough exposures taupeoopach maps due to common
syn- and post-eruptive reworking by stream-flowsvg melt, and lahars.

Rangipo Eruptive Period

This eruptive period produced seven eruptive urech consisting of pyroclastic
deposits followed by inter-eruptive, epiclastic seces (fluvial deposits and loess)

very well exposed on the Rangipo desert.

Unit IX: this well bedded unitFigs. 3.1, 3.3a, 3.5 and 3.6; Appendix A) is widely
distributed on the eastern volcano slopes and piagn, comprising four distinct,
topography-mantling beds that thin and fine towatds NE and SE. The lowermost
lapilli fall bed (subunit 1X-1) is up to 40 cm thichas a distinctive grey porphyritic
lithic lapilli concentration at its base and is @erized by yellowish-brown to pale
brown pumice lapilli, fining upward and capped bgraenish grey fluvial sand deposit.
Above this is a second prominent, ungraded, padeiy pumice lapilli fallout (subunit
IX-2), which is capped by a thinner (<7 cm) firmange-brown, fine ash fall deposit
(Figs. 3.5 and 3.6). Beyond 20 km from source all beds merge. Dislisiging features
of the eruptive unit are the normal grading of IXthe dark brown, very coarse,
strongly foliated pumice clasts with elongate viesiaup to 1 cmTable 3.1) giving a
fluidal texture, and the high content of green pgire glomerocrysts.

Interpretation:Unit IX represents at least four eruptive phaseg. 3.6) beginning with

a conduit/plug or dome clearing explosion, prodgcthe monolithologic lithic-rich
base. After this, a sustained column developeddymiog the first main, gradually
waning pyroclastic fall bed. This deposit (IX-1)reEsponds to the L4 tephrddble

3.1) identified byDonoghue (1991and is defined here as the Lower Mangatoetoenui
eruptive unit (L-Mgt).

A brief-inter episode hiatus occurred, accompatigduvial action, before production
of the highest eruptive plume of the sequence, vbEposited the very coarse-grained
and massive IX-2a fall bed. This column dissipatedl deposited the uppermost
mantling ash-bed (IX-2b), followed by subsequertdliae@ and fluvial reworking. The
bedset IX-2 is defined here as the Upper-Mangagoetioeruptive unit (U-Mgt). Unit
IX (i.e The Mangatoetoenui eruptive unit: Mgt) imdietely overlies the Okareka

54



Tephra, and has two depositional lobes, directedhreastward and south-eastward

(Chapter 4).

B120-121
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Fluvial deposits
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Figure 3.5 Post-Okareka, pre-Rerewhakaaitu eruptive uniteolXVI as:a) exposed within 10 km from
source, showing the inner distinctive subunits escdbed in the text. The white arrow points the523
+ 425 cal years BP rhyolitic markds) detailed deposits overlying unit IX, with the distively pink fall
bed of eruptive unit XIlIc) NW-SE stratigraphic correlation from unit IX to X\l) exposure at a small
tributary to the Upper Waikato stream, showing ldteral facies variation of the inter-eruptive fiaiv

deposits: thick fluvial sequences commonly fillgathannel structures (arrows).
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Comp.
= Support B o
HE 35
=13 sorting S% Observations Interpretation
T "
=
2_ v
3 n\(\( Planar Sharp contact
- |_RwW 17,625 + 425 cal. yr BP Pumice fall and
2 3 : . - i » subsequent fluvial
2 XV]._PaIe brown coarse pumice lapilli, fc}_lluwed in transitional c_onlact l?y a dark grey deposition. The upper
medium and fine sand deposit with local aligned granules and variable thickness. Atthe  siit bed represents
1 top these deposits are capped by a.pinkish brown, silty-sand with scattered granules food plain facies, with
with an interbedded, < 2 cm thick, white fine ashbed. the Rerewhakaaitu
<15 N Planar Sharp contact Tephra interbedded.
HH= One and two bedsets respectively, consisting of a basal, poorly stratified mediumsand ~ Two units of fluvial
’;E layer with clast-supported granule and pebble heterolitologic and lithic rich lenses, depo‘smom eﬂPh one
EE followed in transitional contact by a silty-sand thin, partially compacted and locally ~ terminated Wlﬁj fine
i 2 vesicular layer. Thicknesses vary and local cross-stratification is present. sand and silt
§={ accumulation
=1 Planar Sharp XllI-2.Small fall deposits
:‘; a /XIII-Zd. Plane gradual contact. Stratified deposit with orange, pumice-rich, and grey Probably resulting from
i lithic-rich fine lapilli and very coarse ash thin layers, capped by a very fine brown ash discrete
thin, vesicular layer. Towards the top it grades into a compacted thin bed with granules  Phreatomagmatic and
5 scattered in a fine sand, loose matrix. Fragments are pumice and lithics similar to Magmatic eruptions. At
i underlying beds. the top, they are
- XIll-2¢. Gradual plane contact, Dark grey, dense to fine vesicular pumice and abundant _0verlain by fluvial
fom grey, porphyritic lithic fine lapilli. deposits with poor soil
e XllI-2b. Gradual plane contact. Yellowish, high vesicular pumice and sporadic grey development signing a
lithics fine and medium lapillilayer. time break in eruptive
5 L— - _——— = Xlll-2a. Pale brown, medium and coarse pumice lapill, with lithic concentration at the activity and deposition.
| Rt | base.Pumice clasts are grey dense to microvesiculated with Pg and Px phenocrysts. 1" Xm-1. Initial venting,
I . 97 1 14 7 Ty i <+ followed by a main
XllI-1. Basal lithic fine lapilli concentration, followed by yellowish pink coarse and pumice fall deposit and
medium pumice lapilli. Two dominant pumice fragments: pinkish, coarsely vesicular an upper fine ash
oo and pale grey, dense to finely vesicular. Lithics are dark, pale grey, and rare red, related to the eruptive
— porphyritic to hypohyaline lava fragments. Gradually it is overlain by a firm pink, very column dissipation. (L6
% fine ash bed, followed by a dark brow, fine ash thinbed. of Donoghue et al.,
. . Planar sharp contact 1 g -
|| N ] XIL. Dark brown, fine vesicular, , pumice and dark grey lithic medium lapilli deposit, X!- Fall deposit overlain
overlain by grey bed of variable thickness with pumiceous and lithic pebbles sparse, DY inter-eruptive fluvial
| B = locally aligned, in a silty sand matrix. Lithic concentration lenses are common at the _deposits (flood-plain)
= = base. Planar sharp tact XI. Discrete fall deposits
- X1. Three bedsets of variable thickness, consisting of a lower medium pumice lapilli  With interbedded ash
\bed, overlain by a thinner coarse ash bed. Pumice clasts are brown, fine vesicular. signing unsteady,
Plane sharp tact rapidly dissipating
X. Lithic and pumice coarse and medium lapilli. Lithic fragments are mainly dark grey,\ columns
Iight grey, and red lw_ith sparse Pl phenqcrysts. Pumice clasls_ are yellm_/vish, fine X, Lithic rich fall deposit
vesicular. Gradually itis overlain by a massive, matrix-supported silty sand with sparse  followed by fluvial
or locally concentrated pumice clasts. deposits (flood-plain
Planar sharp contact facies)
IX-2b. Yellowish-brown ash bed gradually overlain by scattered pumice lapilli set in a\

silty-sand, vesicular, lithic-rich matrix.
IX-2a.Yellowish brown and occasional dark brown medium pumice lapilli, similar to 1a.

Grey lithics are subordinated and occasional altered orange lithics with bluish oxidized 1X-1a. Venting1
patches are found. b. Fall deposit derived
"""""""""""""""" Planar sharp contact—:—-—:—-—.—-=.—.—.. from sustained, and

then progressively
waning column (L4 of
Donoghue et al., 1995)

IX-1c. Greenish grey, lithic-rich sand with pumice and grey porphyritic lithic coarse
sand and granules setin a fine lithic-crystal fine sand matrix. Weak lamination is due to

e etmr sy RN \ contrasting grain sizes. Atthe top the deposit is capped by a thin black fine sand bed. : 5
— i Planar sharp or locally erosive contact—-—-—-—-—-- 1a. Syng;;:)t;\{te fluvial
IX-1b. Yellowish-brown coarse to fine pumice lapilli bed, constant thickness. Pumice 2a. Fall deposit.
clasts are highly vesicular, some foamy-like with subspherical vesicles, with several Recovery of the
. vesicle size populations, coalesced bubbles, and extremely thin vesicle walls, convective column

showing Pl and Px phenocrysts. Lithics are rare in the coarse fraction but frequentin ~ 2b. Plume dissipation
the fine fractions, being all grey lava fragments. Occasionally, lithic fine lapilli found ~ with soil development
are entrapped in the pumice lapilli. (time break)
IX-1a. Grey porphyritic lava medium and fine lapilli
Planar sharp contact -
VilI-3. Pale grey, irregular medium and coarse sand lower bed with sporadic yellowish- Small lahar deposit,
orange pumice fine granules in a fine sand matrix, overlain by an upper yellowish- probably
brown, silty-sand layer, both variable in thickness, with interbedded and capping grey __ Syneruptive,with
andbrown, very thinsiltbeds. o o oo L interbedded distal ash

- = gular £ : N\, falls and poor soil
VIil-2. Brownish-grey, medium to fine sand and cobble beds interbedded with granules
dominated and silt dominated beds. At the base there are scattered pumice lapilli from
the underlying sequence, while the bulk of the deposit is mainly composed of dark grey, ~ Intereruptive lahar
grey and red hypohialine to porphyritic lava fragments. The uppermost 8 cm are deposit-main reworking

VIII

21,800 +
500 yr calBP 5ardially compacted, consisting of silt and clay grain sizes, and showing loamy texture. phase (time break). The
A

The matrix is vesicular, containing crystals and lithic fragments, varying in colour and  interbedded white ash
texture. The deposit varies in thickness from 30 cm to 2 m. Laterally it changes toa  corresponds to the
stratified, better sorted sand deposit, with an interbedded thin white ash bed. Okareka Tephra

10 cm

Figure 3.6 General stratigraphic profile showing the eruptivits IX to XVI, accumulated between the
Okareka Tephra (Ok) and the Rerewhakaaitu Tephng.(Rhe legend for the sedimentary structures is
the same as iRig. 3.4. Solid lines represent regionally exposed, majscahtinuities delimiting eruptive
units, and dashed lines indicate locally exposeithomdiscontinuities separating deposits of eruptiv
phases/pulses within the same unit.
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Eruptive Units X, XI, and XlI: these unitsKigs. 3.5 and 3.6) are predominantly
massive along the dispersal axis and crudely beddey from it. Each eruptive unit
consists of a clast-supported, well sorted, angutzarse and medium pale-brown
pumice lapilli bed of constant thickness (<10 cnfigllowed by inter-eruptive
hyperconcentrated flows and fluvial sand depositg] loess. Unit X is particularly
enriched in dark-grey, light-grey and red hypohyalio porphyritic lithics.

Interpretation: each pyroclastic massive bed is interpreted asaede fall deposit. A
particularly significant eruption pause occurreteiathe deposition of unit XII lapilli
fallout, marked by the incision of paleochannelsl aridespread thick sedimentary
sequences on the Ring Plain, and an angular eadsthscontinuity in the proximal
areas[fig.3.7).

Figure 3.7 Proximal
deposits on the eastern
slopes of Mt. Ruapehu
showing angular
discontinuities. There is

Post-Sw Angular : : one distinctive above which
| discontinuity unit XIIl was deposited.
g Rw: 17,625 + 425 cal years
BP, rhyolitic

Rerewhakaaitu Tephra
marker.

Eruptive Unit XI11: this unit crops out in almost every studied locatamd is one of
the best markers among Mt. Ruapehu tephras duts tique pinkish-brown colour
(Figs. 3.5, 3.6). It comprises two subunits: the lowermost (Xl)l4ias a distinctive,
lithic-rich, fine lapilli base (Xlll-1a; < 3 cm thk) and consists of pale grey, dense to
finely vesicular pumiceTable 3.1). Xlll-1a is overlain by a distinctive pinkish-bsm,
massive coarse lapilli bed (XIlI-1b; < 15 cm), cheterised by coarsely vesicular
pumice clasts, grading upward into pink ash (X4 5 cm). Locally, a capping thin
brown fine ash bed is also preserved (XIlI-1d).
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The second subunit (XIII-2) is also very distinetihand consists of alternating, massive,
well sorted, clast-supported, pastel-coloured, fenice lapilli and dark grey, lithic-
dominated coarse and fine ash beds: in the Iditieic content reach up to 80 % and
juvenile clasts are vesicle-poor, blocky-shapede Blabunit is capped with brown

loamy loess (XIlI-2e).

Interpretation: Unit XIIl resulted from multiple eruptive phaselseginning with a

conduit/vent clearing explosive phase (XllI-1a)ridg which a plug of porphyritic lava
and grey, dense pumice was removed. This was fetldwy sustained ejection of highly
vesicular magma, producing the widespread, coaxssicular pink pumice fall deposit
XIlI-1b. The eruption included a pulsatory phaséthvalternating pumice-rich lapilli

beds and fine grained lithic-rich ash beds, sugugsprobable interaction between
magma and external water. Following eruptive amtjiluvial re-deposition and loess

accumulation began.

Locally, two minor discrete fall deposits and in@ming syn-eruptive lahar deposits
overlie unit Xl (Fig. 3.5d). In most locations the primary deposits were cletety
reworked by fluvial action, as indicated by thicknd and gravel sequences showing
rapid transitions between channel and overbankfaies. The eruptive activity was
only clearly renewed with the deposition of a phtewn, pumice, coarse lapilli bed
(Unit XVI; Fig. 3.6; Appendix A), directly overlain by a thin loess containing kets

of the rhyolitic 17,625 + 425 cal years BP Rerewdatu Tephra, sourced from the
Okataina Caldera.

Units XVII and XVIII: these lapilli unitsKigs. 3.8, 3.9) are widely distributed across
the E and SE sectors of the volcano and are edmstinguished by their yellowish
brown and occasionally orange-brown bed colourg #trong-yellow, coarsely
vesicular, phenocryst-poor pumice with dark brovmteiiors, and the presence of
hydrothermally altered, red lithics in some of thexds. Unit XVII directly overlies the
Rerewhakaaitu Tephra, and its inner stratificai®mlefined by alternating lapilli and
coarse but thin ash beds or laminkag(3.8b). Unit XVIII is well exposed at proximal
sites on the north-eastern slopes and pumice clests the uppermost beds occur
commonly on the surface slopes around Rangipo Hid. (1.2). It is partially or
completely reworked on the eastern slopes and Riam. In the upper reaches of the
Mangatoetoenui streanfi@. 1.2), six, distinct strong yellow to orange lapilli dse
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occur, with two packages (Lower and Upper-XVlllpaeated by syn-eruptive fluvial

deposits.

The three lower pumice lapilli beds (Lower-XVllilyearelatively thinner than those
above, and very similar in pumice fabric, and aeotdl lithics to unit XVII below. The
uppermost three lapilli beds (Upper-XVIil) are mavalely preservedHig. 3.8c), and
dominantly composed of pale yellow, finely vesiculphenocryst-rich pumice lapilli,
with rare lithic clasts. Locally, in the upper Matgetoenui catchment area, a massive,
matrix-supported, poorly sorted blocks and lapié&posit Fig. 3.10), with highly
variable thickness occurs in the same stratigraplisition as the fifth lapilli bed,

completely replacing it.

XViil-5

XVill-4

l Rotoaira
interbedded

xvi

Figure 3.8 Fall deposits of units XlIl to XIX aga) exposed at medial distances. Interbedded fluvial
deposits lateral facies variation is evident, viltlcker sequences filling paleochanndd$;zoom of the
lithic-rich unit XVII; ¢) zoom of the lithic-poor Upper XVIII unitl-€) stratigraphic correlation from unit
XVII to XIX.
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Observations

XXII

XXII. Brown deposit consisting of olive brown, dense to microvesicular pumice, and grey, red,
orange and yellow lithic coarse lapilli and fine blocks. At proximal sites cauliflower bombs are
found. The lapilli bed is overlain by a yellowish brown, fining upwards, hetherolithologic bed, with
granules and pebbles in a fine sand matrix bed

Planar sharp contact

Interpretation

Main fall deposit followed
by fluvial deposition and
loess formation

4. Olive grey silty sand with scattered pebbles overlain by a dark grey silty sand thin bed, and

yellowish brown granules and pebbles in a fine sand matrix bed with interbedded pale grey silt

laminae
3. Olive brown, fine vesicular pumice coarse and medium lapilli

Planar sharp tact
2. Black, very coarse ash and fine lapilli deposit with abundant dark grey porphyritic lithics, with

bt . interbedded fine ash laminae. It consists of dark grey, pale grey, and red hypohyaline lithics, and
subordinate grey, dense, blocky, platy, and moss-like glass shards.

1b. Brown deposit consisting of olive brown, dense to microvesicular pumice, and grey, red, orange

§ S ; 2
O . I.and yellow lithic coarse lapilli and fine blocks. At proximal sites cauliflower bombs are found

1a. Fine and coarse sand.

XX

XIX

Interbedded 16.6 ka Rotoaira Lapilli|

Main fall deposits (3)
followed by fluvial-diluted
lahars overbank facies (4)
and possible interbedded

ash (Time break)

Phreatomagmatic pulses
with accumulation of
lithic-rich ash

Main fall deposit

Planar sharp tact
2. Yellowish fine ash and ash aggregates layer overlain by an irregular sand and granules deposit

1. Black, grey lithic, grey, microvesicular pumice, and red lithic very coarse ash and fine lapilli

B ¢ o O Planar sharpcontact= - =+ —=-= =1 = =i ==t =t mi =
2. Cross bedded, granules and pebbles set in a sand matrix. Highly variable lithics and crystals.

Planar sharp and locally erosive contact— " —-— = = = = = ="

1j. Purplish brown fine ash vesicular deposit.
1i. Yellowish brown pumice and grey lithic coarse ash

h' ] 1h.Black fine ash
-

1g. Yellowish brown medium and scattered fine lapilli in a fine ash matrix.

1f. Dark grey fine sand

1e. Brown pumice together with orange, grey and red hydrothermally altered lithic coarse and
medium lapilli.

1c. Brown and dark grey sand and scattered pebbles in a silty sand matrix.
1b. Orange brown pumice and subordinated grey lithic fine and medium lapilli.
1a. Purplish black, lithic rich coarse ash

Tithic rich Tall deposit
(phreatomagmatic),
commonly reworked by
dilute lahars followed by
a time break

Fluvial deposits-
intereruptive _ _ .
Two main fall deposits
separated by a syn-
eryptive lahar deposit. The
second pulse points to
conduit excavation or vent
migration. Afterwards a
sequence of pulsating,
distal black, yellow, and
brown smaller fallouts were
accurmulated (probable
phreatomagmatic events).

Planar sharp
5b. Greyish brown, loose coarse and medium sand, setin a very fine sand matrix, with
interbedded discontinuous, yellowish brown silt thin beds. Locally, there are clast-
supported lenses. Structures, bedding and sorting improve towards the top, until
grading into a siltthin bed
————————————————————— Erosive contact
5a. Pale yellowish brown, poorly bedded deposit of rounded, highly vesicular pumice
medium and coarse lapilli, together with grey lithics fine lapilli and coarse ash, setina
medium and fine ash matrix. Locally, at proximal sites, lapilliare clastsupported.

XVl

Lahar deposit followed
by fluvial deposits
(normal stream)

Fall deposit indicating
partial or total column
collapse, and generation of
Pyroclastic Density
Currents

——— Planar sharp contact to locally erosive
4d. Greenish grey, well bedded deposit with variable thickness. Lithic rich coarse sand
beds, interbedded with discontinuous, crystal-rich, fine sand thin beds, and silt
laminae.

4c. Pale yellowish brown, highly vesicular. frothy pumice coarse and medium lapilli, and grey lithic
fine lapilli; Pumice clasts are crystal rich (abundant Px glomerocrysts), and lithics are mainly fresh
grey, porphyritic lava fragments

S m s Gradual to locally slight erosive contact —:— = —=-=:—-—.

Lateral, gravity-controlled
transport. Fluvial
deposits (normal stream)

Fall deposit (sustained
column) accumulated
over a wet surface.

Planar, locally contorted sharp

4a. Dark grey layer, with medium sand and scattered pebbles set in a silty, vesicular matrix. At top it
is capped by a black, very fine sand and silt thin bed (4b)

‘ Planar, locally contorted sharp contact

base. Attopitis finer grained, loose, better sorted, highly heterolithologic.
———13h. Grey and yellowish brown, loose pebbles and coarse sand, normally graded, highly hetherolithologic
g .— beds, interbedded with silty sand thin beds.

o=, 3a Orange brown to pinkish brown pumice lapilli bed, containing abundant hydrothermally altered
~ lithics.

XVIII-1/2. Two yellowish brown, massive, pumice lapilli, and and abundant grey and red lithic fine lapilli
beds, separated by thinash beds.

Ie

XVIll-3c. Grey silty sand with scattered yellow pumiceous granules and pebbles concentrated at the

Lahar deposit followed
by fluvial deposits
(normal stream)

Three main fall deposits,
related to sustained
columns and involving
high conduit erosion

Pilanar, locally contorted sharp

XVII-3. Grey, loose coarse and medium sand in a very fine sand matrix, with interbedded discontinuous,
@ yellowish brown silt thin beds. High component variability. It grades upwards into a firm, silty sand loess
———XVII-2c. Grey and yellowish brown, loose pebbles and coarse layers interbedded with fine sand layers
—setin avery fine sand matrix. Fining upwards into silty loess.
& XVIl-2b. Pale grey coarse ash, massive, thin bed
XVII-2a. Yellowish brown pumice, grey and distinctively red lithic mediumand fine lapilli.

Fall deposits and
paleochannel incision
(significant time-break)

Fall deposits

% XVII-1b. Pale grey, yellowish brown platy ash thin beds overlain by fine ash laminae Two discrete, lithic-rich
I @  XVii-1a. Yellowish brown pumice medium lapilli and occasional coarse lapilli, with grey, red and biuish ~_fall deposits. The
—=—— grey, aphanitic to hypohyaline porphyritic lithic fine lapilli. Pumice is yellow in color at top. interbedded platy ash
—_ might indicate
I ® phreatomagmatic pulses

Figure 3.9 General stratigraphic profile showing the eruptivits XVII to XXIlI, as described in the text.
The legend for the sedimentary structures is theesas inFig. 3.4. Solid lines represent regionally
exposed, major discontinuities limiting eruptiveitanand dashed lines indicate locally exposed,omin
discontinuities separating eruptive phases/pulsésnithe same unit.

60



Interpretation: Unit XVII (Fig. 3.9) is very different from earlier eruptives in this
sequence, particularly in pumice textures and whffeally hydrothermally altered
lithologies. The termination of the eruptive urst marked by fluvial deposits and a

highly eroded paleosurface, with a locally presdrweeak capping paleosol.

Unit XVIII (Fig. 3.9) signals a renewal of eruptive activity and invemlvat least six
eruptive phases: the first three were characterigedelatively short-lived, sustained
columns, producing lapilli fall deposits cappeddsh from the dissipating plumes that
progressively decreases in lithic content. Follguie third phase, syn-eruptive lahars
reworked most of the primary fall deposits to thaste Afterwards, three major eruptive
events took place producing sustained eruptive neotu accumulating the massive
lapilli beds XVIII-4 to 6 Fig. 3.9). Based on descriptions BDonoghue (1991)XVIII-4
possibly corresponds to her L8 tephra.

The XVIII-5 (Fig. 3.9) event was accompanied by partial column collgp®elucing
pyroclastic density currents (PDC) as evidencethkbymatrix-supported, poorly sorted
pyroclastic, channelized deposit of variable thess® found on the upper
Mangatoetoenui Streanfri@. 3.10). Primary PDC deposits were only found along this
stream down to 6 km from the North Crater; at 8 ffatation B28;Appendix A)
deposits are pumice-dominated but begin to presetit defined, parallel and cross
stratification, and intense rounding, suggestingtigla syn-eruptive reworking by

hyperconcentrated flows.

Figure 3.10 Units XVII and XVIII at location B49 (Appendix Ashowing pyroclastic density current
(PDC) facies, characterised bg} poorly sorted, matrix-supported, block (bombs) gnuohice lapilli
deposits; blocks and bombb)(have different degrees of oxidation and vesidtylausually showing
vesicular cores and dense rims with radial join}s (
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Unit XVIII is the only one indicating eruption cahin collapse producing PDC among
eruptive units older than 13,635 * 165 cal years Bfimary pyroclastic deposits were
followed by lahars, which removed much of the pryni@phra sheet to the east. These
volcaniclastics grade up to stream-flow depositdidating a gradual stabilisation of the

landscape.

Tukino Eruptive Period

This period produced three eruptive units (XIX tXIX comparatively thin but very

coarse-grained and well exposed in the Tukinoisld farea Fig. 1.2).

Units XIX to XXI1: these units are very useful stratigraphic marketisin 20 km of
Crater Lake, and are characterized by coarse ildplitick-and-bomb beds less than 10
cm thick, interbedded with thin dark grey and pistplorown, fine ash bed§&i@s. 3.9
and3.11a). Unit XIX is well bedded, and easily recognizegl @ concentration of dark
brown, coarse vesicular, phenocryst-poor, scorizedapilli and bombs at its base, and
a concentration of orange, vesicular pumice andgedo grey, hydrothermally altered,
porphyritic lithic lapilli (Table 3.1). This bed is capped by a distinct thinly lamimkte

purplish brown and black ash deposit (<5 cm).

Units XX and XXI are very similar, separated by aak paleosol, each one consisting
of two, distinctively coarse-grained beds; the uynbeds of unit XX are commonly
reworked and replaced by hyperconcentrated-flonosiép The lapilli beds forming
unit XXl are more prominent and widely distributedharacterised by coarsely
vesicular, scoriaceous bombs, finely vesicular bropumice coarse lapilli, and
abundant hydrothermally altered lithic coarse lapitd blocks. Both lapilli/block beds
are separated by a distinctively laminated, blatk@epositKigs. 3.9, 3.11b, ¢).
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Figure 3.11 Deposits signalling the beginning of the Tukinaitive Period:a) zoom in eruptive unit
XIX. b and ¢ show the overlying units XX and XXI, with the disttive dark grey, dilute lahar
depositional facies.

Interpretation: Unit XIX began with two short-lived, high eruptiv®lumns, producing
coarse pumice lapilli fallout and cauliflower bompdX-1b and 1d). The dominantly
brown, coarsely vesicular, phenocryst-poor scommagguvenile fragments contrast to
previously erupted highly and finely vesicular,tfrp pumice. Subsequently the eruptive
style changed, to lower magnitude events, probeiyiving phreatomagmatic phases.
This is evidenced by the small-scale, thin, finakged, yellowish, pumice rich, black-
lithic rich, and purplish brown vesicular laminategh above. Post-eruptive fluvial
activity is recorded by the matrix-supported, crbedded heterolithologic deposits on
several locations around the ring plain. The ~1BRacal., Rotoaira Lapilli{opping
1973; Shane et al., 2008rom Mt. Tongariro, is interbedded within unk¥IIl to XIX

on the NNE slopes of Mt. Ruapehu, and completejflaces XIX north of the
Waipakihi road and along the Lake Rotoaira road4®HIt represents the youngest of
the three known major eruptive episodes sourcddtafongariro between 26 and 12
ka BP cal. $hane et al., 2008
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Unit XX represents increasing eruptive intensitydarthe accumulation of
hyperconcentrated flows along several distribusana the eastern and southern ring
plain. Unit XXI signals a return to the eruptivencitions existing in unit XIX, with the
generation of high but short-lived eruptive columinsolving significant conduit
erosion, with probable inflow of groundwater, asemmed from the abundance of
hydrothermally altered lithics and interbeddedjiditrich, fine-grained, black blocky-
ash fallouts. Afterwards, successive accumulatibsyo-eruptive lahars (fine grained

facies) and compacted, loamy loess suggest thatemssf the eruptive activity.

The last eruptive event within the Tukino eruptiperiod is marked by the clast-
supported, pale brown, pumice lapilli bed of unKIK(Fig. 3.9; Appendix A), which
is very similar to units XI, XlIl, and XVI.

Karioi Eruptive Period

This period produced four widely distributed eruptunits (XXIII to XXVI), which are
unique in the sequence examineflppendix A). They are characterised by the
distinctive strongly coloured, iron-stained orareygilli beds that are rich in a variety of
coloured lithics including a variety of hydrotherdigaaltered, aphanitic to porphyritic
variants Figs. 3.1, 3.2a, and 3.12a, b). Pumice clasts show dark brown interiors, are
usually very finely vesicular to dense and phensieppor (Pl > Px vs. Px > Pl in
previous units). Each coarse lapilli bed is commopteceded by olive grey, pale
yellow or red, thin, laminated, fine platy-shapeth #eds, some containing accretionary
lapilli (Fig.3.12; Appendix A).

Bread-crust bombs are present within units XXIIK\and XXVI as far as 9 km from
the vent. Unit XXIV is less prominent, relativelynér grained, well bedded and
commonly eroded. The silty-sand, firm deposit sapag units XXV and XXVI
contains the regionally distributed, 13,635 + 168 gears BP rhyolitic Waiohau
Tephra.
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[XX1-1b]

>Juveniles

Hetherolithologic
W Structure/

Matrix Supported

ery wel

XXVT (Shaweroft)

KARIOI ERUPTIVE PERIOD

XXV

XXIV

Observations

Texture
XXVI-1e. Silty sand, bedded deposit of variable thickness, with pebbles
set in a vesicular finer matrix.
XXVI-1d. Yellow platy coarse ash
XXVI-1c. Grey dust filling underlying spaces.
S5 xxvi-1b. Strong iron-stained pumice and lithic coarse lapilli. Pumice
@ has dark brown or olive grey interiors. Lithics are grey, olive grey, dense

porphyritic, dense and vesicular red, yellow and black aphanitic, and
some show bluish oxidized patches.

XXVI-1a. Yellowish vew&g?’g%%ﬂgg ash and ash aggregates < 5 mm.

Interpretation
XXVI. Pyroclastic fallout
from a sustained
eruptive column with
probable significant
conduit erosion. It was
preceded and followed
by phreatomagmatic
smaller eruptions. The
end of the eruption is
marked by fluvial
deposits and loess (2).

Black lapilli: interbedded on the N-NE slopes, with blocky, equant,
vesicle-poor juvenile clasts

Interbedded, Mt.
Tongariro-sourced fall

deposit

Irregular concordant contact
XXV-2g. Thin, fine ash bed overlain by a grey silt bed with pebbles set
in a vesicular finer matrix, progressively better sorted and more
heterolithologic towards the top.
XXV-1e/f. Orange-brown platy ash capped by a very fine ash bed
XXV-1d. Iron stained orange brown, highly fine vesicular pumice, red
and grey lithic fine lapilli.
XXV-1c. Dark horizon with highly vesicular pumice and lithic medium
and coarse lapilli. Pumice clasts are coated by a patchy black dust
XXV- 1b. Iron stained orange-brown to reddish-brown, highly vesicular
pumice and dark grey to olive grey lithic medium and fine lapilli.
XXV-1a. Yellowish, black and red, laminated, very fine ash

13,635 + 165
yr CalBP

Te §5%

XXV. Sustained
eruptive column, having
pheatomagmatic
opening and closing
preceded and closing
phases. At top,
overbank facies of
lahars, progressively
changing towards
normal stream
conditions

I. Irreguiar to planar sharp conformable contact
~ XXIV-1h.Reddish brown bedded coarse sand and granules sparse in a
SSSSS ks)ilté'/ sand matrix, interbedded with silt and fine sand, and gravelly sand
eds.
<> @ XXIV-1g. Yellowish brown, pumice platy ash and dust.
200 XXIV-1f. Grey fine ash thin bed.

L ] XXIV-1e. Reddish brown, microvesicular pumice fine and medium lapilli
bed, with grey, and rare yellow lithic very coarse ash, with occasional ash
aggregates. This bed is overlain by a thinner very coarse ash bed with
abundantgrey lithics.

XXIV 1c/d. Two iron stained bedsets, consisting of a basal orange
brown, highly FV pumice coarse ash bed followed by a thin layer or
laminae of fine ash. 1c contains abundant yellow and olive grey lithics,
while 1d has predominantly red lithics.

XXIV 1a/b. Yellowish brown fine ash with ash aggregates smaller than 3

&
I

XXTIL

.ﬂ% mm. The base is irregular and presents red, rounded and blocky pumice,

XXIV. Probable
phreatomagmatic
onset, followed by

discrete fall deposits.
Each phase culminates
with a fine ash deposit
from the dissipating
columns. The end of
the eruption is signed
by the accumulation of
epiclastic, fluvial
deposits and a poorly
developed paleosol

5‘[

Planar or slightly ondulating sharp contact

XXllI-1c. Grey and brown bedded coarse sand, granules and pebbles
sparse in a silty sand, vesicular matrix.

XXIHI-1b. Iron stained orange brown, highly fine vesiculated pumice
and grey lithic coarse lapilli. Pumice clasts have dark brown interiors.

1e®

XXlll-1a. Olive grey, compact, fine ash thin bed mantling previous
topography

XXIIl. Probable
phreatomagmatic onset,
followed by a well
sustained eruptive
column, capped by
diluted lahar deposits
and a poorly developed
paleosol

Figure 3.12 a) Eruptive units grouped within the Karioi Eruptiveriod (XXIII to XXVI) highly
distinctive in their high lithic content and lithitype variability; b) zoom into the Shawcroft lapilli
(Plinian phase of eruptive unit XXVI), presentingeadd-crust bombs of ~30 cm in diameter 10 km
downwind the main SE depositional lolm};detailed stratigraphic profile of the eruptive tsnkXIIl to
XXVI comprising deposits of thKarioi Eruptive Period
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Interpretation: these units reflect fall deposition from high asdstained eruptive
columns (except for unit XXIV, which may reflect meo pulsating conditions),
accompanied by significant conduit abrasion asendd by the high lithic content and
variability (Table 3.1). The primary deposits suggest a general SE digpaxis and a
minor NE lobe, and are overlapped by inter-erupkarar deposits grading upward into
dilute stream-flow deposits beneath loess. The daglli fall units XXIII, XXIV, and
XXV are tentatively correlated witbonoghue’s (1991).13, L14, and L15 tephras,

while the lapilli bed within eruptive unit XXVI coesponds to her “Shawcroft Lapilli”.

On the NE slopes of Mt. Ruapehu, a distinctivebstisupported, massive, well sorted,
black dense lapilli deposit is interbedded betwdélka Waiohau Tephra and the
Shawcroft lapilli Appendix A); it rapidly decreases in grain size and thickrexsasgth-
eastwards. It is preliminarily interpreted as ewicke of a previously unknown event of
large-scale explosive volcanism at Mt. Tongariretween the ~17 ka BP cal., Rotoaira
Lapilli and the ~11 ka BP cal., Pahoka-Mangamatgisece defined bijlakagawa et
al. (1998),andShane et al. (2008)

Ohinewairua Eruptive Period

This period produced three eruptive units (XXVIIXXIX) as far as 72 km SE of the

volcano, which are widespread and distinctive.

Units XXVII, XXVIII, and XXIX: these are well bedded unifsigs. 3.1, 3.3c, 3.13,
Appendix A), contrasting with underlying dominantly massivetliackly bedded units.
Each unit consists of three to four clast suppoertedrse pumice lapilli beds (<20 cm),
usually bounded by firm, thin fine ash beds of ¢ant thickness containing
accretionary lapilli, and by loose, matrix-suppdrtevell-sorted, heterolithologic sand
deposits with local cross-bedding, erosive basaltams, and clast-supported lenses.
Each eruptive unit is capped by a firm, silty-sgrmaleosol. Pumice clasts are pale
brown, coarse and porphyritic, varying from densedarsely vesicular, some fibrous
and colour-banded fabric$ gble 3.1), with 15-20 % of black pyroxene phenocrysts (2-

7 mm). Single subunits are distinctive in lithicntent and lithic variability, varying
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from monolithologic beds with olive grey porphyeitilithics to beds containing
multicoloured, hydrothermally altered lithics. Taistribution of the deposits suggests a

main ESE dispersal axis, with a minor secondarg kolwards the ENEQhapter 4).

Laterally, and along the Upper Waikato stredfig(1.2), some of the clast-supported
lapilli beds are completely replaced by massivetrimaupported, poorly sorted beds,
showing abrupt thickness variation: they contaionaded dark brown coarse pumice
lapilli and volcanic lithic blocks of different colirs and porphyritic textures, set in a

fine ash pumice-crystal matrix (XXVII beds kigs. 3.13d, €; Appendix A).

Unit XXVIII is well exposed in proximal locationshut the primary deposits are
commonly replaced by deposits of streams and dill#kars in medial and distal sites.
It is distinguished by the uppermost mantling, firpellowish-grey, thinly laminated
bed (<10 cm), which corresponds to the M1 markentified by Donoghue et al.
(1995b) it consists of alternating pumice-rich and lithich, platy ash thin beds and
laminae, some containing accretionary lapilli, vhiare very similar to the typical
Holocene deposits of Mt. Ruapehu. Juvenile clagtsistinctively poorly vesicular and

block-shaped.

Unit XXIX (Figs. 3.1, 3.3c, 3.13) is distinguished by its stratigraphic positioroaé the
M1 marker, and the abundance of hydrothermallyredte yellowish to orange,

porphyritic to aphanitic lithics within the lowerrsip coarse lapilli bed (XXIX-1a).

Interpretation: Units XXVII to XXIX suggest pulsating and unsteaeyptive columns,
with opening and closing phases producing the thieretionary lapilli-rich, platy ash
beds. The lateral variation into matrix-supportetids of variable thickness and
restricted distribution indicate partial collapdette unsteady eruptive columns and the
generation of pyroclastic density currents.
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Figure 3.13 a-b) Stratigraphic correlation of units XXVII to XXIX, laracterized by well bedded deposits showm-in-€; €) Matrix supported facies of unit XXVII,
interpreted as resulting from pyroclastic densitgrents.
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PDC deposits within unit XXVII, here nam&r uamatua Eruptive Unit, were mainly
found along the Upper Waikato drainage (<20 cmkjhaown to 10 km from North
Crater (locations B3, B ppendix A); thin (10 cm), veneer deposits were also locally
found as far as 15 km east (location BAppendix A) and 10 km northeast (location
B39, Appendix A) from the vent. PDC deposits within unit XXIX, keemamed
Akurangi Eruptive Unit, are exposed along the Mangatoetoenui Streanay @s 8 km
from North Crater (location 3®ppendix A). There, up to five PDC units <11 cm were
distinguished Appendix A). Exposures located at 11 km (location B36) frém vent
along this catchment already show lahar deposes Ityperconcentrated flows) in the
same stratigraphic position. Thin (<10 cm) venespadits were found along the Upper

Waikato Stream as far as 10 km (location B3).

Although a specific study on the PDC deposits igdeel, the current knowledge
indicates that channels flowing parallel and cltséhe current Upper Waikato Stream
were the main flow paths during the Oruamatua @uopwith some outflows towards
the Mangatoetoenui stream. PDC produced during\kueangi eruption mainly flowed

along channels parallel and close to the currenhgdtbetoenui stream with some
outflows towards the Upper Waikato stream. Minim&@BC run out distances were
between 10-15 km east and northeast from the \aamd, hyperconcentrated flow

deposits predominate at greater distances.

Syn-eruptive and inter-eruptive dilute lahars aepresented by the heterolithologic
deposits interbedded with or completely replachgpyroclastic beds.

The M1 marker Appendix A) within this sequence indicates a contrasting tarap
style, comparable to those that have dominatedntb&t recent history of Mt. Ruapehu
(e.g., 1995/96 event§ronin et al., 20083

Taurewa Eruptive Period

This period groups four eruptive units and it cep@nds to a correction and re-
definition of the “Taurewa Eruptive Episode” defthéy Donoghue et al. (1999t
includes the Okupata Tephraopping 1973 and coeval PDC deposits referred as the
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“Pourahu” pyroclastic flow byDonoghue (1995a, b)as well as the overlying
Ngamatea-1 and Ngamatea-2 fall units define@bgoghue (1991)

White Lapilli Eruptive Unit (XXX): the most complete outcrop for this unit occurs in
the Tukino ski field area FHg. 1.2), overlying the uppermost dark grey
hyperconcentrated flow deposit culminating unit XX(i.e. Akurangi eruptive unit).
Three subunits can be distinguishédg( 3.14), the lowermost two only exposed at
proximal sites (location B5%Appendix A). The uppermost subunit (XXX-3) is widely
distributed, and distinguished by a thin (<7-10 crjight-white, clast-supported,
massive pumice lapilli, with abundant, hydrotheirsnaltered lithics. At most localities
on the ring plain and east of Ruapehu, this beectyr overlies a paleosol developed
above unit XXIX and is commonly overlain by a dapley to brownish-grey, matrix-
supported, poorly sorted, normally graded silty dsawith scattered sub-rounded
pebbles and granules set and locally aligned iesacular silty-sand matrix. Laterally
and longitudinally this heterolithologic sand dejpedows a basal erosive contact onto
the white lapilli bed and shows variations from wéedding to well-developed cross-
bedding structures, grading up into partially irated greasy silt.

Interpretation: this unit shows evidence for discrete eruptive spsaFig. 3.14),
beginning with a short-lived eruptive column prouhgcthe first lapilli fall subunit
(XXX-1), followed by pyroclastic surges (XXX-2) and main, sustained eruptive
column, represented by the thickest and coarsestaygt, widely distributed uppermost
white lapilli fallout (XXX-3). Pyroclastic surge gesits were only found at a distance
<5 km from South Crater. The white lapilli bed issi&arecognized on the central-
southern ring plain by its colour and stratigragbosition, and consequently is a helpful
local marker. A significant time break after the@mulation of unit XXX is evidenced
by a relatively thick (~20 cm), pale brown to pgtey paleosolKig. 3.14a).
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““Upper Pahoka.

Lower Pahokar

@ Observations Interpretations

U-Pk. Firm, pale grey silt and fine sand. The matrix is vesicular. Up
Thickly stratified, pale grey to olive grey to dark grey, commonly coloured banded, dense to very finely Teph
vesicular, blocky shaped pumice lapilli and subordinated grey, lithics. Dense bread-crust bombs with deposit from
dense interiors and chilled margins are found on Mt. Ruapehu Northeastern slopes and along the Mt. Tongariro)
ridge bounding the Mangatepopo Stream, NW of Mt. Ngauruhoe. Atop it is capped by a pale grey, fine ,—mmeom. 2o
ash massive thin bed, and a white top pale brown paleosol containing plant roots. Low-energy fluvial

ix supported, well sorted, hetherolithologic sand, locally fining upwards into a silty sand soil. ___‘!EE’_??E!O_’?_._

per Pahoka
ra (Plinian fall

d Interbedded, minor
vesicular. _ . _._.. pumice fall deposit
from Mt. Ruapehu.

L-Pk Pale grey to olive grey, frothy pumice lapilli gradually overlain by olive gray to dark grey,
commonly coloured banded, dense to very finely vesicular, blocky shaped pumice lapilli and Lower Pahoka
subordinated grey, lithic very coarse ash. Laterally it shows well developed parallel siratification atop, ~_ePhra (Plinian
and is capped by a pale grey, fine ash massive thin bed. Locally, matrix supported, well sorted, fall deposit from

L-Pahoka

one suggesting
unsteady eruptive
column and partial

consisting of finely vesicular, fibrous to colour-banded pumice clasts with abundant Px phenocrysts, and
ydrothermally altered lithics of variable textures.

B hetherolithologic, sand deposits overlay the pumice lapilli with erosive contact. Mt. Tongariro)
= Planar sharp tact ~~ Pulsating, probably
B niwNg-2 Two bedsets of olive-white coarse ash gradually changing into coarsely vesicular, light, foamy pumice fine short-lived eruptive
lapilli; the ash fraction is lithic-rich. Atop, the unit is capped by a purplish grey, fine ash thin bed and a silty sand columns
paleosol Planar sharp Time break, with
Pale brown, matrix-supported, poorly sorted, hetherolithologic, silty sand bed, normally graded into a firm paleosol; soil formation under
laterally changing into a firm, greyish white silt bed. warm climate
&) Erpsive ~eee,. . Condilions _
= Ng-1 Pinkish brown, mid to finely vesicular pumice lapill with grey and occasional orange lithics, overlain Lapilli fallout:
— with erosive contact by a brown, matrix-supported, poorly sorted, hetherolithologic, silty sand bed with loamy  gystained, short-
texture lived column
- N - P.'angr sha.r_'p -
I N\ Okp-3. Matrix-supported, poorly sorted, hetherolithologic gravelly sand bed of variable thickness Inter-eruptive
e e s o o — Erosive tact . fluvial deposits
Eﬁ Okp-2b. Pinkish brown, medium to fine ash thin bed with loamy texture in proximal distances. Pale grey coarse _'Fwslgp]h_faﬂ_
ﬁ 5 to fine ash thin bed at medial distances. deposits, the basal
2|2 Okp-2a. Massive, clast-supported, well sorted, pumice and lithic medium and coarse lapilli bed, dominantly
2|
@

Planar sharp contact

E 1d. Pale grey ash collapse: 1c
5 1c. Poorly sorted, matrix supported deposit of variable thickness, varying from massive ~ corresponds to a
S to crudely stratified, consisting of subrounded pumice lapilli floating in a pumice-lithic pyroclastic density
E :@ ash matrix current deposit. 1d
| — o%P . is probably the co-
52 = J Erosive contact ignimbrite ash
‘5 © %% Okp-1b. Massive, clast-supported, well sorted, pumice medium lapilli bed, dominantly  fallout, whereas 2
o consisting of dense, pinkish-white pumice clasts correspond to a
: Okp-1a. Pale Yellow, fine thin ash bed (< 2 cm) locally containing accretionarly lapilli at major lapilli fall
6 proximal sites. deposit representing
e a sustained eruptive
z Planar sharp contact column
— XXX-3. White, clast-supported, massive lapilli bed, consisting of angular white, highly vesicular pumice, and 3: Main lapilli fall
grey, red, orange and bluish orange, hydrothermally altered lithics; it is overlain with erosive contact by a deposit
dark-grey to brownish-grey, matrix-supported, poorly sorted, normally graded silty sand, or in gradual contact ——-——————
by a pale grey, silty-sand paleosol a 1-2: Opening
------------------------------ Planar sharp contact phases:

XXX-2. Olive-gray, discontinuous, compacted, thinly laminated medium ash bed, showing abrupt thickness Ash-fall followed
variation, impact sags, and low-angle crossed lamination. by a pumice fall

rosive contact d pyroclasti
XXX-1. Yellowish-brown, thin, fine ash bed, followed by a thin (<5 cm), massive, clast-supported, well Es‘urg:yde;ca::i;:

sorted, yellowish brown pumice lapilli bed.

Figure 3.14 a) Uppermost part of the studied stratigraphic recettbwing the distinctive white lapilli
fallout bed of unit XXX and the widely distributedkupata Tephra (zoomed Ir), both formed during
the Taurewa Eruptive period) general stratigraphic profile showing the younggstliied eruptive units
(XXX-XXXII) of Ruapehu covered by the Mt. Tongarismurced Pahoka Tephra. The pyroclastic density
current deposits (PDC) of the unit XXXI correspomdthe Pourahu pyroclastic flow &onoghue et al.
(19954a)
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Okupata-Pourahu Eruptive Unit (XXXI1): this unit €ig.3.3d, 3.14, Appendix A) is
one of the best regional markers due to its widgribution, pinkish-white pumice
clasts, and stratigraphic position. The most cotepbeofiles are at proximal locations
(locations B39, B49, B5 ppendix A), beginning with a locally exposed thin fine-ash
bed containing accretionary lapilli, overlain byotwistinctive, pale brown, massive,
clast-supported, well sorted, medium and coarseiqgatapilli beds, each one mantled
by a thin greyish brown, fine ash. The pumice slast coarsely-porphyritic, pinkish
white to pinkish grey, showing a distinctive fibsodabric varying from finely to
coarsely vesicular, and a mottled appearance dgmer20-25 % of black pyroxene
phenocrysts Table 3.1). Finely vesicular to dense, brown and bluish grieyely
porphyritic and colour-banded pumice lapilli areaacommon, as well as accidental,

orange and red, hydrothermally altered lithic dast

A poorly sorted, matrix-supported deposit varying thickness, and interfingered
between the clast-supported beds was locally folomdy the Whangaehu valley
(Location B55), as reported I3onoghue et al. (1995a, b, 199@)eaches 30-60 cm on
the eastern slopes below the Round the Mountaik tflocations B39, B49Figs.
3.15a-c), and along the Mangatoetoenui stream, foundiastds (<6 cm) as far as 20
km from South Crater (location B7Eig. 3.15d). It consists of sub-rounded pumice
lapilli chaotically distributed in a finer matrigdecreasing in grain size and increasing in

matrix proportions with distance.

The pyroclastic deposits are overlain through agslaad locally erosive contact by a
dark grey fluvial sand deposit and a firm, pinkisiown, loamy soil containing plant
roots. At distal locations both clast-supportedsetrge into one and the capping soil

is distinctively dark brown, consistently contaigiabundant plant roots.

Interpretation: at the studied locations, the lithofacies indicatdeast two phases of
pyroclastic fall deposition. Partial or completeluron collapse, inferred from the
interfingered matrix-supported pumice deposit, gateel pyroclastic density currents
related to the first fall bed. A sustained coluranr@presented by the second, thick and
lithic-rich fall deposit. The end of the eruptivetiaity is marked by fluvial deposits and

a soil.

The whole unit is condensed distally into a sirgést-supported bed, reported by other
authors as the Okupata Tephra (11,620 + 190 ca$ ®R; Topping 1973; Donoghue et
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al., 1995b, 1999; Donoghue and Neall 2001; Lowealet 200§, and marks the
establishment of a vegetation similar to curreahpcommunities, suggesting the onset
of early Holocene warmth in central North Islaméefvnham and Lowe 2000; Lowe et
al., 2008.

-

Figure 3.15 Pyroclastic density current (PDC) deposits witthie@ Okupata-Pourahu eruptive unit (Okp-
Ph), characterised by poorly sori@), channel-infilling(b), matrix-supported pumice lapilli and blocks
(c) facies, varying in thickness with distan(ch.

Donoghue et al., (199%lentified the pyroclastic density current faceéghis unit and
referred to it as the “Pourahu Member”, whereag thestricted the term “Okupata
Member” to the fall deposits. The name Okupata-Blours here given to the eruptive
unit comprising two major fallouts separated byyaoplastic flow deposit and/or its
“co-ignimbrite” ash Fig. 3.14b). The more restricted distribution and signifidgnt
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thinner deposits compared to units XXVII and XXIXggest that it was not the largest
eruption produced by Mt. Ruapehu in the Late Riemste Chapter 4).

Afterwards, progressively thinner, finer grainedpilla deposits, separated by
progressively thicker paleosols were formed, cquesing to theNgamatea lapilli 1
and 2 units Ponoghue et al., 1995a).brhin (<10 cm), unnamed, orange lapilli beds
similar to the typical fallouts of Bullot Fm. areund interbedded with~g. 3.14a) and
also overlying Fig. 3.15a, b) the Mt. Tongariro sourced Pahoka Tephra. After@kp-
Ph unit, subsequent Plinian-subplinian events oowyrat the Tongariro Volcanic
Centre were dominantly generated by Mt. Tongamvbile Mt. Ruapehu underwent a
drop of several orders of magnitude in the volurhét eruptions and its dominant
eruptive style became more phreatomagmatic, pradusmaller eruptions similar to
the observed 1995-1996 evenBofioghue et al.,, 1995b; Donoghue and Neall 2001;
Cronin et al., 2008

3.2.5 Physical volcanology implications: towards an understanding of
Subplinian-Plinian eruptions at Mt. Ruapehu

Lithofacies analysis

Considering the features described above, the miaitinguishing field criteria for

correlating Mt. Ruapehu fall bed&i¢. 3.16) are: 1) bed colour, 2) pumice textures
(including size, shape, dominant vesicle sizesfabdc, phenocrysts content, size and
fabric), 3) lithic content and lithic types, andb®Bd structure (massive, bedded, graded).
Integration of the regional rhyolitic stratigrapmitarkers is fundamental to cross-check

correlations.

Based on the same field criteria, three contrasiitigpfacies associations were
recognized) thickly bedded eruptive units, comprising multiplassive to normally
graded, yellowish brown, pumice-dominated lapi#ds. Some of them contain a basal,
monolithologic horizon consisting of angular, cadys porphyritic fresh lithics or
angular to rounded dense pumice clasts. Juvenitegeuclasts in the thickest, coarsest,

and most widespread beds representing the mairtieryphases (Plinian-subplinian)
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vary in the same stratigraphic level from finelysieilar, foamy-like pumices to
coarsely vesicular, foliated and rare expandeddal§f able 3.1). Pumice clasts contain
2 to 11 % of large (1-5 mm) clinopyroxene, orthapgne, and plagioclase phenocrysts
and glomerocrysts. Lithic content is the lowesalbflithofacies (<7 %). In proximal to
medial locations (as far as 9 km from the ventnglthe dispersal axis), 30 cm-sized
bread-crust bombs are common. The best examplesharélokey Pokey, IX (i.e.

Mangatoetoenui), upper XVIII, and XXIV eruptive units.

2) Eruptive units containing one or a few, distinclyvéthic-rich, massive beds with
30-35 % of multicoloured, hydrothermally alteregphanitic to finely porphyritic lithic
clasts, and up to 5 % of accidental, metasedimgntdasts from the Tertiary
“basement”. Crude stratification develops acrossd#posit, particularly away from the
dispersal axis. The coarsest and thickest bedssaraly underlain by a thin, massive or
laminated red, yellowish, purplish or olive grelaty-shaped coarse ash to fine ash bed,
occasionally containing accretionary lapilli. Lifacies association 2 is further
subdivided into two categories. BA units the coarsest bed reaches 25 to 30 cm of
thickness at medial distances and pumice fragnmemetsisually iron-stained with dark
brown interiors and are typically dense to verglnvesicular Table 3.1). Most of the
pumice clasts have subspherical to ellipsoidakraed and aligned vesicles smaller
than 0.5 mm, and variable amounts (<8 %) of firredi(<1 mm) phenocrysts and
glomerocrysts (PI>Px). Bomb-sized clasts show baradt textures and are found as
far as 13 km along the dispersal axis. EruptivetsuiXIll, XXV, and XXVI (i.e
Shawcroft) are good examples of this category. Within 2Becategory the main (i.e.
coarsest and thickest) bed is half the thickneghade in the 2A type. Juvenile clasts
are commonly fresh, dark brown, very coarsely udaig¢ expanded to strongly foliated,
and phenocryst-poor, whereas bomb-sized clasts slaoMiflower structures, and are
mainly restricted to proximal sites. 2B is also reltéerized by the presence of thin,
interbedded, dark grey to black, blocky coarse ##itic-rich laminated beds. Units
XIX and XXI are examples of this category.

3) Well bedded eruptive units, comprising multiplajnty stratified, pale-brown to
white pumice lapilli beds with variable lithic camt (10-25 %). Clast-supported
pyroclastic deposits mantling previous paleotopplyyaare laterally interfingered with
matrix-supported, paleotopography-controlled pyastit deposits. The coarsest and
thickest clast-supported beds are usually undedadhcapped by thinner (<5 cm) fine
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ash, mantling beds containing accretionary lapielatively lithic-rich beds contain
fine to coarse porphyritic lithics, variable in oal, texture, and hydrothermal
alteration. Pumice clasts are highly heterogeneuitisin a single stratigraphic level,
and distinct from other lithofacies associatiorextiiral end-members include dense,
pale brown pumice with ~20 % of microphenocryst-senghan 1 mm, pinkish-white
finely vesicular with ~20 % phenocrysts smallernthd5 mm, and colour-banded,
coarse-porphyritic, finely to coarsely vesiculabréus pumice with strongly distorted
vesicles and black pyroxene phenocrysts betweend27amm. The best examples
correspond to the tephras produced during XXVII,\XK XXIX, and the youngest
Okupata-Pourahu eruptive units. Unit XVIII is thaly case of this type older than
13,635 £ 165 cal years BP (i.e., Waiohau Tephra).

c)

Pale yellow
frothy, finely @ X, XI, XII,
vesicular X1V, XVI, XXII
Q Opening HP, X111, XXIV

Orange-brown
finely vesicular

Kxip)TWA @r) o
5 \Gvid: A@"@\ Brown/Pinkish
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Thinly Thickly vesicular
Bedded Bedded

) pumice B folilate g Pale brown/grey
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IX, O XLXIIL XIV, vesiculayr @) microvesicular/
v XVI, XXI11

dense
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low fibrous and
banded

S

Monolithic Multilithic

Figure 3.16 Classification diagrams of the studied Mt. Ruapeinits, based on key field criteria for
lithofacies correlationa) bed structurep) dominant component) pumice colour, directly linked to
pumice textures as shown.

From lithofacies to preliminary eruptive dynamics
Massive, ungraded beds, such as those represepti#tidiacies association 1 and 2
have been commonly interpreted as the result ofirmoous magma discharge driving

steady (non collapsing) convective columns (€foni et al., 2008 The grading within
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unit IX mantling lapilli beds records progressiveaages in column height, then waning
and final dissipation with ash deposition. The mdifference between lithofacies
association type 1 and type 2 is the lithic contamd composition, with relatively larger
lithic grain sizes and deposit density at a fixechlity for lithofacies association type 2.
The lithic-poor lithofacies association type 1 segfg open/clear conduit conditions
during the main eruptive phases, whereas the ditbic and lithic-bearing nature of
lithofacies association type 2 reflects conduit tnldions, development of new
conduits, or important constraints on conduit gelmynesuch as intense conduit wall
abrasion during high magma ascent and dischargs, rant migration (e.gwWilson et
al., 1980; Macedonio et al., 1994; Papale et &981 Taddeucci and Wohletz 2001
and/or conduit implosion (e.gKennedy et al., 2005 On the other hand, distinctive
stratification marked by contrasting grain sizesd aepositional processes (e.g.,
interlayering of ash-fall and pyroclastic densityrent deposits), typical of lithofacies
association type 3, has been documented as relateshsteadiness in the magma
discharge and oscillating convective colum@seli and Bursik 1986; Bursik 1993;
Cioni et al., 2000, 2003 The characteristically colour-banded pumice tslashe
presence of larger and more abundant phenocrysdsthe occurrence of dense, plate-
like (c.f., Palladino et al., 20Q08umice clasts suggest contrasting probable degpss
mechanisms from the other lithofacies associatiswtgch will be discussed later in
Chapter 6.

Considering the entire composite stratigraphiciseateconstructed for the first 20 km
along the dispersal axis from Mt. Ruapehu, 66 %ndividual tephras from the 27-10
ka BP cal., period contain lapilli-sized partic(se remainder are ash-grade). Most (46
%) of the pumice lapilli-rich pyroclastic beds &d0 cm thick and contain a variable
amount of dense juvenile porphyritic clasts, sugjggsiolent but short-lived eruptions.
Around 29 % of the beds are <5 cm thick, and conddundant accretionary lapilli (15
%), and either represent relatively smaller phmaaigmatic eruptions, or eruptions
during rain/cloudy periods. A minority (6 %) comgei aligned lithic or altered
microvesicular pumice lapilli, suggesting explospieases during which the vent/upper
conduit was obstructed by a porphyritic, degasseyma plug. These thin beds
typically represent the opening phases of majomplsuilan-Plinian eruptive events,
which produced 20 % of the studied tephra recdrdvd only consider the largest

explosive phases, 58 % of them suggest dominamiyediptions leading to sustained
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eruptive columns, 26 % involved unsteady, collapstolumns dominantly preceded
and followed by smaller phreatomagmatic phasesye@sel6 %, also combined with
phreatomagmatic or ash-producing intervening phaaes particularly lithic-rich and

suggest sustained columisble 3.2).

Table 3.2 Synthesis of the general characteristics of tfferéint lapilli and ash fall beds found in the
studied stratigraphic record.

Separating the domain of sustained columns
) (mainly dry, showing lithofacies association 1) and
Sustained ; - ] )
PR 3 a domain of collapsing columns combined with
lithic rich ) . - p
phreatomagmatic smaller eruptions (lithofacies
association 3)
g Following and preceding accretionary lapilli or fine
B| Collapsing 5 phreatomagmatic ash thin beds. Main phases
v| columns showing lithofacies association 3, more frequent at
2 top of the stratigraphic record
g
0| @
32 B Following and preceding conduit/vent plugs. Main
g| Sustained - - . } -
ol 1 Y 11 | phases of lithofacies association 1, dominant in the
o lithic-poor ;
0| o oldest eruptions
‘a —
E A Individual phases, particularly at the beginning or at
o the end of lithofacies associations 1 and 3,
E Short-lived 10 bounded/combined with thick phreatomagmatic
al lithic rich sequences separating the older domains of
« lithofacies associations 1 and the younger domain
of lithofacies association 2
Short-lived 24 Phases within lithofacies associations 1 or 3,or
w| lithic poor isolated beds, non related to any particular trend
kel
[}
g Laminated After removal of plug and main phase of eruptive
o ash: units characterized by lithofacies association 1; or
Q| alternating 12 isolated eruptions after major conduit geometry
v dry/wet modifications (XIX, XXVII, XXVIII; XXIX,) and
phreatomag before or immediately opening a lithic-rich lapilli
-matic bed of lithofacies association 2 (XXV)
Purplish to
olive grey 5 Opening and closing short lithofacies association 2
fine (XXI, XVII, XXIIl). Probably phreatomagmatic
ash/dust
21 Accretionar
3 -
% y Ia’:S”r'] and Opening phases of lithofacies associations 2 and 3;
ol 8 9 can be linked to the main eruptive phase or
o| £| aggregates isolated, preceding the main phase
2| E| bearing thin '
3| x| __ash beds
I E Fresh, Eruptive columns waxing/
S| £|  highly 35 P 9
E S vesicular 9
T| 1n| (monolitho-
AR logic):
< g Dome/ 2 Opening phases of lithofacies associationl
E Upper
% conduit
i
A(;tered/ Opening phases of lithofacies association 1 (rare
ense ) -
4 3); can be followed by phreatomagmatic ashes
(recycled?) ] -
pumice before the main eruptive phase

Numbers correspond to the total of individual befithat particular type found in the record, betwde
and 80 km from the source.
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In terms of timing, 36 % of the largest explosiveptions are represented by lithofacies
association type 1, in the older part of the recavdile another 36 % contributed to
lithofacies association type 3 in the younger paHrtthe record. Deposits of these
extremely explosive phases are separated by depdsiminated by lithofacies

association type 2 within the intermediate parthefrecord Table 3.2).

3.2.6 Discussion

When the entire stratigraphic record is qualitdyiveisualized in terms of inferred
relative eruptive behaviour/style with timdrig. 3.17), a transition from older
(immediately below and above the Okareka Tephra)osive eruptions characterized
by steady eruptive columns to younger events (Waibhau Tephra) characterized by
unsteady, partially collapsing columns can be s&ble.two periods were separated by
an interval (between 17,625 + 425 cal years BP<hdtly after 13,635 + 165 cal years
BP), during which eruptive columns were steady, éxtremely violent (high) and
involved large proportions of country rock fragneefincreasing in unit XVII, reaching
a maximum in units XXIlI-to-XXVI, and decreasingtafwards). These changes are
also signalled by a variation in the dominant pwemitacro-texture within the coarsest,
thickest, and most widespread deposit of each iemupinit. Older deposits are
dominated by highly vesicular pumices varying fremamy (subspherical vesicles) to
fluidal (oriented oblate-ellipsoidal vesicles), was younger deposits are dominated by
coarse-grained porphyritic extremely heterogengmusice fabrics, including colour-
banded and dense varieties. In between, the littlceeposits are dominated by micro-
porphyritic, dense to micro-vesicular pumice clg$@able 3.1; Fig. 3.16).

Microscopic and geochemical analyses of pumiceihagl be presented i€hapters
5-7, but it is possible from field lithofacies analy$o propose an initial hypothesis. The
observations presented in this Chapter suggestMhaRuapehu’s eruptive behaviour
has systematically changed since ~25ka. Initigilwas characterized by stable magma
bodies being suddenly unloaded by the explosiveovainof domes and/or degassed
magma plugs, with expansion and formation of highdgicular, foamy pumice clasts
under dry conditions (e.g., Hokey Pokey lapilliyoAg with the transition from the Last

Glacial to the present interglacial, around 17,62825 cal years BP, magma-water
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interaction was enhanced, which is probably relatedquifer recharge by increased
precipitation and melt-water infiltration (e.g., XVincreasing in XIX-XXI units).

Opening phreatomagmatic phases shortly precededclthactic explosive events
and/or alternated within major phases. Reductionsnagma overpressure enhanced
conduit wall collapses, promoting the incorporataindifferent types of lithics during
the subsequent large-scale events. The high Iwhigability and incorporation of
metasedimentary clasts reflect probable fluctuatibthe fragmentation level depth for
lithofacies association 2. These conditions predaiuntil sometime after 13,635 + 165
cal years BP (the last event being the Shawcrofptere unit-XXVI). From this time
until ~10 ka BP cal., the studied tephras indi¢h&e melts were slightly more siliceous
than in previous eventd éble 3.1), with the generation of oscillating eruptive aoious
and pyroclastic density currents. The repose pebetveen eruptive units increased
with time, and paleosol development was progrefseehanced by the establishment
of warm Holocene climatic conditions. The Okupagpfira represents the last Plinian
event known from Mt. RuapehiD¢noghue et al., 199%bimmediately followed by
dacitic domes and the collapse of the NW sector Ka9BP cal., Murimotu debris
avalanche Ralmer and Neall 1989; McClelland and Erwin 2008ince then, and
clearly since ~3 ka BP cal., the eruptive activias been centred in Crater Lake, being
very different in magnitude and style, with smalate, relatively more frequent
phreatomagmatic eruptions and the accumulatiomiofash tephrasdonoghue 1991;
Donoghue et al., 1997

Although further, multidisciplinary research is ded, a tight correlation between
eruptive magnitude and local tectonic activity ntigxplain this abrupt change:
Villamor et al., (2010¥ound a significant drop in the Rangipo fault-slgie from 2-9

mm/yr to 0.2 mm/yr at ~14 ka BP cal., from palesswlogy data. Therefore, a
pulsating rifting process (also suggested for Tongaby Nairn et al., 1998

characterized by fast fault slip-rates at low reence intervals (large fault
displacements for a short period), might have fasduhe accommodation of large
magma volumes under southern TVZ stratovolcanoés. Segmented nature of the
Rangipo fault zone could explain the shift of lasgale volcanism towards the north,

from Ruapehu to Tongariro, at around ~11 ka BP cal.
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The examined record is consistent with the obsemston subplinian and Plinian
eruptions of calc-alkaline magmas at stratovolcanelsewhere, with eruption cycles
typically culminating in dome emplacement episodas¢d explosive conditions re-
establishing after dome disruption phases, whiehoften marked by a basal, lithic-rich
tephra horizon (e.gBursik 1993; Hammer et al., 1999; Wright et al.020 Similarly,
opening and closing phreatomagmatic eruption phageserating dilute pyroclastic
density currents, are widely documented, such asMkh Pinatubo 1991 eruption,
Philippines Hammer et al., 1999the 800 yr BP Quilotoa eruption, EcuadBio§i et
al., 2004, the 79 AD Vesuvius eruptiorG(rioli et al., 200% the 10.5 ka Nevado de
Toluca, México Arce et al., 2008 or the 4965 yr BP Popocatépetl, Méxiéognha-
Salinas et al., 20)0Hence, it seems that viscous disruptions ofidfigpodies, such as
domes or degassed magma plugs, or brittle dismgpiaused by sudden magma-water
interactions are efficient promoters of major esple eruptive phases when sufficient
volumes of volatile-saturated magmas are stallédermid to upper crust.

The quantification of the eruptive parameters, wadg, and column heights indicated
by the contrasting lithofacies and the high punigdural heterogeneityChapter 4)

will help to elucidate eruption-controlling factors

3.2.7 Conclusions

Examination of the stratigraphic record within tBellot Formation of Mt. Ruapehu’s

largest explosive eruptions has helped to impraveumderstanding of the maximum
probable eruptive scenarios expected from the Tmnoga/olcanic Centre. The

correlation of individual lapilli beds cropping oas far as 80 km from the current vent
of Mt. Ruapehu allowed the identification of malhofacies, and to define thirty three
eruptive units produced during six eruptive periofise oldest two of these are: 1)
~23,000 and 21,800 + 500 cal years BP, during wthelfHokey Pokey Eruptive Unit

formed; and 2) The&Rangipo Eruptive Perigdwhich comprises eight units erupted
between 21,800 + 500 cal years BP and ~17 ka BPTt¢wse early phases were
characterized by the generation of sustained Rlibdasubplinian eruptive columns,
involving frothy to foliated, finely vesicular puoe clasts and low contents of lithics.

The pumice is predominantly similar in texture ayyke, except for the initial phases of
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the youngest XVIII unit. The thirdJukino Eruptive Periodrom ~17 ka BP cal., to
13,625 + 165 cal years BP (up to unit XXIl defingdthis study), produced four
eruptive units from Mt. Ruapehu, with the Mt. Torigasourced Rotoaira Lapilli
(Topping 1973 interbedded. This period was dominated by contpaig short-lived
subplinian columns, involving weakly fragmentedaxsely vesicular pumice and scoria
clasts, and variable contents of hydrothermallgratl lithics, generally decreasing in
content towards the youngest units. The foufidwioi Eruptive Period (units XXIII to
XXVI), slightly after 13,625 + 165 cal years BP, sv&haracterized by sustained
eruptive columns involving high contents of hydeatinally altered lithics of variable
texture and finely vesicular pumice. Tdinewairua Eruptive Perioghroduced three
units (XXVII to XXIX), characterized by unsteadysallating eruptive columns,
commonly producing pyroclastic density currentsthid content is variable, but
commonly lower than within the Karioi Period. Pumasts are commonly very finely
vesicular and coarsely porphyritic, occasionallpwimg banded textures. The sixth
eruptive period, the re-definethurewa Eruptive Periodunit XXX to unit Ngamatea
Lapilli 1, as defined byponoghue et al., 1995 a) hlso produced the 11,620 + 190 cal
years BP, Okupata Tephra. This period was charaeterby relatively short-lived
subplinian-Plinian eruptive columns, except thedeéned Okupata-Pourahu unit,
which consists of thick fall and pyroclastic depsturrent deposits, with distinctively

pinkish white to white fibrous and banded pumice.

From a hazards perspective, it can be seen thatviticano undergoes significant
variations in hazard type and magnitude over tirdence, time-varying approaches,
rather than simple event frequency averages ardedet® adequately forecast future
eruption potential. The deposits described hereessmt an earlier phase of activity at
Mt. Ruapehu, which terminated around 11 ka BP Thé shift towards the Holocene
and historical contrasting eruptive magnitude agtes appears linked to the shifting of
the main vent location towards the south (Cratekelaand changes in the local
volcano-tectonic setting (c.fillamor et al., 201D
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CHAPTER 4. Physical Volcanology

This Chapter presents the spatial distribution of five eruptive units representing the largest explosive
eruptions known in the Late Pleistocene record of Mt. Ruapehu. This data was used to infer the most
probable vent location and to quantify the variability of eruptive parameters (Appendix B) within
Plinian eruptive styles.

In addition, the debate regarding the source of the Pahoka Tephra (Nairn et al., 1998; after
Topping 1973, 1974; Donoghue et al., 1995b) was addressed. This unit is, particularly
interesting due to its contrasting lithofacies respect with the typical Bullot Fm., Mt. Ruapehu
eruptions.

4.1 Introduction

After establishing the eruptive sequenceGhapter 3, the following eruptive units were
chosen to represent each one of the contrastingfdities association typesa) Unit IX,
formally named asMangatoetoenui Eruptive Unit (Mgt), exemplifies lithofacies
association type (LA) 1, and represents the caseaoofcollapsing butoscillatory (i.e.
varying in height with time) eruptive columni) Unit XXVI, referred as theShawcr oft
Eruptive Unit (Sw) exemplifies LA-2 and represents the caseteddy eruptive columnsg)
Units XXVII, named here as th@ruamatua Eruptive Unit (Oru), XXIX, named here as
the Akurangi Eruptive Unit (Ak), and the re-define@kupata-Pourahu Eruptive Unit
(Okp-Ph) were selected to exemplify LA-3. This last typeswhe most common at the end
of the Late Pleistocene, before the transitiorh®oHolocene, mostly Vulcanian-Strombolian
and phreatomagmatic eruptions. Their significamceerms of hazard implications is crucial,
since these units represent the casensteady, collapsing columns producing dangerous
pyroclastic density currents (PDC). Moreover, thewantification, together with the
previously shown stratigraphic redefinition, dentosmte that the Okupata and Pourahu
Members defined bponoghue et al., (199%o not represent the largest Plinian event of Mt.
Ruapehu. By contrast, Oru and Ak point out thedatgeruption volumes, column heights,
and MDR values, proving that these were the masdent eruptions. Consistently, Oru and
Ak provide information of the worst hazard scenave could expect from Mt. Ruapehu.
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An earlier version of this Chapter was publishedPaydo et al.(2012b;Appendix J.2) and
the corresponding data are presented inAthpendices B, F, G. The contributions of each

author to the study were as follows:

Natalia Pardo (Principal researcher):

* Field data collection and mapping
» Digital mapping, calculation of eruptive parametensd interpretation

* Manuscript preparation and writing

Dr. Shane J. Cronin (Chief supervisor):

* Field assistance

» Editing and discussion of the manuscript

Dr. Alan S. Palmer (co-supervisor):

* Field assistance

» Editing and discussion of the manuscript

Dr. Jonathan Procter:
* Field assistance
* GIS assistance and data projection on Digital Elemaviodels (DEM)

» Editing and discussion of the manuscript

Dr. lan Smith (co-supervisor):

e Provided chemistry data

» Discussion of the manuscript
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4.2 Andesitic Plinian eruptions at Mt. Ruapehu: Quantifying the
uppermost limits of eruptive parameters

Natalia Pardo?, Shane J. Cronind, Alan S. Palmer?, Jonathan Procter9d, Ian
Smith?

% Institute of Natural Resources, Massey Univer$ttyyvate Bag 11222, Palmerston North
4442, New Zealand

P School of Environment, The University of Aucklamtjvate Bag 92019, Auckland, New
Zealand

4.2.1 Abstract

New tephro-stratigraphic studies of the Tongari@cdnic Centre (TgVC) on the North Island
(New Zealand) allowed reconstruction of some ofl#ngest andesitic, explosive eruptions of Mt.
Ruapehu. Large eruptions were common in the Latst®tene, before a transition to
strombolian-vulcanian and phreatomagmatic eruggtykes that have predominated over the past
10,000 years. Considering this is one of the masive volcanoes in New Zealand and the
uppermost hazard limits are unknown, the pyroaaséiposits corresponding to the five largest
eruptions since ~27 ka BP cal., were identified arappped. The selected eruptive units are also
characterized by distinctive lithofacies assocraiccorrelated to different behaviours of the
eruptive column. In addition, the source of the kBLBP cal., Pahoka Tephra, identified by
previous authors as the product of one of the &rgeiptions of the TgVC, is clarified. The most
common explosive eruptions taking place between6-48d ~11 ka BP cal., involved strongly
oscillating, partially collapsing eruptive columag to 37 km high, at mass discharge rates up to
6 x 16 kg/s and magnitudes of 4.9, ejecting minimum estird volumes of 0.6 kinOur results
indicate that this volcano (as well as the neighinguandesitic Mt. Tongariro) can generate
Plinian eruptions similar in magnitude to the Céait2008 and Askja 1875 events. Such
eruptions would mainly produce pyroclastic fall@aivering a minimum area of 1700 kiBSE

of the volcano, where important tourism, agricidtyand military activities are based. As for the
1995/96 eruption, our field data indicate that ctarwind patterns were critical in controlling

the dispersion of the eruptive clouds, developimgased, commonly bilobate plumes.

Keywords: explosive volcanism, eruptive parameters, isop&dpleths, physical volcanology,

pyroclast
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4.2.2 Introduction

Understanding the physical processes controllingid? eruptions at subduction-related
composite volcanoes is critical for estimating #ssociated maximum potential hazard from
them (Jeanloz 2000 The term Plinian Escher 1933; Walker and Croasdale 1971
traditionally refers to the extremely energeticpgiee style characterized by large dispersal
areas and intermediate to high fragmentation in@éalker 1973; Wilson 1976; Rosi 1998;
Cioni et al., 200p During these eruptions, large volumes of pyrstsla(0.1-10 k)
corresponding to 610" kg) are ejected at high speeds from the vent @@D-m/s), at
extreme mass discharge rates®10® kg/s) (Cioni et al., 200 The resulting eruptive
column reaches tropospheric to stratospheric heigt80 km) and can be maintained for tens
of hours Wilson 1976.

Magma degassing processes, fragmentation depthmaatianisms, syn-and-inter-eruptive
conduit geometry conditions, vent migration, phgkiand chemical changes in magma
storage zones, and magma rheology modificationsgatlee conduit are all potential factors
determining the eruptive behaviour of Plinian cohemWilson et al., 1980; Papale and
Dobran 1993; Varekamp 1993; Macedonio et al., 1994ni et al., 2003; Sulpizio 2005
The 27,097 £ 957 cal years BP to ~10,000 cal yB&gephro-stratigraphic record of Mt.
Ruapehu (New Zealand) provides a clear exampleeo¥ariability and complexity of Plinian
styles experienced by a single andesitic volcanteres contrasting lithofacies associations
are inferred to reflect variable magmatic (i.e.izelation state, composition and volatile
content of the erupting magma, fragmentation meshas) and environmental conditions (i.e
conduit/vent geometry, inflow of external waterarthe conduit), ultimately affecting the
steadiness of the eruptive column and tephra digperPardo et al., 2012aChapter 3;
Appendix J.1). In this chapter, new isopach and isopleth mapspeaesented, and quantify
the main corresponding physical eruptive parameietbe five eruptive units representing
the largest explosive eruptions known in the LdtsRcene record of Mt. Ruapehu. These
units were also selected to represent contrastihgfacies association types to study the
variability within Plinian eruptive styles. Theseew data allow establishment of the
uppermost hazard limits and the maximum eruptienados expected from the largest and

most active andesitic volcano of New Zealand.
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Around 10 % of New Zealand’s national economy isaamtrated in the Central North
Island, and the surroundings hold ~24 % of the tgispopulation The Treasury 200)0As
demonstrated by the 1995/1996 eruptions, evensrag}l tephra falls from this volcano may
disperse ash broadly over agricultural areas, alentp towns and cities and key
infrastructure lifelines@ronin et al., 1998, 2003; Johnston et &00@. Mt. Ruapehu is also
located within the Tongariro National Park, a UNES®/orld Heritage area that is one of
the most visited tourist attractions in the countnyaddition, up to ten thousand people can
be present at any one time on the ski fields ofRliapehu during the winter seaséigour

et al., 2019 The populated centres surrounding the park delturangi (3441 inhabitants)
to the north, Ohakune (1101 inhabitants), Waiour888 inhabitants) and Taihape (1788
inhabitants) to the Soutls{atistics New Zealand 2007, 2009

The quantification of eruptive parameters was edrmout according to the methodology
explained inChapter 2.1, and pumice vesicularity was described and medsageording to
the methods presented @hapter 2.2.3. Pumice textures will be referred to as: 1) Foamy;
highly vesicular clasts dominated by subspheriasicles <2 mm in diameter. 2) Fluidal;
highly to moderately vesicular clasts with stronglsientated, elongate (i.e. ellipsoidal)
vesicles, commonly aligned with the longest axepla#nocrysts. 3) Microvesicular; dense
clasts with highly distorted, often aligned vesictaat are only visible under microscope and

usually show pinched shapes and angular termirgation

To evaluate the magma fragmentation mechanismdviedan the studied eruptives, the
morphology of clean juvenile ash grains picked frtme 3 ¢ size fraction was analysed,

according to the methods describecimapter 2.2.4.

4.2.3 Mt. Ruapehu Plinian eruption lithofacies associations

Mt. Ruapehu’s eruptive behaviour has systematiceltignged since ~27 ka BP cal., from
older explosive eruptions characterized by steadipteve columns, to younger events
characterized by unsteady, partially collapsinguouois Chapter 3; Appendix J.1). These

stages were separated by an interval between 1£62% cal years BP and shortly after
13,635 + 165 cal years BP, when eruptive columnseweady, but powerful and involved

large proportions of accessory and accidentalclifrkgments. Each one of these eruptive
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behaviours has been inferred by analysing pyraclakposits with contrasting lithofacies
associations, which were classified into three niygdes:Type 1 association comprises a few
(<3) overlapping fall deposits characterized by snasto normally graded, clast-supported,
pumice lapilli beds and scarce porphyritic lithiddsually, the initial eruptive products
include a basal concentration of fresh andesitiecls or angular to rounded dense pumice
clasts. Juvenile pumice textures in the thickestargest, and most widespread beds
representing the main eruptive phases are highkicukar, varying within the same
stratigraphic level from finely vesicular-foamy pioes, to coarsely vesicular-fluidal textures
and rare microvesicular (nearly dense), crystdil-textures. Lithic content and lithological

variability are significantly lower in comparisoritivthe other lithofacies associations.

Type 2 association comprises one or a few, distinctively lithic-ricthick, ungraded fall
deposits with abundant, multicoloured, hydrothetynaltered, aphanitic to finely porphyritic
lithic clasts. Crude stratification is present asrdhe deposits, particularly away from the
dispersal axis. The coarsest and thickest bedsisarally underlain by a thin, massive or
laminated red, yellowish, purplish or olive greyaty coarse ash to fine-ash bed, locally
containing accretionary lapilli. The main part af adividual eruptive unit is typically
represented by a single thick, coarse-grained hmtbisting of clast-supported pumice
fragments that are iron-stained with dark brownreriatrs, typically highly and finely
vesicular, microphenocryst-bearing, varying frorarfty to micro-fluidal, and microvesicular
(nearly dense). Bombs showing bread-crust (asdat5akm from the vent) or cauliflower

structures (as far as 5 km from the vent) are commo

Type 3 association deposits comprises multiple, well-stratified fdkposits of contrasting
grain-size interfingered with thin pyroclastic deyscurrent deposits. Lapilli fall beds are
commonly bounded by thin (<3 cm) fine ash beds aiairig abundant accretionary lapilli.
Pumice textures are the most heterogeneous amblithafacies associations, varying from
incipiently vesicular to moderately and highly \asar, typically fiborous and coloured-
banded.

The new stratigraphic analysis presentedChrapter 3 shows the systematic change from
older, typically type 1 to younger, typically ty@eeruptive units. Based on their lithofacies
analysis, for this study, the following coarsebicktest and most widely distributed eruptive
units within each lithofacies association type weliesen for further quantification: eruptive
unit IX (Mangatoetoenui Eruptive Unit) representldfacies association type 1, unit XXVI
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(Shawcroft Eruptive Unit) represents lithofaciesasation type 2, and eruptive units XXVII
(Oruamatua Eruptive Unit), XXIX (Akurangi Eruptiv@nit), and XXXI (Okupata-Pourahu
Eruptive Unit) together exemplify the lithofaciessaciation type 3, which was the most
common produced between 13,635 + 165 and 11,00Qecas BP, immediately before the

transition to lower magnitude Holocene eruptions.

The lowermost unit of the ~11 ka BP cal., Pahokaifydemate Sequence (Nairn et al. 1998),
known as the Pahoka Tephra, was also mapped tdyclts source, which had been

attributed variously to Mt. Ruapehu, Mt. Tongariar, a vent located between the two,
known as the “Saddle Conel¢pping 1973; Donoghue 1991; Nairn et al., 1998

Type 1: Thickly bedded, lithic-poor association (Mangatoetoenui Eruptive Unit)

Field characteristics. the Mangatoetoenui Eruptive Unit (Mgt) consists tafo, clast-
supported and well-sorted pyroclastic subunits ¢iolwMgt and upper U-Mgt) that mantle
previous topographyHg. 4.1), separated by a volcaniclastic, cross-bedded dapdsit (IX-

1d in Fig. 4.1), which is very well sorted, but varies considéyain thickness and
sedimentary structures laterally and distally. Thiglgt consists of two fall beds=(g. 4.1):

the basal, thin lithic-lapilli deposit (IX-1a) wamly identified to the east and disappears
beyond 10 km from the source. The overlying maiedimm and coarse pumice lapilli bed
(IX-b), gradually fines upwards to fine lapilli ancery coarse ash (IX-1c), and is widely
exposed over the entire study area. The U-Mgt cam@prtwo massive beds, also mantling
previous topography. The lower is the thickest andrsest (IX-2a), and is capped by the
thinner ash bed IX-2bHg. 4.1), which commonly grades into loess upward. The ¢th4
mainly characterized by highly and coarsely vesicyplumice clasts (average vesicularity =
80 %; average pumice density = 0.64 gicBeeAppendix G) showing strong alignment of
ellipsoidal vesicles and phenocrysts in a dark lbraylass groundmass. The U-Mgt is
characterized by microvesicular to dense, crysthl-clasts (total vesicularity = 64 %;
average pumice density = 1.28 gfymcontaining distorted, in some instances pinched

vesicles, and entrapped lithics.
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17,625 + 425 cal. yr BP

Unit Xl (Pink Lapilli)

21,800 + 500 cal. yr BP

27,097 + 957 cal. yr BP.

Compo-]_Heterolihologic = Low angle stralification @y anquiar clasts
nents |[= jnse '!l‘ ICS —_ Parallel stratification e
>Juveniles : Rounded clasts
Normal grading
Sfl.l[.:’ppd 3:;?)(5;590'195 st N Loamy texture/paleosol
annc PP- I assve oo Aligned clasts

Observations
IX-2b. Yellowish-brown, coarse, platy ash bed. At intermediate-to-distal locations it is poorly
sorted, matrix supported, with scattered pumice lapilli set in a silty-sand, vesicular, lithic-rich matrix
M usually grading upward into a loess.
IX-2a.Yellowish brown and occasional dark brown medium pumice lapilli, similar to 1a. Grey lithics
are subordinate and occasional altered orange lithics with bluish oxidized patches are found. J: 44-

l @ 70vol.%:; X: 9-40vol.%:; L: 16-21 vol.%.
_______________________ Planar sharp contact—:-—+— ==+ = = =t mimm i mn

IX-1d. Greenish grey, lithic-rich sand with pumice and grey porphyritic lithic coarse sand and
o granules set in a fine lithic-crystal fine sand matrix. Weak lamination is due to contrasting grain
T i -ﬁizes Atthe top the deposit is capped by a black fine sand thin bed.

Planar sharp or locally erosivecontact— - — - — - — - — - — . — . — . — . —. -
IX-1b. Yellowish-brown coarse to fine pumice lapilli bed, constant thickness. Pumice clasts are
highly vesicular, with subspherical and mainly ellipsoidal, oriented vesicles, showing
Plagioclase and Pyroxene phenocrysts. Lithics are concentrated in the ash fractions, being
dominantly fresh, grey porphyritic lava fragments. Glass (J) = 27-56 vol.%,; Crystals (X) = 24-51
vol.%; Lithics (L) = 15-22 vol.%. This deposit gradually fines towards the top (IX-c).

IX-1a. Aligned, grey, aphanitic to porphyritic, hypohialine medium and fine lapilli capped by a
grey, very fine ash thin lamina. Planar sharp contact

Legend

__Unit
Subunit

Texture

Sorting |

Structure/

11 to-6

|0 size|
<.
4-0

Upper

Mangatoetoenui (Mgt)

Lower (L-Mgt!

Figure 4.1 Lithofacies association type 1, represented byMhagatoetoenui Tephra. a) Stratigraphic position
within the Bullot Fm., above the 21,800 + 500 cahss BP, rhyolitic Okareka Tephra; b) Exposure bftom
source showing normally graded L-Mgt and massivéidgi-pumice lapilli beds, locally separated by syn-
eruptive fluvial deposits (IX-1d); c) Phases digtilshed in proximal areas by contrasting grainssiz#)
Composite stratigraphic profile. Relative propartiof juvenile glass (J), crystals (X), and lithit are given
for the main Plinian deposits as vol.% based onpmrent analysis of 300 grains within 1, 2, ang 8ize
fractions.
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Within any particular stratigraphic level, all ttextural types from highly vesicular, foamy-
like to fluidal and even microvesicular, dense jule clasts can be found. The phenocryst
association is plagioclase (Pl) = orthopyroxenex)Op clinopyroxene (Cpx) >>Magnetite
(Mt), with most of the pyroxenes forming glomeragts; Juvenile pumice bulk composition
ranges from basaltic andesite to andesite £S§8.2-58.3 wt.%, normalized to dry basis),
without showing significant variations with timé&gpendix F.1). The non-juvenile lithics
are recognized by their grey colour, microporphyritexture, and absence of vesicles,
containing variable amounts of Pl phenocrysts withimicrolitic groundmass, very similar to
the older andesitic lavas exposed on the slopetheofvolcano reported braham and
Hackett (1987)

Interpretation: the Mangatoetoenui Eruptive Unit represents astléaur eruptive phases.

The eruption began with a conduit/vent clearingbably phreatic explosion, producing the
monolithologic lithic-rich bed 1X-1a (e.@ursik 1993; Hammer et al., 1999; Wright et al.,
2007. The restricted deposits suggest that this ogemhase was a laterally directed
explosion. Subsequently, a sustained eruptive colanese, producing the first main fall
deposit (IX-1b), then gradually waned over timaraicated by the normal grading (IX-1c).

During a brief inter-phase hiatus small, scour diidchannels formed in and locally

reworked previous deposits (IX-1d), before resumptiof a buoyant eruptive plume
deposited the very coarse-grained and massive IMRaded of the U-Mgt. The uppermost
ash-bed (IX-2b) was probably accumulated from tissiplating cloud, and further reworked
by aeolian and fluvial processes. Beyond 17 km fthensource, both L-and-U-Mgt subunits

merge into a single fall bed.

Isopach and Isopleth maps: Isopach and Isopleth maps for individual phaseddcaot be
constructed, but were developed for the combinetbqgtgstic fall deposits. Thickness
distributions Appendix B.1) show two clear depositional lobes, the largest directed
towards the southeast (found as far as 35 km framncg) and a more restricted one to the
northeast, deflected distally towards the noFRig.(4.2a). The two lobes are also evident in
both lithic and pumice clast isopleth&ppendix B.2; Figs.4.3a, b). By tracing the axes of
approximated ellipses extrapolated from field datla@ most probable vent for the

Mangatoetoenui Eruptive Unit is the North CrateMif Ruapehu.
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Figure 4.2 See caption in the next page.
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Figure 4.2 Isopach maps fora) Mgt-Mangatoetoenui Eruptive Unit (lithofacies associatiype 1);b) Sw-
Shawcroft Eruptive Unit (lithofacies associatiopdy?2); c) Oru-Oruamatua Eruptive Unit) Ak-Akurangi
Eruptive Unit; €) Okp-Lower and Upper Okupata tephras(c-e: litha@acassociation-type 3J) U-Pk-Mt.
Tongariro sourced Upper Pahoka Tephra (N: curregauxuhoe vent; R: current Mt. Ruapehu Crater Lake).
Contours are labelled within white squares and showcentimetres (cm), drawn on a proximal 5 m DEM
combined with a distal 20 m DEM. In black squaress of the local average field data values are shEee
Appendix B.1). Upper right sub-quadrants show the contoursrpmsted from field data to illustrate the
dispersion axes in relation to intermediate-disthan areas (e.g. Napier, Hastings).

Type 2: Massive-lithic rich (Shawcroft Eruptive Unit)

Field characteristics. the Shawcroft Eruptive Unit (Sw) overlies the regb marker
identified as the rhyolitic 13,635 + 165 cal ye&B Waiohau TephraDonoghue et al.,
1995h and is distinguished by a thick, multi-colouréthic-rich, massive, coarse lapilli and
bomb-rich bed, defined as “Shawcroft lapilli” Ijonoghue et al., (1995k)ounded at the
base and top by finer grained thin beds. The lowstmlithic-rich, platy ashHig. 4.4),
commonly with accretionary lapilli (XXVI-1a) is oplexposed within 8 km of the vent.
Bread-crust bombs in the Shawcroft lapilli (XXVIJlbed Fig. 4.4c) are found on the
eastern slopes of the volcano, up to 10 km fromeCiaake. At localities within 4 km of the
vent, on the northern wall of the upper Whangaehlley, there is an interbedded firm
deposit (XXVI-1s bedFig. 4.4), which consists of a lower, yellow coarse ash, vdaich is
matrix-supported, well sorted, shows low-angle s#asnination, and contains abundant
accretionary lapilli Fig. 4.4d-f). The yellow ash bed is overlain by a dark gragnf
vesicular fine ash bed showing crude laminationthBaf these yellow and grey beds vary

laterally in thickness and show impact sdgg).(4.4d-e).

Textural variability of juvenile pumice within argjle stratigraphic level is more restricted
than in Mgt. Pumice ranges from dark brown, micssear to yellowish-brown, micro-
fluidal clasts (average vesicularity = 63 %; averagmice density = 1.25 g/émAppendix
G), with fine (<1 mm) pyroxenes (Px), (Opx + Cpx H-Blomerocrysts and non-juvenile,
probably accessory andesitic lithics. The minerasoaiation for both types is
PI>OpxxCpx>>Mt. Juvenile pumice bulk compositiorbesaltic-andesitic to andesitic (S10
57.0-58.4 wt.%, normalized to dry basis; #ggendix F.1). Non-juvenile lithic clasts vary
from fresh grey andesites to multicoloured, hydeotimally altered lithics and occasional

metasedimentary lithics.
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Figure 4.3 See caption below.
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Figure 4.3 Isopleth maps showing the distribution of lithiomda pumice clast diameter in mna-b)
Mangatoetoenuig-d) Shawcroftie-f) Oruamatuag-h) Akurangi;i-j) Okupatak-l) U-Pahoka. The axis of the
tephra lobe, traced from isopachs (in red), isapdtated towards the source, suggesting North Ceetehe
most probable vent for most units, but not the ymah Okupata tephras, which originated from a etoger to
Crater Lake, and the Pahoka tephra which was peatllay Mt. Tongariro. NC: North crater, CC: Central
Crater, SC: South Crater, N: Mt. Ngauruhoe &ppendix B.2 for complete field data set).

At intermediate and proximal locations, there arkeast four thin fine ash beds on top of the
Shawcroft lapilli Fig. 4.4b), but at distal locations, it is directly covereg a poorly sorted,
silty-sand, heterolithologic, crystal-rich depasitvariable thickness, grading into loess at top
(XXVI-e in Fig. 4.4b, g).

Interpretation: the Shawcroft lapilli is a widespread fall depdsdm a sustained eruptive
column, preceded (XXVI-la) and followed (XXVI-lc-d)y smaller, phreatomagmatic
eruptions that deposited the bounding thin, fingirgrd, lithic-rich, platy ash beds. Although
in most locations the main phase (XXVI-1b) is rey@reted as a single bed, there may have
been two fall phases/pulses, separated by emplatevhdghe laminated pyroclastic surge
deposits that crop out in proximal locatio®3g; 4.4f). The abundant lithic fragments and
their diversity indicate intense erosion of the fogdermally altered regions of the conduit.
Post-eruptive sedimentary processes (XXVI-1le) dépdsmassive gravelly-sand and
parallel-bedded, silty-sand from high-dischargeds. Beyond 15 km from the vent, only the
Shawcroft lapilli is preserved, immediately capjgdpost-eruptive volcaniclastic sediments

or a weak paleosol.

Isopach and I sopleth maps:. Isopach and Isopleth maps of the main eruptive@(8XVI-1b)
(Figs. 4.2b; Appendix B) show a main lobe towards the southeast, and &, Serondary
lobe to the northeast. The two lobes are also aviteboth lithic and pumice clast isopleths
(Figs.4.3c, d). The maps suggest that the vent probably locastaeen the southern sector

of North Crater and the Central Crater.
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Hetherolholoaic XXVI-1e. Silty sand, bedded deposit of variable thickness, with pebbles set in a vesicular finer
Wﬁfﬁi&_ §Tt""t°—t';"°" matrix, grading into loess at top. At some intermediate locations there are two interbedded
R AL ~/€XWI®  thin ash beds containing: J=5-8 vol.%; X: 10-23 vol.%; L: 86-69 vol.%.

XXVI-1d. Yellow platy coarse ash J=66-69 vol.%; X: 10-15 vol.%; L: 24-15 vol.%.

XXVI-1¢. Grey fine ash mantling 1b. Planar Sharp contact
XXVI-1b. Strong iron-stained pumice and lithic coarse lapilli. Pumice has dark brown or olive
grey interiors, is very finely vesicular. Lithics are grey, olive grey, dense porphyritic, dense and
vesicular red, yellow and black aphanitic, and some show bluish oxidized patches. J=29-45
vol.%; X: 20-24 vol.%; L: 31 vol.% In proximal locations a yellowish-brown, platy ash
containing abundant accretionary lapilli overlain by a dark grey, compact ash are interbedded,
both being matrix-supported, showing impact sags, cross-lamination, a vesicular matrix,
lateral and longitudinal thickness variations (XXVI-1s).
XXVI-1a. Yellowish brown, platy, very fine ash thin bed containing accretionary lapilli less than
5 mm in diameter and up to 1 cm in proximal locations. Juveniles (J) = 9-29 vol.%; Crystals
(X) = 20-23 vol.%; Lithics (L): 53-67 vol.%. Planar Sharp
Black lapilli: interbedded on the N-NE slopes, with blocky, equant, vesicle-poor juvenile
clasts (Interbedded, Mt. Tongariro-sourced fallout).
Irregular concordant contact
White, rhyolitic ash bed (Waiohau Tephra (Wh): sourced at Okatania Caldera).

Unit

Sort.JSup|Comp.

Shawcroft (Sw)

$ant

13,635 £ 165
cal years BP

Sedimentary structures o @ . Angular w | W Loamy texture/paleosol
i ing Absent |5 2 Subangular = O | W |eaves/ plant roots
Cross L?S:gm Gradin i 25 o - 2 5 |« Clast-supported lenses
gle | Parallel | Normal [ Reverse|(massive) £ 2 @ Subrounded £ 2| Kigned KF:’IpaSts
- T
Distinct| A v I 2 g . Rounded o & |3/ Impact sags
Gude | | == | == | A Y e . Very well rounded (© Accretionary lapilli

Figure 4.4 Lithofacies association type 2, represented byShawcroft Eruptive Unit (Sw)ga) Stratigraphic
position above the 13,635 = 165 cal years BP, itiyalaiohau Tephra (Wh)) close-up view at 10 km from
the vent showing the deposits of individual phasg3;ypical lithic-rich, coarse grained lithofaciestbe main
phase (i.e. Shawcroft lapilli) with bread-crust dxsmup to 30 cm in diameted) Proximal outcrop (5 km)
showing cross-laminated pyroclastic surge dep@Xixd/I-1s) interbedded within the main lapilli fatleposits.
Note the impact-sag (sketched én under a ballistic clast, the crossed laminatiord accretionary lapilli
(arrows) inf; g) Composite stratigraphic profile. Relative propaomtiof juvenile glass (J), crystals (X), and
lithics (L) are given for the main Plinian depostsvol. % based on component analysis of 300 graittin 1,

2, and 3psize fractions.
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Type 3: Thinly Bedded (Oruamatua, Akurangi, and Okupata-Pourahu eruptive
units)

Lithofacies association type 3 deposits are thetrmabsindant below the transition to the
typically phreatomagmatic and phreatic depositthefHolocene. The three thickest of these,
units are XXVII (here named Oruamatua Eruptive YnXIX (Akurangi Eruptive Unit),
and XXXI (Okupata-Pourahu Eruptive Unit).

Field characteristics: the Oruamatua Eruptive Unit (Oru) consists of ¢hqgyroclastic
subunits, here distinguished as Lower (L-Oru), Ned@-Oru), and Upper (U-Oru)F{gs.
4.5 and4.6), with distinctive tephras separated by syn-exgptthin hyperconcentrated flow
deposits. The L-Oru is lithic-rich and mantles olttgpography. The non-juvenile fragments
comprise fresh, grey and brown, coarse porphyriigca fragments, multi-coloured,
hydrothermally altered porphyritic to aphanitic st and occasional metasedimerfigs.
45 and 4.6). The M-Oru Fig. 4.5d) shows important facies variations along the Upper
Waikato stream Kig. 1.2), where the clast-supported, well sorted pumigalliabed is
completely replaced by a massive, matrix-supportedy poorly sorted deposit showing
abrupt thickness variatioffrig. 4.6). The U-Oru Figs. 4.5¢, 4.6) mantles the M-Oru and it is
distinguished by the widespread, lowermost yellbmiasown platy ash bed (U-Oguin Fig.
4.6) containing abundant, reversely graded accretjolzguilli. Lateral variation of the main
clast-supported pumice lapilli facies (U-@guFig. 4.6) to poorly sorted, matrix-supported

facies is also evidenced along paleo-valleys.

The entire Oruamatua unit is distinguished fromvianes units by having typically pale
brown, crystal-rich (porphyritic), moderately togsty microvesicular pumice clasts (average
vesicularity = 58 %:; average pumice density = 1g2ént; Appendix G). Locally, and
predominantly in the M-Oru, there are pinkish-bropumice clasts varying from coarsely
vesicular-fluidal to finely vesicular-fibrous texaand colour-banded, microvesicular clasts.
Phenocryst content and size are large relativetherdithofacies association types and the
general mineral assemblage is PI>>Opx>Cpx>>Mt. dilegumice bulk composition lies
within the andesite field, showing a wider spreddsibica content than older units (SIO
57.33-60.14 wt.%, normalized to dry basdgpendix F.1). At exposures >30 km from the
vent, individual subunits merge into a single, magtclast-supported fine lapilli bed.
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Figure 4.5 Bedded lithofacies association type 3, Oruamatud Akurangi eruptive unitsa) Relative
stratigraphic position above Sup) Individual subunits representing different eruptiphases within the
Oruamatua eruptivec) Lithic-rich Lower-Orud) Middle-Oru showing three bedsets indicating threain
fallout phases separated by fine ash (oscillatmigrans or wandering plume effects)) Upper-Oru, partially
reworked here (B15 iAppendix A).

The younger Akurangi eruptive unfi@s. 4.5a, 4.6) is also widely distributed, and consists
of four distinct pyroclastic subunits very similém Oru, locally separated by matrix-
supported, poorly sorted deposit with hetherolibigad granules and pebbles set in a lithic-
crystal sand matrixHigs. 4.2d, 4.6). The youngest Okupata-Pourahu Eruptive Ugig.(4.7)

was described byopping (1973)and Donoghue et al. (1999Pumice clasts are highly
vesicular, typically fibrous, often colour-bandexhd coarsely porphyritic. The phenocryst
assemblage is PI>Opx>Cpx>Mt. Our field daag( 4.7c) indicate this unit consists of two
main fall deposits: the Lower-Okupata (L-Okp) teplitotal vesicularity = 62 %; average
pumice density = 1.15 g/cimAppendix G), and the Upper-Okupata (U-Okp) tephra (average
vesicularity = 71 %; average pumice density = @&2r), locally separated by the Pourahu
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pyroclastic flow depositlfonoghue et al., 1999or by its correlative co-ignimbrite ash (Ph-
in Fig. 4.6b). Juvenile pumice bulk composition is the mosialae of all the studied units,
with most of the samples plotting inside the basahdesite and andesitic fields ($166.1-
61.6 wt.%, normalized to dry basi&ppendix F.1). Non-juvenile lithics include fresh,
coarsely porphyritic grey andesites, and red to@ea hydrothermally altered, porphyritic
clasts. The pyroclastic deposits are capped by neaslovolcaniclastic units and a paleosol
(Fig. 4.7c). At distal locations the unit is condensed intsirgle mantling clast-supported
bed, known as the Okupata Tephra (11,620 + 199ezis BPTopping 1973; Donoghue et
al., 1995a, b; Lowe et al., 2008vhich was emplaced at the onset of the earlyottoie

warming in Central North IslandNewnham and Lowe 2000

Sketches Field observations
Ak-4f, g Well bedded, well sorted, loose, normally graded deposit showing low and high-angle
cross-stratification, thicker and best exposed towards the South. This deposit is highly
hetherolithologic, with subrounded granules and coarse sand set in a medium to fine lithic-crystal
matrix, normally graded at top to silty sand and a poorly developed soil.

oy Erosivecontact — . — . = i i e e e
Ak-2, 3 Massive, well sorted, clast-supported, lithic-poor, coarse lapilli beds (2b, d, 3a, 4a,c,e),
usually bracketed between yellowish-brown, fine ash thin beds containing abundant accretionary
lapilli (2a, c, e, 3b, 4b,d). The main lapilli beds show lateral and longitudinal transitions from
massive to parallel bedded structures, and complete replacement by matrix-supported facies.
The most widespread subunit is the second one, containing brown to pinkish brown finely
vesicular pumice fragments, and grey to orange, hydrolhermally altered lithics (J: 41-52 vol.%, X:
36 18vol.%, L: 23-29 vol.%). Ak-2f-and-3c are similar to Ak-1

e - Planar sharp contact or .'ocah'y erosive— . —. —.—=.—. . -

Ak-1b Massive, poorly sorted, matrix-supported, heterolithologic silty sand

Ak-1a Massive, well sorted, clast-supported medium lapilli bed, distinguished by its high lithic

content, including abundant dark grey and hydrothermally altered, yellowish to orange,

porphyritic to aphanitic lithics. Juvenile pumice fragments are very finely vesicular and some

colour-banded.

U-Oru, Matrix supported, poorly sorted, normally graded, hetherolithologic deposit of variable

thickness consisting of rounded lithic and pumice granules set in a silty-sand, compact and

vesicular matrix, fining upwards into a brown, firm, silty-sand bed with greasy texture (3d).

U-Oru,, Clast-supported, well sorted pumice lapilli bed varying from massive to parallel bedded,

with yellowish brown, dense and occasionally coloured-banded, porphyritic pumice clasts, and
porphyritic lithics; where stratified, each decimetre-thick lapilli bed is capped by an upper,

© mantling thin ash bed or lamina. (J: 37 vol.%, X: 33 vol.%, L: 30 vol.%)

U-Oru,, Thin (< 5 cm), yellowish-brown, platy fine ash bed containing abundant accretionary

lapilli.

—————————————————— —Planar sharp contacé - — - — - — - — - = — s — s = — . = —

M-Oru Consists of 3 parallel-bedded, clast-supported, coarse lapilli decimetre-scaled beds, each

one capped by a thin, fine ash bed. Lapilli beds consists of pale brown, dense pumice clasts and

grey to olive-grey, coarse- porphyritic lithic clasts. Lateral facies changes occur to matrix-

supported, very poorly sorted deposits showing abrupt thickness variation, with rounded volcanic

lithic blocks of different colours and porphyritic textures, and dark brown pumice coarse lapilli set

. inafine ash pumice-crystal matrix (J: 33 vol.%, X: 41 vol.%; L: 25 vol.%).

S - —Planar sharp contact- - — - — - — - — - — - — . — - — . — . — .

H 10 cm L-Oru,, Clast-supported, well sorted, pumice and lithic-rich coarse lapilli bed, containing dlfferenl
red, orange and yellow hydrothermally altered lithics (J: 24-43 vol.%, X: 19-39 vol.%, L: 18-57

© Accretionary lapilli vol.%). Attop it is mantled by a grey, thin (< 5 cm), fine ash bed (1c), which is commonly eroded by

PDC: Pyroclastic density current deposit syn-eruptive volcaniclastic sediments (1d).

Volcaniclastic deposit | =0—rmr—c—memi—me—i—i—i— Planar sharp contact —.—. = = = = = ===

L-Oru,, Thin (< 5 cm) fine ash bed.

Figure 4.6 Stratigraphic profile from the Oruamatua and Alkgieeruptive units showing lateral variation from
fall to pyroclastic density current deposits (PDC).

Interpretation: bedding in this type suggests pulsating and utestatuptive columns (c.f.
Sieh and Bursik 1986; Bursik 1993; Cioni et al.p20Sulpizio et al., 2005 In the case of
the Oruamatua and Akurangi units, the main Plirpdwases represented by the coarsest

grained, thickest, and widely exposed fall bedsrewesually preceded by opening
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phreatomagmatic events producing thin, fine grairectretionary lapilli-rich beds. The
opening phases cleared the conduit and allowecdegubst decompression, driving the main
Plinian phases (e.gArce et al., 2003; Rosi et al., 2004; Gurioli et @D05; Hammer et al.,
1999. Matrix-supported facies of variable thicknessd afimited distribution were
accumulated from pyroclastic density currents amdicate partial column collapse. Syn-
eruptive and inter-eruptive reworked volcaniclastieposits are intercalated with the

pyroclastic beds.

Mt. Tongariro
largest
Explosive
eruptions

=

r, b — =
Okupatal ™ —==——"

e
XXVII

Mt. Ruapehu
largest
Explosive
eruptions

Oruamatua [

Shawcroft s

G Field observations

U-Okp-3. Matrix-supported, poorly sorted, hetherolithologic gravelly sand bed of variable thickness
_______________________________ Eros"vecontacr--—-—-—-—.—.—-—-—-—-—.—._._._
U-Okp-2b. Pinkish brown, medium to fine ash thin bed with loamy texture in proximal distances. Pale grey
coarse to fine ash thin bed at medial distances.

of
5 L ] U-Okp-2a. Massive, clast-supported, well sorted, pumice and lithic medium and coarse lapilli bed, dominantly
= & I consisting of finely vesicular, fibrous pumice clasts with abundant Px phenocrysts, and hydrothermally altered
& . lithics of variable textures (J: 42 vol.%, X: 35 vol.%, L: 23 vol.%).
2: .Cj Planar sharp contact
Ph-1d Ph-1d. Pale grey, ash, thin bed

Ph-1c. Poorly sorted, matrix supported deposit of variable thickness, varying from
massive to crudely stratified, consisting of subrounded pumice lapilli floating in a pumice-
lithic ash matrix

Ph-1d Erosive contact

LOkp-1b. Massive, clast-supported, well sorted, pumice medium lapilli bed, dominantly
consisting of dense, pinkish-white pumice clasts (J: 51 vol.%, X: 26 vol.%, L: 23 vol.%)
L-Okp-1a. Pale Yellow, fine thin ash bed (< 2 cm) locally containing accretionary lapilli at
proximal sites

©00
\/J fa“ 11,620 * 190 cal years BP (Topping 1973; Lowe et al., ZODS)Hm [em]

Figure 4.7 Uppermost studied units, comprisirg): the last known Plinian deposit sourced at Mt. Rimap
(Okp-Ph) and the first Plinian deposit of the Patibkangamate explosive period of Mt. Tongariro (Uppe
Pahoka Tephra)p) detail of the two main fall deposits forming the Upkta-Pourahu eruptive unit (L-and-U-
Okp), separated by a co-ignimbrite ash at proxitoehtions (and in the same stratigraphic positientte
pyroclastic flow deposit named Pourahu member Opnoghue et al.,, 1999Ph-1d bed);c) composite
stratigraphic profile (See legend Fig. 4.4). Refagproportion of juvenile glass (J), crystals (Zhd lithics (L)
are given for the main Plinian deposits as vol.%elaon component analysis of 300 grains within, Bn2l 3¢
size fractions.
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Isopach and Isopleth maps. because individual phases within each eruptive eoutd not be
discerned at medial-to-distal locations, isopactl mopleth maps were constructed for the
total thickness of fall beds of each urktds. 4.2c, d, €). Field dataAppendix B.1) suggest a
main depositional lobe towards the southeast, aslgoa lobe to the northeast. These lobes
are also evident in both lithic and pumice claspisths Figs.4.3e, f; Appendix B.2). The
most probable vent is the North Crater of Mt. Rumpelsopach data of the Akurangi
Eruptive Unit can be explained by drawing a siriglee with a dispersal axis towards the
East Fig 4.2d); however, isopleths indicate two lobeBigs. 4g, h). This apparent
discrepancy might reflect the effect of differentnd/ patterns in a vertically stratified
atmosphere with overlapping lobes producing a cait@aleposit, and the limited exposure
in the eastern area. The dispersion axis of theslegpsuggests a vent located between central
and north craters. Isopach maps constructed wehrtérged thickness data of L-and-U-Okp
tephras Fig. 4.2e) show two lobes, one towards the north and therotime towards the
south-east. Isopleth datAgpendix B.2) indicate a shift in the vent position to the $muh
crater of Mt. RuapehuHg. 4.3i, j).

The Pahoka Tephra

Field characteristics: in addition to the units exposed above, cleartyrfriMt. Ruapehu, the
~11 ka BP cal.,, Pahoka Tephraopping 1974 was proposed to be sourced from Mt.
Tongariro Topping 1974; Donoghue et al., 1995lmefore being re-assigned to a vent
between Mt. Ruapehu and Mt. Tongariro, beneath“8seldle Cone” lavasNairn et al.,
1998. New field data show that this eruption produt&d subunits, here termed Lower and
Upper Pahoka (L-Pk and U-Pk, respectivdfig. 4.8; Appendix A). The L-Pk comprises
two thin, very fine grained and commonly eroded tivag beds, whereas the overlying three
beds are grouped within the U-Pk, which is the amlg that can be mapped well. The latter
corresponds to the Pahoka Tephra reportedityping (1973) and is characterized by
blocky-shaped, dark olive-grey, and commonly coloanded, microvesicular juvenile
fragments (PI>>>Cpx+Opx>0l). Lithic clasts are dajley, vesicular to dense, coarsely
porphyritic to aphanitic lava fragments, dark redd aorange, hydrothermally altered,

aphanitic lithics, with the majority coated withhaand fine lapilli. At proximal locations
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dense bombs up to 15 cm occur, showing chilleagkem crustsKig. 4.8). At distal locations

the unit is condensed into a thinly laminated, caatpolive-grey ash.

Post-eruptive
volcaniclastic
deposit above

o Observations
U-Pk-2d White to pale brown paleosol containing plant roots.
U-Pk-2c Mantling, pale grey, fine ash massive thin bed
U-Pk-2b Olive grey to dark grey, commonly coloured banded, dense to very finely vesicular, blocky shaped
pumice lapilli bed with subordinate, coarse porphyritic grey, lithics. Dense breadcrust bombs with dense
e interiors and chilled margins are found on Mt. Ruapehu Northeastern slopes and along the ridge bounding the
L === Mangatepopo Stream, NW of Mt. Ngauruhoe.
\\ U-Pk-2a Pale grey to olive grey, frothy pumice lapilli bed.

v———— Planarcontact — - — . — - = = = = — i m——

U-Pahoka

______________________________________________________________________________________________

- T i S — Planarcontact = - = - = . = . = . — . — . — -

L-Pkb Pale grey to olive grey, frothy pumice lapilli gradually overlain by olive gray to dark grey, commonly
coloured banded, dense to very finely vesicular, blocky shaped pumice lapilli and subordinated grey, lithic
very coarse ash. Laterally it shows well developed parallel stratification atop, and is capped by a pale grey, fine
ash massive thin bed. Locally, matrix supported, well sorted, hetherolithologic, sand deposits overlay the
pumice lapilli with erosive contact.

L-Pk1a Thin, clast-supported, paleotopography mantling, olive grey fine ash bed.

-, L-I;ahoka..!.

L-Pahoka

Figure 4.8 Upper Pahoka Tephra as exposgdin proximal locations (< 6 km from source) on tiertheastern
slopes of Mt. Ruapehu. Note the dense, chilled sdwhT ypical facies at intermediate locations (13.5 fkam
source), showing the detailed textures represettiaghases described in the text.

Interpretation: the unit represents at least five eruptive phawseslucing fall deposits of
contrasting grain-size, the first two grouped witthe L-Pk. The U-Pk bed indicates that an
opening event ejected degassed microlite-rich, foaragma, probably from a conduit plug
or collapsed magma foam. This event led to furtheagma decompression and development
of the main Plinian column accumulating the UxFfiall deposit. The uppermost U-Rlbed
comprises ash accumulated from the dissipatingd¢l@nd is overlain by post-eruptive
hyperconcentrated flow deposits (U-pkn the E-NE area.

Isopach and Isopleth maps. the new mapping data indicate that the Upper Pafekara was
sourced from Mt. Tongariro (proto-Ngauruhoe). Isdpa show a clear lobe towards the
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southeastKig. 4.2f), while isopleths show irregular proximal contoarsl regular mid-distal
contours, supporting this sourcEid. 4.3k, 1). There is no evidence supporting a source
location between Mt. Ruapehu and Mt. Tongarirohat ‘Saddle Cone”. The coarse bombs
exposed on the north-eastern slopes of Mt. Ruapmieu enclosed within the same
isopach/isopleths from Tongariro, including theesmsive bomb field found on Mangatepopo
Ridge Fig.1.2).

4.2.4 Ash morphology

Ash particles ig. 4.9) indicate that the fragmenting magma had variaelgcularity. The
Mangatoetoenui unitFig. 4.9a), the Okupata tephraFig. 4.9e¢) and the Mt. Tongariro-
sourced Pahoka Tephrkig. 4.9f) are dominated by highly vesicular pumice with pate
glass shards. Besides highly vesicular clasts,lpdornon-vesicular, platy and blocky ash
grains with conchoidal fractures and v-shaped guiéspresent in the ShawcroRig. 4.9b),
OruamatuaKig. 4.9c), and Akurangi Fig. 4.9d) units. There is high lithic content (up to 31
vol.% in the 3@ size fraction) and up to 24 vol.% of the shardsrfralized to total juvenile
content) are only weakly vesicular, but the comtiama of distinctive quenching cracks
together with abundant stepped-surfaces that wanddyjuivocally indicate thermo-hydraulic
explosions (e.gButtner et al., 1999; Dellino et al., 200 lacking. The fragmentation
mechanisms will be discussed hapter 5 but, as a preliminary hypothesis, these
observations indicate that magma-water interaaticourred but did not play a major role in

fragmenting the magma compared to decompression.
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Figure 4.9 SEM images of juvenile ash graire: Mgt juvenile, highly vesicular glass shardg; Sw poorly

vesicular glass shards. Note the conchoidal fractumd sharp edges zoomed on the uppermost-rigigeiroa

Oru coarsely vesicular shards with thick vesicldlsvaround large, irregular vesicle$ Ak platy-shaped and
poorly vesicular glass shardd;Okp fibrous glass shardd; Mt. Tongariro Pk glass shards.
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4.2.5 Eruptive parameters

The thickness of the studied fall units exponelytidecrease over distancei@.4.10). Most

of them show two linear segments when {gdbickness (Log T) is plotted against distance,
expressed as the square root of the isopach ar¥y, (&s is typical Plinian columns
(Bonadonna et al., 1998Isopach geometries are mostly bilobate, excepthe Akurangi
and Pahoka unitd=(g.4.2, Table 4.1). The Mangatoetoenui, Okupata, Akurangi, and Pahok
units are characterized by nearly elliptical isdEawith wide radial expansion (aspect ratios
>0.5 and shape factors >0.8), whereas the ShawanaftOruamatua units have elongate
isopachs with narrower radial expansion (aspedbgat0.5 and shape factors <0.65). In
general, NE lobes are shorter than the main SE, exespt for Okupata tephras, which have
a large lobe dispersed towards the north. The tgnrate of the SE lobes is highest for the
Mangatoetoenui (5 cm isopach: 37.5 km from soues®) L-and-U Okupata units (5 cm
isopach: 33.9 km from source), and lowest in thaeaDratua eruptive unit (5 cm isopach:
76.5 km from source). The Shawcroft, Akurangi, ath@ Upper Pahoka units have
intermediate values (5 cm isopach: 58.5 km, 68.5 land 52.1 km from source,

respectively).

Eruptive Volumes

Due to limitations of exposure, individual unitsutd only be traced reliably to the 5 cm
isopach, out to ~80 km from sourdeids. 1.2, 4.2). Therefore, volume calculation$gble
4.2) are minimum estimates and significant volumeglistal areas are not accounted for.
Depending on the method applied, the thinning teted (k total or i&proximal), and the
isopach shape (i.e. working with individual lobes with whole-deposit contours), total
volumes differ by between 8 and 31 %. If workingthwseparate lobes the sum of the
individual volumes show no significant differencdative to data taken from whole-deposit
isopachs. However, to avoid possible overlappingrwbombining two lobes and based on
irregular shapes of the erupted clouds, as showthd&\Chaitén 2008 eruptiohgra 2009;
Watt et al., 2009 the approximation of isopachs to perfect ellgppseas avoided and the
discussion is restricted to the results obtainethfthe irregular-shaped, whole-deposit maps.
For the total data set (1 line-segment only), vaaroalculated followin&ulpizio (2005)and
the traditionalPyle method {989; modified by Fierstein and Nathenson 199a@re very
similar (£ 4-10 %); if integrating multiple segmenBonadonna et al., 199&nd using the

proximal thinning rate & in the Sulpizio (2005)method, calculated volumes differ by 1 to
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16 %, except for Shawcroft and Pahoka units, wivetames are 30 and 57 % higher if
applying theSulpizio (2005)approach.
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Figure 4.10 Whole-deposit isopach data plots for each eruglomwing:a) thickness vs. Isopach ards;Log

(T) vs. Distance expressed as (Isopach Afeahdividual eruptive units show two to three iridival segments
with different slopesc) Mangatoetoenui (Mgt)d) Shawcroft (Sw)g) Oruamatua (Oru)f) Akurangi (Ak); g)
Combined Lower and Upper Okupata (Okp); Upper Pahoka (U-Pk). Colours mh separate different
segments (S): proximaly,Sred), proximal-intermediate;Sblue), and in some cases intermediate-distal S
(yellow).
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Table 4.1 Isopach data for individual units and resultingmetrical values calculated with ArcGis 9.0 for the
whole deposit and for individual lobes. T: thickeea: area, P: perimeter, Sh: shape factor, ASéa af the
southeast lobe, ANE: area of the northeast lobe.

WHOLE DEPOSIT SE lobe NE lobe
T A an gy Ase Ase”  Long  Short  Aspect sh Ane A Long Short  Aspect sh
[em] | [km?] [km?] [km] axis axis ratio [km?] [km] axis axis ratio
Mangatoetoenui Eruptive Unit (Mgt)
50 |52 72 06 |37 6.1 110 3.1 0.3 0.5 16 40 79 27 03 06
45 |63 80 08 |47 6.8 120 3.7 0.3 0.7 23 48 85 27 03 06
40 |83 91 05 |59 7.7 125 43 0.3 1.0 a4 67 139 25 02 06
35 [105 103 05 |73 8.6 130 54 0.4 0.8 52 72 144 27 02 06
30 [126 112 05 |98 9.9 141 68 05 0.8 63 79 146 3.0 02 06
25 169 130 0.6 | 166 129 156 8.6 0.6 0.8 79 89 158 a5 02 06
20 [203 171 06 | 264 163 226 128 06 0.8 102 101 172 50 03 06
15 | 442 210 06 | 403 201 272 160 06 0.9 146 121 190 55 03 07
10 |59 244 06 |52 229 306 192 06 0.9 208 144 217 6.1 03 07
5 824 287 06 |69 264 342 235 07 0.9 315 177 265 76 03 07
Shawcroft Eruptive Unit (Sw)
30 12 113 30 71 84 129 7.7 06 0.8 52 72 84 46 05 09
25 | 204 143 15 160 126 228 73 03 06| 101 100 9.3 5.8 06 10
20 1268 164 09 216 147 242 8.5 04 07 152 123 10.9 7.9 07 09
15 |es1 255 03 491 222 454 132 03 05 209 173 129 125 10 05
10 |93 312 01 739 272 470 180 04 06 470 217 168 131 0g 06
5 1764 420 0.0 1403 375 60.0 241 04 07 670 259 183 189 1.0 06
Oruamatua Eruptive Unit (Oru)
30 38 62 07 55 7.4 146 4.2 03 06 33 57 93 45 05 07
25 133 115 05 151 123 288 4.9 02 04 47 6.8 10.3 4.9 05 07
20 438 209 04 377 194 385 105 03 05 136 117 20.0 6.8 03 06
15 684 262 05 555 236 430 143 03 05 245 157 299 8.6 03 05
10 1009 318 05 827 288 521 1938 04 06 385 196 304 109 04 06
5 1965 443 05| 1742 417 524 207 04 0.6 555 236 320 149 05 07
Akurangi Eruptive Unit (Ak)
25 7% 87 08 88 94 133 73 05 0.9
20| 141 119 08| 157 125 181 9.8 05 0.9
15| 360 190 09| 347 186 259 166 0.6 0.9
10| 587 242 09| 625 250 304 231 08 0.9
5| 2684 518 09 | 2576 50.8  69.0 136 02 0.9
L-and-U-Okupata Eruptive Unit (Okp)
20 243 156 0.7 43 66 105 57 05 0.9 240 155 233  13.0 06 08
15 396 199 05| 173 132 191 105 05 0.9 349 187 254  18.0 0.7 09
10 839 290 05| 394 198 263 17.1 0.7 0.9 552 235 281 240 09 09
5 1274 357 06| 927 304 319 268 0.8 0.9 754 275 304 304 1.0 09
U-Pahoka Eruptive Unit (UPK)
30 53 73 08 7 110 6.2 0.6 0.8
25 144 120 07 12 193 84 04 0.7
20 402 200 0.9 20 242 189 0.8 0.9
15 673 259 0.9 26 312 251 0.8 0.9
10 1315 363 0.9 36 440 362 0.8 0.9
5 1727 416 09 42 519 405 08 0.9
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The calculated minimum erupted volumes for thectetk units range between 0.2 and 1.2
km® using the range of methodologies described abBedowing the Sulpizio (2005)
method and considering the uncertainties giverhieyldck of distal isopach data, calculated
volumes range between 0.3 and 0.6 kassuming Vp/Vt < 0.3Table 4.2).

Table 4.2 Eruptive volumes in kihobtained using methods from different authors siering 1 single
segment, multiple segments, as well as the data fhole-deposits and as obtained from individual
depositional lobes.

Pyle (1989, modified by Fierstein and
Nathenson 1992, and Bonadonna et al. Sulpizio (2005)
1998)
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Mgt 02 02 |02 02 01 01 03 03|03 19 15 02 04 11 03 08 23 04 12 335|125 211|314 254 |10 |2254
Sw 05 03 |03 - 02 01 05 04|06 1.0 30 03 06 48 06 10 31 06 11 33160 27.6|593 387 |06 |8483
Oru 04 04 |03 03 01 01 05 04|05 09 27 08 11 30 06 11 32 11 1.8 54209 209|629 107.1 |05 | 9600
Ak 05 06 - - - - - - |06 10 30 04 07 22 - - - - - - | 194 243|808 61.6 |03 |16184
Okp 03 02 |01 01 02 02 03 03|04 06 18 04 08 22 04 08 23 05 1.0 29292 - |457 584 |06 |4943
UPk 04 04 - - - - - - |05 09 28 12 19 57 - - - - - - 12903 - |593 96.8 |05 |8483

k: slope (thinning rate) when all data are fit witla single curve; & slope of the proximal segment when
multiple segments are identified (maximum case)=Abserved isopach area at the inflexion point when
multiple segments are considered. Vp: proximal m@uVt: total volume. ﬁl’zz distance from vent expressed
as the square root of the isopach area in km. Tffix Scalc” stays for calculated when using SulpiZ2005)
method. BS;,: break in slope between the first two segmentszBf8eak in slope between the second and third
segments. D: Dispersal index obtained by extrapgjahe area enclosed within the 0.Q4Jisopach (Walker
1973). Tma= maximum thickness. Eruptive units: MangatoetogiMigt), Shawcroft (Sw), Oruamatua (Oru),
Akurangi (Ak), Okupata Tephras (Okp*), and Uppeh&ka Tephra (UPK).

Isopleths and classification of the eruptions

Lithic and pumice isoplethg=(g.4.3) are irregularly shaped and suggest two directimins
dispersion, similar to the corresponding isopadie Mangatoetoenui uniE(g. 4.3a, b) has

a main lobe towards the SE (0.5 cm isopleths r&chkm), and a shorter lobe towards the
NE. The Shawcroft contours are more irregularlypgldaig. 4c, d), with proximal lithic
isopleths toward the east, but more distal <3 @pleths are deflected towards the southeast
(0.5 cm isopleths extend 42 km). The secondary StatvNE-lobe is well defined by

110



pumice and lithic lapilli isopleths, and is bent distal reaches to the east. The highly
irregular shapes of proximal lithic isopleths migieflect multiple vents. The Oruamatua
Eruptive Unit Fig. 4.3¢, f) has a main lobe towards the SE (0.5 cm: 57 kmn ftioe vent)
and a smaller lobe towards the NE, which is beeated by pumice isopleths. For the
Akurangi Unit Fig. 4.3g, h) and the Okupata tephrdsd. 4.3i, j) the NE-lobe is straight and
as large as the SE-lobe. For the whole deposih isopleths and isopachs, all studied units
fit within the Pyle (1989)Plinian classificationKig 4.11a, Table 4.3). Estimated dispersal
areas inside the 0.0, isopach (c.f.Wilson 1976 are greater than 2000 km

Table 4.3 Geometrical parameters obtained from whole-depsmgitach and isopleths data.

Unit Mangatoetoenui Shawcroft Oruamatua Akurangi (L+U) Okupata Upper Pahoka
1Seg SO S1 S2 |1Seg |SO S1 S2 |1Seg |SO S1 1Seg | SO S1 S2 |1Seg |SO S1 |1Seg | SO S1
bt 4.0 32 62 27|78 50 87 6.1]|83 145 6.5 4.0 32 62 27|60 77 38|78 13.0 4.9
be (lithics) | 6.5 65 65 65|56 56 56 56|98 98 98 |58 58 58 5898 9.8 98|65 65 6.5
be/bt* 1.6 20 11 2407 1.1 06 09|12 0.7 15 1.4 1.8 09 21|16 1.3 26|08 0.5 1.3
?pcumice) 7.8 78 78 7.8 9.1 91 91 91130 |13.0 13.0|7.0 70 7.0 7.0]|98 98 98| 196 19.6 19.6
be/bt? 19 24 13 29|12 18 10 15|16 0.9 20 1.7 22 11 26|16 1.3 26|25 1.5 4.0

Following the terminology of Pyle (1989): bt= “thitess half-distance” is the distance at which thekhess
decreases to one half of its maximum value, whiebcdbes the morphology of the deposit; bc = “clef-
distance” is the distance at which the maximumtcthameter halves with respect to its maximum value
reflecting the corresponding column height. Her#bt gives an estimation of the fragmentation xdeSeg:
considering all data as one single segment; SQe?vidual segments as separated by colouFsdn4.10.

Column Heights, mass discharge rates, and eruptive magnitude

A two-lobe geometry explains best fits the fieldadand column height (i was calculated
for each individual lobe. SE-lobes suggest rel&iygher Hr, varying from 21 to 37 km by
eitherSulpizio (2005)or Carey and Sparks (1986)ethods. On the other hand, the NE-lobes
indicate columns between 17.5 and 28 km. In genpeodlmn heights obtained by all applied
methods reached stratospheric levels.

When plotting cross-wind vs. down-wind maximum resdrig. 4.11b) as done byCarey
and Sparks (1986jmost of the data imply strong winds (>>30 m/ggept during deposition
of the Oruamatua eruptive unit (10 to 15 m/s). Vimudischarge rates (Q) calculated from
column heights obtained with ttulpizio (2005)method are on the order of “1Mm?s,
except for the Oruamatua and Akurangi unikgg(4.11c, d), which are up to one order of
magnitude higher (~f0m®s). Corresponding mass discharge rates (MDR) betyeen
~10 to 10 kg/s Figs. 4.11c, d), as is characteristic of Plinian eruptions.
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Figure 4.11 Classification schemes for the studied erupti@dsopach and Isopleth data in the Pyle (1989)
diagram lie within the Plinian field)) Isopleth data in the Carey and Sparks (1986) diadgor column height
and wind-speed, based on 0.8 cm-diameter lithistgldata,c-d) Sparks (1986) diagram to determine Mass
discharge rates considering column heights obtaividtdthe Carey and Sparks (1986) metligdand Sulpizio
(2005) methodd). Other eruption parameters are respectively pldtie comparison.
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Figure 4.12 Comparison of eruptive parameters with others ghbli for Plinian eruptions at andesitic
volcanoes worldwide. Our data indica#:increasing column heights with erupted volumelataioed from the
whole deposit of each unit atd with MDR; c-d) eruptive intensity (MDR) and column height vs. midigde
(M = Log (Mass of the deposit in kg) — 7), with hay intensitiegc) and column height&d) reached at larger
magnitudes.
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Table 4.4 Estimated eruptive parameters considering themmel(expressed as a minimum value Vol*)
calculated by using the method of Sulpizio (2005).

Unit Mgt Sw Oru Ak Okp U-Pk
Vol* [km?] 0.3 0.6 0.5 0.6 0.4 0.5
— Ht-Sparks (1986 ) 21.4 25.0 25.0 243 26.0 25.0
IS
= Ht-Sulpizio (2005) 22.8 311 32.0 36.2 27.4 311
g Htse: Sulpizio
= (2005) 22.0 29.0 37.2 35.3 24.8 31.1
= Htne: Sulpizio
18.9 23.4 23.4 - 21.3 -
=4 (2005)
T
Htse: Carey and
c
£ Sparks (1986) 21.0 25.0 32.0 21.0 22.0 215
S Htne: Carey and
o NE Y 17.5 20.0 23.0 17.5 28.0 -
Sparks (1986)
o Q: Sparks (1986) 1.9E+04  3.4E+04  3.4E+04  3.1E+04  4.0E+04  3.4E+04
T
o Q: Sulpizio (2005) 2.4E+04  8.0E+04  8.9E+04 1.4E+05 4.9E+04  8.0E+04
?E Qse: Sulpizio (2005) | 2.1E+04  6.1E+04  1.6E+05 1.3E+05  3.3E+04 -
cm
S E | Que: Sulpizio (2005) | 1.2E+04  2.7E+04  2.7E+04 - 1.8E+04 -
=~ .
o Qse: Carey and
O =
o Sparks (1986) 1.8E+04  3.4E+04  8.9E+04 1.8E+04  2.1E+04  1.9E+04
3 : d
2 Que: Carey an 87E+03  15E+04 2.5E+04 8.7E+03  53E+04 -

Sparks (1986)

- MDR: Sparks 6.0E+07 7.8E+07  7.5E+07  7.0E+07  8.0E+07  7.8E+07
5 (1986)
@ . -
s MDFE'Z(?(‘)JS";"Z'O 6.8E+07  35E+08  4.5E+08  6.0E+08  9.2E+07  3.5E+08
(O] ..
S MDRse: Sulpizio | g a- 07 15E408  6.0E408  6.0E+08  7.5E+07 -
o= (2005)
29 MDRne: Sulpizio
© X NE-

= 5.5E+07 7.0E+07 7.0E+07 - 6.0E+07 -
= (2005)
7]
a MDRse: Carey and | o oe 07 78£407  43E+08  7.2E407  6.2E+07  6.0E+07
@ Sparks (1986)
‘2" MDRpg: Carey and

Sparks (1986) 5.5E+07 5.8E+07 7.0E+07 4.0E+07 9.8E+07 -

Vol (m%) 3.0E+08 6.0E+08 5.0E+08 6.0E+08  4.0E+08  5.0E+08
Wet Deposit3
density (kg/m”) 990.2 1348.6 1449.6 1380 1156.7 1441

Total Mass (kg) 2.97E+11 8.09E+11 7.25E+11 8.28E+11 4.63E+11 7.21E+11

Eruptive
magnitude (M)

M =(LogioMass)-7 45 4.9 4.9 4.9 4.7 4.9

Eruptive units: Mangatoetoenui (Mgt), Shawcroft jS@ruamatua (Oru), Akurangi (Ak), Combined Lowerda
Upper Okupata tephras (Okp*), and Upper Pahoka feefi+Pk). Htgne: total column height for the southeast
and northeast lobe, respectively. Q: volume digghaate; the suffix SE or NE stays for estimateda®ed on
the southeast or northeast lobe Ht data. MDR: ndésharge rate; the suffix SE or NE stays for estéd
MDR based on the southeast or northeast lobe Ht d&teruptive magnitude calculated from the totalss of
the deposit.
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When plotting H vs. Q and vs. MDRKjgs. 4.11c, d), all data indicate magma eruption
temperatures between 600°C and 1000°C, as expédfte8parks 198f Independently of
the input data (whole-deposit or individual lobajlahe method used to obtair ¥alues, the
Mangatoetoenui Unit has the smallest #hd MDR values, and the Oruamatua the highest
(Fig. 4.12). The magnitudes M estimated by tRgle (2000)method are >4.9 (apart from
Mangatoetoenui M >4.4 and Okupata >4.6), similastteer Plinian eruptionslf'@ble 4.4 and

Fig. 4.11).

4.2.6 Discussion

A segmented distribution of tephra thickness owvstadce for Plinian fall deposits was
explained byBonadonna et al. (1998as the result of the deposition of particles hgvi
different Reynolds-number&¢). The pumice and lithic clasts accumulated dutheymain
eruptive phases of each selected unit correspohajtoand intermediatBe particles (coarse
ash and lapilli), lifted to 15-35 km in the atmospdy, which suggests that most of the
particles were incorporated in the turbulent-floegime of the eruptive cloud and were
accumulated according to their inertial settlindoedies, independent of air viscosity (cf.
Bonadonna et al., 1998Hence, thinning rate is better described by eeptial laws than by
power laws Fig. 4.10).

Using the method oPyle (1989;modified by Fierstein and Nathenson 199Mtegrating
multiple segments usually provides a smaller voluhmn working with a single segment.
This might be due to the fact that most of our degavithin proximal and medial regions,
where the last segment usually has a faster thgnrate than the most proximal segments
(Fig.4.9b). Data published for other eruptions (e.g. Hud$681; Cerro Negro-1971;
Sulpizio 200% suggest that this is a common feature for tret 80 km, before the deposit
begins to display the typical exponential or povesy-thinning trend with distance (c.f.
Walker 1973; Pyle 1989, Fierstein and Nathenson2j19%his is likely due to particle
aggregation, with accretionary lapilli beds reflegt the efficiency of high columns in
promoting fine-particle aggregatioWatt et al., 2009 Alternatively it may reflect poor
preservation of the complete fall sequence at elagtion, and/or fluctuating winds during
each eruptive phase. Most tephras described herefacm thick and within the lapilli to
very coarse ash grade (1-64 mm in diameter), hdrecgulpizio (2005)method, in which the
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break in slope is calculated from the proximaldimtediate dataset, is more appropriate. It is
impossible however, to define the actual relatigngbetween proximal (Vp) and total
volume (Vt), and thus possible ranges are presanté@@ble 4.2. These data show that the
Mangatoetoenui Unit is the smallest described {@r8), with the others having volumes
~0.5-0.6 kmi. Erupted volumes of the multi-bedded lithofaciesaziation type-3 units
(Oruamatua, Akurangi and Okupata) do not accounthi® associated co-Plinian pyroclastic

density current deposits.

The asymmetrical and irregular shapes of isopletfiect the strong influence of the local
wind pattern. The bilobate isopachs and isoplethgys( 4.2 and 4.3) suggest two
predominant wind directions (north-westerlies andtk-westerlies), varyinga) with time,
so that pauses between eruptive pulses/phasestdamngstinguished, do) with altitude in
the atmosphere, so that higher portions of the plwould have been affected by north-
westerlies, and the lower portion by south-westsrliBoth options are very likely in the
North Island, where wind direction and speed cgnicantly change within a few hours (cf.
Cronin et al., 1998; Turner and Hurst 2R01

The deflection of the dispersal axis reconstrudtedh both lithic and pumice data of the
Shawcroft Unit Figs. 4.3a, ¢), and pumice data from the Oruamatua URig(4.3f) suggests
important cross-wind effects in these cases, cgusemding of the plume. Deflections of the
eruptive plume axis and multiple lobes have beeentty documented from field data and
simulated maps for other high-latitude volcanoeshsas Katla-1676 + 12 and ~3600 yr BP
(Larsen et al., 2001 Askja-1875 Carey et al., 2000 and Hudson-1991K¢atzmann et al.,
2010; the complexity of tephra dispersion, strong oontdistortion, axis bending, and the
influence of shifts in the wind-direction over aoshtime interval (hours), were well
exhibited by the eruption of Chaitén (Chile) in 8QQara 2009; Watt et al., 20D9

Our data are consistent with similar eruptionstheoandesitic-dacitic stratovolcano&sgs.
4.11, 4.12). It is clear that the lack of distal data coniagnlow-Re particles information (cf.
Bonadonna et al., 1998and the Late Pleistocene windy, poorly vegetgpedglacial
conditions unfavourable for tephra preservatio® amcial factors in causing significant

underestimations of erupted volumes.

When plotting H and Logo MDR vs. erupted magnitude, expressed as {4 0ptal Deposit
Mass) -7), a weak positive correlation indicateat tlarger column heights and eruptive

intensities correlate with larger eruptive magnésidEig. 4.12). Mangatoetoenui and
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Okupata eruptions were the least violent of thdseied, whereas Shawcroft, Oruamatua,
and Akurangi were the most violent explosive exupdiknown from Mt. Ruapehu. All of the
most violent eruptions produced deposits betwee63E3+ 165 cal years BP and ~11 ka BP
cal. These units show a characteristic basal fime;ash bed linked to a phreatomagmatic
opening phase, as interpreted for lithofacies aggons 2 and 3. They also show the highest
content of non-juvenile, highly hydrothermally aéd lithics in the deposits of the Plinian
phases, indicating strong conduit erosion (&/gson et al., 1980; Macedonio et al., 1994
during the eruption and probably the disruptioragére-existing hydrothermal system (e.g.
Varekamp 1993; Thouret et al., 2Q002uvenile shards in thegBsize fractiontig. 4.9) in the
Shawcroft, Oruamatua, and Akurangi units contaiarfyovesicular, blocky shards showing
conchoidal fractures and rare stepped surfacesB(attner et al., 1999; Dellino et al., 2001
which occur together with the highly vesicular slsarThis implies some degree of magma-
water interaction occurred, but its role in fragmtagion is not well understood.

Our study reveals that Mt. Ruapehu is capable edyeing events of magnitudes 4 to 5. The
characterization and quantification of Late Plaistee events (the last one close to ~11,620 +
190 cal years BP) indicate that the greatest hasadario expected for this volcano involves
Plinian columns similar to those produced during énuptions of Askja 1873 @rey et al.,
2010 and Chaitén 2008 ara 2009; Watt et al., 20D9

4.3.7 Conclusions

Deposits of five Plinian-style eruptions were quiged, corresponding to three contrasting
lithofacies associations in the geological recofdvid. Ruapehu. These represent the most
violent eruptions known for this volcano. Isopactd asopleth maps indicate that the North
Crater was the main active vent during the LatesRleene, responsible for all eruptions,
except for the last one (11,620 + 190 cal years BRjch may have its source at or near the
South Crater. Erupted volumes varied from at I€a3tto 0.6 km, column heights ranged
between 22 and 37 km, volume discharge rates fr@ft-+0° m*/s, mass discharge rates
from ~10-1C kg/s and estimated magnitudes (M = Lpogeposit mass [kg] -7) from 4.4 and
4.9. All of these values are characteristic of iBhneruptions, two to three orders of
magnitude larger than eruptions occurring overpast ~3 ka BP cal. (c.Donoghue 1991;
Donoghue et al., 199%b

117



Tephra dispersal patterns were complex, the resfuligh to intermediateRe particles
dispersed within the turbulent portion of an asbudl subject to strong cross-winds and

wandering plume effects.

Based on our results, the Oruamatua and Akurauogitiens were the strongest produced by
Mt. Ruapehu in the Late Pleistocene and representnaximum probable scenario expected
for this volcano. These units indicate that the tmeslent eruptions occurred when
porphyritic magma bodies suddenly decompresseayvimg high erosion of the conduit
under high mass-discharge rates, and producingeamgt partially collapsing eruptive
columns. Dilute and concentrated pyroclastic dgnsutrrents represent the greatest hazard
down the main proximal catchments, and coarse gtaiaphras (lapilli size) can fall over

distances ~30 km, reaching the town of Waiouru.

Future mitigation strategies should consider theemtial illustrated in this study for high-
intensity eruptions in combination with the low duency of such large events, and a

population that has never experienced such anierupt

118



DRC 16

R X
'# iy *\
b e
A~
L

MASSEY UNIVERSITY
GRADUATE RESEARCH SCHOOL

STATEMENT OF CONTRIBUTION
TO DOCTORAL THESIS CONTAINING PUBLICATIONS

(To appear at the end of each thesis chapter/section/appendix submitted as an article/paper or collected as
an appendix at the end of the thesis)

We, the candidate and the candidate’s Principal Supervisor, certify that all co-authors have
consented to their work being included in the thesis and they have accepted the candidate’s
contribution as indicated below in the Statement of Originality.

Name of Candidate: Natalia Pardo Villaveces

Name/Title of Principal Supervisor: Professor Shane J Cronin

Name of Published Research Output and full reference:

Pardo N, Cronin SJ, Palmer A, Procter J, Smith | (2012b, in press). Andesitic Plinian eruptions at Mt.
Ruapehu: quantifying the uppermost limits of eruptive parameters. Bull Volcanol. doi:
0.1007/s00445-012-0588-y

The final publication is available at www.springerlink.com

In which Chapter is the Published Work: Chapter 4 and Appendix J.2

Please indicate either:

e The percentage of the Published Work that was contributed by the candidate:
and / or

e Describe the contribution that the candidate has made to the Published Work:

Natalia Pardo carried out the field data collection and mapping, digital mapping and
calculation of eruptive parameters, as well as the manuscript preparation and writing

Digitally signed by Natalia Pardo

Natalia Pardo Sz 7/05/2012

Date: 2012.05.04 12:13:12 +12'00"

Candidate’s Signature Date

Digitally signed by Shane J Cronin

. DN: cn=Shane J Cronin, o=Massey
S hane J C [ONIN Uriversty, ousinstiute of Natural Resources,
email=s.j.cronin@massey.ac.nz, c=NZ

Date: 2012.05.10 10:17:20 +12'00"

Principal Supervisor’s signature Date

GRS Version 3— 16 September 2011



CHAPTER 5. Steady Vs. Unsteady Plinian Eruptive Columns

Magma composition, fragmentation, and pyroclastic deposition

This chapter presents the petrography of the pyroclasts found within the Plinian depositsillustrated in
Chapter 4. Local grain-size distribution, ash componentry, juvenile ash morphology, bulk-rock, and
groundmass glass composition analyses are shown and discussed. From these data, the fragmentation
mechanism could be inferred and the magma characteristics are discussed in correlation with
external factors to address the implications of fragmentation on eruption column stability. The
corresponding methodology is explained in Chapters2.2.1, 2.2.2, 2.2.4 and 2.2.7.

5.1 Introduction

A key concept in explosive volcanic eruptions ig tmagma fragmentation. That is, the
transformation from a liquid with dispersed crystahd gas bubbles into a gas with dispersed
liquid drops and solid particles (e.iIcBirney and Murase 1970; Klug and Cashman })996
rapidly accelerating towards the surface and ejefttan a vent\(Valker 1973; Wilson et al.,
1980; Fisher and Schmincke 198%he investigation on the fragmentation mechan(isen,
magmatic vs. phreatomagmatic) and styles (brittléuztile: Proussevitch et al., 1993; Mader
1998; decompression-dominatedklidibirov and Dingwell 2000; Cashman et al., 2000;
Spieler et al., 20044g,lor induced by sheaPapale 199Pis a key factor to understand: (1)
“internal” magma conditions, such as volatile cont@Vilson et al., 1980; Carey and Sparks
1986 and rheological state of the magma shortly atdhset of the eruptionDjngwell
1998; and (2) “external” conditions, such as the degoé interaction with surrounding
hydrothermal systems and the conduit capabilityaltdwing groundwater inflow Heiken
1972; Lorenz 1973; White 1991; Zimanowski et &8917; Cioni et al., 2003; Houghton et al.,
20049).

The physical properties of Plinian eruptiodc@irney 1973; Klug and Cashman 1996; Rust
and Cashman 20P4magma fragmentation mechanisms and thresholds haen mainly
focused on the rhyolitic and basaltic end-membegmes, mostly associated with caldera
volcanism Klug et al., 2002; Polacci et al., 2003This study applies and develops the
concepts exposed above to investigate the casetefmediate, andesitic compositions
(55<SiQ<65 %). This chapter provides a detailed descrmiptad the Mangatoetoenui,
Shawcroft, Oruamatua, and Okupata-Pourahu erupiives, quantified inChapter 4, and
representing the range of contrasting behaviouPlwfian eruption columns throughout the
Late Pleistocene history of Mt. Ruapel@hépter 3). In order to understand the correlation
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between the distinctive lithofacies associatiorentdied in the field Chapters 3, 4) and the

eruptive dynamics, grain-size, componentry, micopsc texture (optical and SEM), and
geochemical analyse€liapter 2) are here presented and discussed. Magma fragioenta
mechanisms and styles are addressed in correhaiibnthe existing data on the limits of

peak column heights, erupted volumes, and magnchalige ratesGhapter 4).

5.2 Results: Contrasting Plinian behaviour at Mt. Ruapehu

Based on the quantification of the eruptive paranseshown inChapter 4, microscopic
analyses will be presented f@&) the Mangatoetoenui Eruptive Unit (Mgt), representing
the case of non-collapsing boscillatory (i.e. in height) eruptive columns (lithofacies
association type LA-1)p) the Shawcroft Eruptive Unit (Sw), representing the case of
steady eruptive columns (LA-2)¢) theOruamatua Eruptive Unit (Oru) and theOkupata-
Pourahu Eruptive Unit (Okp-Ph), representing the case wifisteady, collapsing columns.
The observations and interpretations presentedfbetbe Orauamatua eruptive unit are also

representative of th&kurangi Eruptive Unit (Ak).

5.2.1 Non-collapsing, oscillatory columns of intermediate height (20-25
km): The Mangatoetoenui eruptive unit

Lithofacies. deposits representing the four eruptive phasestifekeh within the Lower
Mangatoetoenui subunit (L-Mgt) and the three phadeébhe Upper-Mangatoetoenui subunit
(U-Mgt) were analyzed. The type location for thesdription is B15Kig. 5.1; Appendix A),

10 km east of the vent (North Crater of Mt. Ruapes previously discussed ©@hapter 4,

the exposed L-Mgt facies represents a short-liveght/conduit opening phase, rapidly
followed by the first Plinian eruption, comprisimgxing, climactic and waning phases. After
a short time interval represented by fluvial defsén some localities), the U-Mgt signals a
resumption of eruptive activity with the secondiiln eruption also comprising three phases
(Fig.5.2).

The deposits produced from individual eruptive @saare characterized by a unimodal,
negatively skewed grain-size distributiomable 5.1; Fig. 5.2; Appendix C), typical of
coarse-grained, poorly to well sorted pyroclassit deposits (c.f.Cas and Wright 1987
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The polymodal distribution of the uppermost ash ketthin the U-Mgt indicates that the
original fall deposit was partially reworked by pesuptive fluvial or aeolian processes.

Unit X|

IX-2b (Dissipation)
1X-2a {Climactic) ‘
1X-1d (short time break)
IX-1c(Waning)

IX-1b,_, (Climactic)

(=

IX-1b,... (Waxing)

IX-1a(Opening)
Unit VI

Figure 5.1 Mangatoetoenui Eruptive Unit, consisting of twoimaubunits separated by a thin fluvial deposit
(IX-1d) marking a short-time break in the eruptastivity. The L-Mgt indicates a vent/conduit opemiphase
(IX-1a) immediately followed by the main Plinianent (IX-1b-and-c). The second Plinian (IX-2) deposi
locally overlies a thin fluvial deposit (B15, Appendix A).

Table 5.1 Statistical results of grain-size analyses caroiedor each eruptive unit at localities B50 andtB2-
10 km from the ventAppendix A). L/U-Mgt: Lower/Upper Mangatoetoenui; Sw: Shawftr@ru: Oruamatua;
L/U-Okp: Lower/Upper Okupata Tephra; Ph: Pourahu.

Inman Statistics Folk & Ward (1957) Classification
. Inclusive . . .
) Median Graphic Graphic | Graphic | Graphic Incluslye Graph|_c Sorting
Unit Sample X Standard Graphic | Kurtosis | (Cas and .
Diameter - skewness| Mean | Standard . Skeweness Kurtosis
(Md deviation SKG Mo deviation Skewness | (KG) Folk| Wright
9 (0 Ske) | M2) o sk) | (1e80) | 1987)
I,
B14-IX-1a 3.3 17 0.6 2.7 2.0 0.6 2.0 :3;2(}1/
B14-X-1b 33 11 0.2 31 16 0.4 19 well Cozrs;g{:'"s | ep::)irl’j'm .
B14-IX-1c -2.5 1.3 0.3 -2.3 1.6 0.4 1.6 sorted
B14-IX-1e -3.2 1.7 0.5 -2.6 2.0 0.6 1.9
U-Mat Poorly
9 B14-1X-1f 0.4 24 0.2 0.7 2.2 0.1 1.0 sorted  Nearly symmetric Mesokurtic
B50-5b -3.6 15 0.3 -3.3 1.9 0.4 1.7 well Coarse grains o X)irli,rtik
B50-5¢ -3.8 1.1 0.4 -3.5 15 0.5 2.4 sorted domain p "
B50_B_XXVII-1 -2.6 1.4 0.1 -25 1.5 0.2 1.1 Leptokurtic
Mixed coarse and
B50_B_XXVII-2 ] ] fines populations, Very
(PDC) 15 31 07 0.1 28 06 0.6 Poorly with a tail in the platikurtik
sorted coarse sizes
BS0_B_XXVI-3 | -2.4 2.8 05 1.4 25 05 1.0 Coarse grains 1o okurtic
domain
B50-Ph-1 1.7 17 0.0 1.7 16 0.1 058 Wwell
sorted
Mixed coarse and
fines populations, A
B50-16A 21 2.6 01 20 25 02 0.9 Poorly  withatailinthe © AUKUMC
sorted coarse sizes
B50-16B -3.6 3.0 0.6 -2.4 2.8 0.6 0.8

121



9.8 km from the vent LogNorm Cumulative Statistics

% i Climactic phase-2
i — Z|Md-g:  -3.1954
E ’ . ; Sigma-¢: 1.6643
g 5 006 Z|SkG:  0.5452
= . Mz: -2.5905
o : 1500 X/ Sigma-l:  2.0222
O forb g agid s 54 : s O ski: 0.6155
E il Climactic-2 15 S0 Nl < 0.00 KG: 1.9150
= (P L o J 5.00
i
0.00
o
2| e *
axing-;
100
Fluvial deposit Waning phase 75
25.00 - E Md-¢:  -2.5078
=|Sigma-¢: 1.3028
20.00 - Z|skG:  0.2633
15.00 Mz: -2.2792
X Sigma-l:  1.6285
10.00 4 E Skl: 0.0792
KG: 1.6402
‘ 5.00 4
0.00 4
/ [4] 100 : =
§ 1 i i AT |
T Climactic phase-1 [
o j= T Z|Md-¢:  -3.2621
= - S/ sigma-: 1.1389
= Z[skG:  0.1945
2F |
& ‘ Mz: 3.1144
Oof - | %sigmal: 15873
~ O Ski: 0.3968
g - | KG: 1.8637
L= 32101 2 3 4[4
o
=z
g ; Waxing ph 100
axing phase =
E I ‘ ‘___l/
H sndIRENEN Z|Md-4: 33216
o =|Sigma-¢: 1.7182
ur| & Z|skG:  0.5557
Mz: -2.6850
. ¥l Sigma-l:  2.0000
O su: 0.2360
| ‘ KG: 19734
1
32101 2 3 4[]

S .o
om0 a® A P S P

Grain-size [¢]

Figure 5.2 Detail of the Mangatoetoenui Eruptive Unit andeiméd eruptive phases. Grain-size distribution
histograms for the main eruptive phases are shavith, the corresponding cumulative curve and statist
parameters as calculated with SFT software. Reardtsypical of pyroclastic fall deposits.

Pumice textures. most of the -5p lapilli sampled from the Plinian fall deposits shdense,
phenocryst rich rims and highly vesicular coreshvatib-spherical bubbles from 3 mm to 1
cm in diameter, increasing in size towards thereeoft each clast. This observation indicates
advanced post-fragmentation bubble expansion, soatee and degassing, and thus this size
fraction was avoided for further vesicularity measnents. The dominant medium lapilli size
fraction (-4.5 to -3 @ Appendix D.1) consists of juvenile clasts showing highly
heterogeneous textures within the same stratigedptel Fig. 5.3a,b; 5.4): a) subangular to

equant, crystal-poofpamy pumice clasts characterized by subspherical vesafielifferent
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sizes, separated by thin walls and showing differdagrees of coalescence in the
groundmass glassFig. 5.3c; 5.4a, d, g); b) Angular to subangular, crystal-bearing,
anisotropic pumice clasts withuidal texture formed by the alignment of ellipsoidal to
strongly elongated vesicles and phenocrysts in @atite-bearing groundmasgif. 5.3d,
5.4b, e, h); c) Angular, crystal-richmicrovesicular pumice clastsHig. 5.3e) with highly
distorted vesicles, commonly showing pinched edigea,microlite-rich groundmass. Fluidal
and foamy clasts are dominant in the L-Migig 5.3a), whereas the microvesicular, crystal-
rich clasts predominate in the U-Mdgig. 5.3b, 5.4c, 1, i).

Figure 5.3 Pumice types identified at the same stratigrapéne! within: a) L-Mgt and b) U-Mgt. Note
contrasting vesicle sizes. Thin sections from therd-members are shown, includiry:foamy end-member
with subspherical vesicles between 50 and @2®0n diameter, and with smooth vesicle outlines tid walls.
Different degrees of coalescence are illustratadjle-direction arrows show the initial stages liftg vesicle
wall deformation, while double-direction arrows pbout aperture throats and interconnection. Thigipe is
transitional to coarsely vesicular, expanded tyggdiuidal pumice clasts with strong alignment andngjation
of vesicles, parallel to tabular phenocryg)scrystal-rich, microvesicular end-member with highttegular and
distorted micro-vesicles showing abrupt terminati@nd refolded shapes. Note the increase in phgsiecr
glomerocrysts (Gx), and microlite content from pityal foamy f), fluidal (g), to microvesiculark) texture.
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All clast types distinguished in 2D images are fgnained and porphyritic, containing
subhedral and anhedral orthopyroxenes (Opx), djiroqenes (Cpx), and subhedral to
euhedral plagioclase (Pl), commonly showing odaitha zoning and occasionally sieve
textures Fig. 5.5a-i). These mineral phases occur both as free cryatalsas glomerocrysts
(Gx), particularly in the fluidal and microvesiculpumice clasts. Oxide microphenocrysts
(Ti-Magnetite: Mt) are scarce and usually enclosdgthin vesicles Fig.5.5), k). This
“bubble-wall texture” was identified in 2D and 3Bages, reflecting the wetting character of
Ti-Mt oxides (c.f.,Navon and Lyakhovsky 19%8

X 4
llapse e

vesicles

Figure 5.4 Back scatter electron images (BSE), at three rdiffemagnifications, showing pumice samples with
contrasting textures, varying frona-c) foamy with subspherical vesicles showing thin weadnd smooth
outlines; d-f) fluidal texture formed by aligned and oriented igles showing thick walls, some wrinkled.
Vesicles are irregular, most of them showing pircbdgesg-i) microvesicular texture within the U-Mgt, with
abundant and larger phenocrysts and greater ogmi@ent (0x). Microlite content is also high andicées are
extremely distorted, most of them showing collagtsectures.
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Figure 5.5 Main crystal phases in the Mgt undf) ( Plagioclase phenocrysts are commonly euhedrakd D),
subhedral sievedc( d), an occasionally show plastic micro-deformati@h Clinopyroxenes are commonly
subhedral to anhedral and occasionally show “butlali-texture” €, g). Orthopyroxenesh( i) are commonly
euhedral to subhedral, sieved, and vesicles deseain to wet the crystal. Oxides are commonly emdxbdd
within vesicles j, k). Vesicles embedding pumice fragmenjsof glass shardsm) are common. Non juvenile
fragments are mainly volcanic aphanitij 6r microphaneritic andesites-().

Before proceeding, it is important to clarify ththe term “fluidal texture” refers to pumice
clasts with deformed i.e., elongated and orientesjcles and has no direct implication on

the fluidity of the magma itself.

Component analysis and ash-size fractions. bulk grain countsGhapter 2) were carried out
with component categories including: juvenile glagse crystals, and lithicsAppendix
E.1). The relative proportions of each component \argr time and also with size fraction
(Fig. 5.6). Juvenile clasts were counted and classified fimamny, fluidal, and microvesicular
types Fig. 5.7), according to their predominant vesicle size ahdpe, and crystal content.

These textural divisions can also be recognizedndimvithe fine ash fractior{(g.5.8). When
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analyzing the size fractionsO<¢ (Fig.5.6), the relative contents of juvenile glass, free
crystals, and lithics do not show significant vAoas with grain size, but vary with
stratigraphic position. The content of low-dendiggments (glass + crystals) increases and
dense lithic clast content decreases upward in é@phra analysed. In the coarse-ash
fractions, most of the juvenile pumice clasts (22\81.%) are crystal-poor and highly

vesicular (foamy + fluidal types).
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Figure 5.6 Bulk componentry analysis for ash size fractiofsp<based on 300 grains counted per size fraction
and normalized as vol.%. Analyzed eruptive unitsniroldest to youngest are) Mangatoetoenuib)
Shawcroft,c) Oruamatuagl) Akurangi,e) Okupata.

In the L-Mgt, the content of highly vesicular ckshcreases upward, while crystal-rich,
microvesicular pumice clasts become less commornhénU-Mgt, relative proportions of
these components remain approximately constantugiaut the unit. Within the ® size

class relative proportions of glass morphologiég.(5.8b-j; 5.9) do not show a significant
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variation with stratigraphic position in each tephinstead, there is a clear predominance of
highly vesicular, foamy (~40 %) and fused-shap8defidan and Wohletz 198pumice
shards (26-32 %) having smooth surfaces (i.e., tedgl c.f., Wohletz and Krinsley 1982;
Wohletz 1983, relative to poorly vesicular glass shards (24928 In this size fraction,

Pelée’s tears are also present (<6 %) within tivgt{Appendix E.1).

Five types of non-juvenile lithic clasts were digilished FFig.5.8k-p; 5.10a): L 1) recycled
material from the vent &u = 0.7 g/cm): comprises lithic aggregates formed by
heterolithologic, multi-colouredubrounded lithic fragments andltered, rounded pumices
bound by a black, oxidized, amorphous groundmisg 8k). L 2) Lithics derived from lava
flows, comprisingfresh to slightly altered, darkHg. 5.8) and pale greyHig. 5.8m),
coarsed-grained porphyritiandesites (Spux = 2.09 and 2.77 g/cin respectively).L3)
Moderately altered, brownish gre§h(x = 2.24 g/cr), subrounded, fine-grained porphyritic
lava fragmentsKig. 5.8n) andpartially altered coarse porphyritic andesited,(x = 2.74
g/cnt). L4) Lithics derived from theéhydrothermally altered (Spux = 1.28 to 2.55 g/ci)
levels of the conduitcomprising: red, purple, bluish-grey, orange, and yellowishiehi
highly altered volcanic clasts, varying from aplianipoorly vesicular lava fragments to
coarsed-grained porphyritic clastBig. 5.80). L5) Phaneritic lithics comprising: coarse-
grained, OpxtCpxzPblomerophyric fragments, either sourced from deep plutons or to
crystal accumulations on the walls of the magmarmesr (Fig. 5.50-q); and rare highly
altered, friable, whitesediments (Fig. 5.8p) derived from the Tertiary basement (c.f.,
Graham et al., 1990
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Figure5.7 Relative proportions of the different glass morplgy normalized over total glass content as vol.%.

128



Juvenile glass

Foliated Crystal-rich Crystal-rich
pale yellow dense, grey

Flattened

£ Thickenned wall

l: OOu_m -]
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Recycled
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Figure 5.8 a) Main pumice clasts classes identified within the nigi@oetoenui Unit, under binocular
microscopep) foamy, highly vesicular pumice shard with subsptavesiclesg) cuspate glass shard derived
from bubble burstingd) fibrous shardg) fluidal-shaped glass with ellipsoidal vesicles mavthick walls;f)
fused-shaped pyroclast wigmooth,“melted” surfacesg) platy, poorly vesicular glask) poorly vesicular clast
with flattened vesicles having over-thicken waijshlocky shaped, non vesicular shaijgs;onchoidal fractures
on glass surfaceg) lithic aggregates, probably recycled from the wealls/floor; ) dark grey, fresh andesites;
m) pale grey, fresh andesitas) partially altered, vesicular lavas) hydrothermally altered volcanic ranging
from aphanitic to porphyritiqp) altered accidental white sedimentary clast.
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Figure 5.9 Juvenile ash morphological types identified witthe 3 size fraction of the eruptive units selected
for this study. Observations were carried on withFBl Quanta 200 Environmental Scanning Electron
Microscope (SEM) on gold coated ash particles at\20The relative proportions within this size ftian over
time are shown to the right. Calibrated radiocarbges correspond to interbedded rhyolitic tephsasported
by Froggatt and Lowe (1990), Newnham et al. (2003}, bowe et al. (2008)For the complete stratigraphy
refer toChapter 3, Appendices A andJ.1. Eq.>0¢: equivalent very coarse ash and lapilli-sizedussdttypes.
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The fresh, hypohyaline clasts derived from the wvanthe uppermost part of the conduit
decrease with time in the fine fraction and arérigied to the opening phase and the L-Mgt
(Fig. 5.10a). Lithics derived from shallow levels (fresh anitkes) and highly hydrothermally
altered zones reach their maximum in the fine foast of the waning phases, whereas the
climactic phases are characterized by a mixed pipul with nearly equal proportions of all

the different lithologiesAppendix E.1).
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Figure 5.10 Relative proportions of non juvenile lithic clasgpes normalized over total lithic content as #ol.
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In summary,the Lower Mangatoetoenui Tephra lithofacies and its relation to the parent

eruption was interpreted as follows:

Opening phase (1X-1a): the onset of the eruption is marked by a mondhihic fall deposit,
consisting of aligned fresh, angular, black, apti@no porphyritic, hypohyaline, andesitic
medium lapilli Fig. 5.1), capped by a thin, grey, very fine-ash lamina.

Waxing phase (IX-1byase): the onset of the Plinian phase is representednnbgpvarlying,
medium pumice lapilli (Mz = -2.7p), forming a poorly sorted fall deposFifs. 5.1, 5.2;
Appendix C; Table 5.1). This unit is dominated by pumice (52v0l.%), which is mainly
characterized by finely vesicular foamy and crysizth microvesicular fabricdgs.5.6, 5.7;
Appendix D.1). The crystal content is slightly higher in thaedst grain-size fraction with
pyroxene glomerocrysts being more abundant thagiqakase Appendix E.1). Non-juvenile
hypohyaline clasts derived from the shallowest tAc@mduit regions are concentrated in the
finest grain-size fractions, followed by partialytered and highly hydrothermally altered

volcanic lithics and minor proportions of freshyployritic andesitesHig. 5.8).

Climactic phase (IX-1bmin): the peak of the Plinian phase (IX-1b) is represgnby a
medium to coarse, well sorted lapilli bed (Mz =1-8) (Figs. 5.1, 5.2; Appendix C), with
texturally heterogeneous pumice clasts at anyigtaghic level Figs.5.3, 5.4; Appendix
D.1). This bed shows the maximum variability of comgots, with glass, crystal, and lithic
contents being approximately equal in proportighg( 5.6; Appendix E.1). Coarsely
vesicular, fluidal pumice clasts dominate the ceassh fractions, but crystal-bearing,
microvesicular to poorly vesicular pumice claste arore highly represented in the finest
fraction Fig.5.7). In addition, this bed shows the highest tot#lidi content of the entire L-
Mgt, with approximately equal proportions of claderived from the vent and/or uppermost
conduit region (fresh andesites), and partiallgrald to highly hydrothermally altered clast

content in the finest size clagsd. 5.10a).

Waning phase (IX-1byp): is represented by a normally graded, well sortestjiom lapilli bed
(Mz = -2.3¢), forming the uppermost deposit of the L-Mgfids. 5.1, 5.2). It shows the
lowest lithic contents within all size-fractionsuvénile clasts slightly dominate over crystal
and lithic contentsKig. 5.69; Appendix E.1) and are characterized by highly vesicular
pumice and glass shards, whereas the crystal-nubrovesicular juvenile content is

significantly lower than previous phases, beingeabsn the finest size fractiorFig. 5.7).
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Within the 0.5 and 1.@ fractions, this deposit has the highest contenhyafrothermally
altered lithics and glomerocrysts. However, in tfieest fraction fresh, dark-grey,

Opx+CpxzPl-bearing, porphyritic andesites domirtagnon-juvenile lithologyKig. 5.10a).

On the other hand, thdpper Mangatoetoenui Tephra is characterizedHg. 5.1) by the
strong predominance of crystal-rich, microvesicylasenile pumice and crystals relative to
the L-Mgt (Fig.5.3; Appendix D.1). The overall lithic content is very similar toeth.-Mgt
subunit (36-64 %), Kig. 5.6) with a clear predominance of fresh andesitesy.(510;
Appendix E.1).

Waxing and climactic phase (1X-2a): after a short time period following the depositafrthe
L-Mgt tephra, represented by localized fluvial deipg the onset of the second Plinian
eruption is manifested by a thin coarse-ash bguhexzh by a thin lamina representing a short-
lived waxing phase deposit. This was immediatelp¥eed by the accumulation of the main,

coarse, poorly sorted lapilli (Mz = -2¢ fall deposit Fig. 5.2).

Waning phase and dissipation cloud (IX-2b): the overlying coarse ash deposit (Mz = @.4
reflects the final deposit of the dissipating cotur(Figs. 5.1, 5.2), and is commonly
reworked by fluvial and aeolian processes. Coarselsicular and microvesicular, grey,
crystal-rich pumice fabrics, as well as non-juvenihydrothermally altered lithics and
partially altered andesites are more abundanttharein the climactic phas€if. 5.7, 5.10a;
Appendix E.1).

In the 3 @ size fraction Fig. 5.9) there is a progressive upward reduction of thghllyi
vesicular pumice and glass shards relative to thMgt, and an increase in the fused-shaped,
poorly vesicular end-member, with ellipsoidal véesschaving very thick walls and smooth,
fluid-form surfaces (e.gFig. 5.8f).

Chemical Composition: juvenile pumice whole-rock XRF analyse€h@pter 2.2.7;
Appendix F.1) indicate that the Mgt unit has a restricted baidesitic composition (S¥O
56.20-58.29 wt.%, normalized to dry basis), withehibwing significant variations over
time/depth. Groundmass glass compositidpgendix F.2) shows two distinct groups,
correlated with pumice texture and specificallythwthe crystal contentF{g. 5.11): (1)
andesitic (Si@ 56-60 wt.%), corresponding to the crystal-podiries of the L-Mgt; and?2)
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dacitic (SiQ: 61-65 wt.%) associated with the crystal-bearihgd&l and microvesicular
textures. By contrast, glass inclusions in pyroxghenocrysts are mainly dacitic to rhyolitic
(Appendix F.3), with 67-70 wt.% Si@ which is much more silicic than the residual

groundmass glass.
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Figure5.11 Total alkalis vs. silica (TAS) diagrarh€ Bas et al., 1986howing the bulk and glass composition
of juvenile clasts within the Mgt unit as well asags inclusions trapped within pyroxene crystalee T
variability of groundmass glass composition withive L-Mgt is related to the heterogeneous textires
crystal content), whereas the homogeneous, mace-sith glass composition of the U-Mgt reflecte thigher
crystal content of predominantly microvesicular fiearclasts.

Discussion: the observations above suggest that the Mangatogteeuption resulted from
the explosive fragmentation of a basaltic-andesdi@andesitic magma, rapidly rising from
depth without opportunity for extensive crystaltina. Textures of the largest plagioclase
phenocrysts (complex zoning, occasional resorgianders, sieve textures, and rare euhedral
rims) indicate convection within the reservoir awdast decompression linked to fast ascent
rates (c.f.,Nelson and Montana 1992Price et al. (2005jeported dacite to rhyolite glass
inclusions and groundmass glass compositions forRdiapehu andesites, with major and
trace element compositions similar to the typicalifo Volcanic Zone rhyolites and dacites.
Similarly, melt inclusions analysed in this studgicate that Cpx phenocrysts coexisted with
a rhyolitic melt early in the magmatic history, bef being entrapped within the andesitic-
dacitic melt of the Mgt magmérice et al. (2005found that PI, Opx, and possibly Cpx
compositions of xenoliths and host-andesites opeitalicating that phenocrysts in andesite
lavas were probably derived from the disaggregatiborustal xenoliths or from previous

magma batches. The accidental lithic fragments doimthe component analysis of the
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Mangatoetoenui unit show the same mineral assemtdaghe juvenile pumice clasts and
free crystal phases, pointing towards an analogoadel for the origin of tephra phenocrysts.
The highly evolved glass inclusions trapped witlpgroxene hosts, compared to the
composition of glass groundmass, supports a hypsthef pyroxene phenocrysts

crystallizing in an earlier different storage syst® the erupting bulk melt.

The lithic fallout at the onset of the Mgt eruptisnggests that an initial phreatic phase
removed a vent/conduit plug, triggering sudden magiecompression that fed the first
Plinian eruptive column. Most of the fragmented asts derived from decompression of
expanding bubbles within viscous regions of the mmagwhere spherical to subspherical
vesicles could act as rigid objects (dfyst and Manga 2002; Rust and Cashman 2011; Stein
and Spera 2002 These were followed by ash particles deriveanfn@gions in the rising
magma where vesicles were elongated in responsacdeleration and shear. A minor
proportion of particles with smooth surfaces (imithg some Pelée’s teaiShimozuru 199%
show that ductile deformation occurred locallyeaftfragmentation (i.e. under slow
guenching rates) with particles derived from thgiaes of highest ascent rate and extreme
exit velocity. Rare and gradually diminishing, datsich, very finely to poorly vesicular
clasts Fig. 5.9) derived from marginal degassed regions of thedairclose to the walls,
where ascent rate was slower, permeability enharareti degassing-induced crystallization
was triggered (c.f.Massol and Jaupart 1999 arger contents of crystal, microlites and
lithics provide higher overall viscosity in the regs close to the conduit walls (c.Adams

et al., 2008 The presence of all pumice morphology types iwith particular stratigraphic
level has been reported in similar deposits ofi&tireruptions around the world (e.girer et

al., 1973; Waitt et al., 1981; Hoblitt and Harmo®93; Gardner et al., 1998; Polacci et al.,
2001; Taddeucci and Wohletz 2001; Klug et al., 2@¥ble et al., 20Q06suggesting that the
rising magma comprised laterally adjacent zonedifééring volatile saturation, degassing
history, viscosity, and ascent rate that reachedfrtfigmentation level at the same time. In
addition, in the low-viscosity magma producing th#&igt, gas volume fraction should have
exceeded a critical value in order to attain fragtagon (c.f.,Verhoogen 1951; Proussevitch
et al., 1993

Within the L-Mgt, the crystal, lithic and glass ¢ents do not change with grain-siZéd.
5.6), but vary systematically with stratigraphic pasit (i.e., over time). Higher contents of
low-density componentg={gs. 5.7, 5.9) and the depletion in microvesicular juveniles and

total lithic contents Kig. 5.6) are present within the deposits accumulated guwaning
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phases. This indicates that component distributioming the L-Mgt could have been
controlled by changes in the fragmentation level (deepening with time; c.Spieler et al.,
20043. Additional distribution of components with depbuld be due to density-segregation
and deposition of particles according to their Iseftvelocities. During the waxing and
climactic phases, the finely fragmented lithics fodsh andesite “shallow country rock”
increase during the eruption, whereas hydrotheymaltered lithics decrease, possibly
indicating that greater near-surface crater erosiaa caused during the waxing phase. The
contrasting lithologies reached near equal propostiduring the climactic phase, suggesting

the attainment of a homogeneous mixture.

A predominance of fluidal textures in the L-Mgt iléips consistent with the development of
permeable networks with bubble connectivity enhdnby coalescenceCaéshman and
Mangan 1994Klug and Cashman 19%6and regions subject to differential shelsiagsol
and Jaupart 1999; Wright and Weinberg 20@%udied textures indicate magma discharge
rate and vesiculation rate decreased with timejimgatowards the waning phase. This is
consistent with the uppermost, normally graded digpoof the L-Mgt Fig. 5.1), which

reflect a decreasing eruptive column height dutiregeruption.

The U-Mgt juvenile pyroclasts indicate a secondanaruption phase after a short repose
interval (IX-d bed inFigs. 5.1, and 5.2), where magma was texturally more mature (i.e.
degassed, as indicated by abundant collapsed e@esind higher crystal content) than during
the L-Mgt. This suggests that the magma remainifigr ahe first Plinian phase was
temporarily stored in at shallow levels or had "owascent rates, promoting undercooling
and degassing that progressively enhanced crystdin (c.f., Tuttle and Bowen 1958;
Nakada and Motomura 1995; Hammer et al., 1J9%Be dominant platy morphologies of the
finely fragmented ash of the U-MgFiQ. 5.9) and the restricted vesicle size and low
vesicularity of the U-Mgt, microlite-rich clastsggests a more viscous magma compared to
the L-Mgt. This suggests that decompression stseas®ind over-pressured bubbles exceed
the tensile strength of the melt leading to fragaeon (c.f.,McBirney and Murase 1970;
Alidibirov 1994; Koyaguchi and Mitani 2005; Koyaducet al., 2008 Rust and Cashman
201]) at a shallower level than L-Mgt. In other wortlse relatively more “dense” U-Mgt
magma required higher fragmentation thresholds th&ngt magma (c.f.,Spieler et al.,
2004H. The increased coarsely-vesicular ash, fusedeshdmgments (with thick vesicle
walls and smooth surfaces) and poorly vesiculastsldwith flattened vesicles and thick

vesicle walls) towards the top of the U-Mdtigs. 5.8e, h, 5.9), suggest eruption of

136



progressively more degassed magma. This proceskl gesult in decreasing magma
discharge rate with time, reduction of conduit déen, ultimately leading to the termination

of the eruption (c.f.Massol and Jaupart 1909

For both L-and-U-Mgt, the dominant shapes of fisa particles are strongly indicative of
dry magmatic fragmentation with glass shards comynderived from subspherical and
ellipsoidal vesicle wallsHig. 5.8¢c, d; c.f., Heiken 1972; Fisher and Schmincke 1p8Phe
scarce, poorly vesicular, blocky shaped shaFig.§.8h, i) might be related to outgassed
portions of the magma or the fragmentation of thvedlls of collapsed vesicles. Rare
conchoidal fractures Fg.5.8)) might be the result of shock waves caused by the
decompression, rather than magma-water interact@omsidering the predominance of
highly vesicular pumice shards and low-lithic car$e external water interaction with

magma was negligible during the MangatoetoenuidHieruption.

5.2.2 Steady and sustained, high (> 29 km) columns: Shawcroft Eruptive
Unit

Lithofacies: this eruptive unit consists of a main lapilli fdkposit bounded by two thin, fine
ash beds representing distinct eruptive phaseshwdain be recognized in most of the studied
locations Appendix A). Two further thin and poorly preserved ash ane fapilli fall beds
locally occur at the top of the sequence in proxiamaas, representing closing phase fallouts
that were commonly reworked by hyperconcentrateddland fluvial actionKig. 5.12). The
type location for this description is B5Bi¢.5.12a; Appendix A), with comparable units at
B0O6 (Fig.5.12b; Appendix A), 8.9 and 9.7 km east of the vent (i.e. The NQthater of Mt.

Ruapehu), respectively.

As previously describedChapters 3, 4), the opening phase of the Shawcroft Eruptive Unit
(Sw) is marked by a thin, pale yellow, fine plaghdall bed (XXVI-1a bed irfrigs.5.12a, b)
containing abundant ash aggregates Brbwn et al., 201D This deposit is overlain by the
thickest and coarsest-grained, lithic-rich, lapi#lll deposit (XXVI-1b bed inFigs.5.12a-c)
representing the climactic Plinian phase. The depusthis phase is characterized by a
massive, medium lapilli fall bed (Mz = -3@), showing a unimodal, negatively skewed

grain-size distributionKigs.5.12a, b; Table 5.1; Appendix C), typical of coarse-grained,
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well sorted ¢, = 1.5) fall deposits. The total deposit appeansast places to be a single unit,
but at one proximal location, pyroclastic-surge @@z are interbedded within it, implying
that it may have two phasdsi@.5.12d).
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Figure 5.12 Detail of the Shawcroft Eruptive Unit deposits anfirred eruptive phases. Note the contrasting
grain sizes among fallout beds @ b, and d, indicating varying eruptive styles between phadeseral
variations with distance include proximal paraleldding &), massive facies at medial and distal locations
along the dispersal axi® @ndc), and proximal pyroclastic surge deposits intedsewithin the fallout beds
(d) showing impact sags (arrow th), low-angle cross laminations and accretionarylliapd,). Grain-size
distribution diagrams for the main eruptive phaaes shown, with the corresponding cumulative cuamd
statistic parameters as calculated with SFT softwar

Two eruptive pulses are indicated by only very Eubvidence at ~8.9 km from the vent,
where a moderately well sorted, € 1.8) lapilli passes through a transitional cohtgrto a
well-sorted unit Fig. 5.12a; Appendix C).
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The massive lapilli bed is usually capped by a,thire ash bed (XXVI-1d bed iRigs.5.12a,

b) commonly well preserved up to ~34 km from the tvémaning phase), and in turn,
overlain by a 7 cm-thick medial ash paleog6p(5.12c). Occasionally, and only at proximal
locations (<9 km from the vent), three to four thitack fine ash beds are interbedded with
thin, pale brown, silty-sand. The black ash unitsbpbly represent further, minor, closing
phases of this eruption sequence, but the deparsitsiostly reworked by hyperconcentrated-

flows and fluvial activity Fig.5.12a).

Pumice textures: the dominant medium lapilli size fraction (-4.5da8 ¢, Appendix D.2)
consists of very finely vesicular, fine-porphyrjtigumice clasts showing less heterogeneous
fabrics within any stratigraphic level, when comgghto the Mgt unitKig. 5.13). Juvenile
clasts were classified into rare and proximallytrthsited (a) crystal-poor, subangular,
equant, coarsely vesiculagxpanded textural type. These are characterized by elodgate
vesicles between 100 and 8Qfh, with smooth outlines and thin walls, showingywag
degrees of coalescencd-ig. 5.13c). The dominant texture isb) microvesicular,
glomerophyric, with high microcryst and microlitertents, ellipsoidal ¥00 um showing
smooth outlines and rare larger vesicles with wtag shapes and sharp outlines. Some
vesicles in these particles have very thick vesi@dls, pinched terminations, concave,
refolded or flattened shape&ig. 5.13e, 5.14a-c). The third type of particles arg)
glomerocryst-rich and microlite-ricldense clasts Fig.5.13f-g) with highly distorted vesicles

rarely exceeding 10@m, frequently showing pinched edges.

Phenocrysts in all juvenile clast types vary froohedral to subhedral, and the mineral
assemblage is PI>Opx+Cpx>Mt. The largest Pl phgmter (~0.4 mm-1.5 mm) show
oscillatory zoning Fig. 5.15a), resorption bordersF{g. 5.15b), alteration rims, and are
commonly found as Px-PI or Pl-only glomerocrystsveal Pl phenocrysts are characterized
by fractures parallel to the largest axis, withiwdblal crystal fragments separated by0<
pm (Fig. 5.15¢). Pyroxenes are found within large (~1 mm) 2-PxatdthulatesKigs. 5.15d-

e) or as small (Opx: 159- 25@m, Cpx: <44um) free crystals. Cpx phenocrysts commonly

show rounded outlines and host glass inclusiéig 6.15f).

Subrounded, non juvenile hypocrystalline, fine-geai andesitic lithicsHig. 5.15g, h) and
microphaneritic diorites 515i) with rounded outlines are commonly embedded ie th

groundmass glass of microvesicular and denseilapill
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Figure 5.13 Pumice fabrics identified at the same stratigrapdwel within the Shawcroft lapilli at) the base
andb) top of the deposit. Three main textural end-memlaee shown, varying frone-d) foamy to expanded
clasts with subspherical vesicles between 100 &dd.&1 in diameter, having smooth vesicle outlines drid t
walls. Different degrees of coalescence are ilaisett: double-direction arrows point out apertun@dlts and
interconnection paths-f) finely vesicular, glomerocrystic, microvesiculdasts with some irregular vesicles
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(contorted arrow) and higher microlite content tlamg-h) crystal-rich, porphyritic, dense end-member with
highly irregular and distorted micro-vesicles abdrdant microlites.

Figure 5.14 Back-scatter electron images (BSE) of pumice sampf the Shawcroft lapilli at three different
magnifications:a-c) microvesicular with subspherical vesicles showtinigk walls and irregular, occasionally
sharp edges (white arrows & b). The groundmass glass contains feldspar and pgexnicrolitegc). d-f)
Dense end-member with highly distorted vesiclesnhg thick walls and relatively higher microlite rtent.

Component analysis and ash-size fractions. relative proportions of each component vary
with stratigraphic level, but only slightly withza fraction Fig. 5.6; Appendix E.1). When
analyzing the size fractions0<p (Fig. 5.6; Appendix E.1), there is a significantly higher
total lithic content than in the Mgt (up to 31 %time 3@ size fraction). In addition, the
juvenile fragmentsHKig.5.16) have very low vesicularity compared to the Mgipee clasts.
Within the coarse ash fractioki(.5.16a), pale brown and grey, moss-like, phenocryst-rich
particles predominate. In the fine ash fractibirg(.16b-m) the main distinguishing feature
of the Sw is the presence of fused-shaped Wdhletz and Krinsley 1982lass shards and
Pelé’s tears with smooth surfacésg5.16f) and high proportions (24 vol.% of total glass
content) of poorly vesicular to non-vesicular, Ikpshaped shards with local conchoidal
fractures, grooves, and local stepped surfaeesy16q, i).
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Figure 5.15 a-b) Plagioclase phenocrysts within the Shawcroft lapilowing: a) the complex glomerophyric
texture of largest sized PI, where the core haswed texture, glass inclusions, and a subroundgéhe; this
core is mantled by a subhedral crystal with ogtitha zoning;b) border resorption indicated by the rounded
outline of the phenocryst, which also has complaergrowths and twins;) example of a cracked Pl where
individual fragments are pulled apadte) mafic cumulates consisting of subhedral to anHe@px and Opx,
with interstitial Pl and rare Mf) rounded clinopyroxene with local embayments intiticaresorptiong-i) non
juvenile, entrapped lithics distinguished by a casting texture and sharp outline, varying fromesiigs(g-h)

to microphaneritic diorite§).

The relative proportions of juvenile glass, fregstal and non-juvenile lithicd={g. 5.6) do
not vary significantly with grain size, but changéh stratigraphic position. This trend is
best represented in thep3raction Appendix E.1). In general, opening phases are lithic-rich
and closing, lithic poor, while glass contents @@ highest in the waning phase. An almost
equally proportioned mixture of components occursthe interval associated with the

climactic phaseKig. 5.6).

142



Juvenile glass
(@ Foamy-FV i j Moss-like

Non-juvenile lithic clasts
; 7 @ Recycled

Shallow Deep >

Figure 5.16 a) Main pumice textures identified within the Shawtrefuptive unit, as seen under binocular
microscopep) foamy, highly vesicular particles with subsphdricasicles;c) expandedd) fluidal; €) fluidal
glass with ellipsoidal vesicles having thick wadlsd smooth surfacef);, Pelée’s tear or particle with re-melted
surface;g) poorly vesicular glasd)) poorly vesicular clast with flattened altered, syotike surfacej) blocky
shaped, poorly to non vesicular shaidgjlass shard derived from bubble burstikyfluidal shard with tube-
like vesicles;l) fluidal, bulbous surface with unburst vesiclggrow); m) step-fractured glass surface with
conchoidal fractures, grooves, and “V’-shaped |fggerows); n) typical lithic lapilli; o) altered, rounded,
recycled pumice from the vent walls/floqr) dark grey andesites]) pale grey, fresh andesiteg;brown, fresh
PI+Cpx, hypohyaline andesite (note that they areneexessarily accidental but could also derivednfibe
degassed magma at the base of the conduit; hovieeentributes to the low-temperature material loé t
erupting mixture)s) brown, vesicular lavat) altered accidental white (Rhyolitic?) pumieg; hydrothermally
altered lavas ranging from aphanitic to porphyiiti¢exture, and’) microphaneritic lava clasts.
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Within the coarse ash fraction, dense pumice ckssnore abundant in the opening phase,
gradually decreasing with time, whereas moss-likd faamy-like particles become common
over the climactic and waning phases. The closimagsps (XXVI-2a and 2b iRig.5.7) are
dominated by poorly vesicular particles. Within tBep ash fraction Fig. 5.9), the main
Plinian phase contains abundant fused-shaped shittdsmooth surfaces and Pelée’s tears

(Fig. 5.16f) at the base and increasing foamy and expandedsstmavards the top.

The non-juvenile lithics identified within Swrig. 5.16n-v) are the same as within the Mgt
unit, along with rounded recycled, altered pumilests Fig.5.160) (up to 28 % of lithics) in
the opening and closing phase deposits. Freshsaicdava fragments are the most common
and the content remains constant over time (~2&i%0;5.16p-r). Other components include
partially altered lava clasts (up to 11 % in theniBh phase;Fig. 5.16s), and minor
proportions of highly hydrothermally altered claét8 %, or lower in the Plinian phadap.
5.16t-v).

In summary, th&hawcr oft eruptive unit is characterized as follows:

Opening phase (XXVI-1a): the lowermost thin, accretionary lapilli-rich alskd is extremely
lithic-rich (up to 67 % in the & fraction) with progressively less juvenile and heg lithic
contents within the finer size fractionBSigs. 5.6; 5.7). Most of the glass fragments (up to 82
% of glass) are highly altered, subrounded phemsbeigh and poorly vesicular, with rare
ellipsoidal vesicles and thick walls. The freshsgl@ontent is low (9 % in the@fraction),
mostly made up by non-vesicular, fused-shaped shardl Pelée’'s tears with smooth
surfaces, and moss-like shards. Non juvenile fragsare dominantly recycled pumice
clasts from earlier Ruapehu tephras (43 %), fregtesites (22 %), minor proportions of

partially altered lava clasts and highly hydrothalisnaltered lithics (2 %).

Plinian phase (XXVI-1b; 1c): this produced thehickest and coarsest grained bed and
contains the highest contents of juvenile fragméhtg. 5.7; Appendix E.2). The juvenile
component rises from 38 % to 45 % upward, whereadithic content remains constant (31
%). Fresh dark brown, Pelée’s tears and fused-shapards with ellipsoidal vesicles, and
moderately to poorly-vesicular shards are commothénfinest fractions at the base of the
deposit Fig. 5.9); moderately vesicular (expanded) pumice shaidspds and “Y”-shaped
glass shards increase towards the tg.(5.9). The relative proportions of fresh andesitic

lava lithics and highly hydrothermally altered id& increase upward, along with the
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appearance of rare phaneritic, dioritic cladtsy(5.10b). Further geochemical analyses,
excluded in this study, are needed to identify whitportion of the fresh andesites are
juvenile clasts sourced from the base of the cdnduiaccidental. To date their content is
included within the accidental fragments.

Waning phase (XXVI-1d): this deposit consistently shows the highest lowsdg, juvenile
and lithic contentsHig. 5.6). It contrasts to the underlying deposits, in beiith in fresh,
foamy, highly vesicular clast$ig. 5.7) with fluidal texture and smooth surfaces. Moshno

juvenile fragments are recycled pumice clabtg.(5.10b).

Chemical composition: juvenile pumice whole rock analysesppendix F.1) indicate that
the Shawcroft unit has a restricted andesitic taili composition (SiQ: 57.02-58.4 wt.%,
dry basis), without significant variations overasigraphic height (time). Groundmass glass
compositions are also restricted in rangegendix F.2; SiO,: 60.62-64.22 wt.%) with weak
trend of microlitic, dense textured glasses towdrigher silica contents={g. 5.17). Glass
inclusions in Cpx and Opx have dacitic compositigAppendix F.3; SiO,: 64.25-67.74
wt.%).
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Figure5.17 Total alkalis vs. silica (TAS) diagram€ Bas et al., 1986howing the bulk and glass composition
of juvenile pumice clasts within the Sw lapilli. lhomogeneity in pumice textures relative to Mghgkes is
also reflected by a single cluster of groundmassglcompositions. Glass inclusions are consistendye
silicic than groundmass glass (dacitic to rhya)itic

Discussion: according to these observations, the erupting Staetvmagma was very similar
in bulk composition to that during the Mgt episo8anilar to the Mgt case, glass inclusions

are higher in silica than groundmass/lapilli glaskjch is inconsistent with normal patterns
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of fractional crystallization (c.fl.owenstern 1996 The Sw magma had a similar degassing
history, storage periods, and/or ascent rates @oUdMgt conditions. Contrasting with the

Mgt, the Sw magma was both chemically and textytadimogeneous.

The typically microporphyritic pumice clasts of tBev have subspherical to slightly distorted
vesicles that are significantly smaller than in thigt unit (Fig. 5.14). This indicates
restricted vesicle growth within a microlite-bearimelt, inducing volatile saturation and
bubble gas overpressure (cKartel and Schmidt 2003; Woods 1999 he lithic content
within the finest size fractions, together with iation in glass shard morphology types with
grain-size and stratigraphy, suggests that theialnibpening phase was shallow-
phreatomagmatic. This is interpreted as an exptositeraction of slowly rising magma and
deep groundwater to produce the basal ash fallentating abundant accretionary lapilli.
The opening phase generated a sudden decompredsiba underlying viscous andesitic
magma, which was probably already saturated intNedadue to the extensive crystallization
of anhydrous phases. This decompression led tHenticelease of the over-pressured small
bubbles and subsequent fragmentation. Excavatidresession (e.g/Macedonio et al., 1994;
Woods 199% of the hydrothermally altered conduit walls prdaetentry of hot geothermal
fluids (c.f.,Papale et al., 1998; Houghton et al., 20@4though fine lithics are abundant and
poorly vesicular shards with grooves are foundrghe a lack of distinctive quenching cracks
and stepped-surfaces (c.Bittner et al., 1999; Dellino et al.,, 2Q11IThis observation
indicates magma probably interacted with exterhedl$, perhaps aiding fragmentation, but a
true fuel-coolant interaction did not occur. Bas®wd pumice lapilli and ash textures, the
decreasing content of dense fragments with stegilgc position indicates progressive
deepening of the fragmentation interface with tolmeing the main Plinian event. The closing
phasesKig. 5.7), signal a return to shallow fragmentation (>depa#ticles; c.f..Spieler et
al., 20043

The fused-shaped shards and Pelée’s tears thatcofdze this unit are indicative of post-
fragmentation ductile behaviour due to slow quemghrates (c.f.,Toramaru 199 and
probably high exit-velocities (c.fShimozuru 1994 These features probably reflect highly
effective heat flow conditions during the Sw eropti(c.f., Wilson et al., 1978and are
consistent with the high altitude reached by thgtve column producing Sw (which was ~7
km higher than that reconstructed for Mgt u@iiapter 4).
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Although the typical Sw lapilli deposit is massiag, interbedded surge deposit was found at
one proximal location (B58ppendix A), providing evidence for marginal column collapses
and the generation of pyroclastic density curramsultaneously with the central sustained
column. Towards the end of the eruption, the deggsste was probably faster than magma
ascent/discharge rate, leading towards smalleesdaking phreatomagmatic phasésg(
5.12a).

5.2.3 Unsteady and collapsing, high (> 30 km) columns: Orumatua Eruptive
Unit

Lithofacies: eruptive units younger than the Shawcroft chamgeharacter, as exemplified

by the Oruamatua eruptive un@t{apter 3). Together with the analogous Akurangi Eruptive
unit they represent the most violent events produne Mt. Ruapehu, before the transition
toward the significantly smaller events and lesdent styles experienced by this volcano

throughout the Holocene.

The Oruamatua eruptive unii. 5.18) is subdivided into three main pyroclastic subsinit
(Lower, Middle, and Upper), distinguished by progimmedial (5-20 km) deposit
characteristics (locations B1, B6, B13, B16B50,Aippendix A). Individual subunits are
bounded by fine-grained diamictons, typically ledst poorly sorted and heterolithologic
sand and pebbles set in a lithic-crystal sand makhese deposits are interpreted to represent
syn-eruptive, hyperconcentrated flows occurring ttugephra reworking during short pauses
in the eruptionChapters 3-4). At more distal locations (e.g. B72, B132Appendix A), the
tephra fall consists of a single massive, claspsugd, fine pumice lapilli bed.

The Lower Oruamatua tephra (L-Oru): deposits representing the onset of the Oruamatua
eruptive unit begin with a thin (<5 cm) mantlingmd-ash bed, overlain by a widespread(<

cm thick, massive, clast-supported, well sorted=(1.5), medium lapilli bed (Mz = -2.6).

This unit is highly distinctive because pumice Il only marginally more abundant than
lithics (~45 %), the latter of which contain commi@d, orange and yellow hydrothermally
altered andesites (XXVII-1 bed Fig. 5.18). This deposit usually shows a negatively skewed
grain-size distributionKig. 5.18; Table 5.1; Appendix C), typical of coarse-grained fall
deposits. This lapilli bed is capped by a thinkdgirey fine ash. Shower bedding occurs at
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exposures laterally away from the dispersal axig. 859,Appendix A; Figs. 4.2 and4.3).
A brief respite in the pyroclastic deposition sewgeeis marked by hyperconcentrated flow
deposits, forming silts and sand-dominated, lenbeug, filling hollows and exhibiting high-

angle cross stratification, aligned pebbles alorth wlast-supported zones.

The Middle Oruamatua Tephra (M-Oru): the resumption of eruptive activity is evidenced
by a second, medium-coarse pumice lapilli bed (XIX¥/bed inFig. 5.18), which is massive
at proximal locations, and distinctively shower-ted at medial locations. It usually consists
of coarse ash to fine lapilli (Mz = 0¢), which is poorly sortedg| = 2.8) and characterized
by a bimodal grain-size distributioRi@. 5.18; Table 5.1; Appendix C).

Each lapilli bed within the M-Oru is capped by atHine platy ash bed. The unit also shows
lateral and longitudinal facies variations. Alorge tUpper Waikato stream, the fall bed is
replaced by a massive, matrix-supported, very posorted pumice-rich deposit, showing
abrupt thickness variation&i@. 3.13; Chapter 3). It contains rounded, heterogeneous and
multicoloured lithic lava blocks with porphyriti@xtures (~30 %), and dark brown pumice
coarse lapilli set in a fine ash pumice and cryS@dment matrix. Its sedimentary
characteristicsGhapter 3) are indicative of accumulation from a pyroclastensity current

(PDC) flowing parallel and close to the current @p@Vaikato Stream.

The Upper Oruamatua Tephra (U-Oru): the U-Oru has a distinctive basal 1-5 cm-thick,
yellowish-brown, platy-ash fall bed (XXVII-3a), ctaining abundant accretionary lapilli that
coarsen upward. It is capped by a clast suppomedsive deposit (XXVII-3b), grading from
poorly sorted @, = 2.5) fine lapilli (Mz = -1.4¢), at the base, up to well sortenl € 1.6),
medium lapilli (Mz = -2.4¢) at the top in proximal localities. It becomes who-bedded at
medial sites, with each ~10 cm lapilli bed beingpmzd by a thin, mantling ash bed. Lithics
are common (~29 %) and consist of coarse to fiagd porphyritic, olive grey and rare
vesicular red lava clasts. Locally, this subungoalaterally passes into a matrix-supported
facies, with poorly sorted pumice lapilli set infine ash matrix (indicative of pyroclastic
density current deposition). At the top, XXVII-3 mmantled by fine ash and at proximal
locations (~5 km), the fine ash is thicker, findgminated, and shows low-angle cross

lamination, and a vesicular matrix.
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Figure 5.18 a) Detail of the stratigraphic sections comprising @miamatua (Oru) and Akurangi (Ak) eruptive
units, including the inferred eruptive phases @efils inChapter 3); b) note the stratified (shower-bedded)
nature of these units, with multiple parallel bedstrasting in grain-sizes) PDC facies (XXVII-2) interbedded
within fallouts; d) stratigraphic position at ~17 km from the vegt,grain-size distribution histograms for the
main eruptive phases within Oru are shown, withabeesponding cumulative curve and statisticahpeaters
as calculated with SFT software. Results are typitgpyroclastic fall deposits, although the M-Oshows
transitions to matrix-supported deposits, with podglal distributions consistent with the accumulatiof
Pyroclastic flows.

These features are interpreted to indicate depasitom pyroclastic surges, associated with
the topographically controlled, poorly sorted pyastic density current/pyroclastic flow
deposits described earlier. At medial localities thain, lapilli fall bed is overlain by post-

eruptive, sand-dominated hyperconcentrated flovosiep Chapters 3, 4; Appendix A).

Pumice textures: typical Oru fall deposits are characterized byhhidieterogeneous pumice
clasts, including microfibrous, colour-banded, amidrolite-rich, dense texture&i@. 5.19a;
Appendix D.3). Non banded pumice clast&ig. 5.19b-e) dominate and vary fronga)
crystal-bearingmicrovesicular pumice to crystal-rich,dense clasts Fig. 5.19b,c) having
distorted vesicles with thick walls, {b) microfibrous, microlite-rich clastsFig. 5.19d) with
highly sheared vesicles having thin, commonly wiedkwalls; some vesicles have pinched
terminations Fig. 5.19e). Differences between the microfibrous and derlastg are best
seen in BSE imagesFig. 5.20). In hand-specimen, most of the vesicles a@e5<mm,
although rare expanded clasts with ellipsoidalalesi>5 mm can also be found. The mineral
assemblage is PI>>>0Opx>Cpx>Mt. Occasionally, andhiypat proximal locations, a third
contrasting clast typ€) is coloured-banded, dense to microfibrous and characterized by the
local alignment of sheared vesicles and phenocry$te difference in colour band&ig.
5.19f, g) corresponds to textural variations, mainly inrterof vesicle shape and size, crystal
size, and microlite content (Table D1Appendix D.3). The mineral assemblage is the same

in each band.

Phenocrysts are relatively large compared to thmiqa clasts analyzed in older eruptive
units (2.0 x 0.8 mm in average). Pl phenocrystsvskeriated textures and are commonly
euhedral to subhedral, some showing sieve text@exks in plagioclase are both parallel
and perpendicular to the longest axig( 5.21b). Pyroxenes vary from subhedral to
anhedral, with Cpx commonly forming glomerocrysigwDpx, Pl and magnetite (Mt). Most

of the Opx are twinedHg. 5.21c).
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Microfoliated,
banded

Figure 5.19 a) Macrotextural variations within the same stratignagdevel of the Oruamatua Tephtg.Dense,
microfluidal textural end-member, usually pale, yish brown in colour. Note the alignment of eloreght
vesicles. Some vesicles are highly distorted owshiorupt termination (arrows), which is in part daghe high
microlite content €). Different degrees of vesicle deformation cantfaeed, from:d) localized shear bands
evident at higher magnitudes, with sigmoid-like atidtorted vesicles (arrows), contrasting to negghiy
spherical vesicles. Note the sharp edges of somghepfvesicles dictated by the neighboring crys{atsl
arrows); toe) extremely flattened and refolded vesicles withdular outlinesf) banded microvesicular texture,
common in the U-Oru. Note the difference betweendhrk brown and the pale brown bands. Under cdosse
polarizer §) the bands are distinguished by the microlite eont
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Figure 5.20 Backscattered electron images of the main coimigadextures within the Oruamatua unit,
including a€) microfibrous, coarsely porphyritic clasts with dspars phenocrysts showing micro jig-saw
structureqa), and elongated vesicles, some with pinched effjeand thin vesicle wallg); d-f) dense textures
are coarsely porphyriti@d), vesicles are extremely distorted, showing pinobggiegb) and very thick walls in

a microlite-rich glass groundmags.
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Figure 5.21 a) Typical lithic (L) and juvenile (P) Oru lapilli ithe field. Note that lithic clasts are commonly
entrapped within pumice clasts (arrow); euhedral to anhedral plagioclase phenocrysts shaeks oriented
both parallel and perpendicular to the longest,axith individual fragments pulled apart a few naoics (see
arrows); c¢) euhedral orthopyroxene with twiningj) euhedral PIl-Glomerocrysts with a few anhedral
Orthopyroxene microcryst®) glomerophyric 2-Px+PI| texturd) metasedimentary clast embedded in a dense
clast.
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Entrapped lithic clasts are commdrid. 5.21a), varying from igneous, microphaneritic, 2-
Px+Pl aggregatesF{g. 5.21€), to accidental, metasedimentary quartzitic siltss Fig.
5.21f), which represent fragments detached from thatgrbasementGraham et al., 1990

Traces of corroded olivine xenocrysts are also doun

Component analysis and ash-size fractions. the components identified within Oru are the
same types identified within Sw. The relative pndjpms of each component vary with
stratigraphic position and weakly with size fraatigigs. 5.6, 5.7, 5.10c; Appendix E.3). In
the size fractions &@ (Fig.5.6), Oru has a very high total lithic content (up6® %), in the

early and late phase deposits, with lower conteat&een.

Glass fragments are predominantly finely vesictdadense, with significantly higher crystal
contents than previous units. Within the ash faacthe following classes were identifies):
Dark brown, fresh, moderately vesiculaxganded) clasts with fluidal surfacesF{gs.
5.22ae); b) varying fromfoamy, finely vesicular clasts with subspherical vesdellum,

32, >50um) to microfibrous having thin vesicle walls and ranging in colownfr white to
bronze, some oxidized to orandad. 5.22b, f). c) Equantmoss-like particles with irregular-
shaped vesicles (~7, ~25, ~48m) having very thick walls (8-25um), particularly
concentrated in the @ fraction Fig. 5.22c, g) ; d) Pale brown and pale grey, crystal rich,
blocky toplate-shaped (c.f., Palladino et al., 20080occasionally subrounded, dense particles
(Fig. 5.22d, h). These morphologies were identified also in the f8action, together with
fluidal shards showing ellipsoidal and orientedisles ig. 5.22i, j), fused-shaped shards or
few dense particles with melted surfacEry(5.22k), and occasionally blocky-shaped shards
(Fig. 5.221). Flattened vesicles are commdad, 5.22m) along with micro-scale surface
features, such as conchoidal fractures, grooves] Iv”- shaped pits Kig. 5.22n, o), and

stepped surface&ig. 5.22p).

The main distinguishing feature of the Oru unithe presence of typesandd particles,
commonly showing distorted vesicle shapes withkthialls, and the very high content of
hydrothermally altered lithicd~(g. 5.22s) in the finest size fractions (up to 23 #ppendix
E.3).
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Juvenile glass

Shallow Deeper

Figure 5.22 Main ash components identified within the Oruamaitimt, under a binocular microscopa)
highly vesicular particledy) microfibrous particles with different colours digedifferent microlite content and
degree of oxidationg) grey, microvesicular to dense particles with shedgesd) crystal-rich, dense, coarse-
grained porphyritic (glomerophyric) particles. Aplarticles within the 3p fraction under SEM includeg)
foamy to expanded, highly vesicular pumice sharth wubspherical vesicle} fibrous shardp) scoreaceous
particle having distorted vesicles with thick wah$ typical mossy-like end-member, poorly vesiculad avith
occasional melted surfaces. Shards derived fronblbuball rupture includei-j) tube-like;k) Dense particles
with melted surfaces, and blocky-shaped shards. In detaih) shows the flattened vesicles having over-
thickened walls withirg. Conchoidal fractures are common (arrows iando) as well as stepped surfadgs.
Accidental clasts includeq) fresh, dark and pale grey andesitel;partially altered dense and vesicular
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andesitess) hydrothermally altered volcanic ranging from aptiarto porphyritic lavast) altered accidental
white sedimentary clasts.

The main difference with the older Sw unit is timeadrporation of high contents of more
deeply derived accidental lithics, some of themisedtary Fig. 5.22t) and sourced from the
tertiary “basement”. These deep-sourced lithicspanticularly concentrated in the opening

and closing phase deposiBd. 5.10c).

For the purpose of this study, and consideringhiigh number of individual beds in many
locations, only the main lapilli fall deposits dfetOruamatua Plinian phases were detailed

as follows:

L-Oru: the lithic content of the first Plinian phase slsadve highest values in the finer grain
sizes, hence the glass and crystal contents arespandingly the lowesE{(g. 5.6). Most of
the glassy coarse ash particles at the base olLibeu (XXVII-O bed) correspond to
moderately vesicular grains with irregular vesicéé®wing thick walls. Other morphology
types include: dense, moss-like, platy to prismpadicles Figs. 5.22c, g, h), with fewer
fibrous pumice clastsF{g. 5.22b, f, i, j). At the top of the L-Oru (XXVII-1 bed), highly
vesicular fragmentsHg. 5.22a, €) are incorporated, including some expanded grams$
fused-shaped particlessif. 5.22k). The finely fragmented non-juvenile components ar
mainly fresh, andesitic lava (17-41 %Afpendix E.3). Glass shardsF{g. 5.9) are
predominantly highly vesicular and foamyig. 5.22e, g), with subordinate coarsely
vesicular fluidal pumice shards showing smoothaxe$ Fig. 5.22i-k).

M-Oru: the second major Plinian pha@€xXVIl-2 bed) is very similar to the L-Oru, except
that phaneritic and microphaneritic clasts derifrech deeper levels in the conduit are scarce
to absentKig. 5.10c). Within the coarse ash fractions, dense partialils melted surfaces,
resembling collapsed-bubble textures, become irapbrin all size fractionsFHg. 5.7).
Within the 3@ size fraction [Figs. 5.9, 5.22h), mossy-like, poorly vesicular, platy to blocky-
shaped shards are more common. Glass shards agtehiaed by conchoidal fractures,

local grooves, stepped surfaces, and impact pits .22m-p).

U-Oru: the last Plinian phase (XXVII-3 bed) is distin@iby the high content of accidental

lithic clasts derived from deep regionsid. 5.10c) and highly vesicular, glass shards with
thick walls in the fine ash size fractioRig. 5.9). Poorly vesicular and blocky-shaped shards
with sharp edges, local stepped surfaces, condnoaddures, grooves, and impact piEsds.

5.9, 5.22l) are common.
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Chemical composition: juvenile pumice whole rock analysesppendix F.1) plot within the
andesitic field Fig. 5.23), showing a wider range relative to earlier ufg&€0,: 57.33-60.14
wt.%, dry basis). This variation is not systematicer stratigraphic level (i.e. time).
Groundmass glass compositiosppendix F.2) of the main Plinian phase (M-Oru) are
rhyolitic, consistent with the high crystallinityf gumice samples relative to previous
eruptive units (Si@ 70.08-74.92 wt.%). Contrasting with previous aniglass inclusions
(Appendix F.3) in Cpx and Opx are more mafic than the residledsy varying from dacitic
to low-silica rhyolitic (SiQ: 65.3 and 69.15 wt.%).
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% Trachydacite o % O Foamy/expanded |A Microfluidal, microlite-
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Figure 5.23 Total alkalis vs. silica (TAS) diagrarh€ Bas et al., 1986howing the bulk and glass composition
of juvenile pumice clasts within the Oru unit aslivees the glass inclusions in pyroxene crystalsteNbat the
high groundmass glass silica contents are consiatiém more crystal-rich textures relative to earleruptive
units, as well as glass inclusions being more nthfio groundmass glass.

Discussion: the Oruamatua unit signals a change from stablensbeady eruptive columns
from Mt. Ruapehu. These oscillating and collapsomjumns also generated significant
pyroclastic density current€hapters 3, 4). The main phases of the Oru were preceded and
followed by phreatomagmatic explosions, producimg,taccretionary lapilli rich, and platy
ash fall beds. The magma was slightly more siliseitnan previous units and contrasting to
them, glass inclusions are more mafic than resiguaindmass glass, consistent with post-
entrapment fractional crystallization of plagiodasrthopyroxene and clinopyroxenefy(,
Lowenstern 1995; Signorelli et al., 199Fhe high crystal and microlite contents, higtkbu
rock SiG contents, and evolved residual melt compositiorggyest a prolonged storage at
shallower levels than during the Mgt and Sw episqdd., Cashman and Ferry 1998; Papale
et al., 1998
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The Lower Oruamatua tephra: the initial highest lithic content, the concentatof lithics
within the finest grain-sizes, and the presencdesp-derived lithic fragments indicate that
the first, major Plinian phase of the Oru reametitioe lower conduit associated with intense
fragmentation. The relatively higher vesicularifytioe finest glass shards compared to those
erupted in subsequent phases of this episode ds8gied this was the most volatile-rich

magma batch.

The Middle Oruamatua tephra: after a short repose period, the eruptive activity
recommenced, with the generation of an extremelgtaady eruptive column. The
disappearance of deep-derived lithics and vesicukar fluidal) textures, and predominance
of dense, poorly-vesicular, mossy-like ash textimaggest a shallower fragmentation level
relative to the first climactic phase. The abun@aotvesicular grains with flattened vesicles
showing thick walls Fig. 5.9) suggests that this magma was more degassed tm.L
Depletion in the volatile content could allow thdlow of external water into the conduit,
improving fragmentation efficiency (i.e., smalleram-size). These conditions favoured the
unsteadiness of the column, contributing to colwualtapses and the subsequent generation

of pyroclastic density currents.

The Upper Oruamatua tephra: after a brief repose period, the eruptive activéigommenced.
The U-Oru componentry suggests that the fragmemdavel might have deepened once
again, involving more vesicular magma and incorpoga deep microphaneritic and
sedimentary clastsF{g. 5.10c), whereas the access of external water (evidehgethe
increased blocky shard contentkig. 5.9) contributed to unsteady and collapsing columns.
Excluding the lithic-rich opening phase, the insean lithic content from the L-Oru towards
the U-Oru within the finest ash fractioRi§. 5.6), suggests a progressive enlargement of the
conduit/vent. This process favoured access of eatavater and unsteadiness of the eruptive

column (c.f. Kaminski and Jaupart 1997

Overall, the high crystal content and silica-ridasg of the Oru eruptive unit suggests more
viscous conditions prevailed than during previouspgve units described here. The
variability of pumice textures and ash morphologgesore pronounced than the Mgt unit.
Localized shear in the conduit generated stronghkeslongation and banding, which would
have modulated the rheology of the mixture (¢fassol and Jaupart 1999; Stein and Spera
2002; Wright and Weinberg 2009The entire Oru unit is characterized by crysielt clasts

with irregular vesicle shapes and very thick vesimdalls within a microlitic groundmass.
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These features are indicative of mature textureggesting advanced degree of degassing
and vesicle collapse prior to fragmentation. Th#etent textures indicate a complex,
heterogeneous magma rheology across the condtiit,ewen more effective segregation of
rheological zones than in the Mgt eruption.

The dense and banded pumice clasts with very higlohte content in the groundmass and
the progression from vesicular towards more mdgsdind ultimately dense, blocky-shaped
particles Fig. 5.9), indicate that magma reaching the fragmentatwellwas progressively
degassing over the course of this eruption episd@eiable porosity (and therefore, in
density) of magma across the conduit could haveribared to an irregular fragmentation
surface, with density variations across the condiffiicting the position of the fragmentation
front (c.f.,Spieler et al., 2003a

5.2.4 Unsteady, collapsing columns of intermediate height (<25 km):
Okupata-Poruahu eruptive unit

Two subunits (Lower and Upper Okp tephrappendix A) consist of deposits from multiple
eruptive phases, each characterized by differeamsport and accumulation mechanisms
(Chapters 3, 4; Fig. 3.24; Appendix A).

Lithofacies: the onset of the eruptive activity is marked bgraximally exposed, thin fine

ash bed containing accretionary lapitpéning phase; Fig. 5.24a). The basal ash is mantled
by a distinctive, pale brown to white, massivestisupported, fine and medium lapilli bed
(Mz = -1.7). The grain-size distribution at proxinsges is nearly symmetric, well sorteq (

= 1.6), but platikurtic ig. 5.24f; Table 5.1; Appendix C). Pumice clasts are extremely
finely vesicular to dense, commonly coloured-bandedl rarely coarsely vesicular, fibrous,
and porphyritic. This bed (XXXII-1aPlinian phase-1; Fig. 5.24a) is thicker and coarsens
towards the N-NW, where it is characterized by aaba@oncentration of extremely light,
microvesicular, plate-shaped (cPRalladino et al., 2008umice lapilli, gradually passing to

more expanded but distinctively fibrous textures.

At the Tukino ski field Fig. 5.24b), locally on the upper eastern slopes and alorg th
Whangaehu River valley, the lowermost fallout bedpartially or totally replaced by a

matrix-supported, poorly sorted,(= 2.5) depositKig. 5.24b-d), consisting of subrounded
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pumice lapilli and rare bombs distributed in a fiagsh matrix (i.e., Poruahu pyroclastic flow
deposit identified byDonoghue et al., 199%haThe grain-size distribution is distinctively
polymodal and platikurtic Kig. 5.24g; Table 5.1; Appendix C). Its distribution and
thickness is topographically-controlled and restdcalong the Whangaehu valley, thickening
in paleovalleys, decreasing in total grain size amtfeasing in matrix proportion with
distance Chapter 3). Where the pyroclastic flow deposit (PDC) ocatiis capped by a thin,
pale grey fine ash, which otherwise directly manttee fall depositRig. 5.24a). The capping
grey ash may represent a “co-ignimbrite” ash assediwith emplacement of the PDC.

Overlying the PDC deposiAfppendix A) or the related co-ignimbrite ashigs. 5.24a, c, d),
there is a second massive, clast-supported, meldipiti bed (Mz = -2.4). At proximal-to-
medial distance exposures it is poorly sorted=2.8), showing a negatively skewed grain-
size distribution ig. 5.24h; Table 5.1; Appendix C), typical of coarse-grained fall deposits
(XXXII-2a: Plinian phase-2; Figs. 5.24a,c). It is thicker and coarser-grained towards the E
and SE. Non-juvenile lithic lapilli are common withthe first 20 km, with dark-grey, fresh,
coarse porphyritic andesites, as well as orangerashdhydrothermally altered lithics. It is
capped by a thin ash bed (XXXII-2b Fig. 5.24d), or directly overlain with a sharp and
locally erosive contact by a dark grey, matrix-soqped, poorly sorted, hyperconcentrated
flow deposit containing rounded lithic pebblesised vesicular silty-sand matrix (XXXII-2¢
bed inFig. 5.24a).

At more distal locations (east and south of locat8d, Appendix A), the PDC deposit is
absent and the fallouts (i.e., Lower-and-Upper Qkagephras) merge into a single, well
sorted fallout bed, having a clear unimodal, negdfiskewed grain-size distributiofi gble
5.1; Appendix C).

Over the entire area, the Okp-Ph eruptive unitajgped with a firm, pinkish brown, silty-
sand paleosol, locally containing plant roots. Atal locations this paleosol is distinctive by
its dark brown colour, marking an eruptive breakita onset of the Holocene warming,
immediately before the large Plinian eruptions lid heighbouring Mt. Tongariro occurred

(i.e. Pahoka eruptive uniEig. 5.24€).
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Figure 5.24 Exposures of the Okp-Ph unit. Proximal locatiores sttown ata) 11.2 km from the vent to the B) 5.5 km to the East, showing pyroclastic densityrent
facies in the upper Whangaehu valley7.4 km to the NWd) 12.3 km to the NE; ang) 9.4 km from the vent to the NEh) grain-size distribution of the different subunits

as analyzed from samples taken 0.5 km from the fpgokimal facies).
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porphyritic

Fluidal

Dense/

Main orientation/

Figure 5.25 Typical juvenile pumice clasts within tlz¢ Lower andb) Upper Okupata Tephras, characterizeday highly vesicular clasts with irregular vesiclespe of
them showing pinched edges. Anomalous large vesarie found, showing advanced stages of intercdioneéeldspars are the dominant crystal phasenpuamty showing
cracks parallel and perpendicular to the longes ard vesicle elongation/orientatiogf). Pale, microfibrous textures with an accidentalisentary clastg-h) dark,
dense, end-member, with large phenocrysts andyhigielgular vesicles having sharp edges and pin¢didinationsj-j) banded texture imparted by differences in glass
colour, vesicle-crystal sizes and content. Note ihegular boundary and the predominance of feldsgsm pheno and microcrysts, occasionally showiggajiv
microstructure.
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Pumicetextures: the Okp-Ph unit is characterized by an extrem@lbdity in juvenile clasts
textures, both vertically and horizontally acrass tnit (Figs. 5.25a, b; Appendix D.4). The
pumice lapilli are predominantly fibrous, with vetlyin vesicle walls. In most of the pumice
clasts, vesicles vary from ellipsoidal to flatterstthpes, with pinched terminations, and even
extremely distorted forms. Anomalous large vesiales occur, commonly showing irregular
and sharp outlines (Fig. 5.26). Pumice fabrics aoyn: a) pale brown to pinkish white,
irregular-shapedfibrous, finely vesicular porphyritic clasts, with rareda vesicles,Kigs.
5.25¢, d); vesicle size may vary with larger vesicles odcagr in lapilli with smaller crystals.
b) Plate-like, pale brown, and pale pinkish browmgcrofibrous, microporphyritic lapilli
(Fig. 5.25¢, f). Aligned, elongated vesicles are common, fornmaoglized shear zones (90 to
220 um wide). c) Dense, grey and dark pinkish brown, isotropic clasts hwiarge
phenocrysts, and low microlite contents comparethéoother pumice type&iQ. 5.25g, h).

d) Colour-banded, microlite-rich, microfibrous clasts with aligned, highly elongatend

irregular vesicles.

The contacts between bands of different coloursiraegular €ig. 5.25i, j), following the
main orientation of elongated vesicles and tabafgstals. Differences between bands are
due to variations in crystal size and content,clessize and shapd &ble D2 in Appendix
D.4). Local shear zones are present, particularlygalmemd boundaries, shown by intensely
distorted vesicles and folding or fracturing of somlagioclase phenocrysts. The textural
differences are also seen in BSE imagesy.(5.26), where vesicle-wall wrinkling and
distortion (i.e. refolding and shearing) is commorfibrous clasts, and vesicles with thick

walls and pinched terminations are frequent inddseser clasts.

Similar to the Oru and Ak units, phenocrysts argdaand subhedral (long axis up to 8 mm)
in the Okp-Ph unit, with mineral assemblage of PI€px>0Opx>Mt. Most of the plagioclase
phenocrysts are microfractured, with cracks perpemar to the vesicle elongation and
crossed by glass fiber&if. 5.27a, b). Pyroxenes are rarely found as free crystalfierat
mostly occurring within glomerocrystsig. 5.27c, d). Accidental lithics are common,
distinguished in thin sections by their contrastu@rk colour under parallel polarizer,
rounded outline, corroded borders, and alteratiogs( 5.25¢, f). Microporphyritic lithics are

commonly micro-fracturedHig. 5.27f).
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B50-Ph-1-1a B50-Ph-2-1d B50 Ph16b-3a
(microvesicular) (microfibrous) (banded)

g &

Figure 5.26 a) Typical microlite-rich, porphyritic, microvesiculatexture of the L-Okp, with feldspars
commonly showing micro-jigsaw cracks; note the higicrolite content inb, small subspherical and larger
irregular vesicles inc. d) Typically microfibrous, coarsely porphyritic texéu of U-Okp with very thin,
commonly wrinkled vesicle walls. Vesicles are conmfigoelongated, refolded or shearég), and different
degrees of coalescence ocdfly. g) Dense, colour-banded texture of U-Okp, where barmisespond to
different size and shape of vesicles. Some bandssmpnds to zones of significant vesicle collagseshown
by highly distorted poreg¢h) with sharp edges, some evidencing coalescenceniicilite-rich groundmass
glass(i) w: wrinkled thin vesicle walls; f: flat walls; coalesced vesicle; r: refolded vesicle; s: localizkear.

Component analysis and ash-size fractions: the relative proportions of glass, crystals, and
dense lithics within the L-and-U Okupata tephrasywaith both grain-size and stratigraphic
position Fig. 5.6). Glass shardsF{g. 5.28a-d) are typically porphyritic, highly vesicular
(much more so than Oru, AKGhapter 3). Within the L-Okp tephra, crystals are concewiat
within the coarse ash size fractions (up to 80 déyreasing within finer classes which have
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higher glass and lithic contents. Within the 0.21tp size classes, juvenile pumice (up to 40
%) and lithics (up to 40 %) are more abundant eWOkp. The total lithic content is equal

for both subunits in the finest@analyzed class (23 %ig. 5.6; Appendix E.4).

K
Reaction
rim |

s 5
Figure 5.27 Photomicrographa-b) showing a broken plagioclase crystals, illustratiogv the cracks served as
vesiculation sites and formation of glass fibied) common glomerophyric texture with 2Px, interstithand

Mt. e-f) Microphaneritic lithic clast entrapped in the gndmass glass, where individual components are seen
under crossed-polarizef)( Note that the border is broken and individuadigs look detached from the main
lithic.

164



Juvenile fragments

Shallower Deeper

Figure 5.28 a-d) Main pumice clasts classes identified within theu@d&ta-Pourahu eruptive Unit, as seen under
a binocular microscope) microvesicular pumice with subspherical vesictBsfibrous, microlite-rich pumice;

c¢) dark brown, expanded to mossy-like pumice havinggiular vesicles with thick wallsf) dense, porphyritic
clast. Juvenile shards within the L-Okp compr&ehighly vesicular, scoreaceous shaffdg) fluidal glass with
ellipsoidal vesicles having thick walls and “meltedirfacesh) Poorly to non-vesicular shards with occasional
melted surfaces. The U-Okp unit is characterizedycuspate glass shard derived from bubble burskir;
fluidal and tube-like shard derived from walls ddregated vesiclesn) the top-right shard is similar ta-j”,
and bottom-left shard i&lrop-like” glass with smooth surfaces (e.Wphletz and Krinsley 1982n) typical
“bubble-wall” texture around Px-phenocrystg;lithic aggregates, probably recycled from the weatls/floor;
p) dark grey, porphyritic andesitg) pale grey, fresh andesite3;hydrothermally altered clasts.
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Among the juvenile glass coarse-ash sized parti¢tes 5.7), the L-Okp has more highly
vesicular clastsHig. 5.28a), than the variable textures in U-OKpig. 5.28c, d). Within the
U-Okp, fibrous to tube-like fragment&i. 5.28b) are well reflected only within the finest
size classes. Within the highly fragmented parsickize (8 @), the textural trends are
different Fig. 5.9): glass shards within the L-Okp have highly hegereeous morphologies
(Fig. 5.28e-h), whereas the U-Okp has a restricted range antkar predominance of
“bubble-wall" glass shards$-{(g. 5.28i-j) and fibrous shards$-(g. 5.28Kk, ).

The non-juvenile lithology is more heterogeneouthinithe L-Okp Fig. 5.10€) than in the
U-Okp, varying from oxidized crystal-ash aggregdfag. 5.280), probably corresponding to
recycled material from the vent, to dark and paleygporphyritic, andesitic clast§ig.
5.28p, q) coarse-grained and altered, along with minor prigpns of highly hydrothermally
altered clastsHig. 5.28r).

Chemical composition: juvenile pumice whole rock analyseSppendix F.1) are basaltic-
andesite to andesite, consistent with published ainoghue et al., 1995a, 19%nd show
the largest chemical variation for whole-rock dataong the units of this study (Si(®6.08-
61.63 wt.%, dry basis). These chemical variatiomsws no clear correlation with pumice

texture Fig. 5.29). In general, L-Okp samples are more mafic tha@kp-samples.

10

R’hyol ite

X
e,
- *

Bulk composition

Groundmass glass

O Foamy/expanded

2 Fibrous
O Microvesicular/
Dense

Donoghue et al. (1995)

o Okupata Member
O Pourahu Member light

4 Fibrous-microlite-
rich

'V Dense/microfibrous
banded

™ Banda

+ Bandb

* Donoghue et al. (1995)

* Banded Donoghue et al. (1995)

® Pourahu Member dark
Glass inclusions
X Hosted by Px within pumice thin-
sections
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phenocrysts (FTIR samples)
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Figure 5.29 Total alkalis vs. silica (TAS) diagrarh€ Bas et al., 1986howing the bulk and glass composition
of juvenile pumice clasts within the Okp unit. Nakee large compositional span within the same amt the
high glass groundmass silica content consistertt wibre crystal-rich textures relative to previouapgive
units. Data are consistent with previous publistealysesonoghue 1991; Donoghue et al., 1995a
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Bulk analyses reported dyonoghue (1991; Donoghue el al., 199%@m the pyroclastic
flow deposit interfingered between L-and-U-Okp.(PFourahu Member) lie within the trend
of the U-Okp tephra. Glass compositions vary betwdacitic to rhyolitic according to
crystal content between samples and between baithis & banded sampléppendix F.2;
SiO,: 66.47-73.23 wt.%). All the glass compositionsared by Donoghue (1991)plot
within the rhyolitic field. The glass inclusions thin Px and Pl probed in this study
(Appendix F.3) also vary from dacitic to rhyolitic (L-Okp SpO67.2-72.0 wt.%; U-Okp
SiO,: 68.2-73.8 wt.%).

Discussion: the Okupata-Pourahu unit resulted from two maimsels. In general, the
erupting magma was both chemically and physicallyrenheterogeneous than previous
eruptive units as described above. The similaritgroundmass glass and glass inclusions
(Fig. 5.25) may indicate that inclusions remained in contaith the melt until shortly prior

to the eruption by leaking and capillary paths tigto crystal cleavage and/or twin planes
(c.f., Stewart and Pearce 2004; Signorelli et al., 192&htan and McConnell 2005

Considering the large content and size of phentgryke highly siliceous, microlite-rich
melt, and the dominant pumice textures with distbrtesicles, it is likely that the state of the
magma before the eruption was highly viscous arghsed. Textures and highly evolved

groundmass glass suggest that magma storage wksvséiad prolonged.

Donoghue et al. (1995a; 199@ygued that the textural features of this erupéiod the PDC
generation were related to mingling between a matfjic, andesitic magma (containing rare,
guenched olivine microcrysts) that injected intoskallow-resting, cooler, less dense,
andesitic magma. Although mixing still a possibleogess during Okupata-Poruahu
magmatism (i.e., evolved groundmass glass reldatvmelt inclusions may be a result of
shallow microlite crystallization rather than a oba in the pre-existent magma storage
conditions/depth), this is not directly determinitige resulting pumice textures and column
behaviour. The data presented here indicate thmatduatextures and differences in bands are
more related to physical conditions of the magma (iesicle shear, amount of microlites),
rather than chemical variations. Pumice bandin@kp-Ph (as well as in the Oru and Ak)
unit is more related to the rheological propertéthe magma within the conduit, rather than

due to magma mixing or mingling in the storage eyst

167



The textures and geochemical data of the Oru @tpbaining Ak) and Ok-Ph units can be
explained by(1) heating and self-mixing effects within the crysiah magma reservoir, as
have been documented in cases where mafic magrmadanat the bottom of a shallower
reservoir without physical mixing (c.Murphy et al., 2000; Couch et al., 2Q0Inh this case,
the proximity of a deeper rising magma can triggesiculation and overpressure to initiate
the eruption (c.f.Huber et al., 2001 (2) Local heterogeneous rheological conditions of the
viscous magma reaching the base of the conduit wecentuated within and along the
conduit by differential crystal and vesicle contem$ well as variable vesicle shapes. The
complex rheology of crystal-bubble suspensionsigishto volcanic conduits at differential
ascent rates, producing banding textures, and olewe advanced shear inducing
fragmentation have been extensively documentedstous, siliceous magmas (e.lggsi et
al., 2004; Gonnermann and Manga 2006ontrasting magma flow viscosity across the
conduit could also promote complex dynamics aldmg ¢ontacts of rheological contrast,

including zones close to conduit walls.

Seismological investigations on highly viscous magrdemonstrate that shear stresses along
conduit walls are capable to trigger seismicity @ndduce variable viscosity according to
failure and healing cycles, affecting overpresgttale and Muhlhaus 200.7Therefore, it is
probable that high overpressure acting on a higjeterogeneous magma (model 2) across
the conduit led to fragmentation at different dep(b.f., Spieler et al., 2004apromoting

column unsteadiness.

The lowermost, accretionary-lapilli rich ash signélhe onset of the eruption, leading to
sudden decompression of magma deeper in the comdiaiie-like, microvesicular vitrophyric
pumice lapilli at the base of the L-Okp and thedprainance of finely vesicular ash suggest
the pre-existence of a magma “foam” capping thedadn which was unloaded at the
beginning of this phase. This, in turn led to tlee@mnpression of the underlying, crystal-rich,
heterogeneous, porphyritic magma. The differenttures of the dominant andesitic,
porphyritic, non-juvenile clasts to the previousmions, combined with isopach and isopleth
data Chapter 4) indicate that vent had moved to the south (nkarpgresent-day Crater
Lake). The variability of accidental lithicgiQ. 5.10€) is consistent with major crater and
conduit erosion during L-Okp. Decreasing magma tiel@ontents during the eruption was

driven by syn-eruptive degassing and crystallizaatong sheared zones (as reflected by the
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high microlite content), which could also promotdurnn collapse and the generation of a
PDC at the end of L-Okp.

A buoyant eruptive column was re-established adtérief interval, producing the U-Okp.
High lithic contents Kig. 5.6) indicate ongoing conduit erosion during this Ehds.f.,
Macedonio et al., 1994 The abundance of bubble wall glass shards, dfyrand fused-
shaped shards in the@and 3¢ fractions of the U-Okp suggest a lower degree afyma
fragmentation relative to earlier eruptive unitkisTis also reflected by the low ash content
(Fig. 5.24f) and the low half distance ratio estimated frora tteposit Chapter 4). The
crystal concentration at the base of the unit c&dl¢he transport-accumulation process, with

pyroxenes and glass being density sorted.

Fibrous and tube-like pumice fine particles becaroemon in the U-Okp, suggesting that
the erupting magma was subject to extreme straingathe conduit. Fluidal surfaces and
smooth glass coatings of pumice particlEgy(5.28f), indicate that the melt was in some
cases still deformable after fragmentation. Thegeamf fragmentation mechanisms is
evidenced by the polymodal grain-size distributigfig. 5.24f, h), probably involving

feedback between rapid decompression, acceler@gignCashman et al., 20p0and shear-

induced fragmentation (e.dingwell 1996;Mader et al., 1996; Papale 1999; Zhang 3999
The latter is supported by the typical plate-likel dibrous ash morphologies similar to those
described byPalladino et al. (2008)Ash and lapilli particles with deformed vesiclasd

wrinkled vesicle walls indicate permeability wasve®ped before fragmentation (c.f.,

Cashman and Mangan 19%dug and Cashman 1996

5.3 Conclusions

Magmas involved in the Mangatoetoenui and Shawanfptions were of similar basaltic-
andesitic to andesitic bulk composition, with glasslusions in pyroxenes being more
siliceous than residual groundmass glass. Thiadsnsistent with fractional crystallization
(Lowenstern 1996and suggests that pyroxene phenocrysts coexwtada rhyolitic melt
early in the magmatic history. Subsequently, thasenocrysts were then entrapped within
the andesitic-dacitic Mgt and Sw melts. By contrase magma involved in Oruamatua
eruption was slightly more siliceous and variabded the glass inclusions hosted in
pyroxenes were more mafic than residual glass. Titsswith fractional crystallization of
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plagioclase, orthopyroxene and clinopyroxene withie same storage system. However, the
more evolved residual melt composition may be dumagma shallow stalling and microlite
crystallization. Therefore, future detailed studas groundmass glass and melt inclusions
could help to define if this unit was related tshallower storage system compared to those
of the Mgt and Sw episodes, or of differences aulg due to shallow conduit processes. The
magma erupted during the Okupata-Pourahu eruppmode was chemically and physically
more heterogeneous than previous units. In this,@®undmass glass and inclusions have
similar compositions, suggesting that inclusionmamed in contact with the melt until
shortly prior to the eruption.

Pumice textures and ash morphologies indicate ttatLower Mangatoetoenui eruption
phase resulted from fragmentation of a low-visgosiapidly rising and expanding magma
without opportunity of extensive crystallization -fligt). The Upper Mangatoetoenui
eruption phase and Shawcroft eruption episode weebh relatively more dense magma than
the Lower Mangatoetoenui phase. Pumice texturesashdmorphologies of Mgt and Sw
indicate that decompression-dominated fragmentdédrio magma failure. Denser magmas
also could imply a shallower fragmentation levelhmher fragmentation thresholds than the

highly vesicular L-Mgt magma.

During Oruamatua, Akurangi, and Okupata-Pourahwtem episodes, pumice textures
indicate that localized shear produced strong leglongation and banding, modulating the
rheology across the conduit (c¥assol and Jaupart 1999; Stein and Spera 2002 hi\aitd
Weinberg 200R These eruption episodes involved more viscougmas than previous
eruptions, with pumices containing high crystal teois and highly siliceous, microlite-rich
glass groundmass. Ash morphologies suggest thsitjdsedecompression, shear stresses also
induced fragmentation (c.fMader et al., 1996; Papale 1999; Zhang 19%hd in the
particular case of the Oruamatua (and probably égisode, the interaction with external

water improved fragmentation efficiency.

Interestingly, the inferred range of fragmentatinachanisms correlates with the changes in
the stability of the Plinian columns over the L&tieistocene Ghapter 3): (1) in the case
studied for oscillating but non-collapsing colun(iMgt), the coexistent of highly vesicular
and fluidal morphologies and the lowest contentdeinse particles suggest that the
fragmentation front was irregular, with variations depth according to the local
porosity/density of the magm#42) The case studied for steady eruption columns (Sw)

involved, instead, a chemically and rheologicallymogeneous magma. Decompression-
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dominated fragmentation affected most of the magoasasing extreme excavation and
erosion of the hydrothermally altered levels of ttwmduit. Although this could allow the
access of geothermal fluids (c.Papale et al., 1998; Houghton et al., 20Gsh micro-
structures suggest that the thermal contrast betiaiels (i.e. magma and geothermal fluids)
was not enough to drive important phreatomagmatismthis case, despite degassing,
sufficient volatile content remained available foubble growth favouring a sustained
column. (3) In the case of eruptions related to collapsingumwis (Oru, Ak, Okp), the
extreme variability of ash morphologies at anytgjraphic level, including dense patrticles,
reflect extreme irregularity of the fragmentatioepth (c.f.,Spieler et al., 2004aBesides
decompression, shear-induced fragmentation andifghmagmatism also played a significant
role. The higher viscosity of magmas within thiseaould favour large frictional forces
along conduit walls. Together with large differena® pressure between the magma reservoir
and the vent, these processes promoted conduit cgliipses and dramatic changes in

conduit geometry leading to column collapse.

The hypothesis emerging from this chapter is tia higher the rheological heterogeneity of
the magma at the fragmentation level, the greaeetikelihood for column collapse and PDC
generation. This hypothesis will be addressed @ ftllowing chapter, together with the

vesiculation history and degassing processes angusithin the conduit.
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CHAPTER 6. Magma degassing and conduit dynamics

This chapter presents the 3D textural characterization of the pumice textures found within
Mangatoetoenui, Shawcr oft, Oruamatua, and Okupata-Pourahu eruptive units, in order to understand
the physical conditions of the magma within the conduit. From vesicle and mafic crystal data, conduit
processes are inferred with particular attention to the degassing mechanisms and the conditions
leading to different degrees of rheological heterogeneity at the fragmentation level. The 3D textural
analyses of different pumice textures are linked to the corresponding eruption style inferred for each
unit, and vesiculation processes are discussed in terms of their implications for column stability.

6.1 Introduction

The identification and characterisation of factansl processes governing explosive volcanic
eruptions is critical to understand triggering nmadkms, expected eruption behaviour and
causes implied in the transitions from one erupsityde to another. Eruption dynamics (i.e.
magnitude, intensity, duration, and column steaxihare determined by processes occurring
in the storage region, the volcanic conduit, anel wient. Within the storage region, gas
overpressure can build and may drive eruptions,@apshman and McConnell 2003Vithin

the volcanic conduit, magma decompression, dega$sduced crystallization and
fragmentation occur (e.gGardner et al., 1999; Hammer et al., 1999; Blunay &ashman
2005) These processes control magma rheology (a funatfomelt, solid and volatile
contents) through a variety of feedback mechani&gs,Stein and Spera 199®lader 1998;
Mangan and Sisson 2000, Rust and Manga R&2o, external factors such as conduit wall
collapse and/or inflow of groundwater may influemraption dynamics. Vent geometry and
changes during eruptions regulate the exit velaaitgy consequently can influence eruption

column stability (c.f.Houghton et al., 2004

In the absence of significant interaction with emé water, the content of dissolved volatiles
in the magma provides the driving force for explesvolcanic eruptionsSparks 198p%
Volatile exsolution increases magma chamber ovespire, controlling the eruption
dynamics Gonnermann and Manga 2Q0Complex bubble-crystal interactions are common
in silicic magmas and must be considered for imetgtions of the magma relative viscosity
within the conduit Thomas et al., 1994; Saar and Manga 1999; Steirspaca 2002; Wright
and Weinberg 2009 Moreover, changes in the rheology of the magordrol transitions in
the eruption intensity and style, from explosiveeffusive and vice-versa (e.¢ashman and
McConnell 2005; Sable et al., 200®¥atz et al., 2007

172



Pyroclast textures have been extensively studiethenlast four decades as records of the
complex dynamics of volatile exsolution during agcGom the chamber to the surface.
Toramaru (1990yecognized that the morphology and texture of cdar juvenile clasts
reflects physical properties of magma, such asosgisg surface tension, and volatile
diffusivity, providing valuable information on magnvesiculation processes. Variations in
textures and composition within the stratigraptaquence reflect transitions in the eruptive
dynamics with time (e.gJaupart 1998; Gurioli et al., 2005; Belien et aD10. A wide
range in pumice textures at the same stratigrdphiel has been extensively documented in
Plinian to subplinian deposits, highlighting hetggoeity in magma rheology and/or in flow
conditions across and along the conduit, which benrelated to heterogeneous flow
conditions (e.g.Lirer et al., 1973; Waitt et al., 1981; Hoblitt akthrmon 1993Gardner et
al., 1998; Hammer et al., 1999; Polacci et al.,120@ddeucci and Wohletz 2001; Klug et al.,
2002. Hence, the localization of pyroclasts and heheegas distribution inside the conduit
can be reconstructed from pumice textufesb(e et al., 2006; Wright et al., 2007; Bouvet de
Maisonneuve et al., 2009; Kennedy et al., J0Moreover, correlations between groundmass
glass composition and magma ascent/decompressies rmve been demonstrated in
decompression experiments Hpmmer et al. (1999), Mangan and Sisson (2000),Giclly

et al. (2011)

The style of eruptive activity at a volcano is kalsgrelated to the timing and nature of gas
exsolution and escape from magma during asddattél and Schmidt 2003, Cichy et al.,
201]). Based on comparison with experimental studies raatural systems, the textures of
vesicles preserved in volcanic clasts can be usadfér conditions of magma expansion.
Experimental modelling of heterogeneous bubble eatdn have demonstrated that high
crystal number densities allow bubble nucleatiorouad crystals at low volatile
supersaturation pressures (<5 MPalurwitz and Navon 1994<20 MPa inGardner et al.,
1999; Gardner 2007 Homogeneous bubble nucleation in the absencerysdtals (c.f.,
Mangan and Sisson 200CQjuzel et al., 2008 on the other hand, requires extremely high
supersaturation pressures (~170MP&lamada el al., 20)0Vesicle number densities (N
are used to determine the bubble nucleation mestmmiomogeneous bubble nucleation
typically results in pumice with high/N~13-10"° cm®), whereas heterogeneous nucleation
produces low (<19 N, (Cashman et al., 2000; Gardner 2007; Cluzel et2@08. From
experiments on rhyolitic melt&)ourtada-Bonnefoi and Laporte (199@port bubble number

densities of 1610° cm® for homogeneous nucleation, wheréaswitz and Navon (1994)
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and Gardner et al. (1999¢port 16-10° cm™ values for heterogeneous nucleatibtangan

and Sisson (2000Jemonstrated that both homogeneous and heteragemecleation rates
can be comparable in some cases, and thatéNhighly dependent on the saturation pressure
and degree of ¥D supersaturationAPss~), with total N values of ~1810° cm™ for
AP,s130-150 MPa. Hence, the nucleation rate and mesminanheterogeneous or
homogeneous), as well as the resulting &re largely determined by the magma
decompression ratd ¢ramaru 1995, 2006; Mourtada-Bonnefoi and Lap@f84; Hamada

et al.,, 201D, The nucleation mechanism, in turn, dictates thegassing efficiency
(equilibrium vs. disequilibrium) by establishingetidepth of gas exsolutioMangan and
Sisson 200D

In the last three decades, textural analysis oftuts clasts has been increasingly common
in order to investigate processes of magmatic daggsin explosive eruptions (e.g.,
Houghton and Wilson 198%Ilug and Cashman 1994; Gardner et al.,, 1996; Shed.,a
2010. For instance, if the vesicle size distributi@$D) represent the state of the magma at
the moment of quenching, frequency plots give horisbubble nucleation events and the
nature of coalescence (e.§parks and Brazier 1982; Kulg and Cashman 1994ceioét al.,
2003. Based on theoretical models presente@aghman and Ferry (1988he linear part of
the VSD should correspond to the vesicles origimgafrom primary nucleation and growth,
whereas the tail of the curves corresponds toradifications of the original distribution
(e.g.,Cashman and Mangan 1994; Mangan and Cashman 198feKal., 2002; Adams et
al., 2006; Polacci et al., 2008, Shea et al., 20l0wever, the discussions have been mainly
centred on the Plinian basaltic and rhyolitic englatbers and based on extrapolations from
2D datasets, potentially misclassifying the 3D getygnof interconnected poreSigchetti et
al., 201). Recent studies have demonstrated X-ray synawmwotand computed
microtomography {CT) of volcanic samples provides direct charactgimn of the 3D
structure of pyroclasts and omits the need foicalitassumptions about pore shape when
transforming from 2D to 3D (e.gSong et al., 2001; Ketcham and Carlson 2001; Pog&icc
al., 2006; Wright et al., 2006; Polacci et al., 200009a, b; Degruyter et al., 2010

In this chapter, the main concepts of magma vesicul and degassing processes outlined
above were applied and developed in the Pliniandigbosits of intermediate composition
sourced at Mt. Ruapehu. The characteristics ofithreinant pumice textures within each of

these tephras were quantified using the 3D infaonagbrovided by X-ray synchrotron and
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computeduCT, to infer the degassing processes occurringndutiese eruptionand their
influence on the resulting eruptive style. Pumidtasts were sampled from the deposits
representing the main Plinian phases of the Maega¢oui (Mgt), Shawcroft (Sw),
Orumatua (Oru), and Okupata-Poruahu (Okp-Ph) emmgtof Mt. RuapehuGhapters 4 and

5).

The analysis of 3D microtomography images is difti¢c.f., Gualda et al., 2010a, b; Baker
et al., 201], including possible errors induced by the comgute-coalescence process, the
difficulty of selecting, processing, and mergingnesentative (large enough) subvolumes to
characterize a whole clast, as well as the exatusfdhe largest sized vesicle populations in
order to improve image resolution (c.Gjachetti et al., 2001 However, this method of
characterization was preferred, in combination wghs-pycnometry and qualitative
observations in 2D back scatter electron (BSE) esad¢o avoid assumptions about vesicle
shapes and dimensions to convert data from 2D imag® 3D measurements. The
methodology employed for the 3D textural data asitjon and characterization of pumice
lapilli are explained irChapters 2.2.3 and2.3.5.

In the context of this study, “pumice” is defines @ highly, finely vesicular glass foam of
volcanic origin (quenched glass), independentobitlk compositionKisher and Schmincke
1984; Whitham and Sparks 1986ndicative of explosive fragmentation of a highiscous,

volatile rich magma.

6.2 Results

The following textural characterisation within eamtuptive unit is presented in stratigraphic

order.
6.2.1 The Mangatoetoenui Unit Pumice textures

Density and porosity: gas-pycnometry analyseAfpendix G; Fig.6.1; Table 6.1) reveal
that the L-Mgt medium-sized lapilli have bulk pateess of 66-91 % (average = 80 %). The
lapilli become generally less porous upwards (6348Javerage = 77 %), in parallel with the
normal grading of the deposit. Bulk densities vargely from 0.38 to 1.36-gm* (average =
0.64 gcm™), and higher in the unit this range narrows ta3al619 gcm® (average = 0.80

gcmi®). The U-Mgt lapilli contain many denser particlesth bulk porosities varying from
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15 to 78 % (average = 64 %) and consistently higleesities (0.64 to 2.67am>; average =
1.28 gem®).

Within the L-Mgt, connected and bulk porosifid.6.1€) are not directly correlated, due to a
wide range in isolated porosities (0-20 %), esplgycat high bulk porosity (>70 %). Within
the U-Mgt, connected and bulk porosity show a betterelation, with isolated porosities
being <10 %. In U-Mgt, microfluidal, crystal-beaginapilli have higher isolated porosities
than expanded, coarsely-vesicular clasts. Porasity density distributions are asymmetric,
with bulk density distributions very leptokurtic leptokurtic (L-Mgt: Skeweness (Sk) = 1.85;
U-Mgt: Sk = 1.74) and isolated porosity mesokutie Mgt: Sk = 0.79; U-Mgt: Sk = 0.45).
Bulk porosity distributions are also leptokurticggt: Sk = -1.10; U-Mgt: Sk = -1.78), while
those of connected porosity are positively skewei§t: Sk = -0.26, ~mesokurtic; U-Mgt:
Sk =-1.80, petokurtic). Bulk and isolated porogligtributions have low variance relative to
connected porosity, which has a broad mode.

3D-Textures:. three samples from the Mgt were scanned with higbolution X-ray
techniques Chapter 2.2.5). Sample 1X-1b-1b from the L-Mgt represents a ¢gbifoamy
texture Figs. 6.2a-€), with 72 % vesicles and 4% mafic cryst@td % plagioclase feldspar).
Another L-Mgt sample, IX-1b-2a represents a typitaidal texture Fig. 6.2f-i) with 70%
vesicles and 11 % mafic crystals/(% plagioclase feldspar). Finally, a U-Mgt sample was
analysed to representnaicrofluidal (Fig. 6.2j-m) texture (1X-1e-2) with 51 % vesicles and

14 % mafic crystals @ % plagioclase feldspar) (AppendicesH.3.1, H.4.1).

The L-Mgt samples Appendices H4.1a,b) have vesicles with smooth outlines that are
spherical to ellipsoidalFig. 6.2b) in the foamy lapilli, and large and highly elotegin the
fluidal sample Fig. 6.2h). Cross sections of both samples show the elodgagsicles are
aligned, especially in the fluidal textures, altgbuube-like texture does not occhiid.6.2c,

d, h,i).

The degree of vesicle coalescence is variablg. 6.2b, ¢, g, h) and mainly occurs in the
direction of elongation. Vesicle walls may be flat slightly curved, suggesting similar
internal pressures in neighbouring vesicles (€ashman and Mangan 1994; Burgisser and
Gardner 200p In other cases vesicle walls may be extremeily (i4 um CT-resolution
limit) or are ruptured. Wrinkled walls (e.dJug and Cashman 1996; Klug et al., 2p02cur
only in the fluidal textured sample. Large, irregly shaped vesicles formed by the

coalescence of small ones, but showing incompletevery of the spherical shape (i.e.
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retraction; Cashman and Mangan 199have pore aperture widths from ~66 to 100

perpendicular to elongation, and 66 to 308 in parallel views.
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Figure 6.1 Porosity and density frequency distributions witlapilli of the Mangatoetoenui unit. The individual
parameters were obtained from measurements) dfulk sample volume and envelop denshiy;connected +
isolated porosities relative to the bulk sampleunwd;c) skeletal densityg) solid density determined in milled
samplesg) comparative plots of individual parameters againgk porosity. Black histograms illustrate all aat
(n=69), while red shows that of L-Mgt and yelldvetU-Mgt.
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Table 6.1 Summary Table of density and porosity measuremestag Gas-pycnometry and Envelope
pycnometry (see methodologyhapter 2.2.3 and results ilPAppendix G). Mgt: Managtoetoenui unit; Sw:
Shawcroft unit; Oru: Oruamatua Unit; Okp-Ph: OkapBoburahu eruptive unit.

Bulk density [g/cm’]

MIN 0.38 1.05 2.70 14.9 8.4 0.2
MAX 2.67 4.15 4.24 91.0 88.2 31.2
AVERAGE  0.93 2.70 3.47 73.0 64.9 8.1
L-Mgt,ace 0.64 2.23 3.21 79.9 68.8 11.1
L-Mgt,., 0.80 3.06 3.50 76.9 74.0 29
U-Mgt 1.28 3.24 3.78 64.4 59.5 4.8
Foamy 0.86 2.74 3.32 73.9 67.5 6.4 % % % %
Fluidal 0.88 2.60 3.42 73.8 65.5 8.3
Microfiuidal 1.08 2.83 3.72 70.7 60.9 9.7 Bulk porosity [vol.%
Total measured samples 70 80
Bulk Skeletal Solid Bulk Connected Isolated 60

density density density porosity porosity porosity

[alem®  [alem®  [alcm’] [vol.%] [vol.%] vol.%] Y
MIN 0.19 1.30 2.80 47.8 1.2 0.1 20
MAX 2.81 3.47 3.70 94.9 94.0 12.5
AVERAGE  1.25 3.10 3.39 62.8 59.3 35
Sw-base 1.27 3.14 3.53 63.5 59.2 4.3
Sw-Top 1.23 3.06 3.26 62.1 59.4 2.7
Foamy 1.16 3.21 3.48 66.3 63.3 2.9 Connected porosity [vol.%]
Microfluidal 1.25 3.04 3.33 61.9 59.0 3.0 66
Dense 1.29 3.12 3.43 62.4 58.0 4.4 62
Total measured samples 99 58

Bulk Skeletal Solid Bulk Connected Isolated

density density density porosity porosity porosity 54

[glcm3] [g,‘cms] [g[cm3] [VO|.°/n] [V0|.%] [VO].%]
MIN 0.01 2.45 2.82 3.3 13 0.0 %, % % %,
MAX 2.86 3.59 3.93 99.6 99.6 7.3 .
AVERAGE  1.26 2.87 2.99 57.8 56.0 1.8 Isolated porosity [vel.)]
L-Oru 1.33 2.84 2.95 55.0 53.2 1.8 8
M-Oru 1.13 2.91 3.02 62.6 61.1 1.9 6
U-Oru 1.29 2.86 3.01 56.9 54.8 21 4
Foamy 1.27 2.87 2.96 57.1 56.0 1.1 2
Fluidal 147 2.88 3.03 61.6 59.6 rrE————
Fibrous 117 2.87 3.00 60.7 59.0 1.9 4‘79’ % 9% 9
Dense 1.32 2.86 2.99 55.9 53.8 2.1

Total measured samples 100

MIN 0.31 206 278 102 97 0.0

MAX 2.60 3.22 4.73 90.1 89.7 14.9
AVERAGE 1.04 2.90 3.10 66.2 64.0 2.2
L-Okp 1.15 2.91 3.03 61.8 60.0 1.8
U-Okp 0.92 2.90 3.17 70.7 68.1 2.6
Foamy 1.10 2.86 2.95 62.0 60.9 1.1
Fibrous 0.92 2.90 3.13 706 68.2 2.4
Dense 1.21 2.91 3.07 60.3 58.3 2.1
Total measured samples 60
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Figure 6.2 Reconstructed X-ray images as orthoslices and reddaibvolumes of three lapilli samples from
the Mgt unit:a-€) shows crystal-poor, foamy lapilli with subspheriea@sicles having thin walls:i) shows
crystal-bearing, fluidal texture with elongated ietess having thicker walls. White arrows in H poanit glass
shards included within a vesicle. Dashed arrow@)ishow a region of internal heterogeneity in thesie; j-

m) illustrate a porphyritic, microfluidal pumice ctaa-i are synchrotron images (1 pixel = 4u#), andj-m are
computedu-CT images (1 pixel = 3.am).
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Vesicle shapes within the microfluidal and crystakh U-Mgt sample Eigs. 6.2j-m) are
more complex, usually distorted by having pinchedies, and show a clear orientation

parallel to elongationHjig. 6.2l; Appendix H4.1c).

All samples show a few irregularly shaped, anonslipdarge vesicles (>16Q0@m in
maximum diameter) that could not be included inithage analysis. However, these are not
important for interpretations of degassing mechansijssince they are thought to result from
pre-eruptive nucleation and growth within the deepeagma chamber or extensive
coalescencedrsi et al., 199 In addition, pores kX um are considered to be connection
points or apertures between vesicles, rather tham thubbles $parks and Brazier 1982;
Whitham and Sparks 1986In microtomographic studies very small objectrot be
resolved $hea et al., 20)0which can be seen in vesicle size distribut/dBD) deviations

from linearity at sizes ¥0 um.

Plagioclase with sieved textures (low attenuatidark grey similar to glass matrix),
pyroxenes (light grey with intermediate attenuatioand Ti-Mg oxides (white, high
attenuation) were successfully identified, but oolinopyroxenes (Cpx), orthopyroxenes
(Opx), and oxides (Ox) could be separated by gadgsthresholding. These mineral phases
will be referred as mafic crystals throughout teettand calculated crystal number densities
will be restricted to them. Plagioclase (Pl) phegysts are commonly broken apart, with
microjigsaws cracks separating individual a few noms Eig. 6.2k; Appendix H4.1c),

similar to those reported l§ennedy et al.(2009.

Textural parameters for each analysed subvolun®? (8i7) from any single sample (~60
mm°) show no significant variations, except for tharfy sample, which shows both skewed
vesicle volume distribution (VVD) and polymodal VV[Xable 6.2; Appendix H.3.1).
Despite this, samples are generally homogeneousliatrbutions from merged subvolumes
are consistent with individual samples ones; haneeged data-sets are here considered to
best characterize each sampkeg( 6.3). In addition, the low values of the logarithm of
vesicle number density per vesicle size class {Jp@at vesicles <1@um in diameter, within
the VSD and CVSD, is attributed to a resolutionitiation.

The quantitative analysis of vesicles indicated thesicularity decreases with increasing

mafic crystallinity and decreasing dominant vesisiee. Vesicle number density (Nis
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constant (3x10cni®), whereas mafic crystal number densities, (sicle-free) are slightly

higher. N, (vesicle-free) is one order of magnitude largant,.
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Figure 6.3 3D Quantitative analysis ofa) Vesicle Volume Distribution (VVD);(b) Cumulative Vesicle
Volume Distribution (CVVD); (c) Vesicle Size Distribution (VSD); andd) Cumulative Vesicle Size
Distribution (CVSD) obtained from X-ray synchrotrand computed micro-CT 3D images. Arrows point step
in the CVVD and CVSD curves interpreted to représealescence (foamy and microfluidal case) or iplelt

events of nucleation and growth (fluidal case). eNdtat the length scale in the histograms is lineat
logarithmic.
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Table 6.2 Summary of X-ray microtomography results on merglvolumes of each sample.

@ Vol
Unit Sample g [mmd] # [VOT.%] [Vo)l(.%] Nv [cm™] Nx [cm?] NPx [cm®]  Nox [cm?] -1/GT GT[ecm] N, Nt[ecm? L[mm] VVD cvsD Interpretation
5 One nucleation event +
L-Mgt  [IX-1b-1 la 67 20142 72 18 3.0x10° 3.9x10° 4'22;0/10 - - - - - - Skewed ~Exp. |coalescence and hindered Polymodal - MLT
(29%) growth
o s 5 43x10° 5.3x 10° ’ ’ Polymodal Two nucleation events and )
IX-1b-2a 2b 68 21170 70 16 3.1x10 3.0x10 (61%) (0.29%) 224 4.5E-03 18 8.1E-02 0.045 skewed Exp. coalescence Polymodal MLT
Single stage of nucleation
o s 5 97x10'  58x10° gie stage of
-Mgt  [IX-1e-2 2a 37 12068 51 37 3.2x 10 1.5x 10 10% 0.6% 986 1.0E-03 21 2.1E-02 0.010 Broad mode Exp. |and growth (minor Polymodal PL MLT
(10%) (0.6%) coalescence)
One nucleation event +
5 5 - )
Sw-5b-2b 2a 71 37811 59 13 53x10° 6.6 x 10° 57x10 17x10 204 49E03 18 86E-02 0049 | Skewed Exp. |fiPening orhidnered growth oo\ ho pL LT
(14%) (0.9%) + coalescence + minor
Sw-b collapse
e 5 5 8.3x10° 45x10° ’ ’ : One nucleation event
Sw-5b-4 4 68 10980 52 22 1.6x 10 8.7x10 (15%) (1.0%) 914 1.1E-03 20 2.2E-02 0.011 Bimodal PL modified by coalescence Polymodal PL MLT
4 ) )
5 6 6 (e 9.2x 10 -~ -~ Single stage of nucleation
Oru2a 2a 33 17403 50 6 5.3x10 1.4x10 1.7 x 10° (6%) (0.9%) 953 1.0E-03 21 2.2E-02 0.010 Skewed Exp. and growth + coalescence Polymodal PL MLT
4 Single nucleation event +
Oru Oru 3a 3a 24 12415 51 20 5.2 x10° 3.4 x 10° 1.8x10° (8%) G'é ;0}0 1181 8.5E-04 21 1.8E-02 0.008 Skewed Exp. |minor coalescence and Polymodal PL MLT
(0:5%) local collapse
6 5 i
Oru 4a 4 42 9449 52 15 2.3x10 1.6 x 10 y . 1167 8.6E-04 21 1.8E-02 0.009 ~Bimodal Exp. Polymodal PL MLT
5 o 2.3x10 1.1x 10 imodal Two nucleation events + | dal
(23%) (0.6%) coalescence
4 Two nucleation events
L-Okp |Phi6a-5a 4 226 70732 52 8 3.1x10° 69x10° 15x10°@3%) 28x10 1009 9.9E04 20 20E-02 0010 | Fatened, PL |modified by coalescence  Polymodal  PL  MLT
(0.4%) broad
and collapse
One main Two nucleation events
| -1cC- 5 4
2;3 Phib-1c- 55 41805 32 25 7.6x 10° 1.8 x 10° 3'612‘0/10 3'8 g;o 599 17603 20  3.4E-02  0.017 |mode (masks EX";'LTO modified by coalescence  Polymodal ~ PL 2 events
(14%) (0.5%) skewed VVD) and collapse
B50 Ph16b- L5%10° 2 ) Two nucleation events
2a 4 41 1252 61 59 3.1x10° 2.6 x 10° 6.8x10° (6%) '1 3% 896 1.1E-03 18 2.0E-02 0.011 | populations, Exp. |modified by coalescence Polymodal PL MLT
« (1.3%) one skewed and collapse
U-Okp )
Two nucleation events
6 5
B5OPh16b 1  3b 7 7883 43 16 12x10° 38x10° 32x10 21x10 1709 59E-04 22  13E-02 0006 | Polymodal  Exp. |modified by coalescence  Polymodal Exp.  MLT
(19%) (1.7%)
and collapse
Two nucleation events
Ph-2-1d-5x 3b 2 10032 41 27 5.3x10° 7.7x10° - - 556 1.8E-03 24 4.3E-02 0.018 Polymodal ~Exp. |modified by coalescence MLT
and collapse

Legend: #= number of measured vesidjes vesicularity;x = mafic crystallinity; N = vesicle number density;,Ne mafic crystal number density (vesicle-free);, ¥
pyroxene number density (vesicle-free);, ¥ magnetite number density (vesicle-free); G mamgrowth rate; T= timescale of nucleation and dghouw, = initial bubble
nuclei; Nt = total vesicle number density; L= vdsidominant diameter; VVD = Vesicle volume disttibm; CVSD = Cumulative vesicle size distributid®yD = mafic
crystal volume distribution; CCSD = Cumulative neadirystal size distribution. Exp. = Exponentialnale PL = Power-law trend. MLT = Multiple nucleatiamd growth;
CN = Continuous nucleation. See text &mpendix H for more explanation and texture type nomenclature
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Each textural type shows a distinctive shape of Y¥mulative vesicle volume distribution
(CVVD), VSD, and cumulative vesicle size distrilmuti (CVSD) fig. 6.3; Table 6.2;
Appendix H.3.1 and H.3.5). All VSD show a nearly linear segment for the Brmasicle-
class sizes, followed by a flat tail at larger sjza pattern best developed in the L-Mgt
samples. Estimated GT (G: mean growth rate; T: scae of nucleation and growth) is in
the order of 4%um for the expanded samples (L-Mgt foamy and fl)idald 10um for the U-
Mgt microfluidal clast, whereas the estimated alitiumber of nuclei per chincreases from
18 in the L-Mgt to 21 in the U-Mgt.

The mafic crystal size distributions of all sampéee very similar, with polymodal crystal
volume distributions (CVD), stepped crystal sizstabutions (CSD), and cumulative crystal
size distributions (CCSD) reflecting two to thregstal size populations and dominant mafic

crystal diameters in the order of fith (Appendix H.3.1).

Volatile content obtained of melt inclusions: FTIR spectra were obtained from both sides
of five double-exposed glass inclusions hostedimoeand-orthopyroxene crystals from the
L-Mgt (Chapter 2.2.6; Table 6.3; Fig. 6.4; Appendix I). Glass compositions were measured
with electron microprobe from 25 inclusions withihre five crystals, varying from 65 to 73
wt.% (normalized), with densities between 2.51 a6 gcmi®. Dissolved total KO content
calculated from the absorption peak at ~3550*cranges between 2.1 and 5.2 wt.%.
Molecular HO content calculated from the absorption peak &381cm' ranges between
1.0 and 2.4 wt.%. FTIR spectra were obtained frenes inclusions within orthopyroxenes
of the U-Mgt and electron microprobe glass compmsst were obtained in six inclusions,
ranging from 67 to 68 wt.% (normalized); correspogdylass densities vary between 1.2 and
3.58 gcm*. Calculated total kD content vary from 1.2 to 3.6 wt.%, with molecut&O
ranging between 0.3 and 1.9 wt.%ppendix I).

Variation of silica concentration of glass inclussowithin a single crystal are related to the
position within the crystal, with compositions irasingly evolved towards the outer rim,
consistent with crystallization of the host durimglt evolution (c.f.Blundy and Cashman
2001)). Variations of volatile content in the L-Mgt salep correlate with inclusion shape,
with highest total KO obtained in rounded inclusions and lowest vafoes irregular and

cracked inclusions, which might have leaked (G4if 1993.
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Table 6.3 Summary of microprobe and micro-FTIR analyses a$glinclusions for the Mangatoetoenui Unit.

> & & oz
= H,0 o T G
2% e 55 s
Sample Host 835 totall kzOlNcle Observations §&2 S E
runs o s @ 1630 35 23
® 3550 2 =| &
(6] ’q_) 3 =
=
Lower Mantatoetoenui Unit 1120
0.4-
Residual Melt 2.8 05
1Xb-4-1 Opx 2* 7035 0.63 1358 430 0.11 096 278 377 322 031 252 525 241 Rounded 2.4 192 7 0.6
IXb-11-1 Opx 2* 6761 0.78 1546 3.84 000 1.12 413 375 3.05 0.25 255 2.06 1.26-1.64 Leaking 25 42 2 0.6
IXbX2 Opx 5 6849 0.63 1464 463 0.09 112 327 327 352 034 255
IXbX3 Cpx 3 6848 0.82 1485 4.09 0.01 103 310 337 382 043 254
IXbX4 Opx 3 7034 0.73 1366 431 0.09 093 3.00 3.67 304 023 253
IXbX5 Cpx 8 6854 0.78 1453 4.05 0.07 111 354 365 339 035 254
IXbX9 Cpx 3 69.01 0.63 1430 4.16 011 114 366 352 325 024 254 326 1.19 Irregular shaped 25 91 3
IXbX10 Cpx 3 6959 0.81 1409 3.88 0.05 114 342 382 297 024 253
Average 25 69.05 0.73 1439 416 007 107 336 3.60 3.28 030 254 25
1X-1-1 Cpx 2 340 1.09-1.41 Elongated, cracked 98 4
1X-6-1 Cpx 2 2.76 1.03-1.34 Subangular 69 3
Upper Mantatoetoenui Unit
Residual Melt 2.8 0.5
IXe-2-1 Opx 1* 66.72 1.01 1484 466 002 152 438 375 272 037 254 1950.72-0.93 Irregular shaped 25 38 1
Xe-8-3 Opx 1* 66.98 0.85 14.43 505 004 151 366 396 3.00 051 253 179 0.98-1.28 Rounded 25 32 1
IXe-2 Opx 3 6769 0.88 14.76 431 014 121 384 377 301 040 256
Ixe-8 Opx 3 66.96 0.78 1542 437 004 127 381 359 338 038 255
Average Opx 6 67.09 0.88 14.86 460 0.06 1.38 3.92 377 3.03 042 255 25
IXe-1-1 Opx 1* 2.50 1.2-1.36 Irregular shaped 59 2
IXe-3-1 Opx 1* 1.22 0.29-0.37  Rounded 16 1
IXe-4-1 Opx 1* 1.82 0.37-0.48 Rounded 34 1
IXe-8-1 Opx 1* 3.58 1.47-1.91  Rounded 106 4
IXe-8-2 Opx 1* 2.04 0.63-0.82  Subrounded, elongated 41 1
Shawcroft Eruptive Unit 1013

Chemical data are given in wt.%:®l contents measured at 3550 and 1630 ame given in wt.%. Calc.
Saturation P = Calculated saturation pressure iitig Newman and Lowenstern (2002Falc density =
calculated density based on glass composition.
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Figure 6.4 Mid-Infrared spectra obtained using an FTIR micoge in glass inclusions hosted in Cpx and Opx
within the Mangatoetoenui (Mgt) eruptive urad: total spectra showing the main peaks of total mwdecular
water;b) filtered data showing those spectra that are dfé@oise”. Y-axis corresponds to absorbance (8t n
to scale (See appendix A for absorbance valuesdofidual spectra).

Within the U-Mgt, rounded inclusions of similar gtacomposition have variable volatile

contents, suggesting polybaric crystallization.(Btundy and Cashman 20P1Therefore,

the values reported here must be regarded as enmemd the best approximation of the total

H,O content during pyroxene crystallization could®2 wt.% in the L-Mgt, and 3.6 wt.%

for the U-Mgt.
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Interpretation: the glass inclusions have higher silica contentn tigroundmass glass
(Chapter 5.2.1), which is counter the expected crystallisatioddiced evolution in these
composition magmas. Hence, the FTIR results cabrotegarded as pre-eruptive volatile
contents, but instead provide information of a @xesting, evolved storage system located at
minimum depths of 7 km (for L-Mgt) and 4 km (for Mgt), where the pyroxenes
crystallized. These pyroxenes were later carridd the erupting magma on its way to

eruption.

Although the VSD are exponential, the moderateckesiumber densities of 1@m* and
higher mafic crystal number densities(Nuggest that heterogeneous bubble nucleatian (c.f
Mangan and Sisson 200@as predominant. This is confirmed by magnetitmber densities
as high as T@m?® and in agreement with observations made from abp#oalysis in thin
sections [Fig. 5.5; Appendix D.1), where oxides are completely embedded withinclesi
The foamy and fluidal textural types of the L-Mgtitusuggest very dynamic flow conditions
in comparison to the microfluidal U-Mgt and, in geal, L-Mgt lapilli textures and glass

composition indicate it had a lower viscosity titha U-Mgt melt Appendix H.4.1).

The main difference between textural types withiMgt may relate to the mafic crystal
content and number densities. The foamy lapillituses indicate one nucleation event
modified by coalescence and hindered growth presgsshereas the coarsely vesicular
fluidal lapilli textures with polymodal VVD had miyble nucleation phases and growth
processes. L-Mgt textures indicate that coalesceraseresponsible for the final vesicle size
distributions. Local vesicle shearing resulted fralfferential expansion (yz views in

Appendix H.4.1) where vesicle growth deformed the surrounding.mel

The analyses of U-Mgt micofluidal lapilli have angle mode of the VVD, steep CVVD,
nearly linear VSD, and exponential CVSD. Hence,mgls nucleation and growth event
rapidly following decompression (c.f\lavon and Lyakhovsky 1998; Lyakhovsky et al.,
1996; Gardner et al., 19P8xplains most of these features. A second vepuilation may

also occur due to coalescence, producing the ir@igSD and CVSD. However, this is
outside the detectable upper-limit of the subvolsimiehe U-Mgt greater crystal content
compared to L-Mgt probably restricted bubble gravabntributing to the overall increase in

viscosity.

Microtextural variations found within any stratigiac level give hints on conduit processes,

whereas variations with stratigraphic position ifird_-to-U-Mgt) indicates variation in
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vesiculation and degassing processes with timebRudiffusion and expansion processes
occurred differently across the conduit during th®igt phase. A single bubble nucleation
and growth is favoured in the central, rapidly aslieg, crystal-poor magma where bubbles
grow under high decompression rates. Multiple stagfjdubble nucleation and growth occur
in crystal-bearing portions closer to the condugtrgin where interaction with other bubbles
and phenocrysts complicated expansion. In thesgesldse sites, bubble elongation and
shearing is promoted, and crystals provided mdeet¥e sites for bubble nucleation. This is
in agreement with observationskiug and Cashma(1994, who found different VVD and
VSD within samples of the same deposit, suggeslifigrent eruption paths, ascent rates and

exsolution rates within the conduit.

During the short repose time between L-and-U-Mgjtgpters 4, 5) most of the magma was
subject to a slower decompression rate or expexeerec shallow arrest. Degassing was
enhanced, allowing extensive crystallisation anttaasing magma viscosity. Vesiculation
occurred as a single, late event under fast deassjmn and bubble growth was highly
restricted by crystals. Predominantly long-axiscksa in feldspars parallel to vesicle
elongation, similar to those reported Bgnnedy et al., (2005)ndicate that under rapid
decompression the magma near the conduit wall deessed laterally, with fractures

opening parallel to the conduit flow.

6.2.2 Shawcroft Eruptive Unit Pumice textures

Density and porosity: the Shawcroft (Sw) lapilli from the Plinian phaseabyzed for
porosity and density measuremempendix G; Table 6.1; Fig.6.5) show similar average
values at the bottom and top of the deposit. Thie ébensities span a greater range from 0.19
to 2.81 gcm® (average = 1.27-gm°) at the base, compared to 0.88 to 1.2 at the top
(average = 1.23-gm™). Bulk porosities range between 48 and 95 % ab#se of the deposit
(average = 63.5%), with onlyl8 % isolated pores. At the top of the lapilli bdulilk
porosities range from 46 to 72 % (average = 62.1vth <9 % isolated porosity.

Bulk density Fig. 6.5a) and porosity Fig. 6.5b) distributions within Sw samples have
narrower peaks, and are more symmetric than thbdeedMgt unit. The connected porosity

distribution Eig. 6.5¢) is asymmetric, positively skewed, with a distinobde around 70 %,
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and the isolated porosity distribution is polymgdahd negatively skewedrig. 6.5d).
Connected porosity is directly correlated with bgpiarosity, independently of the pumice
texture Fig. 6.5e). All porosities, and particularly the isolatedrgsity, are lower than in the
Mgt samplesTable6.1).
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Figure 6.5 Porosity and density frequency distributions wittiie Shawcroft Lapilli. The individual parameters
were obtained from measurements &f:bulk sample volume and envelop density;connected + isolated
porosities relative to the bulk sample volurdeskeletal densityd) solid density determined in crushed samples;
€) comparative plots of individual parameters agamgk porosity. Black histograms illustrates alhgdes
measured (n=98), dark blue are basal samples,y@mdare from the top of the fall deposit.
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3D-Textures. two samples were selected for X-ray scanning: Sv245 represents the
microvesicular texture Fig. 6.6a-d), with 59 % vesicles and 6 % mafic crystalsq®6
felsic); and Sw-5b-4 is a sample of tdense end-memberHKig. 6.6e-h), with 51 % vesicles
and 7 % mafic crystals (¥5 % felsic) (AppendicesH.3.2, H.4.2).

Both types show very similar, small, dominanthegular vesicles of 80-18@m in diameter

in 2D orthoslices. Different degrees of coalescdanag contrary to Mgt, no complete shape
relaxation is evident. Pore aperture widths vatyveen ~44 to 18@um. As seen in 2D thin
sections, vesicles are irregular and elongatedassagally terminating in a tear or V-form
(Fig. 6.6b,f). Vesicle outlines are sharp and irregular dukigi plagioclase phenocryst and
microlite content compared to Mgt samples. Vesieddls are significantly thicker than Mgt
samples and vary from flat to slightly curved. et feldspars and clinopyroxene crystals
are common Kigs. 5.15c; 6.6c, g), and are filled with thin melt fibers (glass) asmall

vesicles in some casesppendix H.4.2b).

The textural parameters of merged subvolumieable 6.2) of each sample have similar
characteristics to the individual subvolumé@gpendix H.3.2; Fig. 6.7). Total vesicularity is
significantly lower than foamy and fluidal texturebserved in the L-Mgt, and more similar
to the microfluidal clast analyzed from the U-Mdix is one order of magnitude higher
(7x1& cm®) than N in the Sw microvesicular lapilli, but similar to, M the dense Sw type.
Each textural type shows a distinctive VVD, CVVD$SW, and CVSD shapéig. 6.7). The
VSD of the microvesicular type shows an inflecttomwards higher In() values at smaller
sizes, a linear portion for vesicles 55-1#8, and a long, flat tail for larger vesicle siz€ke
CVSD is exponential. On the other hand, the VSEhefdense clasE(g. 6.7c) shows a flat
tail for vesicles larger than 130n. The CVSD Fig. 6.7d) is steep and follows a power-law.
Estimated GT is in the order of 48n for the microvesicular clast and fufin for the dense
clast, whereas the estimated initial number of &iymér cniincreases from 18 at the base of
the deposit to 20 at the topgble 6.2).

The crystal size distributions of all samples shpmlymodal CVD, stepped CSD, and power-
law CCSD reflecting two to three crystal size papioins Appendix H.3.2).
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Sample Sw-5b-2b (Microvesicular) Sample Sw-5b-4 (Dense)

Figure 6.6 Reconstructed X-ray images as orthoslices andereddsubvolumes of two different texturaesd)
porphyritic, microvesicular pumice clasg-lf) porphyritic, microlite-rich, dense clast; noteethbresence of
micro jigsaw feldspars (arrow iy g); a-d are synchrotron images (1 pixel = 4u81), ande-h are computed
micro-CT images (1 pixel = 4 4m).
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Volatile content obtained in melt inclusions. FTIR spectra were obtained from both sides
of 14, double-exposed glass inclusions hosted imo-@nd-orthopyroxene crystal§ gble

6.4; Appendix |; Fig. 6.8). Glass compositions were obtained using electnicroprobe
from 16 different inclusions, varying from 64 to At.% SiGQ (normalized), with
corresponding glass densities between 2.49 and @d3°. Only considering the spectra
with minimum noise, dissolved total,@ content calculated from the absorption peak at
~3550 cnit ranges between 1.3 and 5.4 wt.%. Molecula® Hontent calculated from the
absorption peak at ~1630 ¢manges between 0.5 and 1.9 wt.%.

Table 6.4 Summary of microprobe and micro-FTIR analyses asginclusions for the Shawcroft eruptive unit.
Chemical data are given in wt.%;®l contents measured at 3550 and 1630 are given in wt.%.

= Lo - —
2 Ho s ¢ 2E 3
Sample Host () § (et |30 i) @ Observations s B B =g
runs @ S @ 1630 é 5 EZ ¢
| s |8 |IES =
3 g SEE |2
- |8
Shawcroft Eruptive Unit 1013
Residual Melt 28 0.5
Swa-1-3 Opx 1* 6447 096 1584 564 001 173 449 391 273 0.21 255 179 0.75-0.97 Subangular 25 32 1 0.5
Swa-3a-2 Cpx 1* 7284 0.76 12.13 352 006 0.74 217 3.44 408 025 249 258 1.18 Rounded 2.4 61 2 0.7
Swa-5-1 Opx 1* 7087 0.56 13.83 3.26 0.20 0.68 246 3.98 3.76 040 250 3.30 0.77 Irregular/cracked 2.4 92 3 0.7
Swa-5-2 Opx 1 70.83 0.66 13.85 3.47 0.05 092 260 4.12 344 0.07 251 Rounded, cracked 2.4
Sw-12a-1 Opx 1* 66.23 0.95 1550 4.54 000 157 423 439 228 032 258 1.81 0.59-0.76 Irregular, cracked 25 33 1 0.6
Swa-1 Opx 4 6530 1.02 1499 562 016 151 415 383 310 0.32 260
Swa-5 Opx 6 70.15 0.62 1425 363 010 0.83 288 3.90 348 0.16 252
Swa-13 Opx 4 67.70 0.79 1519 3.88 016 127 3.79 399 295 027 255
Average 14 68.55 0.79 1445 420 0.09 116 335 395 323 025 254 25 0.6
Swa-1-1 Opx 1* 1.30 0.46-0.59 Elongated, close to crack 18 1
Swa-1-2 Opx 1* 1.27 0.46-0.59 Rounded, small, close to crack 17 1
Swa-3a-1 Cpx 1* 5.42 1.91 Rounded, close to crack 198 7
SwA-9a-1 Cpx 1* 5.04 159 Irregular shaped 178 6
SwA-9a-2 Cpx 1* 4.70 1.16 Small. Rounded 161 6
Sw-13a-1 Opx 1* 1.79 0.54 Rounded, close to crack 32 1
Sw-13a-2 Opx 1* 2.84 0.62 Elongated, close to crack 71 3

Some of the crystals are zonegsppendix |) and more mafic glass-inclusion compositions
occur towards the outer rim of the crystal. Althbugscillatory zonation is common in
plagioclase and resorption borders are frequetoth feldspars and pyroxenesSppendix
D.2), without a detailed study of the mineral chenyistris impossible to determine whether
reheating of the melt occurred, or simply convettad crystals within the reservoir (e.g.,
Murphy et al., 2000 Lower volatile contents were obtained in inotuns close to crystal
cracks, indicating possible leaking (c.fowenstern 1995, Frezzotti 20010verall, glass
inclusions of similar composition gave variable evatcontents, suggesting polybaric
crystallization occurred (c.fBlundy and Cashman 200IThe minimum value of total 1D

in the magma were pyroxenes crystallized is 5.40wt.
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Figure 6.8 Mid-Infrared spectra obtained in glass inclusibosted in Cpx and Opx within the Shawcroft (Sw)
eruptive unit:a) total spectra showing the main peaks of total mnadecular waterp) filtered data showing
spectra free of “noise”. Y-axis corresponds to abaoce (*), not to scale. See appendix A for irdiinal values.

Interpretation: the more evolved composition of the glass inclusiorlative to the
groundmass glas€hapter 5.2.2) indicates eithera) phenocrysts coexisted with a rhyolitic
melt early in the magmatic history and were lat@rapped within the erupting Sw magma,
or b) post-trapping evolution occurred, including melstallisation or chemical exchange
with the host crystal (c.fErezzotti 2001 Detailed analysis of inclusions would need to be
undertaken to prove either hypothesis, but in eittese, the water contents measured by
FTIR cannot be pre-eruptive volatile contents, bather give information about the
entrapped melt at the moment of pyroxene crystaita.

Both microvesicular and dense Sw lapilli textureggest that vesicle growth and shapes
were highly restricted by other vesicles and cigst&Refolded vesicle shapes suggest
multiple stages of deformation before fragmentati@Gompared to Mgt-foamy and fluidal
types, the irregularity of vesicle shapes and ieker vesicle walls of Sw samples suggest a
longer degassing history in the latter before fragtation. This interpretation is also
supported by the presence of microlit€sg( 5.13), which commonly form in response to
degassing during decompression (&fyg and Cashman 1996tammer et al., 1999High
viscosity is additionally suggested by high averdgék densities and low average bulk
porosities Table 6.1), as well as the wide range of connected poroBigymeable gas escape
was also responsible for local vesicle collapses marrow density and porosity distribution
modes suggest that the magma was, not only chdynlwatl also physically homogeneous,

under a uniform state of degassing, crystallizatesmd with a uniform ascent rate.
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The main difference between textural types withie Ehawcroft unit corresponds to different
Ny at similar vesicularity. The significantly largll of the microvesicular type is correlated
with a more complex bubble growth process, whidiuded hindered growth, coalescence
and minor collapse. The last two processes areatetl from inflections in the VSD and
CVSD (Figs. 6.7c, d). The dense type show more heterogeneity betwedividual
subvolumesAppendix H.3.2). Coalescence appears to be responsible for adroaode in
VVD, the inflection of the CVVD, and the flat tadf the VSD curves (c.f.Cashman and
Mangan 1994Mangan and Cashman 1996; Klug et al., 2002; Adana&,e2006 Polacci et
al., 2008, Shea et al.,, 2010However, both VSD and the power-law CVSD areoals
consistent with a single stage of nucleation. Ims®f the subvolumes a slight shift of the
CVVD to coarser vesicles might result from hindemgebwth or ripening effects (c.f.,
Cashman and Mangan 1997 he local effects of vesicle collapse might bsponsible for
the “shrinkage” of the CVSDHg. 6.7d), which shows a “sigmoidal” shape (c$hea et al.,
2010. Therefore, variations between subvolumes ofrdquéar sample are probably dictated

by the local effect of bubble ripening/hinderedwtio, coalescence, and local collapse.

Contrary to the Mgt unit, the Sw samples indicatoammon degassing path for most of the
magma body, which ascended at relatively constate. rThese conditions favoured
continuous bubble nucleation, but growth was hidinlyted by crystal content andNunder

decompression rates lower than Mgt eruption. Coalese was prompted without enough

time for relaxation, and where local permeable patveloped, bubble collapse occurred.

Similar to Mgt, the presence of cracks within phagsts indicates a very late decompression
wave, the volumetric expansion of the entire migfland the rapid quenching of the magma
shortly after crystal breakage. Considering thehérgecrystallinity and microlite content in
Sw samples, volatile loss could have acted as db&sk mechanism allowing over-
pressurization of small, constrained bubbles, wimhid not relax under high decompression
rates (c.f.,Dingwell 1996; Deubener et al., 2003fragmenting the magma at lower
vesicularities compared to Mgt (c.&pieler et al., 2004a.b
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6.2.3 The Oruamatua Unit pumice textures

Density and Porosity: the Oruamatua lapilli clasts from the Plinian gh@&ppendix G;
Table 6.1; Fig.6.9) have the lowest connected porosities and isoladedsities of all studied
units. The average bulk density varies from 1.23n in the L-Oru, to 1.13-gm?in the M-
Oru, returning to 1.29-gm™in the U-Oru. Bulk and connected porosities areltheest in
the L-Oru (55 and 53 %, respectively) and reachimar values in the M-Oru (63 and 61
%, respectively), before returning for the U-Orid @nd 55 % respectively).

Bulk density Fig. 6.9a) and porosity Fig. 6.9b) distributions within Oru samples have
weakly defined peaks, reflecting a physical hetensgty. Bulk density and porosity
distributions are nearly symmetric. Connected poyafistribution is nearly symmetric and
ranges between 60 to 75 %id. 6.9c), with isolated porosityKig. 6.9d) <7 %. There is a

positive linear correlation between connected arlll porosities Fig.6.9e).

3D-Textures. three samples from the M-Oru bed were scanned, toneepresenta)
microfluidal lapilli with 50 % vesicles and 3 % mafic crystais 10 % feldspars); b)
micr ofibrous lapilli with 51 % vesicles and 9 % mafic crystéls 10 % feldspars); andc)
microvesicular-dense pumice clasts with 52 % vesicles and 5 % maficstalg ¢ 22 %
feldspars) (Fig. 6.10; AppendicesH.3.3, H.4.3).

All the samples are very finely vesicular, coargetyphyritic, and contain highly irregular
vesicles with sharp edges. Microfluidal lapilli teses Appendix H.4.3a) are characterized
by anomalously large, irregularly shaped pofgg.(6.10a, c), the thickest vesicle wall$(g.
6.10b) and the largest modal vesicle diameter (if)). Microfibrous lapilli Appendix
H.4.3b) have the thinnest vesicle walls and the largestANy. 6.10f). Microvesicular-dense
clasts Appendix H.4.3c) have the most distorted and smallest pores tegettih the lowest
Ny (Fig. 6.10j). In all cases, feldspar and pyroxene phenocristsv cracks both parallel
(Fig. 6.10g, yz view in Appendix 4.3b) and perpendiculai~{g. 6.10f, j) to the crystal long

axes.

Samples are homogeneous and merged subvolufmase(6.2; Fig. 6.11) match the
distributions from individual subvolume#ppendix H.3.3), except for the microvesicular

textures. In the latter case, advanced coalesdsnadicated by the broad VVD mode in the
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merged volume Kig. 6.11a), which masks the polymodal VVD seen in individual

subvolumesAppendix H.3.3).
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Figure 6.9 Porosity and density frequency distributions withiiie Oruamatua eruptive unit. The individual
parameters were obtained from measurements) dfulk sample volume and envelop denshiy;connected +
isolated porosities relative to the bulk sampleuva;c) skeletal densityd) solid density determined in crushed
samples;e) comparative plots of individual parameters agailmstk porosity. Black histograms are for all
analyses (n = 99), while others show the individaradlyses from the different stratigraphic possion

In general, total vesicularity and mafic crystahtamt is similar to the dense lapilli of Sw and

all samples have small modal vesicle diameters-b® fm. N, (2-5x10 cmi®) is similar to

Sw, decreasing with increasing total vesicularfy. are one order of magnitude higher
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(vesicle-gree) than N1-2x10 c¢cm®) an order of magnitude larger than. Wifferences in
VVD, CVVD, VSD, and CVSD shapes between clast typesless obvious than in previous

units.

Sample M-Oru-2a Sample M-Oru-3a Sample M-Oru-4a
(microfluidal) (microfibrous) (microvesicular)

Figure 6.10 Reconstructed X-ray images as orthoslices and reddaibvolumes of three different texturas
d) microvesicularg-h) microfibrous;i-1) dense. All samples were scanned withtbd (1 pixel = 3.5, 3.1, and
4.2 um respectively).
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Figure 6.11 3D Quantitative results for) vesicle volume (VVD)(b) cumulative volume (CVVD)(c) vesicle
size (VSD), andd) cumulative vesicle size (CVSD) distributions ohtad fromu-CT.

The main variations arise in the VVD shape; uninhadahe microfluidal clast, skewed in
the microfibrous lapilli, and bimodal to polymodalthe microvesicular clask{g. 6.11a, b).
All the VSDs §ig. 6.11c) have a flat tail (>80um), and all CVSD FKig. 6.11d) are
exponential. Estimated GT values vary from 9 tout, being lower in the crystal-rich
microfibrous clast and consistently higher in tledatively crystal-poor, microfluidal clast

(Table 6.2). Initial number of nuclei per ctis nearly constant for all samples (21).
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Similar to previous units, the mafic crystal sizstiabutions of all samples are very similar,
with polymodal CVD, stepped CSD, and power-law CG8fecting multiple mafic crystal-
size populations with a modal diameter ofpih (Appendix H.3.3). There is also a separate
population of anomalously large phenocrysts (>[d0in the microfluidal and >350Qm in

the microfibrous clast).

Volatile content of melt inclusions: FTIR spectra were obtained in 12 glass inclusions
hosted in clino- and- orthopyroxene crystals pickedn the M-Oru lapilli bed Table 6.5;
Appendix |; Fig. 6.12). Glass compositions using electron microprobeewsstained for 9
different inclusions, varying from 65 to 70 wt.%(gi(normalised), corresponding to glass
densities between 2.51 and 2.66ng". Only considering the spectra with minimum noise,
dissolved total KO content calculated from ~3550 ¢npeak ranges between 0.7 and 1.8
Wt.%. Molecular HO content calculated from the absorption peak #@381cm' ranges
between 0.2 and 0.8 wt.%.

Table 6.5 Summary of microprobe and micro-FTIR analyses @sglinclusions for the Oruamatua eruptive
unit. Chemical data are given in wt.%.

I
o

H,O mol @

Sample Host Observations

runs 1630

Calc Density
[g/lc m?
[g/cm?]

[Pa*s]

Temperature °c
geothermometer)
Liquid density
Calc. Saturation P
saturation depth
Tkm1
Melt viscosity

Oruamatua Eruptive Unit 974

Residual Melt 2.7 0 0.7
Oru-2-1 Cpx 2* 7003 0.69 13.69 393 0.00 099 263 4.03 368 032 252 172 0.42 Rounded, cracked 2.7 32 1 0.6
Oru-13-1 Opx 2* 69.02 1.12 1387 426 0.06 118 314 3.75 337 023 254 153 0.80 Subrounded 25 26 1 0.6
Oru-13-2 Opx 1* 69.15 0.94 13.05 438 0.02 147 373 3.66 336 024 255 138 0.61 Irregular, with oxide 25 21 1 0.6
Oru-5 Opx 1 7042 0.76 13.84 355 0.08 066 269 382 378 040 251 0
Oru-15 Opx 2 66.37 0.81 12.05 5.03 014 330 578 344 275 0.34 258 0
Oru-16 Opx 1 68.63 0.84 14.60 441 006 080 3.00 375 376 0.15 255 o
Average 9 68.94 0.86 13.52 426 0.06 140 350 374 345 0.28 254 25 0
Oru-4-1 Cpx 1* 0.95 0.24 Irregular shaped, thin, external 10 0
Oru-4-2 Cpx 1* 1.69 0.70 Elongated inner 31 1
Oru-5b-3 Opx 1* 0.66 0.23 Small, rounded 5 0
Oru-17 Cpx 1* 1.84 0.58 Small, rounded 36 1

The data show a decrease in volatile content veitet silica-content in glasg éble 6.5)
and inclusions are more mafic in the interior gkato the crystal rimAppendix 1). These
results are consistent with concentration of vidatin the residual glass as crystallization
proceeds during magma evolution (cSignorelli et al., 1999; Blundy and Cashman 2001;
Frezzotti 200} The minimum value of total #D in the magma were pyroxenes crystallized
is 1.8 wt.%.
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With similar glass composition, inner-crystal ingilons have higher volatile contents than
those near the rim, which could indicate degassmgariation due to analytical limitations of

small-sized inclusions.

(3 M-Oru (b M-Oru
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Figure 6.12 Mid-Infrared spectra obtained in glass inclusitwsted in Cpx and Opx within Mid-Oruamatua
eruptive unit:a) total spectra showing the main peaks of total mmudecular watemb) filtered data showing
those were “noise” was less present. Y-axis comaedp to absorbance (*), not to scale (See appehdor
absorbance values of individual measurement).

I nterpretation: contrary to previous units and based on groundrclaesical dataGhapter
5.2.3), measured volatile content in the Oruamatua likely corresponds to the original
minimum, pre-eruptive conditions (1.8 wt.% of totslO). Alternatively, if groundmass glass
high silica content is only due to the higher miiteo content relative to older units,
differences in melt composition relative to Mgt é&&a@ may be only due to shallow conduit
crystallization. Based on thermodynamic models exgerimental data of @ solubilities

in rhyolitic melts presented biylolloway and Blank (1994)Wallace and Anderson (20Q0)
and following Newman and Lowenstern (2002pru inclusions appear to be degassed or

indicate a minimum pre-eruptive storage depth kinl(T able 6.5).

More evolved melt chemistryChapter 5.3.3) and larger crystal content relative to Mgt and
Sw suggest Oru magma was relatively more degasdexte vesicle growth and shape were
highly affected by neighbouring vesicles and crgstdahe high microlite content, distorted

vesicle shapes and thick vesicle walls suggestfgignt degassing before fragmentation. All
data is consistent with a single stage of nucleatiad growth for the microfluidal and

microfibrous samples, and at least two nucleatiages for the microvesicular clast (best
represented in the individual sub-volumAgpendix H.3.3). Coalescence is responsible for

broad modes in VVD, the inflection of the CVVD (paularly in the dense clast), and the
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flat tail of the VSD curves. Vesicle collapse imat from qualitative observations is
represented by stepped curves in the CVSD of mimmis and microvesicular clastsig.
6.11d), suggesting advanced permeability (cilug et al., 2002 Within the M-Oru, the
main difference between textures was due to hedemmus bubble growth mechanisms.

The Oru magma was more complex than that of thexSity due to more effectively packed
gas-pockets within highly elongated vesicles. Shgaof vesicles could cause segregation of
portions of different ascent rates, especially talsdahe conduit walls. Similar processes have
been documented for other volcanoesRust and Mang&002), Rosi et al(2004), Sable et

al. (2009, and Wright and Weinber§2009. Anisotropic vesicle shapes suggest lower
percolation thresholds than previous units (i.enimum vesicularity at which a connected
pathway developsKiug et al., 2002 Rust and Cashman 2011Also, a “wormy” network
(c.f., Mangan and Sisson 2000f pore-spaces suggests slower decompressiosn aatyor
bubble collapse relative to previous eruptions. dhservations of glass chemistry angDH
contents indicate very complex, probably polybamgstallization, either with or without
decompression, and microlites forming during syupéve degassing. This is supported by
the polymodal CSD and CCSB gpendix H3.3) indicating multiple crystal nucleation and

growth events.

The Oru textures suggest that shear strain ratgerldhan relaxation rates favoured the
fragmentation of the partially-degassed magma (#ghlowest porosity of all studied units;
Table 6.1). An analogous model has been experimentally amdenically described by
Dingwell (1996), Deubener et al. (2003), and Whgton et al.(2009. A very late
decompression wave and vesiculation is also ingli;atllowing time for melt migration into

cracks within crystals, followed by expansion slydoefore quenching.

6.2.4 The Okupata tephras pumice textures

Density and porosity: the macrotextural observations expose@lvapter 5.4 for the Lower
(L-Okp) and Upper (U-Okp) Okupata tephras are dwrated by Gas-pycnometry data
(Appendix G; Table6.1; Fig.6.13). For these fall deposits, higher bulk densitig.(6.13a)
occurred in the basal deposit (1.1%ng%) than the uppermost deposit (0.9Zmg"),
reflecting higher bulk Kig. 6.13b), connected Kig. 6.13c), and isolated Kig. 6.13d)
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porosities in the latter. Density and porosity rilttions are asymmetric with bulk density
and isolated porosity being negatively skewed, evtiillk and connected porosities are
positively skewedKig. 6.13e).
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Figure 6.13 Porosity and density frequency distributions withhe Okupata-Pourahu eruptive unit. The
individual parameters were obtained from measurésnef a) bulk sample volume and envelop densty;
Connected + Isolated porosities relative to thekbsdmple volumec) skeletal densityd) solid density
determined in crushed samples; comparative plots of individual parameters agamsk porosity. Black

histograms are for the total sample (h=60) andwetmded distributions are for Lower (L-Okp) andpégp (U-
Okp) subunits.
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In general, all the parameters show narrow peaksep the connected porosity, which is
wider and polymodal in the L-Okp tephra, and pwsly skewed in the U-Okp tephr&ig.
6.13c). The isolated porosity of L-Okp tephra is bimqgdahich is also seen in plots of
isolated vs. bulk porosity=(g. 6.13d, e).

3D-Textures: due to the heterogeneity of textures within thist,ufive samples were
analyseda) microvesicular-to-dense texture within the L-Okp (sample Ph-16aith 53

% vesicles, 4 % mafic crystals, and a microlitictmxa(Fig. 6.14a-d; Appendices H.3.4,
H4.4a); b) two lapilli (samples B53-Phl6l1lc-6a and B50Phl6p+&present the U-Okp
dense, coarsely porphyritic texture, with total vesiautha of 32 and 61 % and total mafic
crystallinity of 17 and 19 %, respectivellyi§. 6.14e-h; Appendices H.3.4, H4.4b); andc)
two samples (B50-Ph2-16b-1 and B50Ph-2-1d) of sjpidrous-tomicrofibrous, coarsely
por phyritic textures within the U-Okp, which are characteribgdlLO to 5Qum ellipsoidal to
highly sheared and distorted vesicles of diffedengths Fig. 6.14i-n; Appendices H.3.4,
H4.4c).

Total vesicularity varies from 41 to 43 %, and kataafic crystallinity from 11 to 16 %.
Larger vesicles are irregular and formed by coalese of smaller vesicles: pore apertures
vary from ~14pm to 60um in width. In general, all samples are characteriby highly
distorted and sharp vesicle outlines, with conocaaét segments and V-shaped terminations
(Fig. 6.14c, f, m). Vesicle walls vary from straight to highly wrilekl (Fig. 6.14k, m), and
are the thinnest of all the textural types founthwi the Bullot FormationKig. 5.25). Glass
fibres are common into crystal cracksd. 6.14l; Appendix H4.4c). Both microfibrous and
dense end-members of the U-Okp deposit are cogosebhyritic with crystals between 280-

1000pm. Mineral phases are the same as in previous. units

Five analysed samples each show an internal heteetty Appendix H.3.4; Table 6.2;
Fig. 6.15) with individual subvolumes showing different VV®and VSD’s. For this case,
merging all data masks the internal textural dosakiowever, it is possible to recognize
regions with common characteristidsd. 6.15), corroborated by digitally coring one of the
samples into 20 different subvolumes (L-Okp samplppendix H.3.4). Individual and
merged subvolumes show polymodal CSD’s, stepped [E§Vand power-law CCSD’s
(Appendix H.3.4).

202



L-Okp: Ph-16a-5a U-Okp: B13-Ph-16-1c-6a U-Okp: B50Ph-2-1d
(microvesicular-dense) (Dense) (Fibrous-Microfibrous)

Alignment
b

Figure 6.14 Reconstructed X-ray images: a&t-d) microvesicular-dense clasts within the L-OkpCT scan 1
pixel = 4.2um); e-h) dense, coarsely porphyritic clasts within the Us@XCT scan 1 pixel = 4.am). Note the
typical micro-jig-saw structures in crystals (arrom g) and irregular voids with sharp edges surrounding
feldspars @). i-n) Microfibrous @): synchrotron: 1 pixel = 1.8m; e: uCT scan: 1 pixel = 2.qum), coarsely
porphyritic textures within the U-Okp, where vesilhave thin walls, commonly wrinkled (w); note the
glass films crossing cracked feldspdjsapd the alignment of small vesicles and micrasrys); typically, all
textures show highly distorted vesicles, many adl(r) and with pinched terminations (p).
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VSD'’s of both dense samples (B50Ph16b-3a and Bl&Rhéa) studied for the U-Okp are
exponential, with flat tailsHig. 6.15c) and the CVSD show steps offsetting the curve feom
perfect exponential-to-power-law trenig. 6.15d). CVVD are distinctive, with a concave-
up inflection Fig. 6.15b). The microfibrous samples (B50-Ph16b-1 and PhBxl)dshow a
distinctive polymodal VVD Fig. 6.15a), stepped CVVDFKig. 6.15b), VSD (Fig. 6.15c¢), and
concave-down (bi-partite) exponential CVSIPid. 6.15d) for individual and merged
subvolumes Appendix H.3.4). All samples from the U-Okp show two or more idist
populations within the CVD, with an anomalouslygarpeak at equivalent diameters >790

pum, and some subvolumes show power-law CCSppéendix H.3.4).

From all data, the total vesicularity varies ovewide range (32-61 %), and mafic crystal
content can reach the highest values seen (59%%imerged volumeippendix H.3.5). N,
also shows the largest variation of the studiedsyaid-10° cm?®, whereas Nremains within
the 16-10° cm® range Table 6.2). N, reaches the highest values in the microfibroustsla
(10° cm®). Differences in textures correspond to differ&AfD: a) flattened, broad to
bimodal for dense lapilli in the L-Okf) skewed and bimodal for the dense lapilli in the U-
Okp, with one population locally flattened and awel peak of large vesicles; awjl
polymodal for the microfibrous clasts of the U-Opg. 6.15a). This is also reflected in the
CVVD, where small inflections are common in the skerclasts and multiple steps, or
comparatively low slopes occur in the microfibralests Fig. 6.15b).

All samples have VSD highly offset from linear tdsnwith flat tails in the dense clasts, and
inflections towards steeper slopes at large siassels for the microfibrous type. The main
offsets from linearity occur for vesicles >1f (Fig. 6.15c). CVSDs are stepped, deviating
from typically smooth curves. Merged subvolumesdaté a predominant power-law CVSD
for the L-Okp sample, and exponential CVSD for theOkp samples. All CVSD have
steeper slopes at higher vesicle siZag@.15d). Estimated GT is 6-18m, and the estimated
initial number of nuclei per chivaries from 18 to 21 in the dense clasts and fr@ro24 in
the microfibrous clastsT@ble 6.2). For mafic crystals, all samples have polymoddDGand
power-law CCSD, with a distinctive population ofoamalously large crystals with modal
diameters of 119m (Appendix H.3.4).
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Figure 6.15 3D analysis results for) vesicle volume (VVD)(b) cumulative volume (CVVD)(c) vesicle size
(VSD), and(d) cumulative vesicle size (CVSD) distributions ohtd from Okupata Tephra samples. Note the
high textural heterogeneity within any single cla&trows mark steps in the CVVD curves, above which
coalescence occurs. Steps pointed with arrows D &% VSD mark more than one nucleation event.

Volatile content obtained from melt inclusions. FTIR spectra were obtained in 14 glass
inclusions hosted in clino-and-orthopyroxene cigstaf the L-Okp tephraT(able 6.6;

Appendix |; Fig. 6.16). Glass compositions analysed by electron mictogpneere obtained
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in 15 different inclusions from the L-Okp tephraarying from 67 to 72 wt.% SiO
(normalised); corresponding glass densities vatywéen 2.40 and 2.56@n>. Microprobe
analyses could not be completed in all the samiisians where FTIR spectroscopy was
carried out. Glass electron microprobe compositiamesmore mafic toward the core of the
crystals. Assuming a mean silica concentrationQoiv¥.% (normalised) and only considering
the spectra of minimum noisel'¢ble 6.6; figure 6.16a), dissolved total KD content
calculated from the absorption peak at ~3550" @h14 inclusions ranges between 1.4 and
5.4 wt.%. Molecular KO content calculated from the absorption peak &38Xcm' ranges
between 0.5 and 1.9 wt.%.

Table 6.6 Summary of microprobe and micro-FTIR analyses amsglinclusions for the Okupata Tephra.
Chemical data are given in wt.%;®l contents measured at 3550 and 1630 are given in wt.%.

H,0
total H,O mol @

@ 1630
3550

Sample Host
runs

Observations

Calc Density [g/cm?]
Temperature °c (2Px
geothermometer)
Liquid density [g/cm®]
Minimum saturation
depth [km]

Melt viscosity [Pa*s]

Calc. Saturation P

Lower-Okupata Tephra 977

Residual Melt 27 0.7
L-Okp-2 Opx 1 7137 050 14.48 288 0.00 049 270 4.02 356 0.01 250

L-Okp-3 Opx 2 7158 0.63 1397 3.10 0.08 056 253 3.69 379 0.08 250

L-Okp-4 Opx 7 7184 049 13.83 3.07 003 058 211 378 415 0.11 249

L-Okp-5 Opx 2 67.68 0.83 16.04 326 001 097 342 398 352 030 253

L-Okp-7 Opx 2 68.06 0.76 14.51 437 010 1.05 354 392 324 045 255

L-Okp-8 Opx 1 80.60 0.12 930 242 000 017 085 291 362 0.02 240

Avergage 15 7186 0.56 13.69 3.18 0.04 064 253 372 365 0.16 249 2.4 0.7
Okp-1-2b-1 Opx 1* 3.23 1.15 Irregular, angular 88 3
Okp-1-2b-2 Opx 2* 2.94 1.62 Irregular, angular, small 75 3
Okp-1-4b-3 Opx 1* 2.89 0.76 Rounded 73 3
Okp-1-4b-4 Opx 1* 3.06 1.33 Rounded 80 3
Okp-1-5a-1 Opx 1* 3.77 1.76 Irregular 113 4
Okp-1-10a-1  Opx 1* 3.58 1.33 Rounded 104 4
Okp-1-10a-2  Opx 1* 2.62 0.81 Rounded 62 2
Okp-1-10a-3  Opx 1* 3.76 1.08 Rounded 113 4
Okp-1-10a-4  Opx 1* 3.12 1.22 Leaking 83 3
Okp-1-10a-5 Opx 1* 5.44 1.90 Rounded 199 7
Okp-1-9a-1 Opx 1* 1.57 0.65 Irregular, thick 25 1
Okp-1-9a-2 Opx 1* 2.26 1.07 Elongated 67 2
Okp-1-9a-3 Opx 1* 1.39 0.52 Elongated, irregular 20 1
L-Okp-1 Opx 1* 3.60 1.00 105 4
Upper-Okupata Tephra

Residual Melt 2.7 0.6
U-Okp-3a-1 Opx 1* 7150 053 1431 291 016 053 264 372 355 015 249 348 1.16 Rounded 2.4 99 4 0.7
U-Okp-1 4 7235 0.65 1354 256 004 057 214 4.08 391 0.17 248

U-Okp-2 3 7159 0.71 1365 291 004 111 209 378 402 0.10 250

U-Okp-5 1 7151 065 1438 279 001 052 208 3.62 433 012 249

U-Okp-8 2 68.80 0.40 1595 212 004 125 296 4.42 389 0.18 251

Avergage 11 7115 059 1437 266 0.06 080 238 392 394 0.14 249 24 0.7
U-Okp-3a-2 Opx 1* 5.07 1.51 Elongated 179 7
U-Okp-5a-1 Opx 1* 2.81 1.28 Irregular 70 3
U-Okp-6a-1 Opx 1* 1.53 0.92 Elongated 24 1
U-Okp-6a2 Opx 1* 4.84 1.57 Small, rounded 167 6
U-Okp-10a-1 Opx 1* 1.20 0.45 Small, rounded 15 1
U-Okp-10a-2 Opx 1* 1.15 0.53 14 1

Together with the fact that pyroxenes are commaalged, this might suggest polybaric
crystallisation. Thus, the minimum,8 content in the magma producing the pyroxenes

crystallized was 5.4 wt.%.
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FTIR spectra were recurrently noisy for the U-Oky &ence, estimated volatile contents are

not precise. The only inclusion which could be bptlobed and analysed with FTIR is

rhyolitic and contains 3 wt.% of total,® (Fig. 6.16b).
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Figure 6.16 Mid-Infrared spectra obtained by microscopic FTitRglass inclusions hosted in Cpx and Opx
within the Okupata-Pourahu eruptive umi}:total spectra showing the main peaks of totalmotecular water;
b) in the U-Okp tephra measurements did not prodiEsncspectra and calculated volatile contents shiown
Table 6.6 represent rough estimations. Y-axis spwads to absorbance (*), not to scale (See appéndbr

values of individual measurement).

Interpretation: glass compositions within this uniClapter 5.2.4) indicate inclusions
remained in contact with the decompressing melil shiortly prior to the eruption (c.f.,
Stewart and Pearce 2004; Signorelli et al., 1998e measured 5.4 wt.% of tota)®lis
here considered to represent the minimum pre-emiptiolatie content. Based on
thermodynamic models and experimental data @) Bolubilities in rhyolitic melt inclusions
(Holloway and Blank 1994; Wallace and Anderson 200&yvman and Lowenstern 2002)
minimum saturation pressure of ~2 kbar (7 km dephgstimated able 6.6). Although
initial, minimum pre-eruptive volatile content wagh, pyroclasts were strongly degassed at
the moment of fragmentation. Wrinkled thin vesialalls indicate non-brittle rupture and

permeability developed prior to quenching.

Individual and merged subvolumes of the L-Okp desmaple, at least two stages of bubble
nucleation can be inferred, and the original disiion is interpreted to be modified by
growth processes (i.e., coalescence and collafdppendix H.3.4). Coalescence is also
indicated by the secondary peaks in the VVD, laaféctions in the CVVD, flat to concave-
up tails in the VSD, as well as the stepped VSD @N&D (Fig.6.15). Bubble collapse as

observed in thin sections is seen by flattened Wi2n individual subvolumes are merged
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(Fig. 6.15a). On the other hand, CVD and CSD indicate two hree¢ stages of crystal

nucleation and growth.

The U-Okp dense clasts are similar, indicating stages of nucleation largely affected by
coalescence and collapse. Individual subvolumeshinviteach clast reflect textural
heterogeneity, with local flattened and polymodaID/s and inflections of the CVVD's,
confirming bubble coalescence and collapsgpendix H.3.4). For crystals, CVD and
CCVD are consistent with a continuous nucleatiod growth process, but anomalously
populations of very large crystals occur (>50@n to >790 um; Appendix H.3.4).
Microfibrous textures are dominant within the U-Qlgoiggesting considerable strain before
fragmentation (c.f.Rust and Cashman 201Two stages of nucleation modified by growth
are indicated by polymodal VVD, bipartite VSD an¥V&D with steeper slopes at larger
class sizesHig. 6.15d). Some subvolumes also suggest advanced perntgaloiliing bubble
collapse as indicated by local flattened VVi&ppendix H.3.4; c.f.,Klug et al., 2002; Shea et
al., 2010.

The highly heterogeneous textures (also compriiegbanded textures not analysed in 3D;
Fig. 5.25i-)), show advanced deformation of vesicles, developroéa “wormy” network,
and high crystal contents. These features sugggsistrain rates on a crystal-rich, relatively
degassed magma compared to previous units, which dwmnplex rheology at the
fragmentation level Appendix F.2). Vesicle shearing could have enhanced coalescaince
low vesicularities, reducing the percolation thddhand increasing permeability (c.f.,
Okumura et al., 2006; Rust and Cashman 2004; Ruals€Cashman 20)1

Together with the highest crystal and microlite teow seen, this unit also has highly evolved
groundmass glass compositior@dhapter 5.2.4), and high N. These observations imply a
very slow ascent rate compared to Mgt and Sw ereptiln addition, the higher crystal
content and size at similaryMelative to previous units indicates that crysgaiwth on pre-
existing free crystals dominated over crystal natts. In some volumesAppendix H.3.4)

of the densest clasts, mafic crystallinity reacG8d%, which is already in the “rigid” regime

of crystal-crystal interaction observed in domesbgigwell (1998, similar to a conduit
plug.
The data presented above indicate that the conmpiogy of the Okp magma was mainly

due to intense crystallisation and development edfneable, deformable vesicle networks

across the conduit.
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6.3 Microlite crystallization inferred from glass compositional trends

In the difficulty of thresholding feldspars and aegte them from groundmass glass in 2D
BSE images and 3D microtomography images, the gimass glass compositions were
plotted in Harker diagrams as an indirect way ofualizing the extent of microlite
crystallization and study its variation from uretunit. A trend of decreasing MgO, CaO and
Al,O3 with increasing silica contenFig. 6.17a-c), and a positive correlation between silica
and KO (Fig. 6.17d) reflect plagioclase microlite crystallization. @&idering the similar
bulk-rock composition and phenocryst content of silidied units, a trend from older,
microlite-poor units (Mgt), to younger, microlitesh units (Oru and Okp) is suggested.
When plotting groundmass glass compositions inQheAb-Or Cashman and Blundy 2000;
Martel and Schmidt 200Q3ernary diagramHKig. 6.17€), there is a trend from the eldest unit
close to the Ab apex to the youngest units displaosvards the cotectic. Although the
ternary diagram cannot be used to estimate clogtessures (c.f.Blundy and Cashman
2001; Hammer and Rutherford 2002; Cashman and Mo€lbR009, because of the absence
of modal quartz, the visualized trend also suggestasing Pl crystallization with time.
These observations indicate that the youngest nagmese subject to stalling at shallow
levels in the conduit prior to eruption, possibliokving into a progressively more open

system.

Finally, variable concentrations of,8 identified within each eruptive unit and within a
single crystal as observed in Mt. Ruapehu samples,been taken as evidence for magma
mixing (e.g.,Hervig and Dunbar 1992 crystal settling (e.g.Anderson et al., 2000 and
degassing-induced crystallization (e.§isson and Layne 1993all to be considered for

Ruapehu case.
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Figure 6.17 Glass composition in the selected eruptive unasnfiMt. Ruapehu projected in Harker diagrams
(a-d) and in the Qz-Ab-Or ternary diagram (e) miedifrom Tuttle and Bowen (1958; in Cashman and Blundy
2000).Plots of individual units show a decreasing trefidigO, CaO and AlO; with silica content and with
stratigraphic position, whereas,® is positively correlated with silica. In (e), thariation with stratigraphic
position is also represented in a trend away framtéwards the cotectic. Data indicate progressivebre
crystallization of plagioclase microlites in yousgeaunits related to the same eruption vent (iremfMgt to
Oru).

6.4 Discussion

6.4.1 Bubble nucleation mechanisms

X-ray microtomography results reported above gayefN10-10° cni®, which were similar

or an order of magnitude higher than the corresimoni,. This suggests that crystals acted
as effective nucleation sites for bubbles and bgemeous bubble nucleation occurred at low
supersaturation pressures. This contrast to theogeneous nucleation commonly reported
in the literature for Plinian eruptions and indesthat bubble nucleation mechanism alone

does not control the resulting eruptive style.

210



Although comparison between 2D and 3D methods eryBlgmatic (e.g.Shea et al., 2010
Giachetti et al., 2001 andesitic lapilli of Mt. Ruapehu have expectedaNd total vesicularity
values intermediate between published data forltigrdacitic Plinian pumice and basaltic
Strombolian lapilli Fig. 6.18). Results obtained in this study are very sintibaexperimental
data from rhyolites for both homogeneous and hgtreous nucleation biyurwitz and
Navon (1994), Mangan and Sisson (2000), Burgisseér@ardner (2007), Cichy et al. (2010),
and Hamada et al. (201@ata plotted in this diagram are not referencethéomelt, since a
complete dataset of crystallinity in the literatusenot always available. These comparisons
indicate that textural variability depends on glasmposition(s) and textural maturitlig.
6.18).
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Figure 6.18 Comparison between studied Mt. Ruapehu samplespahtished data obtained both in natural
samples and experimental samples. Textural vaitialstems to correspond to different glass comjpwsind
textural maturity: higher Nare reached at higher Si@ontent, whereas total vesicularity at similardépend
on textural maturity from initial conditions of #ebubble expansion and growth, to intermediate itiond of
restricted growth due to high crystallinity, anddi conditions of extensive vesicle distortion aotlapse.
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Moreover, the plots shows two trends: (1) a treasrdviost of the rhyolitic and undersaturated
pumice clasts where Nv are high and not affecteddsycularity, and (2), a trend for more
mafic clasts where Bv decreases with increasingcuksity. This second trend is expected
for these mafic compositions where bubble expanaiwh coalescence occurs in correlation
with increasing porosity. However, a detailed cdatpn of crystallinity in order to produce
the same plots referenced to the melt would helplacidate if (2) is a real trend or if it
reflects the effect of not referencing Nv to theltme.f., Klug et al., 2002; Rust and
Cashman, 2001

Crystal volume distribution (CVD) and crystal sidestributions (CSD) indicate multiple
stages of mafic crystal nucleation and growth irualts. In conjunction with glass inclusion
data, these patterns are explained as resulting fruiltiple magma storage levels (c.f.,

Cashman and McConnell 2009wo different situations are considered:

1) Comprising Mgt and Sw magmas, where analysegadtel that crystallization of Px
phenocrysts occurred in equilibrium with a rhyalithelt in a pre-existent storage system and
were later incorporated by the erupting, more mafagmas.

2) In the case of the youngest Oru and Okp unabb@ric crystallization occurred during
magma ascent. For these units, glass compositiditates shallow arrest prior to the

eruption.

In both cases, the variation iny Nvas strongly linked to the vesicle growth processe

interconnectivity, and record different degassiathp across the conduit.

6.4.2 Degassing processes in contrasting Plinian eruptions

Textural and glass compositional data of this studlicate progressively more viscous
conditions in the younger Plinian deposits relatvelder units of Mt. Ruapehu.

Nucleation rates could not be calculated direatyrf the obtained data as an eruption time is
not available. However, estimated GT reaches aeevaljies >2%m in the oldest Mgt and
Sw units, and is <1fim in the youngest Oru and Okp unifsble 6.2). In correlation with
the observed pumice textures, GT values suggesgtbath rates were higher in the oldest

units and nucleation rates were more significartheyounger events.
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Vesicle shapes and degree of coalescence givéntasigo the relative time scales of vesicle
retraction (relaxation time) and solidification, et are directly linked with melt viscosity
(Whittington et al., 2009 From Mgt to Okp, there is a general increas&ljncrystal size,
microlite content, deformation of vesicles, extensof coalescence and bubble collapse, and
groundmass glass silica concentration, all consistdgth advance degassing and slower

decompression rates in the youngest events.

The microlite-poor L-Mgt lapilli indicate heterogeous degassing and vesiculation, with
magma regions rising at different rates in sheatdye-like structures within the conduit.
During U-Mgt more homogeneous degassing conditwe® reached, probably favoured by
progressively slower decompression rates, extengiegassing and crystallisation,
densification of the erupting magma, and reductadnthe conduit diameter. Similar
conditions prevailed during the eruption of the moiite-bearing Sw magma, which was
chemically and physically homogeneous under genamwahditions of intermediate
ascent/decompression rates. Oru and Okp micradikelapilli indicate more viscous magmas
rising at slow and highly variable decompressidesawith opportunity for intense shearing

and segregation of magma with contrasting rheo&@gimoperties across the conduit.

6.4.3 Implications for column stability

These textural parameters can be correlated toetbptive parameters and lithofacies
associations identified in the field, indicatingattOru unit signals a change in the typical,
Late Pleistocene Plinian behaviour of Mt. Ruapehue oldest Mgt unit, having variable
pumice textures, was accumulated from an eruptadnnen fluctuating in height with time.

The Sw unit, showing the most homogeneous pumigtures, was related to a steady
column throughout the eruption. By contrast, Ord gounger deposits (until ~11.6 ka BP
cal.) indicate that columns were unstable, with P@¥posits being interbedded with fall
units. Pumice textures are the most heterogene@lepfers 5 and 6.3) and the

compositional range of whole-rock major and trdeenent contents is wider relative to older
units Appendix F). The consequences of high rheological heterogertdi the magma

reaching the fragmentation level are importantesitinis condition could have contributed to
the mismatch between magma supply, ascent, andalge rates promoting column

collapse. It is important to consider that the hegeneity of pumice textures within the
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deposit is reflecting an integrated-time samplifglasts that were accumulated at the same
time, not necessarily fragmented at the same tiffteerefore, vertical variations in
porosity/density within the conduit are not exclddend it is clear that clasts with different
densities travel along different trajectories witthe plume. However, the observations point
to the conclusion that more viscous and degassegnamaffected by sheared and subject to
shallow stalling and densification are prone te @as$ variable ascent rates. Local variations in
porosity and density can also promote differenceddapth of the fragmentation front. All
together, this conditions correlate with deposatated to column collapse.

Oru and Okp glass matrix compositions include Hg®, and KO, and low A}Os;, FeO,
MgO, and CaOKig. 5.3.3; Tables 6.5 and 6.6), and a displacement towards the Qz apex
within the haplo-granite diagranti@. 6.17). These observations are consistent with the
progressively more effective crystallization of gitaclase and with the proposed slower
decompression/ascent rates or increased degadditeo events. Moreover, the significant
drop in groundmass glass MgO content relative &vipus units Appendix F) is consistent
with Ti-Mg oxides crystallization, which is usualigvoured at slow decompression rates (i.e.
<0.1 Pag based on experimental modelsGithy et al., 201

Observations in natural and experimental samplesBhygisser and Gardner (2005),
Cashman and Mangan (1994), Hamada et al. (2@b@)Rust and Cashman (201 Ehowed

that slow decompression rates favour coalescendalavelopment of connectivity. This is
consistent with the pattern observed at Mt. Ruapelmian eruptions, with Oru and Okp
lapilli textures indicating that magma ascent rases slow enough, or that sufficient time
passed to develop a progressively more open sys&teenhance vesicle-wall wrinkling,

bubble connectivity and ultimate collapse. SubsetiyeOkp magma discharge rate and

resulting column height were significantly loweathOru Chapter 4).

Within this context, how could a crystal-rich magelase to the crystal-crystal interaction
erupt explosively instead of resulting in a donk&lemission? The answer to this question
might lie in the competition between the eruptiaterand the degassing process (é=upart
and Allegre 1991; Woods and Koyaguchi 1P9# Okp eruption the ascent rate could
overcome the degassing rate because it was lirbyethe permeability of the conduit by
lining/wall sealing as densification of magma ocedr (c.f., Jaupart and Allegre 1991;
Burgisser and Gardner 2005; Kennedy et al., 20Aernatively, it could have been erupted
before enough degassing occur to become a conlligitdome by sudden decompression
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(i.e., phreatic opening phase). Even though conngctvas high, the high overall viscosity

and the crystallization of anhydrous phases coakdrict bubble expansion, subsequently
driving supersaturation and overpressure of smalibkes. The typically banded pumice
textures within Oru, and more commonly in Okp, #teong alignment of vesicles and
crystals, crystal grinding, and the incorporatidrithics entrapped within the pumice clasts,
indicate advanced shear along the magma-condwtface. Together with the low total

vesicularity (31-60 vol.%), the viscous relaxattone of vesicles could be overprinted by the
high deformation rate, inevitably driving the magtodragmentation. The reader is referred
to Dingwell and Webb (1990), Alidibirov and Dingwell996), Dingwell (1998), Mader

(1998), Papale (1999), and Houghton et al. (2004 the theoretical model behind these

process.

On the other handloramaru (2006highlighted how vesicle collapse could trigger mpe
system degassing and transitions from explosieftsive activity. It is highly probable that
the erupting magma generating the Okp unit reacabchnced permeability, ultimately
leading to a transition into an effusive phase.sTévnclusion could be supported by the
palaeomagnetic data reported MgClelland and Erwin(2003 on the coeval ~9 ka BP cal.,
collapse of Mt. Ruapehu, in which several clasticiate the pre-existence of a dacitic dome.

6.5 Conclusions

Mt. Ruapehu andesitic Plinian eruptions where attarzed by sudden decompression of
volatile-rich magmas (minimum of 3.6-6.2 wt.% ofabH,0O) stored at different levels, and
experiencing heterogeneous bubble nucleation. Rutektures reflect the dynamic processes
of decompression and degassing. The different prrtegtures found within a particular
deposit correspond to variablg,NVD, VSD, and mafic crystal number density,JNThere

is a temporal trend with increasing averageadNd groundmass glass silica content in the
youngest eruptive units, consistent with higher magviscosities. All lapilli studied are
characterized by polymodal mafic CVD and power-@@SD, indicating multiple events of
crystal nucleation and growth, with a distinctivepplation of anomalously large crystals in

the youngest events.

Groundmass glass compositions plotted within theAQr diagram show a clear temporal

trend away from the Ab apex and progressively sigiftowards the 0.1 MPa cotectic. This
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tendency reflects the crystallisation of Pl at @as pressures, and decreasing pre-eruptive
storage depths in the youngest events. Vesicleeatich and growth processes are intimately

correlated with decompression rate.

Multiple bubble nucleation and growth processesrigid from polymodal distributions are
likely to occur when N is an order of magnitude higher thag, Ninder 4P, allowing

efficient bubble nucleation around Px and Ti-Mg dexicrystals at low supersaturation.
Variations between subvolumes of a particular sangske dictated by the local effect of
coalescence. The high total crystallinity increabescomplexity of the vesiculation process,

allowing populations that might experience coalaseeand eventually, collapse.

The 3D textural analyses within the studied lambnfirmed the hypothesis proposed from
the study of ash-sized particleSh@pter 5), about variable fragmentation depths resulting
from variable physical states (i.e., density) af thagma reaching the fragmentation level.
This state is dictated by the undergoing degasgingesses and local flow dynamics. The
oldest Mgt unit indicates bubble expansion and lacagon at high decompression/ascent
rates. This magma had the lowest density and higkekated vesicularity, which could
promote fragmentation at deeper levels relativeotimer units. The youngest Okp unit
indicates shear strain at low ascent rates may ldaven the melt towards the glass
transition. Sw (expansion rate < decompression do@e) and Oru (strain rates >
decompression/ascent rates) reflect intermediatdittons where vesicle growth rates could
not keep pace with decompression rates, leadimgaigma fragmentation. It is possible that
the complex flow conditions under high shear experited by units younger than Oru are
due to a change in conduit geometry after the leigision/abrasion caused during the Sw
episode (c.f.Chapter 4).

All units indicate a very late decompression wawd &esiculation, allowing time for melt
migration between crystals crack-walls but sholi&fore quenching, as inferred from the
recurrent feldspar and pyroxene phenocrysts wittranjig-saw structures, reflecting both

vertical and lateral expansion.

The resulting eruption style and column behaviauwtirdy andesitic Plinian eruptions of Mt.
Ruapehu did not depend much on the initial condgjdall eruptions have similar initial
estimated nuclei), but were strongly influenceddnythe processes occurring between the

exsolution level and the fragmentation level. Thes®esses were controlled by the relative
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timescales of vesicle nucleation, growth, relaxgtiand shear in comparison to the overall
magma ascent rate. It is well known that vesicld amneral nucleation and growth are
influenced by the magma decompression rate (Righerford and Hill 1993; Hammer and
Rutherford 2002; Martel and Schmidt 2003, Cichglet2010Q. Magma degassing and ascent
rate also controls the eruptive style (egparks 1978; Hurwitz and Navon 1994vith
groundmass textures preserving the decompressitim va¢hin the conduit Cichy et al.,
2010. In Mt. Ruapehu Plinian eruptions, segregatiordifferential ascent rates across the
conduit (with differential flow dynamics, degassihigtory, and relative viscosity), resulted
in complex rheological conditions prior to fragmatian. The most heterogeneous rheology
linked with column instability. Under low variakji and relatively homogeneous
fragmentation surfaces, eruption column is steady sustained (e.g., Sw unit). Under
intermediate variability, column height fluctuatddring the eruption (e.g., Mgt unit), but
greater variability (also leading to different fragntation depths across the conduit
according to local magma density; cSpieler et al., 2003alrove column collapse (e.g., Oru
and Okp cases). Mt. Ruapehu Plinian eruptions dypiaal example of magmas of similar
bulk composition experiencing different rheologitadtories depending on crystal content,
the evolution of the residual liquid compositiohgetbubble-crystal-melt interaction with

different vesicle shapes, and the degassing patis@and along the conduit.
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CHAPTER 7. Discussion: an integrated model for the most violent
explosive eruptions expected at Mt. Ruapehu

This chapter summarizes the main findings of thislys and discusses the new insights into Mt.
Ruapehu’s largest explosive eruptions. This disonsimtegrates data presented Ghapters 3 to 6
and Appendices A-1 following the methodology describedGhapter 2.

7.1 Introduction

Previous studies indicate that the latest phas®rgé-scale explosive activity of Mt. Ruapehu
took place during the Late Pleistoceiegping 1973 Tephras mapped as the ~27 to ~10 ka
BP cal., Bullot Formation¥onoghue 1991; Donoghue et al., 1995b; Neall et1#95;
Cronin et al., 1996a, b; Cronin and Neall 1p%®hcompass the best-exposed deposits
resulting from Plinian activity from this volcan8imilar Plinian to subplinian deposits are
also known to date back to ~70 ka BP cal., butrtdeposits are only locally preserved at
locations such as B14Appendix A) and along the Upper Waikato Strea@rdnin et al.,
1996a) The study presented here is focused on the tidtggaphic record of the Bullot
Formation, and in particular on those units youripan the ~22 ka BP cal., Hokey Pokey
Tephra (i.e. Hokey Pokey Lapilli’of Donoghue 1991; Donoghue et al., 1993Nithin this
record, 33 distinct eruptive units were identifi@ehich were grouped into products of six
periods to represent important variations in emgotbehaviour, particularly in column
stability (Chapter 3).

Plinian eruptive units dated between 21,800 + Hl0years BP to shortly after 17,625 + 425
cal years BP were named tRangipo Eruptive PeriodChapter 3.2.4). These units were
predominantly (but not exclusively) related to raoilapsing eruptive columns oscillating in
height. The best example of this was the Mangaémetio Eruptive unit (Mgt), which
involved a minimum erupted bulk volume of 0.3%and a 22 km-high columrChapter 4).
During this eruption, variation in column heigheflveen 19 and 22 km) resulted in normally

graded and shower-bedded fall deposits withoutciestsal pyroclastic density currents.

The following Tukino Eruptive Period(Chapter 3.2.4) was characterised by explosive
eruptions being smaller and short-lived, mostlydénian in style. This was followed by the

Karioi Eruptive Periodwith a return to Plinian eruptions with three egeprior to 13,625 +
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165 cal years BP, and the last one (i.e. Shawdnifptive Unit) shortly afterwards. All
Karioi Period eruptive units show depositional evidence for Istaibuptive columns and deep
conduit excavation of hydrothermally altered coymtick. The youngest Shawcroft eruptive
unit (Sw) has a minimum bulk volume of 0.6 kand produced a 29 km-high column
(Chapter 4).

The Ohinewairua Eruptive Periodnvolved three major Plinian eruptions: Oruamaf0®
km?®, 37 km column height), unit XXVIII, and Akurangd.6 knT; 35 km column height)
(Chapter 4). The Oruamatua (Oru) and Akurangi (Ak) eruptivats are thus the largest
explosive eruptions known for Ruapehu. These irslunsteady eruptive columns, reaching
stratospheric levels (>30 km), but also partialbllapsing to produce pyroclastic flows

towards the east of the volcar@h@pter 3.2.4).

All the eruptive units up to this point were soutca the northern crater of Mt. Ruapehu.
Most produced bilobate plumes, indicating two prag@nt wind directions (from the NW
and SW), varying(a) with time, so that pauses between eruptive pylkases cannot be
distinguished, and/db) with altitude in the atmosphere, so that highetipos of the plume
could have been affected by north-westerlies, dm lbwer portion by south-westerlies
(Chapter 4).

The last suite analyzed in this study represe3 slurewa Eruptive Perigccomprising four
eruptive units, of which the second one is the ddalyian event, termed the Okupata-
Pourahu eruptive unit (Okp-PEBhapter 3.2.4). This unit includes two pumice fall deposits
separated by a pyroclastic density current de@wgifor co-ignimbrite ash. The Lower and
Upper Okupata fall units (0.4 K25 km column heigh€hapter 4) are newly defined from
original recognition of the 11,620 = 190 cal yeBR, Okupata Tephra dfopping (1973 The
Okupata fallouts were accumulated from a bi-lok@tene, dispersed towards the north and
southeast, and were sourced from the South Cr@teapter 4). The small pyroclastic flow
deposit related to this eruption equates to thedescribed byponoghue et al(1995a, hon
the Rangipo Desert (i.eQp.Cit. Poruahu Membgr and is restricted to the Whangaehu
valley consistent with a vent located to the solbnoghue et al., (199%efined the
“Taurewa Eruptive Episode” as the largest eventhiwitthe Late Pleistocene Ruapehu’s
history, producing the “only known” pyroclastic Wofrom this volcano, and was the last
event before a ~8000 year period of repose in tptige activity Op.ci. Complete
revision of the pre-existing stratigraphy in thiady (Chapters 3-4), shows that the largest
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eruptions were the earlier Oruamatua and Akurangteve units. The previous stratigraphic
confusion probably resulted from the similar pumamour, banding, textures, and silica
content of the Oruamatua, Akuranki, and Okupatar&tou units. However, they are clearly
differentiated on the eastern Ring Plain based watigraphic position and several
intervening tephrasQhapter 3). Okp-Ph represents the last Plinian event knoamMrt.
Ruapehu, followed by tephras indicating progredgiwealler-scaled eruptions, including
the Ngamatea lapilli 1 and ®¢noghue 1991 and the minor orange lapilli fall beds found
above the Mt. Tongariro sourced, ~11 ka cal yedPsHahoka TephraDpnoghue 1991,
Donoghue et al., 1995b; Moebis 20Appendix A).

The systematic change in lithofacies associatiamsd the studied sequence was interpreted
to result from transitions in the Plinian erupta@nditions over timeGhapters 3-6). Below,

the discussion concentrates on interpretationsdbasethe case-example eruptions for each
eruptive period:(1) the Mangatoetoenui Eruptive Unit (Mgt), represegtoscillating but
stable eruptive columng?) the Shawcroft Eruptive Unit (Sw), representingolta steady
eruptive columns(3) the Oruamatua (Oru) ard) the Okupata-Pourahu (Okp-Ph) eruptive
units, representing unsteady, collapsing columnsan@es in Plinian style and column
behaviour resulted from evolution in the conditiomghin the storage system and the

conduit, driving variations in the degassing arajfnentation processes.

7.2 Magma storage system

7.2.1 Whole rock Geochemistry

Whole-rock analyses of juvenile pumice clasts plathin a tight range of the basaltic
andesite and andesite fields, overlapping with abéviangawhero (20-30 ka BP) and
Whakapapa (2-15 ka BP) Formation lavas (Gamble et al., 1999, 2003; Price et al., 2012
The tephras, however, have overall lower S&d NaO contents, higher AD; and FeO
contents, and less chemical variabilifyd. 7.1; Appendix F.1; Tables 7.1-7.4).
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Table 7.1 Whole-rock, major (XRF) and trace element (LA-IGF5) data for the Mangatoetoenui Eruptive
Unit pumice clasts.

Lower Mangatoetoenui Eruptive Unit (L-Mgt) Upper Mangatoetoenui Eruptive Unit (U-Mgt) |
Sample ﬁ NP-8 NP9 NP-10 NP-11 NP-12 NP-13 NP-14 NP-74
Type Tla Tla T2b T2b Tlb Tlb Tda T2b T2b T2b Tda T2b Tib T4a T2b Tlb T2b
Major Oxides (XRF)
Sio2 55.77 53.11 5255 56.20 54.23 56.67 55.72 5545 5581 57.21 5437 56.55 55.77 55.22 56.45 56.81 56.19
TiO2 0.69 0.71 0.75 072 072 071 072 073 071 072 075 075 072 074 073 072 071
AI203 1596 16.64 1694 16.85 16.58 16.40 16.36 16.61 16.57 16.68 17.99 16.74 16.84 16.79 16.82 16.91 16.75
Fe203 7.43 7.74 784 764 7.67 7.84 810 7.9 7.93 7.62 834 780 786 798 781 7.64 7.70
MnO 0.12 0.12 0.12 0.14 012 014 016 015 0.14 0.12 0413 0.12 0413 012 012 0.12 0.12
MgO 6.48 6.40 5.86 457 6.27 498 519 5.05 5.01 4.71 425 475 478 487 484 468 471

Cao 7.42 6.74 6.70 691 713 708 711 7.03 7.03 722 692 720 683 6.99 724 715 6.99
Na20 2.79 2.45 239 280 262 282 269 270 275 298 278 291 272 265 286 292 279
K20 121 1.04 1.01 147 107 148 140 1.36 1.42 152 123 149 141 137 142 147 145
P205 0.12 0.13 0.13 014 012 013 013 0.14 013 0.13 014 014 014 014 014 014 0.14
H20 0.84 2.08 250 1.06 143 060 081 103 0.87 0.38 140 066 114 129 062 058 0.82
LOI 1.05 2.70 3.05 137 188 101 148 164 150 058 156 078 154 174 082 073 149

Total 99.85 99.86 99.83 99.86 99.83 99.87 99.87 99.87 99.87 99.88 99.87 99.88 99.89 99.88 99.87 99.88 99.86
Trace Elements (LA-ICP-MS)

Be 0.94 1.22 135 115 119 123 111 132 1.28 095 123 090 096 123 111 097 1.08
Sc 28.98 31.00 31.53 28.89 29.75 29.78 33.02 22.31 28.75 29.82 28.84 29.10 30.55 31.91 30.37 28.93 24.66
Ti 5082 5508 5735 5381 5373 5206 7046 4682 5284 6854 7164 6545 6576 6574 6362 6145 4436
\ 183 177 175 195 173 201 206 171 219 200 209 193 195 205 204 198 179
Cr 304 344 312 120 311 137 153 73 84 121 74 122 130 133 128 118 89

Co 36.51 39.26 35.54 43.31 46.57 39.92 49.98 18.10 22.32 36.80 30.13 3530 38.85 45.06 66.79 55.52 19.18
Ni 95.43 108.88 92.90 38.73 99.29 38.76 44.71 28.01 27.02 38.79 28.26 35.57 47.97 40.69 45.27 38.83 27.56
Cu 56.98 61.91 63.80 50.93 61.88 51.76 66.15 28.98 31.88 48.31 4526 47.20 54.05 46.03 50.80 49.88 31.17
Zn 58.00 62.08 66.26 68.32 70.41 67.43 75.04 62.68 76.13 66.59 74.54 67.57 76.37 70.30 70.45 68.62 64.08
Ga 15.73 16.57 16.81 16.46 16.15 15.88 16.47 16.68 18.16 16.42 17.90 16.05 16.44 16.31 16.28 16.75 16.63
Rb 41.70 36.85 37.49 53.19 37.33 52.00 49.68 6191 5592 53.33 4236 50.28 51.10 49.15 50.05 52.43 59.78
Sr 238 231 245 216 245 210 217 220 202 230 232 219 222 217 224 224 216
Y 19.07 25.61 22,61 2091 20.02 19.98 21.99 17.65 16.96 20.22 21.18 20.28 21.54 22.03 20.35 20.00 17.68
Zr 102 110 117 120 106 109 121 157 157 118 115 117 122 124 116 115 147
Nb 3.89 4.16 451 501 400 466 489 6.38 6.52 477 470 469 502 505 478 486 6.02
Cs 2.63 2.73 281 323 272 314 293 382 350 319 244 297 3.03 297 284 298 352
Ba 284 312 424 306 488 291 304 336 309 314 283 296 329 296 301 300 327
La 12.37 16.06 14.55 13.90 12.75 13.09 14.50 13.92 10.87 13.33 13.27 13.33 14.15 14.22 13.33 13.56 13.38
Ce 24.18 28.49 2850 29.13 2548 27.11 30.54 30.32 2456 27.18 27.57 26.94 29.12 28.06 27.36 27.16 28.92
Pr 3.18 4.11 393 358 335 328 366 364 279 343 354 341 363 359 344 346 349
Nd 13.67 17.53 16.74 14.97 1455 14.14 15.71 14.85 11.28 14.78 15.03 14.63 1543 15.57 14.93 14.72 14.45
Sm 3.13 3.93 3.76 3.62 327 337 376 336 267 348 365 363 352 360 342 347 335
Eu 0.85 1.04 1.02 089 09 085 092 0.78 0.86 088 095 086 093 094 09 087 0.77
Gd 3.26 4.47 421 363 360 352 391 328 275 365 395 362 374 390 365 337 334
Tb 0.51 0.67 0.62 056 053 054 060 051 047 057 061 055 057 060 056 057 0.53
Dy 3.36 4.20 405 368 348 353 405 329 310 3.78 404 373 397 389 380 363 335
Ho 0.68 0.88 0.81 076 072 073 085 068 0.62 0.78 082 079 081 081 079 074 0.70
Er 2.02 2.57 243 228 218 227 248 208 194 231 250 231 239 247 233 231 209
Tm 0.30 0.37 035 035 032 032 037 032 032 037 037 035 035 036 033 034 0.32
Yb 1.92 2.27 223 226 195 211 240 201 202 224 250 230 235 239 224 223 204
Lu 0.29 0.35 033 034 029 033 036 031 030 0.34 037 033 035 034 035 034 0.30
Hf 2.95 3.17 339 351 308 322 364 446 456 339 331 340 355 372 342 335 420
Ta 0.42 0.52 054 075 060 070 0.89 055 0.56 0.69 050 069 065 083 122 093 0.52
Pb 9.71 10.23 11.15 11.15 10.34 991 10.86 13.83 12.25 10.83 9.95 11.31 11.38 11.51 11.52 10.78 12.42
Th 4.92 5.35 569 630 506 573 649 901 8.66 6.28 599 6.19 650 6.58 6.04 6.04 8.46
] 1.29 1.41 148 165 130 153 162 195 1.87 158 151 157 164 164 156 153 1.91
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Table 7.2 Whole-rock, major (XRF) and trace element (LA-IGFS) data for the Shawcroft Eruptive Unit
pumice clasts.

Shawcroft lapilli base

Shawcroft Lapilli top

Sample NECIENEYS NP-19 NP-20 NP-21 NP-22 NP-24 NP-26 NP-27 NP-28 NP-29 NP-30 NP-78 NP-79 NP-80
Type Tlb T2a T2a T2b T4a T4a T4a T2a T2b T4a T2a T2a T2a T2b T4a T2b T2a T4a T4a T2a

Major Oxides (XRF)

Sio2 55.90 57.09 56.61 56.81 56.30 57.41 56.31 5488 55.79 57.39 57.59 56.47 56.03 56.52 56.70 55.92 56.11 56.83 57.30 56.20
TiOo2 0.79 0.78 0.79 0.77 080 0.76 0.82 08 079 078 079 081 08 08 077 079 081 077 080 081
Al203 17.75 1754 1754 17.60 1746 16.75 17.61 17.61 17.89 17.18 17.14 1754 1768 17.52 17.43 17.97 17.62 17.47 17.31 17.40
Fe203 8.02 7.75 7.90 7.74 8.08 7.90 8.14 8.18 7.86 7.86 7.86 7.97 799 7.85 7.89 7.83 7.95 7.78 7.84 8.05
MnO 0.12 0.13 0.13 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.12 012 o012 0.12 0.12 0.12 0.12 012 0.12
MgO 3.96 3.98 3.94 3.93 4.09 4.46 3.96 4.20 3.82 3.92 4.04 394 396 3.85 4.03 3.80 3.89 3.99 395 4.05
CaO 7.06 7.31 7.19 7.31 7.12 7.41 7.12 7.03 7.07 7.03 7.19 7.06 7.10 7.09 7.24 7.15 7.08 7.29 7.27 7.09
Na20 3.00 3.19 3.08 3.16 3.03 311 3.07 2.81 3.00 3.10 3.23 3.07 301 310 3.11 3.03 3.05 3.15 321 3.04
K20 1.39 1.50 1.48 1.47 1.44 1.51 1.44 1.29 1.39 1.52 1.55 1.47 141 150 1.47 1.38 1.44 1.46 152 143
P205 0.15 0.15 0.15 0.15 0.15 0.14 0.15 0.15 0.15 0.15 0.14 0.15 015 0.15 0.14 0.15 0.15 0.14 0.15 0.15
H20 0.71 0.17 0.43 0.26 0.56 0.10 0.48 1.09 0.58 0.17 0.06 051 063 0.52 0.31 0.78 0.74 0.20 0.05 0.57
LOI 1.04 0.31 0.65 0.55 0.74 0.20 0.66 1.72 1.42 0.65 0.15 0.77 1.02 0.88 0.64 0.96 0.93 0.67 037 0.96
Total 99.89 99.90 99.89 99.88 99.89 99.87 99.88 99.88 99.88 99.88 99.88 99.88 99.89 99.88 99.87 99.87 99.89 99.88 99.88 99.87
Trace Elements (LA-ICP-MS)

Be 1.19 1.16 1.08 1.08 1.22 1.02 0.99 1.05 1.35 1.25 1.18 1.07 111 1.04 1.04 1.28 1.32 1.43 141 127
Sc 28.09 2711 2759 26.83 2821 29.88 2844 31.02 2244 2859 2559 2757 28.08 27.65 27.82 27.43 2801 13.38 1259 20.30
Ti 6515 6205 6282 5977 6128 5683 6002 5886 3909 4377 4163 5732 5536 5476 5250 5255 5293 2377 2257 3034
\" 210 206 207 201 211 213 222 212 167 207 184 210 208 208 209 203 212 101 91 154

Cr 57 54 53 49 57 73 65 69 75 89 86 59 54 53 51 52 59 17 15 24

Co 30.47 49.27 50.78 69.93 36.80 39.61 64.18 61.06 16.86 21.97 19.37 3856 31.34 40.77 39.53 43.06 5472 9.78 23.38 29.05
Ni 18.13 20.52 20.09 17.64 20.07 20.92 21.88 2549 2376 28.04 2839 2195 20.64 1891 19.01 2024 2141 832 7.87 10.07
Cu 30.58 28.60 30.99 30.84 3375 2510 3230 33.18 2513 39.58 24.94 30.10 31.82 30.99 27.56 29.19 36.07 14.22 1455 20.68
Zn 70.13 7218 7164 71.63 7171 7263 7299 7130 60.44 67.66 66.30 7224 73.23 7316 7222 7051 7403 63.34 64.97 72.08
Ga 17.62 1739 1714 16.96 17.15 16.24 17.48 17.38 1551 16.95 16.44 17.17 17.35 17.17 17.05 17.30 16.96 1450 14.41 15.96
Rb 45.74 4875 4898 47.39 4724 49.41 47.71 43.71 6791 50.58 58.23 48.41 47.00 50.53 47.89 45.69 47.47 56.10 58.64 48.46
Sr 258 265 258 263 255 255 267 248 205 222 216 262 264 262 263 264 257 210 225 240

Y 20.67 19.67 20.39 19.24 20.08 19.24 20.03 20.64 18.04 18.19 17.95 20.32 20.00 20.04 19.52 19.47 19.86 16.61 14.99 17.62
Zr 115 111 112 111 113 110 117 117 136 122 144 118 116 117 112 114 116 118 120 109

Nb 4.77 4.85 4.77 4.79 4.75 4.55 4.81 4.82 5.74 5.18 6.14 5.04 487 4.88 4.72 4.78 4.86 5.35 551 4.75
Cs 2.61 2.76 2.84 2.76 2.68 2.84 2.81 2.60 4.17  3.06 3.61 2.85 272 295 2.80 2.59 2.68 3.57 376 299
Ba 311 339 324 321 317 323 341 300 350 296 318 327 318 327 321 312 318 300 351 301

La 13.70 1377 13.70 1321 1337 1294 1359 13.65 14.09 11.71 1343 1372 1352 13.72 13.07 13.09 13.24 1456 14.11 13.14
Ce 28.49 2943 29.02 2826 2865 27.45 28.62 29.15 29.99 2565 29.07 29.25 28.75 29.29 28.05 28.44 29.18 29.12 29.03 26.64
Pr 3.64 3.56 3.71 3.49 3.57 3.40 3.62 379 353 312 356 367 361 366 352 355 358 3.69 339 3.28
Nd 1548 1528 1566 1490 1536 14.44 1543 16.27 1461 13.10 14.62 1580 15.36 1565 15.00 15.03 15.38 1518 13.36 13.53
Sm 3.71 3.53 3.63 3.43 3.68 351 3.58 389 337 318 339 373 371 373 354 361 364 322 293 3.03
Eu 0.97 0.96 0.97 0.95 093  0.90 0.98 1.0 076 081 084 099 100 095 095 095 094 080 075 0.80
Gd 3.73 3.58 3.81 3.63 3.63 3.52 3.95 401 324 330 325 376 369 375 361 376 363 306 268 3.07
Th 0.59 0.56 0.58 0.55 056  0.56 0.59 061 051 050 053 060 057 057 056 055 058 045 040 048
Dy 3.86 3.72 3.92 3.72 3.67 3.67 3.92 403 337 339 342 390 387 38 373 380 370 302 268 314
Ho 0.79 0.76 0.79 0.75 076  0.73 0.80 084 067 070 070 082 078 079 077 076 078 062 057 0.64
Er 241 2.24 2.40 2.29 2.34 2.24 2.37 2.47 2.05 2.15 2.13 2.35 237 237 2.27 2.22 2.34 1.94 172 2.07
Tm 0.35 0.34 0.34 0.32 0.34 0.34 0.36 0.37 031 0.34 0.31 036 035 0.35 0.36 0.34 0.35 0.31 0.28 0.31
Yb 2.36 2.22 2.34 2.14 2.23 2.20 2.35 2.36 2.09 2.23 2.06 2.41 236 2.29 2.22 2.28 2.25 2.06 187 214
Lu 0.36 0.32 0.33 0.32 0.33 0.31 0.35 0.36 0.31 0.30 0.31 033 034 033 0.32 0.33 0.33 0.32 029 0.32
Hf 3.36 3.19 3.23 3.13 3.27 3.16 3.46 3.43 3.94 359 4.08 3.42 344 3.40 3.23 3.24 3.36 3.32 328 3.13
Ta 0.49 1.16 0.96 1.68 0.69 0.75 1.42 1.40 0.49 042 0.52 0.81 064 0.89 0.83 1.03 1.07 0.48 0.84 0.76
Pb 10.66 10.10 10.34 13.24 10.22 10.86 11.50 13.47 11.78 10.42 13.30 12.07 13.41 1281 1218 12.02 1293 13.86 12.76 11.49
Th 5.75 5.77 5.58 5.54 5.69 5.52 5.93 5.94 7.92 6.44 8.16 6.06 589 5.89 5.71 5.77 5.80 7.12 741 5.96
U 1.42 1.41 1.37 1.37 1.41 1.33 1.45 1.45 2.03 1.54 1.81 1.48 142 1.49 1.39 1.42 1.43 1.88 186 1.47
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Table 7.3 Whole-rock, major (XRF) and trace element (LA-1GFS) data for the Oruamatua Eruptive Unit
pumice clasts.

Lower Oruamatua Mid-Oruamatua Upper-Oruamatua |
Sample INEEC RN SR RN 22700 NP-41 NP-42 NP-43 NP-44 NP-45
Type Tla Tla Tla T3a T3a T1lb Tlb T3a T3a T1lb T3a T3a T4a T4a T4a
Major Oxides (XRF)
Sio2 56.09 56.14 56.01 58.13 5594 56.13 57.10 56.95 58.31 56.58 58.15 57.46 56.35 57.06 56.68
TiO2 0.72 0.72 0.81 0.72 0.76 073 073 075 071 074 072 073 069 073 0.72
Al203 18.35 1853 17.66 16.67 18.33 18.04 1745 16.90 16.53 18.08 17.00 17.00 1857 17.51 17.89
Fe203 8.00 8.04 8.00 7.39 7.91 792 772 762 682 786 718 737 804 782 71.77
MnO 0.12 0.12 0.12 0.12 0.13 0.12 012 012 011 012 0411 011 012 012 0.12
MgO 3.52 3.46 3.93 4.01 3.62 379 375 425 377 367 398 406 325 393 3.60
Cao 7.16 6.99 6.98 6.73 7.12 717 680 669 634 7.08 678 675 710 715 6.84
Na20 3.14 3.17 3.02 3.21 3.14 313 316 300 308 319 318 3.09 321 315 3.13
K20 1.26 1.26 141 1.69 1.29 1.31 1.48 157 183 135 162 159 124 142 139
P205 0.13 0.14 0.15 0.13 0.13 0.14 016 015 014 014 014 014 013 013 0.14
H20 0.64 0.60 0.66 0.22 0.75 058 054 062 043 041 030 044 051 027 0.64
LOI 0.77 0.72 1.14 0.87 0.76 0.83 0.87 127 180 066 070 112 069 057 0.99
Total 99.89 99.89 99.90 99.89 99.89 99.88 99.88 99.89 99.88 99.89 99.87 99.87 99.91 99.87 99.90
Trace Elements (LA-ICP-MS)
Be 1.06 1.15 1.14 117 1.10 1.05 1.16 1.08 122 091 1.00 107 100 093 114
Sc 2467 2371 2765 2493 2576 26.43 30.19 27.72 25.65 2551 2547 2567 2216 26.72 24.63
Ti 4690 4583 5073 4362 4619 4410 5926 5565 5284 5378 5282 5346 5007 5360 5189
\Y, 206 203 215 193 203 207 234 198 180 204 183 186 195 208 199
Cr 33 32 59 76 37 42 54 96 82 45 85 99 19 52 45
Co 33.36  49.12 33.05 44.86 41.43 3498 2852 30.18 21.27 41.26 40.92 2132 70.66 38.71 37.78
Ni 13.95 1328 21.78 25.01 16.42 16.71 2455 29.73 27.36 1825 29.85 31.94 10.53 20.52 16.29
Cu 2596 36.71 40.12 2811 3298 3158 37.01 33.74 29.32 28.89 2440 37.38 2171 27.52 25.83
Zn 73.89 76.72 7379 7357 74.07 7247 7348 7194 66.71 7411 69.68 70.72 79.16 98.90 74.44
Ga 17.29 1798 17.27 1631 1750 17.11 1949 16.71 16.28 16.97 16.50 16.58 17.34 16.79 17.01
Rb 4120 42.04 47.26 57.51 4216 42,52 40.37 55.71 66.39 44.39 56.74 56.29 40.28 48.14 47.09
Sr 247 246 255 235 242 240 245 244 240 247 249 251 250 245 240
Y 18.36 18.64 19.44 1851 18.77 1870 18.13 19.80 20.08 18.99 19.56 19.31 17.85 19.01 18.84
Zr 102 105 114 115 116 103 122 131 143 108 125 129 99 109 112
Nb 4.19 4.54 4.72 4.77 4.81 419 538 537 573 434 514 530 412 447 455
Cs 2.37 2.44 2.84 2.66 2.44 249 238 333 403 259 334 336 235 273 274
Ba 266 284 316 322 271 266 264 330 365 285 335 336 261 321 287
La 1141 1213 13.32 1294 13.32 1143 11.26 1435 1525 12.08 14.16 1433 10.99 12.02 12.17
Ce 2471 2650 2882 2794 2952 2473 25,63 30.83 3272 26.20 30.36 31.01 23.78 2589 26.58
Pr 3.03 3.20 3.55 3.39 3.53 3.03 312 38 39 327 374 383 300 321 333
Nd 13.08 13.67 15.01 14.06 1495 13.02 1340 16.12 16.42 14.01 15.75 1547 12,60 13.75 13.97
Sm 3.21 3.11 3.52 3.44 3.55 314 324 365 381 318 354 356 298 328 325
Eu 0.86 0.85 0.94 0.86 0.89 08 09 094 088 087 089 087 08 087 0.86
Gd 3.30 3.40 3.68 3.44 3.57 324 322 380 387 348 362 379 319 345 340
Tb 0.52 0.54 0.55 0.50 0.54 052 053 055 057 052 058 056 050 053 0.53
Dy 3.55 3.53 3.74 3.38 3.58 356 357 386 388 365 374 371 324 360 361
Ho 0.70 0.72 0.76 0.73 0.73 072 069 078 078 074 074 075 068 074 0.72
Er 2.19 2.20 2.28 2.08 2.20 222 221 235 236 224 225 220 213 220 220
™ 0.33 0.33 0.34 0.32 0.34 031 035 03 035 035 035 034 032 032 032
Yb 2.14 2.13 2.24 2.07 2.23 218 219 231 233 220 227 216 207 220 217
Lu 0.32 0.32 0.32 0.31 0.33 032 033 033 034 033 031 033 031 033 033
Hf 2.93 3.00 3.32 3.33 3.31 295 354 387 419 310 358 375 284 316 3.23
Ta 0.54 1.17 0.54 0.83 0.89 042 052 062 050 083 081F 044 163 080 0.79
Pb 11.63 1239 12,07 11.20 1151 10.73 11.74 1351 1524 1356 14.74 1550 13.24 16.38 12.46
Th 4.96 5.28 5.73 6.07 5.82 506 612 7.09 815 537 6.64 695 470 542 555
U 1.27 1.34 1.43 1.59 1.47 1.28 1.55 169 198 136 163 167 121 140 140
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Table 7.4 Whole-rock, major (XRF) and trace element (LA-IGFS) data for the Lower and Upper Okupata
pumice clasts.

Lower Okupata Tephra Upper Okupata Tephra |
Sample NP-55 NP-56 NP-57 NP-58 NP-59 NP-60 NP-61 NP-62

Type Tda T3a T3a T3a Tib T1lb T4a Tda T3b T3b T3b T4a T3a T3a Tda T4a
Major Oxides (XRF)

Sio2 55.58 55.23 56.70 56.72 55.12 56.00 54.18 53.18 56.34 55.96 56.42 52.98 56.43 59.02 56.15 56.37
TiOo2 0.72 072 074 072 077 075 075 079 076 070 073 079 073 070 075 0.74

Al203 1791 18.17 17.12 1752 1841 17.82 18.49 18.69 17.08 17.52 17.41 18.10 17.00 16.35 17.21 16.81
Fe203 6.63 747 681 655 7.82 7.65 8.12 8.04 6.76 6.71 653 742 676 639 730 711

MnO 0.15 011 011 011 0.12 012 0213 012 010 010 010 0.11 011 0.10 0.11 0.11
MgO 331 393 357 337 390 39 398 408 364 360 344 388 375 346 414 3091
Cao 566 6.10 581 574 699 674 668 667 590 590 567 544 598 574 680 583
Na20 293 273 292 297 291 304 283 281 288 289 292 258 287 306 294 287
K20 161 130 169 171 122 136 115 111 168 159 170 147 164 197 143 160
P205 0.16 0.14 015 0.15 013 014 014 014 015 015 0.15 0.10 0.14 0.13 013 0.15
H20 195 130 149 152 083 095 153 204 149 176 154 258 144 065 073 1.39
LOI 327 268 277 281 166 142 187 222 3.09 299 325 441 301 231 219 3.00
Total 99.87 99.89 99.87 99.88 99.88 99.88 99.89 99.88 99.87 99.86 99.87 99.87 99.86 99.88 99.88 99.88
Trace Elements (LA-ICP-MS)

Be 135 099 115 143 125 102 111 111 125 141 137 128 111 144 125 120
Sc 23.14 2598 2452 2249 2825 27.73 2793 28.95 25.06 24.38 23.20 28.65 25.32 23.97 28.58 26.14
Ti 5437 5338 5411 5280 5611 5543 5525 5682 5274 4817 4870 5266 4555 4176 4375 4253
\Y 175 183 183 171 199 205 219 224 191 181 178 218 184 178 207 188
Cr 66 84 79 67 52 50 49 52 85 83 76 84 91 80 89 88

Co 32.25 20.52 18.99 19.02 26.79 26.17 26.06 27.34 20.11 18.89 1883 22.24 19.69 18.01 21.96 19.79
Ni 25.00 28.52 25.83 24.84 2125 2485 24.48 2354 27.66 30.82 29.13 26.93 28.30 25.39 28.03 29.00
Cu 31.36 30.81 25.80 25.48 40.13 37.04 37.58 35.49 28.24 31.65 30.15 31.76 32.01 26.84 39.56 25.48
Zn 67.72 78.70 66.63 6546 7894 7138 7532 70.46 66.27 67.27 6520 75.86 65.79 64.57 67.63 67.74
Ga 17.63 1797 16.70 17.03 17.41 17.42 18.12 18.69 17.21 17.45 17.35 18.10 17.08 16.57 16.94 16.80
Rb 59.87 47.18 62.74 63.20 41.46 46.46 39.20 38.71 63.58 58.97 64.39 55.72 61.38 72.55 50.55 59.49
Sr 230 260 221 228 266 235 226 235 224 229 229 201 221 219 222 221
Y 19.20 18.11 18.63 18.40 19.61 19.79 17.95 17.39 1854 17.89 18.36 16.90 18.15 19.27 18.18 18.34
Zr 153 133 149 150 115 118 109 117 158 151 163 156 151 145 122 147
Nb 649 563 6.24 631 482 497 444 516 656 622 664 650 6.19 6.13 518 6.27
Cs 3.70 316 393 3838 277 286 229 228 381 366 3.97 348 361 445 3.06 3.69
Ba 334 367 336 342 316 289 252 253 342 328 350 308 335 374 296 325
La 1431 13.18 14.00 14.16 12.83 12.32 10.70 10.80 14.07 13.68 14.48 10.83 13.74 15.06 11.71 13.72
Ce 36.56 29.18 30.74 31.28 27.78 27.34 2428 2457 3057 29.77 3154 24.48 29.69 32.04 25.64 29.70
Pr 379 345 365 370 341 330 299 3.00 371 360 379 278 358 377 312 364
Nd 15.65 14.26 15.38 15.03 14.44 13.88 1298 1285 15.05 15.18 1545 11.24 1484 1561 13.09 14.94
Sm 357 339 352 351 346 343 318 310 356 348 350 266 344 360 317 347
Eu 089 084 082 087 091 09 084 087 083 08 082 08 079 082 081 0.86
Gd 352 337 345 342 362 349 315 3.08 337 344 341 274 343 346 329 332
Tb 053 050 053 054 055 056 052 051 055 055 053 046 054 055 050 054
Dy 356 335 353 342 374 376 342 342 352 349 342 3.09 344 360 339 3.49
Ho 071 070 071 069 077 079 073 067 0.72 069 071 062 072 071 0.70 0.72
Er 221 212 215 210 239 230 224 212 219 215 216 193 215 219 215 217
Tm 033 033 032 032 034 035 033 033 035 032 033 031 033 033 034 032
Yb 220 217 212 210 223 232 220 210 208 211 209 201 209 223 222 211
Lu 031 032 032 032 034 035 032 031 032 031 033 030 031 033 030 0.32
Hf 437 385 415 429 331 339 320 340 454 427 464 455 431 421 359 416
Ta 054 045 053 051 052 048 042 050 057 054 058 056 053 052 042 053
Pb 16.22 12.24 13.37 14.15 1251 10.89 10.72 11.26 1424 1401 14.39 1220 12.75 1259 10.41 13.59
Th 873 721 842 849 568 605 538 587 914 868 937 863 869 846 644 834
U 198 160 194 196 134 148 137 149 203 200 203 187 196 217 154 185

The oldest Mgt and Sw units are the most mafic antth the most restricted range in
compositions, whereas the youngest Oru and Okp-Riptiees show the widest
compositional range, including the highest S&dd KO contentsKigs.7.1, 7.2; Tables 7.1-

7.4; Appendix F.1). The least variable unit, Sw, has the most homeges pumice textures
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within any stratigraphic level. With increasing afieal variability, progressively more

complex ranges in pumice textures occur at anyigtaphic level Fig. 7.2).
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Figure 7.2 Variation in selected major oxide composition withe. Note a general trend towards more evolved
compositions and wider compositional variability tire youngest eruptive units. This coincides wihgér
textural heterogeneity among pumice clasts in dratigraphic level. Higher compositional variahjlis also
correlated with collapsing eruption columns.

Harker diagrams of major oxideBi¢. 7.3) generally show roughly linear correlations with
increasing silica content, suggesting that thesaduld be genetically related. There is some
compositional variation between units that indisapetrogenetic variations between them.
For example, the high MgO contents of some L-Mguglas Fig. 7.3f) show that this unit is
more primitive than other units. Furthermore, difeces in elemental trends between units
reflect differences in the content of the crystallg phases. In general, there are positive
correlations between increasing $i@nd incompatible pO and NaO (to a lesser degree),
while CaO, Fe@:a, MgO, and TiQ show negative trends. The decrease in Mg@Q&eand
CaO is consistent with the crystallization of eddymed minerals from the cooling melt.
MgO and FgO3 were incorporated into olivine and/or pyroxenejliCaO is incorporated
into Ca-plagioclase and clinopyroxene. These coitipnscorrelations are consistent with
the pumice mineralogy dominated by clino-and-ofgtiooxenes, Ca-plagioclase, and Fe-Mg-
Ti-Oxides, as well as the absence of K-bearing gha®n the other hand, the negative
correlation between Ti©and SiQ (Fig. 7.3g) indicates crystallization of titanomagnetite,

which was not as important for Mgt and Ruapehudava
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Variations in trace element concentratidig( 7.4) also show differences between eruptive
units and indicate varying degrees of crystal foaettion within any given sample suite. For
example, strongly decreasing concentrations ofrdridi with SiQ in Mgt samples indicate
fractionation of olivine in this oldest, most pritae magma ig. 7.4a), but this trend does
not occur in younger unitsAppendix F.1). Pyroxene fractionation is indicated by the
negative Sc against Si@nd Fe-Ti oxide fractionation is indicated by a&sing Ti and V
with silica contentkig. 7.4b, ¢). The crystallization of calcic plagioclase isaladicated by
the negative trends of Sr and Htid, 7.4d). Other incompatible elements, such as Zr, Rb,

and Ba show positive correlations with silica comtgig. 7.4g, h).

The variation in composition with time is most amws on Harker diagrams of major
elements Fefg, CaO and NgD and trace elements Cr, Ni, Cu, Rb, Cs and Zr Wig® (Fig.
7.5). Both FeQ and CaO show two trends, differing before andrdfte Oruamatua eruptive

unit. Incompatible trace elements generally de@eath increasing MgOHig. 7.5¢, f).
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Figure 7.5 Harker diagrams of whole-rock geochemistry (8bapter 2.2.7 for analytical details) showing the
variation of:a) FeQy [wt.%]; b) CaO [wt.%];c) NaO [wt.%]; d) Cr, with Ni and Cu showing the same trend;

€) Rb, with Cs and Zr showing the same trend; a8 [ppm] with MgO content. The general trendséated
by data published biyrice et al., (20129n coeval lava formations are shown in inset boxes
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7.2.2 Groundmass glass and glass inclusions

The whole-rock chemical compositions are consisietiit a single magma reservoir for each
of the eruptives studied here. However, when imtiagr with textural data, groundmass and
inclusion glass compositions, and volatile contghtg. 7.6; Table 6.6; Appendices F and

1), more complex processes of polybaric crystalimaare inferred. This is also indicated by
the large plagioclase phenocrysts being both zendédral and sieved/subhedral-anhedral
(Appendix D.1). Results presented @hapters 5 and6 show that a majority of phenocrysts
did not crystallize from the magma in which theyreverupted. The decrease in silica content
from melt inclusions to groundmass glass may aderaly indicate a rejuvenation of
crystallising magma stored between 7 and 4 kmerctiast Tables 6.3 and6.4), by injection

of more primitive and hotter new magma. This preadso explains the dissolved margins of
many phenocrysts, such as micro-embayments of mmosenes Appendix D.1) and
resorbed borders in plagioclageppendix D.2).

Sealed glass inclusions of similar chemical contmosihave variable volatile contents,
indicating entrapment of melts at different pressy(c.f.,Blundy and Cashman 2001Some
pyroxene crystals have higher volatile contentsthe most siliceous glass inclusions,
indicating that the magma was undersaturated iatNes when these pyroxenes crystallized
(c.f., Blundy and Cashman 20D1ITherefore, solubility models give only minimurepihs.

In Mgt and Sw eruptives, these glass inclusionsnaoee siliceous than groundmass glass
(Fig. 7.6a). Considering measured volatile contents and pdiéoty any post-entrapment
modification of inclusions (e.g.Frezzotti 200}, these data suggest that crystallization
occurred in pre-existing storage systems locatedimimum depths of 7 km for the L-Mgt, 4
km for the U-Mgt, and 7 km for the Sw unitgbles 6.3 and6.4). These inclusion-bearing
crystals were entrained by the later, more mafiup&ng magma, which interacted with the
shallow storage system, adding heat and pressium@aScases where new, hotter magmas
enter partially crystallized magma reservoirs tmobilize the more evolved magmas are
extensively documented (e.§enezky and Rutherford 1997; Murphy et al., 2008kduchi
and Nakamura 2001; Zellmer et al., 2003; KennedyStix 2007.

All the lines of evidence point towards the Mgt aBd/ events being triggered by the
rejuvenation of a shallow storage systétigé. 7.7a, b). Whole-rock data of MgtT{able 7.1;

Figs. 7.3-7.5) indicate that it was probably the deepest stonegma of the analysed series,
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where olivine crystallized. Groundmass glass cheyiss consistent with the L-Mgt,
involving both crystal-rich and crystal-poor magommponentsKig. 7.6a). The U-Mgt only
involved the crystal-rich component, consistentvatshallow arrest and/or slowest magma
ascent rate. By contrast, the Sw groundmass glasgpasitions [fig. 7.6b) indicate a
continuous crystal fractionation within a homogameeeservoir. The melt inclusions that

entrained pyroxenes were formerly in equilibriunthadacitic and rhyolitic melts.

In the case of the Oru unit, glass inclusion contoss plot within the same region as for
Mgt and Sw Fig. 7.6c), but are more mafic than associated groundmasss.gDkp glass
inclusions are similar to the groundmass gl&sg.(7.6d), indicating that they remained in
contact with the melt until shortly prior to erupti through capillary paths via crystal
cleavage and/or twin planes (c3tewart and Pearce 2004; Signorelli et al., 19%&hGan
and McConnell 2006 Although compositional data of Oru and Okp aomsistent with
“normal” crystal fractionation processes, the eedl\composition of groundmass glass may
be only the product of microlite crystallizationtugtive units younger than Oru suggest late
stage, syn-eruptive degassing-induced crystaliimatie.g., Blundy and Cashman 20p5
within the conduit, or at least, above the levetorded in non-leaky glass inclusions.
Therefore, further studies on groundmass glassraeitinclusion trace elements, beyond the
purpose of this study, could help to clarify if Cand Okp were related to the shallow system
where pyroxenes crystallized (i.e., true pre-emgostorage system) or if the difference in
groundmass glass composition is due to shallowuwbdystallization but the storage system
was the same as Mgt and Sw. Magma temperaturanagsti from clinopyroxene and
orthopyroxene pairs, indicate that the youngestmasgwhere significantly colder than Mgt
and Sw magmas. The extensive micro-jigsaw-crackgstals and common disaggregated
xenoliths, xenocrysts, and antecrysts (ddrram and Martin 2008vithin Oru, Ak, and Okp-
Ph pumice clasts appear to support “defrostingthese crystal-rich magmas (cJerram et
al., 2003; Huber et al., 2010
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Figure 7.6 TAS diagrams l(e Bas et al.,, 1986showing bulk, glass groundmass and glass inahgsio
compositions fora) the Mangatoetoenuh) Shawcroft,c) Oruamatua, and) the Okupata-Poruahu eruptive
units. The most silica-rich glass inclusions refatio groundmass glass are showa-endb, and the change to

more evolved residual glass compositions is seeraimdd.

This study Chapter 5, Appendices D, F) indicates that pumice banding in Okp-Ph eruptives
(and in the Oru and Ak units) resulted from shestideen zones of contrasting rheology in
the magma across its conduit, rather than minglingthe storage system. Local

heterogeneous rheological conditions of the vissonagma reaching the base of the conduit
were probably accentuated by degassing proces#bsyaviable crystal and bubble growth

stages, as well as variable vesicle shapes moulgldie rheology of the rising magma and
favouring local shear. Thus, the heterogeneousutestwithin these units are mainly a
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consequence of conduit processes, including comiddex dynamics, viscous dissipation,
local heating, crystal grinding, and resorption dueshearing at conduit walls (e.&osi et
al., 2003.

7.2.3 Storage and magma supply model for Ruapehu Plinian eruptions

Price et al. (2005, 2012 suggest that the storage system responsible dap&u eruptions
involves a range of connected and isolated magserveirs located in the mid-upper crust
(Fig. 7.7).

k Price et al. (2005) Figure 7.7 Schematic diagram proposed by
Ruapehu: 150-3ka Price et al.,, (2005) showing Mt. Ruapehu
Estimated depths magmatic system. This system includes: 1)
gaa':'l';slﬁgf:;e underplating basaltic magmas heating the
30 km systems involved in lower crust; 2) fractionation of lower-crust
© g‘lfn::;‘r?j:zom magmas and interaction between them and

mantle-derived magmas; 3) The generation

of smaller and dispersed storage systems

@ e throughout the crust, subject to fractionation

T @nggagreéir\i? magmas continuously intrude and crustal assimilation, mixing and
mingling.

The tephra units studied here indicate that attleams to three connected upper-crustal
magma reservoirs were involved in their eruptiondéeper reservoir (8-16 km considering
the thickness of the quartzo-feldspathic crust abthe “heavily intruded or underplated
lower crust” in this regionHarrison and White 20Q6rovided the most mafic, crystal poor
component. An overlying shallow-body, extendingnir@-7 km in depth, was the site of
mixing processesHg. 7.8). This upper region increased in geochemical ahgsipal

heterogeneity over the time frame studied here. ddgee of mingling and mixing dictated

the physical conditions of the magma supplied élthse of the eruption conduit.
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Figure 7.8 Schematic representation of the changes in magpnage system inferred for the Plinian eruptions
of Mt. Ruapehu between ~27 and 10 ka BP cal. Bffedegrees of mingling and mixing occurred indpper
crustal magma reservoir producira): Mangatoetoenuib) Shawcroft,c) Oruamatua, and) Okupata-Pourahu
eruptive units. The most chemically homogeneoutesysvas associated with the Sw eruption.

<16 km

Rejuvenation of the shallow system

7.3 Conduit dynamics during Ruapehu Plinian eruptions

The largest eruptions of composite volcanoes reqoanditions favourable for generating
coupled degassing and corresponding delayed nigrleat vesicles during magma ascent
(Nairn and Cole 1981; Froggatt and Lowe 1990; Klnd €ashman 1996; Cioni et al., 2000,
2003; Rosi et al., 2004; Rust and Cashman 2004e&alal., 2006; Gonnermann and Manga,
2007) These conditions can be achieved through intéimahtions, mainly kinetic-viscosity
barriers such as degassing-induced crystallizabomjternatively, external factors acting on
the magma body, such as high ascent and decomprasdées Cashman et al., 20D0The
detailed study of pyroclast textures over the [2styears has revealed how variations in
rheology of the fragmenting magma in the conduily rganerate a strong influence on the
eruption style. The coexistence of two to threeepike pumice types, similar in mineralogy,
glass and bulk composition, but contrasting in aoknd texture, are extensively documented
in andesitic-rhyolitic eruptions around the workldd., Gardner et al., 1998; Hammer et al.,
1999; Polacci et al., 2001; Arce et al., 2005; 8ablal., 2006; Wright et al., 2007; Bouvet de
Maisonneuve et al., 20D9Variations in textures and composition througstiatigraphic
sequence may reflect transitions in eruptive dyeamith time (e.g.Gurioli et al., 200}
whereas a wide range in pumice textures at antiggaphic level implies heterogeneity in
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magma rheology across and throughout a conduit, (ergr et al., 1973; Waitt et al., 1981;
Hoblitt and Harmon 1993Gardner et al., 1998; Hammer et al., 1999; Polatail., 2001;
2003; Taddeucci and Wohletz 2001; Klug et al., 3002

7.3.1 Vesiculation and crystallization processes

In the case of Mt. Ruapehu Plinian units studiemglex polybaric crystallization processes
occurred to produce polymodal mafic crystal sizeSDE and cumulative crystal size
distributions (CCSD)Appendix H.3). Three-dimensional estimates of mafic crystal ham
densities of these units are®10° cm® (vesicle-free), which is very similar to, or oneler

of magnitude higher than corresponding vesicle remtensities (1910° cm?). This
indicates that multiple events of crystal nucleatiand growth favoured heterogeneous
bubble nucleationGhapter 6.4.1).

In the earlier phases of the Mangatoetoenui ernfisMgt), vesicle coalescence, efficient
vesicle wall retraction and high connected porositgs developed Ghapter 6.2.1),
indicating that the bubble expansion rate of thegma was faster than permeable gas flow
rates (c.f.,Rust and Cashman 2011TThis process caused rapid buoyant accelerafidheo
magma towards the surface. X-ray microtomograplsylte Chapter 6.2.1) indicate that
bubble nucleation, diffusion, and expansion wereéalde across and along the conduit,
generating a heterogeneous rheology (ddupart 1998; Belien et al., 2018 single bubble
nucleation event but variable growth processesroedun the central and/or deepest, crystal-
poor conduit under the highest magma ascent/de@ssipn rates. This was favoured by the
low melt viscosity (melt: 0.4 Ps) and “primitive” composition of the Mgt magm@Hapters
5.2.1 and6.4.1). Staged bubble nucleation and growth occurrectystal-richer parts of the
Mgt magma, rising more slowly closer to the conduoérgin and/or stalled at shallow levels
in the conduit. The Mgt event involved eruptionnohgma that travelled along different flow
paths with variable ascent rates, experiencinghgaan decompression rates, degassing and

crystallization historiesHig. 7.9).

In the U-Mgt eruption, magmas ascended more slaavig had a shallower and longer
residence time in the conduit than the L-Mgt, alidated by higher microlite crystallization

and more siliceous glass compositions. This pradlucegreater density of initial bubble
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nuclei relative to L-Mgt, but bubble growth and posalescence retraction was hindered by
high melt viscosity (melt: 0.5 Pg. The microvesicular U-Mgt lapilli reflect thdte magma
underwent a single bubble nucleation and growtmevapidly following decompression.

Microtextural and geochemical data indicates thathagma rising along the conduit feeding
Sw eruption was chemically and physically homogessedhe typical microvesicular and
dense Sw lapilli indicate that the magma underveesingle bubble nucleation stage and the
resulting bubble size distribution was mainly cofted by growth under decompression (i.e.,
coalescence and collapse). In addition, the higbratiie content suggests syn-eruptive,
degassing-induced crystallization.
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Figure 7.9 Schematic representation of the conduit processesired during the studied, Late Pleistocene, Mt.
Ruapehu, Plinian eruptions. Dark grey zones coomspo the conduit lining material of slowest adaaite (i.e.
largest crystal content, densest clasts); Arrovistgowards different ascent rates within and astbe conduit:

(a) L-Mgt-Highest ascent rates in the conduit cenfi®; U-Mgt-more degassed conditions with bubble
expansion limited and microfluidal to dense zonesd generated(c) Sw-nearly homogeneous conditions,
with vesicles forming under decompression at intstiate rates{d) Oruamatua an(t) Okupata-Pourahu units
where shearing bands developed along with slowndsates and variable bubble shapes, generatiognalex
flow regime. Local acceleration due to bubble simgaoccurred in some zones (microfluidal); otheesl h
viscous stresses dominating, where subsphericatl@ssbehaved as rigid objects (microvesiculargtitsn
occurred along conduit walls (dense/banded). Intiadd for (€) intense shearing and very slow ascent rates
favoured advanced bubble interconnection and dpwedmt of permeable channels. The fragmentationt fron
fluctuated with time and in space according tolteal pressure (density) and balance between fratatien
speed and ascent rates.
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The main difference between the Oru and Okp-Ph teveampared to earlier eruptives
studied here lies in the highly evolved groundmglsss chemistryHig. 7.6) and sheared
pumice textures. Estimated melt viscosities arthenorder of 0.6-0.7 Pa Vesicle growth
and shapes were highly affected by bubble-bubbtebarble-crystal interactions (c.Baar
and Manga 1999; Martel and Schmidt 2Pp03he Oru and Okp-Ph magmas were
rheologically extremely heterogeneous due to Isedli gas-pockets developed and
segregated under shearing across the coniigt 7.9). Sheared (microfibrous) and dense,
microlite-rich regions were developed towards thenduit margins. There, lithic

incorporation from country-rock and crystal gringlialso occurred.

The large plagioclase and pyroxene phenocrystaizehigh microlite content$-igs. 5.19,
5,21, 5.25-5.27; Appendix H.3), together with the evolved groundmass glass caitipn
indicate slow decompression rates and advancedsiedranduced crystallization (c.€jchy

et al., 201} Each zone within the differentially rising comidic.f., Sable et al., 2006;
Bouvet de Maisonneuvet al., 2009 was subject to different bubble growth mechanjsms
including elongation, coalescence, and collapsesé&ldifferences were most extreme in the
Okp-Ph unit, because this magma had the highestwi® depths and/or longer degassing
times favouring multiple stages of bubble nucleatmd growth with advanced coalescence
and bubble collapse before fragmentatidakes 6.5 and6.6). The high melt viscosity and
heterogeneous conditions across the conduit foranedriety of pumice textures, including

banded clasts through shearing in Oru, Ak, and Blp-

7.3.2 Magma fragmentation and eruptive mechanisms

For all studied eruptions the opening phase wasapiacr(Mgt) or phreatomagmatic (Sw-Okp;
Chapters 3 and 4). Following the experimental models presente&pygiler et al., (2004a,p)
fragmentation occurred at a deeper level for thetrpamitive, crystal-poor, highly vesicular
L-Mgt magma. Apart from this, variable rheologicstates of the magma reaching the
fragmentation level (c.fRust and Cashman 201ih the youngest units, imply variable local
density/porosity conditions which could drive vatafragmentation depths and speed across

the conduit. This variability is proportional tolamn unsteadiness.
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Two main fragmentation styles were identified ie gtudied unitsGhapter 5), which could

act separately or in combination:

1)

2)

Decompression dominated fragmentation, where the strain ratéieghpo the mixture
exceeds the liquid viscous relaxation rate, for¢hregbubbly magma to cross the glass
transition boundary (e.gDingwell 1996; Deubener et al., 200Rapid changes in
bubble internal pressure and expansion generate nwlakd-propagating
fragmentation waves. This process occurred durlmg lt-Mgt where expanding
vesicles provided weak surfacdsd. 7.10a), and dominated during the U-Mgt and
Sw eruptionsKig. 7.10b), where vesicle growth was restricted by otheickes and
crystals (i.e., where bubble overpressure was f@)uPhreatomagmatic interaction
with hydrothermal fluids may have enhanced fragmgm efficiency in Sw as
indicated by its high lithic content within the érash fractions (< and the glass-
shards morphology Qhapter 5), but gas exsolution and decompression were
dominant (i.e., magmatic processes were dominant).

Shear dominated fragmentation, where dense and low-uksity magmas are
driven towards fragmentation by decompression aticeime shear rates (i.e., larger
than relaxation, decompression, and ascent ragesDengwell 1996; Deubener et al.,
2003; Whittington et al., 2009; Gardner et al., @9Magma shear predominated or
act in combination with decompression during the @nd Okp-Ph eruptions, which
had very viscous melts (0.7 -Ba Water-magma interaction also played a maja rol
in increasing the fragmentation efficiency for @uwent Fig. 7.10c). By contrast, the
Okp-Ph was considerably more degassed at the marhémapgmentationKig. 7.10d)
and no external water interaction occurred; theegfdragmentation was least

efficient.

Ash production and fragmentation

The L-Mgt unit dominantly contains ash with neasdpherical vesicles and a minor

proportion with elongate vesicles (interpreted tgioate from high shear conditions at the

conduit margin; c.f.Rust et al., 2003 Rare, phenocryst and microlite-bearing, verglijno

poorly vesicular ash was also produced from therputegassed areas of the conduit that

underwent slow ascent rates (cMassol and Jaupart 199PDuctile deformation affected

particles that underwent slow cooling after fragtagaon, producing smooth, fluidal surfaces.
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These patrticles, including some Pelée’s tears, Vikely derived from the regions of lowest

viscosity and ejected under extreme exit velocitiels, Shimozuru 199% (Fig. 7.10a).

The U-Mgt was characterised by finely vesiculaystal-rich ash particles similar to the rare
fragments from the outer conduit margins of the gtMvent. The U-Mgt ash~(g. 7.10b)
has more mature textures with collapsed vesicla$ ldgh crystal contents. These ash
textures corroborate that the magma remaining #fier_-Mgt was contained in a shallow
level and subject to advanced undercooling, deggssind crystallization (c.fTuttle and
Bowen 1958, Nakada and Motomura 1995, Hammer €1289.

The Shawcroft lapilli contained a high lithic cont€up to 31 vol.% in the @ size fraction),
indicating conduit wall instability and extreme abion and erosion of the hydrothermally
altered parts of the conduit (e.¢lacedonio et al., 1994; Woods 1995 his allowed the
access of hot geothermal fluids (cHapale et al., 1998; Houghton et al., 20@4t evidence
of phreatomagmatic fragmentation is lacking (ditiwe quenching cracks, abundant
stepped-surfaces; c.fButtner et al.,, 1999; Dellino et al., 2Q0Chapter 5) Instead,
decompression stresses exceeding the relaxatierfatver-pressured bubbldsd. 7.10b),
probably aided by fluid-instabilities generated idgrthe contact with the hydrothermal
fluids, drove highly explosive fragmentation (e.hl¢Birney and Murase 1970; Alidibirov
1994; Koyaguchi and Mitani 2005; Koyaguchi et @&008. Abundant Pelée’s tears and
fused-shaped (c.f.,.Sheridan and Wohletz 19B3particles indicate common post-
fragmentation, ductile behaviour, extreme exit egies and slow quenching rates of the melt
(>1000C in Mgt and Sw).

For the Oruamatua and following eruptions, sloweascates Kig.6.17) and the non-
Newtonian, complex flow dynamics with variable satef magma ascent and degassing,
produced highly variable rheologies of the magnmacheng the fragmentation level (e.g.,
Caricchi et al., 20Q7Figs. 7.9d, €). This promoted heterogeneous modes of fragmentati
with multiple ash morphologies and variable fragtagon depths across the conduit,
according to local density(g. 7.10c).
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Figure 7.10 Schematic representation of the variation in fragtation processes that occurred during the
studied, Late Pleistocene, Mt. Ruapehu, Pliniamptasos. (a) Magma fragmentation of older eruptions,
represented by the Mangatoetoenui Unit was expaadeeleration dominatedb) Following eruptions
represented by the Shawcroft Unit were decompressiminated; whereagc) younger eruptions were
characterized by shear-induced fragmentation wilgmma-water during the Oruamatua and Akurangi amits

(d) dry, but weak fragmentation conditions during @lkupata-Pourahu eruption. The variability of fragse
found within a particular unit reflects the hetezngity of the magma reaching the fragmentation!lave
different rates.

Fibrous and tube-like shards show that high stieirels extended to the top of the conduit,
while re-melted surfaces indicate that the paickmained deformable after fragmentation
(c.f., Rust and Manga 2002; Stein and Spera 2008), Ak, and Okp-Ph ash morphologies
indicate a feedback process operated, alternateigve®n rapid decompression (e.g.,
Cashman et al., 20p0and shear-induced fragmentation (dfingwell 1996;Mader et al.,
1996; Papale 1999; Zhang 199t addition, Oru ash also includes poorly velsicuequant,
moss-like and blocky to platy-shaped shards witttodied vesicles and thick walls, as well
as hydrothermally altered lithic fragments (up 89% of the finest size fraction&ppendix

E). Particles surface showing conchoidal fractugespves, stepped-surfaces and impact pits
show that phreatomagmatism played a subsidiary irolhe fragmentation of the dense,
moderately vesicular Oru magmbaple 6.1). By contrast, a low degree of fragmentation is
indicated by the grain-size distribution of Okp-PA.complex range of fragmentation
mechanisms is indicated by the polymodal grain-siitribution, sheared-banded pumice

textures, and the variability of ash morphologigg(7.10d).
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7.4 Implications for column height, stability, and pyroclast dispersal

In the last three decades significant advancesamuhderstanding of the physics of explosive
volcanic eruptions have been made (é=geundt and Rosi, 1998; Gilbert and Sparks, 1998;
Sigurdsson et al., 20D0Drivers of explosive Plinian eruptions includée kinetics and
timescales of crystal nucleation and growth (€5gudner et al., 1995; Rutherford and Devine
1996; Rutherford 1998volatile content, speciation, and exsolutiomagmas (e.gJohnson

et al., 1994;Lange 199) rheology and rheological changes during ascemny.,Hess and
Dingwell 1996; Giordano and Dingwell 2003as well as conduit conditions. The main
relevant conduit processes include coupled vs. y#ed degassing and development of
magma permeability (e.g<lug and Cashman 1996; Rust and Cashman 2004; Goana
and Manga 2007; Wright et al., 200 degassing-induced crystallizatio®@dgschwind and
Rutherford 1995 development of localized strain, viscous distyga heating, crystal
fragmentation and resorbtion along conduit wabelécci et al., 2001, 2003; Rosi et al.,
2004;Wright and Weinberg 2009

The current models of explosive eruptions and calstability consider both magmatic and
external factors (e.gGioni et al., 2003; Houghton et al., 200&or example, factors known
to control the steadiness of convective eruptidiroas include magma chemistry, volatile
content, magma supply rate and its relation withgmma discharge rate, conduit and vent
geometry WVilson 1976;Carey and Sirgudsson 1989; Woods 1,988ams et al., 2006
These factors do not act independently but spectfrabinations of vent radius, gas velocity
and gas content determine whether columns are bhtioyacollapse (c.f.Sparks and Wilson
1976;Wilson et al., 198)) particularly if they lead to a disparity betwemagma supply and
discharge rateBursik 1993; Cioni et al., 2000, 2003; Arce et 2009.

The Plinian units studied from Mt. Ruapehu shovoaetation between chemical variability,
rheology of the erupting magma, and the resultmgptve behaviour. In eruptions involving
narrow ranges in bulk composition, the most stablgptive columns are formed, showing the
narrowest range of pumice textures (e.g., Shaweafption). For the most variable bulk
compositions, partially or fully collapsing erupivcolumns form, along with the most
heterogeneous pumice textures (e.g., OruamatuaaAgy and Okupata-Pourahu eruptions).
Intermediate between these extremes and with iefgiate ranges in composition, unsteady,
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vertically variable, but non-collapsing columns agenerated (e.g., Mangatoetoenui

eruption), producing intermediate range in pumes-tires.

The Ruapehu data show that physical uniformityhef tnagma at the base of the conduit
varies in relation to the geochemical propertieshef pre-eruptive storage syste@hépter

7.2). The magma supply rate is associated with theclgmuical and related physical
heterogeneities within the storage system (i.enttare of the mixture after varying degrees
of mingling, mixing, crystal incorporation, crustassimilation, etc., prior to the eruption).
The complexity of eruptive discharge rates, in tusrdictated by the segregation of magma
across and along a conduit with differential ascetés (e.g.Mader 1998; Massol and
Jaupart 1999 and subsequent variable degassing mechanistiapf{er 7.3). Ash
morphologies produced at the fragmentation levgb@ad to the local rheological state of the
magma in a particular region within the conduit.s&d on this understanding, the most
geochemically heterogeneous storage systems haskngnost viscous (coldest) magmas,
lead to the most variable supply rates and magmalabies at the base of the conduit. These
differences are accentuated along the conduit dugifferential flow rates and also shear
regimes developing along conduit margins. Colletdsiythese processes generate variably
heterogeneous degassing in conduit cross-sectidndapth, along with widely variable
vesicle (and crystal) nucleation and growth rafége magnitude of these differences leads to

different populations of pumice pyroclast textuoéserved in fall units.

The most complex magmatic conditions were predontiaa Mt. Ruapehu between ~13 and
12 ka BP cal., producing the most violent eruptidm®wn in the stratigraphic record
(Oruamatua and Akurangi eruptive unifBhese were also associated with column instability
and the generation of pyroclastic density currefts. the latesPlinian eruption (Okupata-
Pourahu eruptive unit), related to a new condi¢ a&dvanced degassed magma state at
fragmentation, and therefore the shallow (and Wéejafragmentation depth, was a crucial
factor in generating a relatively low (25 km), @msing column, but one which also
collapsed to form pyroclastic density currents.

The influence of phreatomagmatism in the unsteadired the eruptive column has been
widely documented in other volcanoes\Wjison et al. (1978), Cioni et al. (2003), Sulpizab

al. (2005),and Carey et al. (2010External causes of column unsteadiness in the Rwuape
Plinian eruptions include water-magma interactias,well as its temperature and depth of

interaction. Despite inflow of hot, geothermal @ilsiassociated with conduit erosion during
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the Shawcroft eruption, a nearly steady high ssgteric column (29 km) persisted during
the eruption. Higher, but partly unstable eruptioolumns during the Oruamatua and
Akurangi eruptions were possibly influenced by fat#ion of cold groundwater to shallow
levels of the conduit.

From theoretical modeld/\(ilson et al., 197§ it is well established that the rate of thermal
energy release is dependent on vent radius, deasititemperature of the erupting mixture.
Conditions favouring the Shawcroft and Oruamatulima heights include the restricted
bubble-growth, indicating high bubble-overpressugramatically disrupted under
decompression, the more “coupled” degassing reatiov Mgt and Okp-Ph, and the fine
fragmentation of pyroclasts. High degrees of fragi@gon and high exit velocities in
Shawcroft eruption point towards a greater dilutainthe pyroclastic mixture which could
easily enter the convection zone (d/lilson et al., 198D An external factor contributing to
high columns, difficult to prove from ancient depi®scould be a reduced conduit/vent
diameter (c.f.Kaminski and Jaupart 19prelative to Mgt and Okp-Ph. A first estimation of
temperatures based Butirka (2008R2-Px geothermometeT éble 7.6) indicates that magma
temperature decreases with time. Therefore, forctse of Ruapehu, temperature effects
where minimized by other factors controlling eroptiheight. Instead, it could play a
significant role in favouring column unsteadinesiace temperature is known to be one of

the major factors controlling viscosity (consisteiith the resulting pumice textures).

7.5 Summary

Thetransitions observed in the lithofacies associatiohPlinian eruption deposits from Mt.
Ruapehu can be readily correlated to the microtaktand geochemical properties of the
erupting magmas. The inferred eruptive parametacs a@lumn behaviour are intimately
linked to pre-eruptive storage, conduit, and fragtaton conditions {ables 7.5 and 7.6;
Figs. 7.6, 7.8-7.10).
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Table 7.5 Eruptive parameters calculated from field data amdrage componentry results (from counts on
binocular and scanning electron microscope (SEb)}tie Mangatoetoenui (Mgt), Shawcroft (Sw), Oruaraa
(Oru), and Okupata (Okp) eruptive units.

Eruptive parameters from field data

31.4 2254 40 6.5

Bscalc D
[km]  [km2]

deposit
volume

[km3]
59.3

8483 7.8 5.6

Whole

Componentry + SEM

6.8E+07 7.8 4.4

MDR
[ka/s]

Log M Mz
(MDR) [kg] [mm]
1.5E+08 82 49 10

9
11

oru deposit Bscalc D bt  be bc/ :1'32?_'5; MDR Log M Mz
volume  [km] [km2] bt [km] [kg/s] (MDR) [kg] [mm]
[km3]
Average 0.5 62.9 9600 8.3 9.8 6.0E+08 88 4.9 3
L-Oru 6 43 39 18 33 33 22 11
M-Oru 1 33 41 25 13 6 16 65
U-Oru 3 37 33 30 30 O 20 50
Whole .
. Highest
deposit | Bscalc D bc/ MDR Log | M Mz
Okp | volume | km] | kmay | Bt [ € | bt '°['T(;';'T kais] |(vMORy|kal| mmy | © | X | b [AY[ A2 | A3 A4
[km3]
Average 0.4 457 4943 6.0 98 1.6 25 7.5E+07 79 4.6 4 47 31 23 53 22 15 11
L-Okp 3 51 26 23 68 O 11 21
U-Okp 5 42 35 23 38 44 19 O

Calculated whole deposit volume and break in slope (Bscalc) are given following Sulpizio (2005)
D = Fragmentation index proposed by Walker (1973)
bt = thickness half distance

bc = lithic clast half distance
bc/bt= half distance ratio: fragmentation index proposed by Pyle (1989)
HT =total column height estimated from the lobe of highest HT, following Sulpizio (2005)

M = eruptive magnitude as calculated from Pyle (2000)

Mz = Mean diametre from grain size analysis
Glass (G), Crystals (X), and Lithic(L) content in the 3 ¢ size fraction
ALl: highly vesichular ash shard; A2: Fluidal shard; A3: Fused/Pelean shard; A4= poorly vesicular/blocky shard

Ves*: Average vesicularity corrected for phenocrysts and microlite contents, and based on relative proportion of each textures in each unit
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Table 7.6 Textural and geochemical parameters obtained fler®Pycnometry, X-ray microtomography, X-ray fluaresce (XRF) and Electron Microprobe (EMP) in
correlation with the fragmentation index D (Walké&73), and volatile content obtained with infrareidroscopy (micro-FTIR).
Envelope and gas-pycnometry

X-ray microtomography EMPA FTIR

Microfluidal
. Connect Mean X Si0,.  SiO,. T o
o, e o o U s v s L i i 5T S0 s e W0 13
[gem’] [gfem? [glem®]  [vol.%] porosity [vol.of] [%] %] diameter | | X E [Wt.%]  sgass  inclusions  [WE.%] Z 0
[vol.%] [pm] 1%] [%] w
AVERAGE 300 3142
Sw-base
Sw-Top
Foamy
Microfluidal 535 6621
Dense 162 873
Buk  Skeletal Solid  Bulk C°""®%! |solated T | ) . Si0z.  SI0; ge
density density ~density porosity &l porosity Xmer[  vesicle N"ﬁm"‘ A [3mm : SiOzbuk groundmas  glass HZUO g2
[g/em® [giem®]  [giem’]  [vol.%] ”[3:;?,/'0‘]" [vol.%] %] dl?:r:]ter ] ] [wt.%] g | [wt.%] z 8
. 0 o
AVERAGE 1.26 2.87 3.00 57.81 56.04 2.74 58.2
L-Oru 1.33 2.84 3.00 54.95 53.16 1.79 58.0
M-Oru 1.13 2.92 3.00 62.55 61.11 1.44 58.8
U-Oru 1.29 2.86 3.00 56.89 54.82 2.07 58.4
Foamy 1.27 2.88 3.00 57.07 55.96 1.11 64 62 57.5
Fluidal 1.17 2.88 3.00 61.60 59.59 2.01 45 33 6 533 1386 92
Fibrous 1.17 2.87 3.00 60.68 59.04 1.64 44 34 20 518 3446 61 58.6 73.10
Dense 1.32 2.87 3.00 55.85 53.80 2.05 33 29 15 226 1061 110 57.9 72.18
q Connect Mean X SiO,. SiO,. 3o
Okp d::slli(ty ?((e?llseittz;l/l diglslzjty p::zlskity & :)S;I:;i?/ V;us Xmer | vesicle |Nv[mm|Nx [mm" ég 2 SiO; buik| groundmas | glass HZ; 'g é ';2 Calté.T
[a/cm® | [g/cm® | [g/cm?] | [vol.%] p[s;cﬁllﬁt]y [vol.%] 1] | %] d'*[’::]ter ! | S X E [wt.%] s[gol/:;s inc;n;;ims [wt.%] E g2 [oC]
AVERAGE 1.04 2.90 3.10 66.23 64.02 221 39 19 27 2234 4061 69 58.7 69.61 715 977
L-Okp 1.16 291 3.00 61.75 59.96 1.80 44 25 8 422 422 81 58.0 70.72 70.1 5.4 199
U-Okp 0.92 2.90 3.20 70.71 68.09 2.62 34 12 32 4047 4047 57 58.7 68.50 71.2 51 179
Foamy 1.11 2.86 3.00 62.01 60.86 1.15 40 32 313 694 28 58.6
Fibrous 0.92 2.90 3.10 70.59 68.19 241 51 41 22 3224 2217 153 59.8 68.50
Dense 1.21 291 3.10 60.34 58.28 2.06 40 12 31 393 5760 34 57.4 70.72

Ves: vesicularity; x: mafic crystallinity; Nand N: vesicle and mafic crystal number density, redpelst Ves L= vesicle dominant diameteg=initial vesicle nuclei; GT =

growth rate (G) in a given timescale (T); XL= madiyystal dominant diameter; liquid densiy), melt viscosity ¥) was calculated with the software norm x4, based o

geochemical data. Magma temperature (T) was estthfedm clinopyroxene and orthopyroxene pairs feitgy Putirka (2008).
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Over the period examined, the changes in eruptiehalour showed a consistent
evolutionary pattern at Mt. Ruapehu. Initially, disting but non-collapsing Plinian columns
(L-Mgt) were predominant. They occurred when mafapidly rising magmas interacted
with a shallower storage system (in equilibriumhadtacitic to rhyolitic melts), incorporating
phenocrysts, and experiencing different degassiechamisms, causing variations in conduit
diameter and reaching variable magma rheologyefrtgmentation level (c.fCioni et al.,
2000. In these cases, fragmentation was decompressionnated and the local porosity-
conditions may have played a significant role instag spatial variations (c.lSpieler et al.,
2009 of the fragmentation depth across the conduébl8tcolumn conditions (e.g., U-Mgt,
Sw) were reached when the magma was extractedtfrermost homogeneous systems after
mixing and incorporation of crystals, and risingrad the conduit at intermediate magma
ascent/decompression rates to reaching the frag@mtevel. In this case, fragmentation
was also decompression-dominated, but the fragrmentalepth was relatively uniform

across the conduit.

Later, collapsing columns (e.g., Oru to Okp-Ph g)ndiccurred when viscous magmas were
extracted from crystal-rich (up to 23 %) resenemd ascended very slowly. In these cases,
differential decompression rates and multiple dsiggsmechanisms, within and across the
conduit developed connected porosities and comsigtiower isolated porosities than in the
steady column cases. This also produced extremelodieal heterogeneity at the
fragmentation level, with fragmentation being inddcby decompression, strong shearing
and in some cases, influenced by magma-water oitera Following experimental
modelling bySpieler et al., (2004)the high porosity unevenness across the conduitdc
have caused extreme variability of the fragmentatiiepth across the conduit favouring

column collapse.

The highest eruption columns at Mt. Ruapehu prodiutsposits containing the lowest bulk
and connected porositieBig. 7.11). For the Shawcroft and Oruamatua units, bulk pities

of 58-63 % indicate lower percolation thresholdanthn the Mangatoetoenui and Okupata-
Pourahu eruptions, where bulk pumice porosities iarehe order of 73 and 66 %,
respectively This can be explained by the more mafic melt contiposand low viscosity of
the L-Mgt, which favoured almost de-coupled degagsnechanismgc.f., Wilson et al.,
1980; Papale et al., 1998; Sparks et al., 1994leS#lal., 2005 By contrast advanced, pre-

fragmentation permeability, with multiple bubblefalenation processes (including collapse)
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was advanced for Okp-Ph. Both conditions led toelodegrees of fragmentation relative to

the Sw and Oru cases.
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Figure 7.11 Correlation between the non-dimensional fragménatndex (D) as a measure of eruptive
violence and textural, componentry and geochenpiaedmeters obtained in this study.

The total juvenile glass components, together wigphly vesicular foamy, fluidal, and
fibrous ash textures, are most abundant in Mgt @kd deposits. By contrast, dominantly
poorly vesicular ash shards are derived from invensagmentation and bubble wall rupture
in the Sw and Oru units, along with high conteritaan-juvenile lithics in fine size fractions.
Pelée’s tears (e.g., Mgt and Sw) appear to beeckkat high magma temperature of the oldest
magmas. Platy shards, instead, could be attridoté@dgmentation from degassed regions of

slow magma ascent rates.

From the correlated parameters showifriign 7.11, column height appeared to be controlled

by the bulk porosityKig. 7.11a-f). This could reflect an effect of vesicle-sizettwhighest
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columns (i.e., Sw and Oru) related to those magwiasre bubble growth was inhibited,
favouring high over-pressures. The correlation efise glass particles (and lithic content)
with column height ig. 7.11d,e), suggests that another factor controlling eruptolumn
height could be the fragmentation index enhancedntgraction with external water. Fine
fragmentation aided by such process (weak in Swdbedrly identified for Oru) could
promote the production of fine particles of lowtlet velocity, able to rise higher in the
eruption cloud (c.f.Kaminski et al., 20101 The low density of the erupted mixture is also
indirectly reflected by the lowest contents of mafrystallinity Fig. 7.11h). On the other
hand, an interesting parameter involved in coluteadiness appears to be the evolution of
the residual liquid Kig. 7.11j). Groundmass glass composition indirectly suggéiséd
microlite crystallization, and hence, shallow magstelling and degassing occurred in case
of unsteady eruption columns. These factors togetith the lowest temperatures calculated
for the youngest unitd=(g. 7.11l), indicate that andesitic magmas within the higdtesity
ranges are prone to rise at slow ascent ratesransliaceptible to experience heterogeneous
degassing processes and shear, developing rhealggiomplex flows during ascent. This
will also have an effect on the fragmentation spg@efd Spieler et al., 2004and the variable
depth of the fragmentation front across the condait together, these factors result in

column collapse.

7.6 Hazard implications

During the past ~3 ka BP cal., Mt. Ruapehu erugtimeve been two orders of magnitude less
explosive than those examined for the Late Plegstecwith the greatest hazards related to
lahars along the Whangaehu and Whakapapa catchifeegts 1861, 1895, 1945-Tangiwai
Disaster, 1953, 1968-1975; Meall 1990; Neall et al., 1999; Lecointre et abDP2. Hence,
most of the mitigation managememigntgomery and Keys 1993; Cronin and Neall 2004
and emergency/contingency plans are currently fgtum the potential activity of Crater
Lake and major consequences of its rim collapsétsatisruption by eruptions. The largest
explosive event ever seen by New Zealanders from Ritapehu was the 1995-1996
phreatomagmatic eruption, which developed two 10Ki@ high eruptive columns,
distributing 5-25 x 1®m?® of ash Cronin et al., 1998 This study reveals that Mt. Ruapehu is
capable of producing events of magnitudes 4 to 8§h weruptive columns reaching
stratospheric levels (>30 km). Thus, Ruapehu islokpof producing eruptions of the scale
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of the Askja 1875 and Chaitén 2008 eruptions, uptd5 km higher than the 18 May 1980
Mt. St Helens eruption.

The mapping of the tephras during this study hgjtied the complexity of New Zealand
wind patterns complicates in estimating areas piaignaffected by tephra fall. There is a
high probability of cross-winds and shifts in thea direction within the course of a few
hours, causing multiple depositional lobes, as skegimg the 1995-1996 eruptiofionin et
al., 1998, 2003; Turner and Hurst 2D@hd similarly reflected by the Late Pleistocesghra
record. In the past, north-westerly winds have cat@d during major eruptions, causing
repeated accumulation of lapilli fallouts on thestean ring plain and towards Waiouru.
Ohakune and Taihape have been, by contrast, subjash deposition less frequenthid.
7.12). Turangi is currently the main urban area thatlheen affected by past eruptions during
dominant south-westerlies. The Late Pleistoceneid?lieruption record suggests that fine
ash could easily be dispersed towards Napier, kigstiand Central North Island, and even

reaching the Pacific Ocean.

The most violent eruptions identified within thestla-27 ka BP cal., at Ruapehu occurred
between ~13 and 11 ka BP cal., involving colum@&iherg more than 35 km height, at mass
discharge rates of 1kg/s, and producing pyroclastic density currefitsis was the most
common eruption style before a transition to sub@h and Vulcanian to phreatomagmatic
eruptions that have predominated since ~10 ka BPWhen considering the long term
eruption record of variable scale and small scalpteons at RuapehiCfonin et al., 1996a,

c), a return to these large-scale Plinian eruptigpes must be considered as possible.

Considering the entire ~27-11 ka BP cal., Pliniampgon record at Mt. Ruapehu, textural
and geochemical analyseShapters 6.3 and6.4) indicate a systematic reduction in magma
ascent/decompression rate with tinvélamor et al., (2010)dentified variations in single-

event slip rates within the Rangipo fault, occugrin concert with volcanic activity.
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Figure 7.12 Accumulated thickness in cm for major Plinian dalis during the Late Pleistocene: Mgt:
Mangatoetoenui; Sw: Shawcroft: Oru: Oruamatua, AkdAkurangi eruptive units. Okupata-Pourahu iseher
excluded for simplicity (See the corresponding &ds in Fig. 4.2)a) the Tongariro National park and the
main urban centres repeatedly affected during Pdééstocene eruption&s) overview showing the extent of
mapped tephras towards the east coast of Northdsla

Although a detailed correlation with paleoseismglogta is outside the scope of this study,
there is an interesting first-order relationshipween high slip rates along the Rangipo,
Shawcroft Road, and possibly the Karioi faults bef@l ka BP cal.,\{illamor, personal
communicatiopand the generation of the largest eruptive evienésvn from Mt. Ruapehu.
After ~11 ka BP cal., a substantial reduction i@ $fip rate occurred along these faults. As a
preliminary hypothesis and based on the data preden this study, magma decompression
or instability of the shallow magmatic system mayd been triggered in response to changes
in the local stress regime and/or stress fieldnbsitgon. Progressively decreasing fault slip-
rates with time could lead the Late-Pleistoceneragi® system towards advanced

crystallization and “freezing” and/or a re-configtion of the storage system into new,

249



smaller magma batches sparse in the upper-cruste®sing deformation rates at faults
affecting Mt. Ruapehu shallow storage systems cdwdde driven the transition toward
smaller eruptions in the Holocene. In turn, theeflm@tion of faults affecting Mt. Ruapehu
shallow crustal storage system may have activagdhhouring faults affecting the Mt.
Tongariro storage systems, triggering the followkihglocene, Pahoka-Mangamate eruptive
sequence. For instance, the local tectonic streisseteraction with the surface heat flow and
the role of the local rheological boundaries haeerbidentified as important factors on
magma emplacement depth and qzé. Watanabe et al., 1999n addition, the residence
time of magma at a certain level and magma-fillegick ascent velocity also depend on
density barriers and changes of the stress field &andone et al., 20p7Therefore, a high-
resolution paleoseismological study on the fauteggzhras exposed on the eastern slopes of
Ruapehu and its eastern ring Plain is needed tidyclhe relationship between local tectonics

and volcanism.
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8. CONCLUSIONS: A new understanding of Mt. Ruapehu Plinian
eruptions

8.1 Summary

Andesite volcanoes have been responsible for mfofteomajor historic volcanic disasters
throughout the world. The reasons for this arertigoradic eruptions interposed by variable
repose periods, as well as their wide range intemustyles. Of particular importance are the
most-explosive sub-Plinian to Plinian eruption esylwhich produce widespread tephra falls
and pyroclastic flows. An important result arisingm the research presented in this thesis is
that andesitic Plinian eruptions are primarily coléd by physical processes within the
conduit, such as vesiculation and crystallizatiatmich affect the rheology of the rising
magma. These processes control the height of Rlicadumns and also whether they may
collapse or not to form pyroclastic flows. The balkemical characteristics of the system as a
whole are by contrast, only secondary influencdsis Tresearch extends the traditional
understanding of eruption column stability (cSyzuki and Koyaguchi 20),2by quantifying

the role of rheological heterogeneity in the magreeent and fragmentation processes.

This study identified the physical processes dgvihe largest explosive eruptions of Mt.
Ruapehu. An integrated approach using a wide rahgmalytical techniques was required,
including: detailed unit stratigraphy, distributiamapping, granulometry, componentry,
porosimetry and density determinations, as welp@tsography, textural studies using high
resolution X-Ray micro-tomography, and chemicaled®inations with Fourier-Infrared-
Spectroscopy, X-ray fluorescence and Electron Miybe. From these data, the conditions
in the pre-eruptive magma storage system and violcamduit, including the magma volatile
saturation, vesiculation, degassing and fragmemtgirocesses, were derived and correlated
with external factors such as conduit geometry avall-stability, vent location, and

interaction of magma with hydrothermal systems gmodindwater.

An important result of the study has been the dateation of the range and upper limits of
eruptive parameters that might be expected frons tlcano in future eruptions.
Additionally, it has demonstrated how from a singladesitic volcano, magmas of similar
bulk composition and initial volatile content mayperience different dynamic processes as

they rise to the surface, resulting in contraséngption styles.
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In the studied sequence from Mt. Ruapehu, thesmisvolution from oscillatory, to stable,
and to collapsing columns over tinf@scillating (but non-collapsing) columns occur when
the magma ascent/decompression rate is extremgy Bhd a rising magma body
experiences variable vesiculation mechanisms, dudifterential ascent rates across the
conduit (i.e., influenced by frictional drag agdi®nduit walls). Expansion-acceleration
processes dominate the magma fragmentation irsttuiation, but strongly variable magma
rheology continuously changes the energy releate timee column.Stable columns are
generated at intermediate magma ascent/decompressies, when magma reaching the
fragmentation level in the conduit is chemicallydgrhysically homogeneous. In this case,
fragmentation is dominantly decompression-dominat@dlapsing columns occur when
viscous magma rises slowly and shearing inducesglly variable decompression rates and
degassing mechanisms across the conduit. In tees aagmentation is induced by shearing

and may in some cases, be influenced by water-magmsraction.

This study proves that the rheological state of meagvithin the conduit as it reaches the
fragmentation level is a critical control of erugtioutcome. The physical state of the magma
is reflected in the pyroclast textures (cStein and Spera 1992vesicle and crystal content
and crystal number density (degree of undercoqliagd the chemistry of the residual liquid
(c.f., Whittington et al., 2000 Plinian eruptions are mostly considered to ke résult of
homogeneous bubble nucleation, but it is shown lieérogeneous bubble nucleation is
more common for Ruapehu cases. At this volcanoicneaystal (i.e. pyroxene and Ti-oxide)
number densities in erupting magmas are equal oeegk vesicle number densities, and
phenocrysts become effective sites for heterogenebubble nucleation at low
supersaturation pressures. Therefore, andesiticnasglo not need to be over-saturated in

volatiles at the base of a conduit to ultimatelyelhighly explosive eruptions.

In addition, this study shows that total vesicijatand hence, bulk density) is not a critical
factor driving Plinian column collapse. Rather, woh collapse occurs when isolated
porosities are below a critical threshold (<3 %Rimapehu studied cases) and when ascending
magmas experience intense shear within the cormdudiow decompression rates. Under
polybaric crystallization and multiple stages ofystal nucleation and growth, vesicle
nucleation and growth mechanisms, as well as tlsaltneg vesicle and crystal size
distributions, determine the rheological conditiom¢hin the conduit, and these control the

steadiness of magma discharge at the vent.
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8.2 Specific findings of this study

8.2.1 Identification of a systematic change in the dominant lithofacies
association, Plinian style, vent location, and eruptive column behaviour
over time of deposition of the Bullot Formation

The lithofacies associations of Plinian depositthini the oldestRangipo Eruptive Period
(~22-17 ka BP cal.), indicate non-collapsing butiltetory eruptive columns. Those of
deposits within the&Karioi Eruptive Period (~17-13 ka BP cal.) show evidence for steady
eruption columns, involving extreme conduit erosidMost of the younger Plinian deposits
(up to ~11 ka BP cal.) have lithofacies associatitiat indicate unsteady eruption conditions
and collapsing columns. All of these eruptions wsoeirced at the North Crater of Mt.
Ruapehu, with a shift to the South Crater for @& Imajor Plinian eruption, the Okupata-

Pourahu event.

8.2.2 Clarification of the source of the Pahoka Tephra

The lowermost unit of the ~11 ka BP cal., Pahokaxyéenate SequencBldirn et al., 1998
known as the Pahoka Tephra, had been attributedussyy to Mt. Ruapehu, Mt. Tongariro,
or a vent located between the two, known as theld®aCone” Topping 1973; Donoghue
1991; Nairn et al., 1998 Lithofacies and detailed mapping during thisdgtuwclearly
demonstrates that it was sourced from Mt. Tongasmith a vent location most probably

below the current Mt. Ngauruhoe edifice.

8.2.3 (Re)Definition of the largest Plinian eruption of Mt. Ruapehu

The Okupata-Pourahu eruptive is not the largesiid?lievent of Mt. Ruapehu, as previously
concluded byDonoghue et al. (1995aBased on the mapping and eruptive parameters
derived from distributed tephra, it is clear that targest eruptions produced by Mt. Ruapehu
were earlier, occurring shortly after 13,625 + 1% years BP and before 11,620 + 190 cal
years BP. In particular, the Oruamatua and Akurargptive units represent the largest
events, producing eruption columns as high as 3,/with widespread tephra fall to the east
of the volcano as well as pyroclastic flows on tipper eastern volcanic flanks. The pumice
colour, textures, and chemistry of the Oruamatuayrangi, and Okupata-Pourahu are very
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similar. They all contain banded pumice clasts,clvtiiad been formerly used as an exclusive
field criterion for identifying Okupata-Pourahu. &hstratigraphic record between the
Oruamatua and the Okupata-Pourahu eruptive units im@orrectly conflated during the
correlation ofDonoghue et al. (1999and the units were grouped as a single, shattiv
“Taurewa Eruptive Episode’. The stratigraphy presented in this study shovemynseparate
eruption events and time-breaks occurred betweesetbruptives and that each of them was
individually a major eruptive episode. The latéSkupata-Pourahu event was smaller in
volume and also produced a lower eruption coluntnki@) than many of the earlier events

of this volcano.

8.2.4 Metrics of the largest Ruapehu Plinian eruptions

The Mangatoetoenui Eruptive Unit was the smalldsthe Plinian eruptions described in
detail in this study, involving a minimum eruptedlwme of 0.3 kmand a column height of

22 km at erupted mass discharge rates of 6.8k@®. This case-example is typical of the
Rangipo eruptive period, where eruption columnsiedargreatly in height but did not

collapse. Assuming a bulk density of 990 kg/tmeasured in the field), the estimated
duration of the climactic phase of this eruptiorswaaound 1.1 hour.

An intermediate sized eruption is exemplified by t®kupata-Pourahu unit, producing a
minimum erupted volume of 0.4 Kmand a column height of 25 km at erupted mass
discharge rates of 7.5x1&g/s. This is a typical example of a dense, csitap eruption

column. Assuming a bulk density of 1157 kd/fmeasured in the field), the Plinian phase of

this eruption lasted around 1.5 hour.

The largest eruptions were the Shawcroft unit (stezolumn), Oruamatua, and Akurangi
units (partly collapsing columns), which erupte8-0.6 kn? of magma, producing column
heights of 29, 35 and 37 km respectively, corredpanto mass discharge rates of &@/s.
Estimated climactic phase durations were aroundhburs for Shawcroft (considering an
average bulk density of 1350 kg)n0.4 hours for Oruamatua (with an average buhsitg

of 1450 kg/m) and 5.8 hours for Akurangi (with an average baéisity of 1380 kg/f).
These three units demonstrate the uppermost lohiesuptive conditions and related hazards
from Mt. Ruapehu. Akurangi and Oruamatua units #re best reference models to

approximate the maximum eruptive scenario expefiedhis volcano, with stratospheric-
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height columns and partly collapsing columns geimegapyroclastic flows with minimum

run-out distances of 15 km.

8.2.5 Tephra distribution patterns of Plinian eruptions at Mt. Ruapehu

All studied Plinian tephra units show bilobate igop and isopleth distribution patterns,
suggesting two predominant wind directions (from NAWMd SW), varyinga) for longer
eruptions, with time, such that pauses between tigruppulses/phases cannot be
distinguished, ob) for brief (<2 hours) eruptions, with altitude imetatmosphere, such that
higher portions of the plume were affected by novdsterlies, and lower portions by south-
westerlies. Both options are very likely in the tolsland, where wind direction and speed
can significantly change within a few hours of anpgion (c.f.,Cronin et al., 1998, Turner
and Hurst 2001

8.2.6 Relationships between chemical and eruption variability of Mt.
Ruapehu Plinian eruptions

This study demonstrates that there is a correlabietween chemical variability and the
rheology of the erupting magma (as reflected bfuie pumice textures), to the subsequent
eruptive behaviour. In the studied tephra sequanddt. Ruapehu, the most restricted bulk
compositions and lowest textural variability areirid in deposits related to the most stable
eruptive columns (e.g., Shawcroft Eruptive Unith tbe other hand, the most variable bulk
compositions and textures are correlated to thesiepfrom unstable, collapsing eruptive
columns (e.g., Oruamatua, Akurangi, and Okupatadtueruptive units). In intermediate
situations, where different clusters of groundmgksss chemistry relate to variations in
crystal content and time, variable height, but woHlapsing columns formed (e.g.,
Mangatoetoenui Eruptive Unit).

8.2.7 Evolution of the eruptive/magmatic system at Mt. Ruapehu

Over the examined ~27-11 ka BP cal., stratigrapbord, there is a trend of decreasing
isolated porosities and temperatures, increasingnmaviscosity, and slower magma
ascent/decompression rates with time. These chaagegeflected in features such as
increasing: average vesicle number density, crysra, microlite content and groundmass
glass silica content over time, along with the degiof vesicle deformation, inferred

extension of coalescence and bubble collapse.
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Earlier eruptions occurred under rapid-ascent ¢mmd from deeper magma reservoirs. The
Lower Mangatoetoenui subunit, involved a mafic magwith low-viscosity where bubble
surface tension was large, favouring high bubblemn rates, expansion, and relaxation
under low-kinetic barriersClose to the conduit margins and/or at shallowgelkein the
conduit, where mafic crystal number density wash@igmultiple events of bubble nucleation
and growth were enhanced. High isolated porosibwshthat gas exsolution and expansion
rates exceeded permeable flow.

The following eruptions produced the highest epitolumns with pumice lapilli showing
the highest bulk densities, and lowest bulk andnected porosities. Shawcroft magma
showed a single bubble nucleation but limited ghowtder kinetic barriers, due to advanced
crystallisation at slower decompression rates tbhanng the Mangatoetoenui eruption.
During this eruption, the conduit walls were highlgstable and intense conduit erosion
modified the pre-existent geometry. This modificatwas an additional factor modulating
the subsequent eruption styles. The youngest Onmuam@lso Akurangi), and Okupata-
Pourahu magmas showed the most heterogeneous idggasxesses, where strong shearing
at the slowest decompression rate led to variatilegsses of bubble nucleation and growth,
and extremely variable rheology across the condtits led to very unstable, collapsing
eruption columns producing pyroclastic density ents. In the Okupata magma, advanced
degassing and formation of permeable networks umdense shear had developed prior to
fragmentation, leading to lower magma dischargesrand a lower eruption column relative

to Oruamatua and Akurangi.

8.2.8 Glass transition and fragmentation style changes

Fast decompression of expanding (Lower Mangatoeipeand over-pressured (Upper
Mangatoetoenui and Shawcroft) bubbles exceededdiie viscous relaxation rate, driving
the magma across the glass transition and fragthmmtan the youngest Oruamatua,
Akurangi, and Okupata-Pourahu eruption, shearssties an additional mechanism during
which the viscous relaxation time of vesicles wasrprinted by the high deformation rate,
driving magma to fragmentation. Furthermore, theudg@ratua and Akurangi eruptions
involved magma-water interaction, which enhancedagrfientation. The earliest
Mangatoetoenui magma was considerably more vesithiéan other magmas, favouring a
deeper fragmentation front relative to young, demsgmas. In addition, the homogeneous

physical state (porosity) of Shawcroft (steady owuh), promoted a relatively constant
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fragmentation depth across the conduit, whereasspla¢ial variation of the fragmentation
front depth (and speed) increased in proportiotheophysical variability (Mangatoetoenui

<Oruamatua, Okupata-Pourahu) of the magmas proglucistable columns.

8.2.9 Controls on eruption column height and steadiness

Developing high eruption columns depends on thent&in of dissolved volatiles in magmas
until high levels in the crust (coupled degassinbg degree of fragmentation, the exit
velocity, and temperature of the pyroclastic migtufwhich promotes buoyancy). At
Ruapehu, column stability was a function of theotbgical heterogeneity of the magma
reaching the fragmentation level. The most staldaditions were reached during the
Shawcroft event, where a balance between high tetye, low silica content, and low
mafic crystal number density allowed late vesicatat under intermediate magma
ascent/decompression rates, leading to a homogemkeealogy across a narrow conduit. The
sharp density and porosity peaks in Shawcroft pgsts show that the magma was
chemically and physically homogeneous at the fragat®n level, favouring sustained

eruption conditions.

The high degree of conduit erosion during the Shefiveeruption episode changed the
conduit geometry, promoting more complex flow caiotis under high shear for subsequent
eruptions. Oruamatua and younger Plinian eventsived wider physical and chemical

heterogeneity leading to variable discharge ratedos fragmentation fronts (and speeds) of
variable depth across the conduit, ultimately masglin column collapse. Slow ascent rates
also gave more opportunity for magma/water intésactvhich may have been an additional,

external factor promoting column collapse and gati@n of pyroclastic density currents.

The results of this study suggest that the timerual between the levels of gas exsolution
and magma fragmentation determines the extent bblbuinterconnectivity and magma
permeability. If these intervals are small, the ag=ing processes of the rising magma are
roughly homogeneous, enough isolated vesiclesedained until shallow levels, and stable
columns are favoured. Under larger time intervdésyassing processes approach almost de-
coupled and open conditions, reducing the proportibisolated vesicles. In this case, the

rheological heterogeneity of the magma reachindgrdmggmentation level is greater, causing a
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disparity between magma supply and discharge ratebe vent and leading to column

collapse.

8.3 Concluding statement and future research questions

The final eruption style and column behaviour dgrihe andesitic Plinian eruptions of Mt.

Ruapehu were a function of the conditions occurbatyveen the levels of gas exsolution and
magma fragmentation, as well as of the conduit ggom The conduit processes were
controlled by the relative rates of vesicle nugtaatgrowth, interconnection, relaxation, and
shear in comparison to the overall magma ascemgession rates. In addition, shifts in

vent location and the opening of a new conduitrdyuthe youngest Plinian event (Okp-Ph),
led to a slow magma ascent where magma shear vgasater factor in development of

permeability prior to fragmentation.

As a hypothesis for future research, it is verglijkthat decompression rates have responded
to changes in the local stress regime, such awigatation, or local deformation/extension
rate. Volcanic rejuvenation, increased heat aneldpment of overpressure of intermediate-
size, shallow-crust reservoirs may be tectonicallgntrolled. The observation of
progressively decreasing fault slip-rates with timehis region over and following the time
range studied here (c¥illamor et al., 201} could have led to decreasing magma
decompression rates, favouring the arrest of magrhaballow depths, driving the storage
system towards advanced crystallization and “fregziThis could have driven the transition
toward smaller eruptions characteristic during Hudocene at Mt. Ruapehu (c.Moebis et
al., 201). An intermediate step could have followed theealie@tion of faults affecting Mt.
Ruapehu shallow crustal storage system, where Mngdriro faults were activated,

triggering the sudden and short-lived episode efRahoka-Mangamate Plinian eruptions.

The data presented here demonstrate long-perinditicns in the eruption behaviour at Mt.

Ruapehu. This shows that time-varying approachesiaeded to adequately forecast future
eruption potential for this and similar andesiticloanoes. These must take into account
evolution in the magmatic and conduit system fegdange-scale eruptions, but also short-

term variable factors, including the stress regatiecting the volcano.
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What are your secrets, sacred Mountain?

Te koru: the spiral geometry of Life
according to Maori tradition. It
symbolizes the continuous unfolding of
life, renewal, and hope for the future. It
\ was a permanent source of inspiration

during this “PhD process”

Tihei Mauri ora!
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